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Abstract

| investigate the observational signatures of the fornmatibdark matter cores in
dwarf galaxies. | adopt the paradigm where the energy franfetmation feed-
back is injected into the orbits of dark matter particlesnfmg a constant density
core consistent with observations of dwarf galaxies. Usgihgsically motivated
constraints | show there is ample feedback energy avaitaiaéan the average stel-
lar mass of dwarf galaxies to form cores if®—10'! M, halos, and predict the
maximum core size as a function of stellar mass. | descrilve dloservational
features of the old stellar content of dwarf galaxies aretdudis core formation
paradigm. As both dark matter and stars are collisionlegsdsfluthe stars respon-
sible for the feedback form in the centres of dwarf galaxied bhave their orbits
grown by subsequent star formation. This will naturallydéa age and metallicity
gradients, with the younger and more metal rich stellar pgmn near the dwarf
centres. This process also prevents the destruction otiigloblusters by driving
them out of the dwarf nucleus — the decrease in central datkemdensity re-
duces the strength of dynamical friction — and increasedikieéhood of being
stripped onto the stellar halos of larger galaxies. It aléere a model for forming
multiple populations in globular clusters, with the onlsasption being that the
source of the polluted gas resides within the dwarf progenif\s the orbit of a
globular cluster grows, it will experience multiple acooetevents with each pass
through the gas-rich galaxy centre. The simple accretiodehexhibits two traits
revealed from observations — a short accretion timescaleaasensitive depen-
dence on mass — without requiring an exotic initial stellass function or the
initial globular cluster mass function to be 10-25 timegdauthan at present.
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Chapter

Introduction

Only 5% of our universe is made up of matter currently desctiby the standard
model of particle physics. The other 95% is split into two @aments: particles
of matter that emit no measurable amount of light (hencek deatter) that com-
prises 25% of the density of the universe, while the remai@ioo is labelled dark
energy (Planck Collaboration et al., 2014). Although we cannogclily detect its
presence, dark matter has a significant influence on the faomaf all luminous
structures in the universe. All galaxies are thought to leeled at the bottom of
deep gravitational wells formed by surrounding halos okdaatter, significantly
speeding up the process by which atomic and molecular gaalias$o collapse to
high enough densities to form stars. Thus, it is of fundamdantportance that we
understand the nature of dark matter.

Over the past four decades, our simple picture of dark mattenassive
particles that interact only through gravity — has beenagesly challenged. The

numerical predictions of the number of dark matter halos thed inner density

1There currently exists no physical explanation of what damkrgy is, but it is driving the
accelerated expansion of our universe and was only recestified (Riess et al., 1998; Perlmutter
etal., 1999).
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distributions differ substantially from what is inferregt bbservations. Resolving
these discrepancies requires an understanding of thegathysocesses at work as

a galaxy forms at the centre of a dark matter halo.

1.1 The Current Cosmological Model

Our universe is currently described by a cosmological m@U€DM) that best fits
the Cosmic Microwave Background (CMB), shown in Figure Eitst discovered
by Penzias & Wilson (1965), it is the relic thermal radiatleft over from the for-
mation of our Universe (e.g. Alpher et al., 1948; Dicke et H65). Measuring the
energies of a set of photons along any line-of-sight thrahghCMB will produce
a Planck distribution with a characteristic enérg§2.7 K, with a maximum devia-
tion of +£200.:K along any other line-of-sight. The fact that the fluctuati@re so
small leads to the assumption that the universe must haverbaeh smaller early
after its formation and then rapidly inflated (e.g. Guth, 1)98The fact that there
are fluctuations at all suggest that our universe was not =ialp homogenized,
but had primordial fluctuations in the matter-radiationspha of the early universe
that were ‘frozen’ out during this expansion. These densésturbations seeded
the first objects that would eventually collapse under dyawa form the structure
of our universe.

The first component to de-couple from the primordial plasraa dark mat-
ter. For itto do so requires dark matter particles to be desdiby a non-relativistic
fluid even at the extremely high temperatures in the earlyarse, suggesting rela-

tively heavy particles (a few times the mass of the protam, @eringer-Sameth &

2In the Planck function, the characteristic energy is relabetemperature through Boltzmann’s
constant.
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Figure 1.1: The Cosmic Microwave Background, as seen fratikinson Mi-
crowave Anisotropy Probe (Bennett et al., 2013). The colange, from blue to
red, corresponds to a temperature deviation of -200 to +280from the mean.
Image credit: Adapted from Figure 27 of Bennett, C. L. et 2013, "Nine-Year
Wilkinson Microwave Anisotropy Probe (WMARYbservations: Final Maps and
Results”, The Astrophysical Journal Supplement Seridsinve 208, Number 2, 54
pp. ©AAS. Reproduced with permission.

Koushiappas, 2011). The luminous baryons, however, mustachabatically with
the expansion of the universe before de-coupling from teentlal background of
the universe (e.g. White & Rees, 1978). The now atomic gasimgpily hydrogen
and helium — will experience dissipational collapse towattte centres of dark
matter ‘halos’.

The formation and evolution of a galaxy is a complicated pssq(see Mc-
Kee & Ostriker, 2007, for a recent review). Gas must collagqse cool into very
small structures, with densities above100 atoms cnt® and temperatures below
100K (e.g. Di Francesco et al., 2007), in order to form staitsese structures are
termed molecular clouds due to the fact that the majorityhefrhass is in molec-
ular form and dominated by H Surrounding these clouds is a multi-component

Interstellar Medium (ISM) ranging from warm neutral gas tu fonized plasma
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(e.g. McKee & Ostriker, 1977). At all these scales, from theal proto-disks sur-
rounding young stars within which planets will form, to tlaede spiral structures
of late-type galaxies, there is the interplay between ¢yaoulling everything down
and magnetic fields, hydrodynamic forces, and angular mtumeholding it all up.
On the other hand, dark matter is relatively free of the aleffects. This
is due to the fact that of the four fundamental forces of regtdark matter particles
couple strongly only to gravify As a collisionless fluid, the seeds of dark matter
halos form from dissipationless gravitational collapsaec®a halo virialises, it can
only collapse to higher densities through two body scatteriGrowth of a dark
matter halo comes through a hierarchical process, wherentlalest halos are the
first to collapse out of the Hubble flow, before merging intocassively larger ha-
los with time (see Frenk & White, 2012, for a recent reviewhislis illustrated in

Figure 1.2.

1.2 The Structure of Dark Matter Halos

The process of dark matter halo formation requires follgahre collisionless fluid
of particles in the six-dimensional phase space (a funafetandv) through time.
In the early universe, the density fluctuations in the dark@en@an be modelled as

small spherical perturbations within the background mean:

p(t) = p(B)[L +3(1). (1)

3In a stricter sense, dark matter particles also couple datbctroweak force as they are pre-
dicted to undergo particle-antiparticle annihilation bta level much lower than that of the cosmic
background (e.g. Gunn et al., 1978; Geringer-Sameth & Kiapgtas, 2011). There are a number of
experiments whose goal is the direct detection of the datkemparticle (e.g. Bergstrom, 2013).
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1 Mpc

1 Mpc

Figure 1.2: The growth of dark matter structures in the Ursige This particular
simulation was run until the universe was about 3 Gyr old. dheker regions
correspond to the highest projected densities. Notice thmdints of structure,
within which tiny halos have collapsed. Smaller halos wiltleup being fed to the
larger halos at filament intersections.

Following the collapse of an over dense region in the earlyarae means solving

for the time evolution of(¢) under the following initial condition:

0 <d(t,) << 1. (1.2)

In this ‘linear’ regime it is straightforward to write dowmalytic approximations
for the growth ofj(¢). Once the collapse approaches the non-linear regife
1), numerical integration is required (e.g. Peebles, 1986).example, the direct

evolution of the six-dimensional phase space (e.g. Widd®87; Dehnen, 2005,
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see also Widrow & Kaiser 1993 who use an alternative methoaugh time will
provide information on the density structure of halos. Hegvenumerical simula-

tions provide a powerful and straightforward tool for stundydark matter halos.

1.2.1 Simulations

In principle, numerical simulations of the formation of Hanatter halos are straight-
forward. The initial conditions are set by measuring thatre¢ strength of the den-
sity fluctuations present in the CMB (by taking the Fouriansform e.g. Hinshaw
et al., 2013) and evolving dark matter parti¢lesder gravity. Many of these sim-
ulations (e.g. Bullock et al., 2001; Klypin et al., 2001; &thet al., 2009) suggest

one singular profile for the dark matter density distriboti@gardless of halo mass:

C(;C
p(r) = —2

= it o (1.3)

This density profile is colloquially known as the NFW profiliees the authors that
first showed its applicability to dark matter halos in a seé influential papers
(Navarro et al., 1995, 1996b, 1997). The first parameigrs the critical density

of the universe, defined as the total mass density requinethéouniverse to be
flat. The two best fit parameters aig a normalization constant, and, a scale

radius. Although other density profiles have been proposedh(as the Einasto
1965 profile e.g. Ludlow et al., 2013) the main feature of takkdnatter halo is the
presence of an inner cusp (e.g. the Navarro et al., 1997 thatip oc 1),

There is a significant limitation to the NFW density profileptigh, in that

4Computational limits force simulations to use a single ipkrtto represert-10°> M, of indi-
vidual dark matter particles.



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

it does not yield a finite mass:

T

M(r) = /47rr'2p(r')dr' = 47 p.6.r3[In (1 +1)—

Ty r—+rg

. (1.4)

0
One would expect that this density distribution would bratthe outer edge of the
halo and transition to the cosmic dark matter backgroumd the web in Figure
1.2). An oft-used estimate of this edge can be made by makiegassumption
that the density fluctuations present in the early univeasebe treated as spherical
regions of uniform density (the so-called ‘spherical t@i-hand following its col-
lapse under gravity. The halo radiug, is then defined as the region within which
a halo of mass\/,, has virialised after collapse. If the mean density of the hsl
defined as:

M,
Ph = g (1.5)

3'h

then the solution to the top-hat collapse suggests that:
A= (1.6)

This constraint defines the halo mass and radius. Siaepresents the density of
the halo that collapses out of the Hubble flow, it dependsisegly on the matter
density of the universe as it expands, and thus on the pkticosmology one
assumes

The other free parametet, represents the mid-point of the transition from
ther—3 density profile in the outer regions to the' in the inner regions. Since dark

matter halos undergo collisionless mergerglepends on the merger history of the

SForz > 4 it takes the value of 872, which is why in the literature,, andM,, are replaced with
ra00 and Magg, respectively. See Bryan & Norman (1998) for an example afrecfional fit toA.
as a function of.
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present day halo; some halos may be more centrally contedttzan other halos.
If we defined the concentration parameteas the ratia, /7, then irrespective of

halo mass we can combine Equations (1.4), (1.5), and (1f6)do

03

“Bn(c+1)— ey

de = A

(1.7)

Thus, for a given cosmology and using the assumption of aibllapse, one can

describe a particular NFW halo with a two parameter fidip-c.

1.2.2 Observations

The evidence for dark matter has come primarily from its gaéional effects on

luminous (baryon) matter. The first hint that a significaactron of the matter in

the universe is dark was found by Zwicky (1933), who showed the gravita-

tional mass of a galaxy cluster was much larger than the lausnmass inferred
from the observed starlight. Four decades later, obsensbf the rotation of late-
type spirals showed that galaxies must be significantly dated by a dark matter
component. In a Keplerian system — that is, a system in wihetstalar gravita-
tional potential is given by /r — the rotation speed of a particle about the total
massM (r) within r is given by:

v(r) = GM(r) (1.8)

r

The pivotal work of Rubin et al. (1978, 1980) and Bosma (198igwed that the
galaxy rotation profiles were relatively flat out to the fush observable point. If
the majority of the mass of a galaxy were contained in sthes) the expected mass

profile would be similar to the exponentially decreasingae brightness profile
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(e.g. de Vaucouleurs, 1948; Sérsic, 1963). Instead, ther ocotation rate of these
galaxies suggested density profilespok r—2, which would subsequently be pre-
dicted by numerical experiments.

Unfortunately, dynamical systems of stars moving in a daéinal potential gen-
erally show more complicated motion than that of a uniformdtating disk. In
these cases, measuring the kinematic properties of culless particles — stars
— can constrain the galactic potential so long as the sixedsional phase space
density is conserved (e.g. Jeans, 1915; Binney & Tremal@8)2 These properties
— density, position, and velocity — can be measured from qinetry and spec-
troscopy. However, the galactic potential determinedgitile series of differential
equations outlined in Jeans (1915) describes the total deassty distribution, that
is, the sum of both luminous and dark matter components;iardgrk matter dom-
inated systems will the galactic potential be almost cotepfedefined by the dark
matter density distribution.

One straightforward observational estimate of the bargortroution to the
galactic potential is to divide the total gravitational ma$ the galaxy by its power
output — the mass-to-light ratio — since dark matter dongdatystems will have
the largest values. Galaxies like our own Milky Way have higass-to-light ra-
tios and high stellar densities near their centres, maklimifficult to probe the
inner regions of the host dark matter halos. Dwarf galaxiethe4ow mass end of
the galaxy spectrum — present a much more palatable targate $ese galax-
ies host so few stars, and show very little star formatiorhin last few Gyr (e.g.
Mateo, 1998; McConnachie, 2012), they truly represent daatter dominated sys-
tems (e.g. Dekel & Silk, 1986) and are the fossils of massalaxy formation (e.g.
White & Rees, 1978). Plenty of dwarf galaxies make up the LGeaup of galax-

ies surrounding the Milky Way; an example of a Local Group Ev&pheroidal

9
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Figure 1.3: An R-band 4645 arcminute (18201820 pc or 600@ 6000 ly) image

of Fornax, a Dwarf Spheroidal in the Local Group of galaxMany dwarf galaxies
only host10?-107 stars over a wide area, and so show up as a small over-defisity o
stars against the foreground Milky Way stars (e.g. Ibatd. £1895). Fornax hosts
five Globular Clusters, three of which can be seen in the infagiom right, top
centre, and to the East of the brightest sthmage credit: POSS-II / CalTech / AAO

/| ROE / STScl

galaxy, Fornax, is shown in Figure 1.3.
The first papers inferring the density profiles for a numbesvoérf galax-
ies (e.g. Flores & Primack, 1994; Moore, 1994) began to ehgk the assumption

that all dark matter halos must follow the NFW profile. Instedthe cuspy density

10
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profiles predicted in cold dark matter simulations, the da¢aied for constant (i.e.
cored) density profiles within the inner 100-1000 pc, showhRigure 1.4. Many

dwarf galaxies both within our local group and without exhthis constant den-

sity behaviour, suggesting that there is some internal ar@sm (as opposed to
the environment in which the galaxy lives) that either dasrcusps or prevents
them from forming (e.g. Gilmore et al., 2007). This cuspecdiscrepancy posed a
serious challenge to the simple cosmological model diszliabove (see de Blok,

2010, for a recent review).

1.2.2.1 Further Problems with ACDM

The cusp-core problem is not the only challenge for Al&DM paradigm. Both
semi-analytic (e.g. Kauffmann et al., 1993) and numeriea.(Klypin et al., 1999;
Moore et al., 1999) models of galaxy formation over-prethetnumber of satellite
galaxies around Milky Way and Local Group analogues —rthssing satellites
problem. More recently, Boylan-Kolchin et al. (2011) fouthekt the most massive
and dense dark matter sub-halos predicted in dissipasissienulations could not
host the brightest Milky Way satellites — yet they &oe big to failto form stars.
Although this thesis focuses solely on answering the cusp-problem, many of

these challenges require solutions similar to that disalibglow.

1.3 Resolving The Discrepancy

We require a solution to the cusp-core discrepancy witherctirrent cosmological
paradigm. Either modifications must be made to the dark mattelel, or previ-

ously ignored baryon processes are modifying the dark msttiectures.

11
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Figure 1.4: The inferred mass density distribution of a $elvearf galaxies within
our local group. These dwarf galaxies are inconsistent thighcusped T' density
profile shown.Image credit: Adapted from Figure 4 of Gilmore, G. et al., 200
"The Observed Properties of Dark Matter on Small Spatial IBsg The Astro-
physical Journal, Volume 663, Number 2, pp. 948—989AAS. Reproduced with
permission.

1.3.1 Heating up Cold Dark Matter

A complete theory of the dark matter particle must be ablatisfy observational
constraints on all scales. For over thirty years, obseymati undertakings such
as the Harvard-Smithsonian Centre for Astrophysics rédshivey (Davis et al.,
1982; Huchra et al., 1983) and the Sloan Digital Sky SurveyK¥et al., 2000;
Abazajian et al., 2003) have mapped out the distributioruofihous galaxies as
a function ofz, the cosmological redshift. Since the universe has beeargkp

ing from the Hot Big Bang, the measured cosmological retisti& given galaxy

12
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translates directly to a physical distahcAssuming a one-to-one mapping between
galaxies and dark matter halos, the large scale structwarkfmatter suggests that
it is highly clustered, with long filaments and large bublaesoid of structure.

The thermal properties of dark matter particles as theyulged from the
rest of the primordial plasma directly affect the structyraperties of dark matter
halos on all scales. As the average dark matter particlecitglmcreasessmall
scale structure is wiped out, since dark matter particlesnmav escape from the
low mass over-density perturbations as they collapse otiteoHubble flow. This
hot dark matter universe undergoes top-down structure dbam since the first
structures to form are large scale filaments or pancakadgeing§which dark matter
halos fragment out relatively late; structure formatiosuppressed for = 5. On
the other hand, a cold dark matter universe undergoes batpfarmation as the
first structures that form are the small halos, which thengmeénto larger halos
as they collapse from the voids into filaments, and then adlt#maents flow into
nodes. In the CDM picture, rich galaxy clusters are founchese nodes, where
many filaments interact, whereas isolated galaxies aredfptimarily in the voids.
Simulations of the formation of large scale dark mattercstrre where the temper-
ature of the dark matter particle is varied have confidentlgd out hot particles
(e.g. Colombi et al., 1996).

Warm dark matter — essentially a midway point between theextcemes
— is still plausible. By making dark matter warm, the smdllesale fluctuations
in the dark matter density field are still suppressed; tmsitaneously inhibits the
growth of the smallest halos and smears out the central dusgpsxhibits all the

large scale properties of dark matter halos (e.g. Hogan &&bn, 2000; Bode

5The relation between and distance depends on the chosen cosmological model.
In other words, as the dark matter temperature increases.

13



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

et al., 2001; Frenk & White, 2012; Lovell et al., 2014). Onellcoalso introduce a
new self-interaction between dark matter particles (epgr&el & Steinhardt, 2000)
that could smooth out the inner cusps (e.g. Vogelsbergelr,2G12). However,

warm dark matter may not actually solve some of the obsemsatihat currently

challenge cold dark matter (e.g. Schneider et al., 20149ron the large cores ob-
served in nature (e.g. Maccio et al., 2012). Furthermaimgmwarm dark matter to
suppress small scale halos inhibits the formation of statsiyn delaying the onset

of reionization much later than currently expected (e.gn&wille et al., 2003).

1.3.2 Adding Baryons

Since baryons can undergo dissipational collapse, the gasitg can grow to ex-
tremely large values and significantly slow down computetioHowever, colli-
sionless dark matter particles require many Hubble timesdoh the same densi-
ties since they can only collapse through two-body scatjerA computer simula-
tion with hundreds of millions of dark matter particles caolge much faster and
achieve acceptable resolution, utilizing a number of d&fifie numerical schemes to
solve Newton’s equations of motion under gravity.

For a parcel of gas, continual collapse under gravity waldeo the pro-
cess of star formation. Although stars themselves arescamfliess particles (like
dark matter), there is significant energy associated weilr formation. Most stars
form in a cluster (e.g. Lada & Lada, 2003) with a wide rangendfal masses (e.g.
Salpeter, 1955; Miller & Scalo, 1979; Kroupa, 2001; Chahr®03); luminosity,
size, lifetime, and temperature are directly related taniteal mass of a star. The
most massive stars are also the brightest and hottestjregrstgnificant amounts

of ionizing flux and radiation pressure. These massive stave very quickly (in
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roughly 5 Myr as opposed to the 10 Gyr lifetime of our own Suefobe explod-
ing as supernovae. A single supernova releases abotert® of energy, which
can then heat the surrounding interstellar medium abh6%& and blow winds up-
wards of 100 kms!.

Usually, ‘sub-grid’ recipes are used to model the star faiomgprocess as
many hydrodynamic simulations of galaxies do not fully tesall the necessary
scales. A simple and effective model commonly used takespag the gas density
and mass in the region defined by the smallest resolutionHeAdthough there are
many processes that affect the rate at which stars form fticeercy is related to
density via a power law of the form (Schmidt, 1959, 1963, searicutt & Evans

2012 for a recent review):

pSF: C*pg (19)

Here, pse is the star formation rate density, apd is the local gas density. The
indexn is typically taken to be 1.5 to reflect that the process offstanation hap-
pens upon the a timescale proportiona,bg—d/z, andC, is an efficiency parameter
tuned to match observations. The rate at which stars formgbes the amount of
feedback energy that is dumped back into the surrounding-g&s example, by
heating the gas to a specific temperature — in the simulafibemy of the more
sophisticated star formation and feedback recipes aré fooh this (e.g. Gnedin
etal., 2009; Hopkins et al., 2011; Christensen et al., 2842tz et al., 2013; Hop-
kins et al., 2013; Keller et al., 2014).

One of the first studies of how baryons affect the structurdask matter
halos was undertaken by Navarro et al. (1996a). A decadéopiy Dekel & Silk
(1986) had argued that the formation of the diffuse stellafiese densities in dwarf

galaxies was a result of the feedback from supernovae. $iveceypical escape
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velocity of dwarf galaxies is on the order of the supernovadrgpeed, they experi-
enced significant bouts of gas loss with each burst of standtion. Navarro et al.
(1996a) considered an analytic approximation of a galaisik potential implanted
in a dark matter halo, and the gas blow-out was modelled ligtaneously remov-
ing the potential. Once the dark matter halo settled baclatdsvequilibrium, the
central density profile had transitioned from a cuspy dependence to a relatively
flat constant density core. Further work using slightly maaistic models of the
gas outflow supported this conclusion (e.g. Read & Gilmod@52.

Given the impractical assumption of complete instantasdxawout in the
Navarro et al. (1996a) picture of core formation, other gowere motivated to
find more realistic ways in which to transfer energy and aagoiomentum from
the collapsing baryons to the dark matter particles withim ¢usp. Weinberg &
Katz (2002) proposed that a gaseous/stellar®pan unstable mode that can de-
velop in thin disks of particles (e.g. Hohl, 1971; Binney &maine, 2008), could
essentially stir up the dark matter, by creating a gradteti wake as it rotated.
However, a significant amount of baryon matter is requiredrtav a bar, and its
transient nature combined with the deepening of the cepitaintial as the baryons
accumulated in the centre of the halo was shown to inhibitdhmation of a core
(e.g. Sellwood, 2003; Dubinski et al., 2009).

El-Zant et al. (2001) proposed that discrete massive cluhgas accreting
onto the dark matter halo could remove the cusp through apsozalled dynamical
friction: as a massive particle moves through a sea of lonessnparticles, there
is a gravitational ‘wake’ formed behind the massive paetidlhis wake then slows

down the massive particle; the result is energy is transfiinom the massive parti-

8the requirement that galactic disks be stable to large haypasts the idea that a significant
fraction of the mass in our galaxy is dark (e.g. Ostriker &IHes, 1973).
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cle to the sea of lower mass particles. However, this prasassst efficient when
the in-falling gas is resolved in a small number of large nthssps (each> 0.5%
of the halo mass, e.g. Jardel & Sellwood, 2009).

An attractive modification to the Navarro et al. (1996a) medes suggested
by Mashchenko et al. (2006). The thermal feedback on th@soding dense gas
by supernovae formed in dense stellar clusters will drivesiva outflows from the
centre of the halo. However, contrary to the complete thebiaoav-out advocated
by Navarro et al. (1996a) and Read & Gilmore (2005), bulk omots driven in the
gas both before and after the star formation burst, slosdriognd the centre of the
dark matter halo before being expelled from the inner cudps fapidly changes
the gravitational potential within the centre of the halbjet in turn changes the or-
bital energy of the dark matter particles within the halor{tign-Bell, 1967; Pontzen
& Governato, 2012). The novelty in this picture is that it isch more energetically
feasible: multiple star formation events provide the pidxations to the potential,
and thus the dark matter orbits, without having to compjetieive gas out of the
halo. A subsequent cosmological simulation studied in Mashko et al. (2008)
verified that the process formed a realistic cored dwarfxyalsing standard pre-

scriptions for sub-grid star formation. A simple toy modetiscussed below.

1.3.2.1 A Toy Model

A simple toy model can be built by setting Upp massless particles in orbit around

a particle of massn,. This is an acceptable model of a dark matter halo, since the

total halo mass is much greater than the individual darkengirticle mass. In
the Mashchenko et al. (2006) picture, the gravitationaéptal fluctuates rapidly
through the combined processes of hierarchichal accrettanformation, and gas

bulk motions. Here, this is approximated by setting— m(t), that is, the central

17



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

mass now becomes some functiont.ofin principle, this functionn(t) is extremely
complicated, however as discussed in Chapter 3 the behagi@pproximately
cyclic; thus, a simple approximation to a burst of star faiiorais a sinusoidal
function:

m(t) = m,[l — fsin? (wt)], (1.10)

wheref andw are the amplitude and frequency of the oscillation in mass.
Figure 1.5 shows the evolution of the orbit and energy for ohéhese
massless patrticles as a function of time in units of theahjteriod of the orbit.
The bottom panel of the figure shows how the central mass esainder Equation
(1.10): the black line shows an adiabatically varying ma#iss,gray dashed line
shows two top-hat ‘blow-outs’ (as in Pontzen & Governatd, 20 while the solid
gray line shows a sinusoidal variation. In the adiabatic sindsoidal cases, the
amplitudef was chosen to be a 5% reduction in the central mass, whil@thkat
was set to half of this value (the time average over one paiascillation). The
variations inm(t) begin and end at set times, andvas chosen to give an inte-
ger number of oscillations. The top and middle panels sh@netiolution of the
orbit and orbital energy, respectively; a positive inceeasE (t) corresponds to a
particle gaining energy. Adiabatic changes to the grawmal potential — those
that occur on timescales much longer than the orbital periolgad to reversible
changes in the orbital energy; the particle ends up on the sabit as before the
change. Irreversible changes occur when the potentiabfiticins occur on short
timescales, and the net energy gain (or loss) of the partidkarly dependent on
the timescale of these changes. Rapid fluctuations aretimglisshable from an
impulsive blowout (as expected from the time average of assiital) but fluctu-

ations commensurate with particle orbital times can drigaiicant energy gains.

18



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

r(t)

E(t)

m(t)

Figure 1.5: The evolution of the Keplerian orbit whose caintnass varies with
time as shown by Equation (1.10Jop. The orbital radius as a function of time.
The initial semi-major axis as well as the closest and furthest points from the
central massy, andr,, are marked.Middle: The orbital energy. Each vertical
tick represents a loss or gain of 5% of the initial orbital rggye £,. Bottom The
variation of the central mass as a function of time.

Since the change in energy of the particle also depends ophiéige of its orbit,
averaging over many fluctuations at various phases of thewilbresult in a net

energy gain.

1.3.3 Objections to Star Formation Feedback

Much work has been done to determine how efficiently bulk oratidriven in dense
star forming gas from stellar feedback can grow dark mathetigle orbits. Many
cosmological simulations of dwarf galaxies have invokea &irmation feedback,

usually only from supernovae, to explain the formation akdaatter cores in the
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halos (e.g. Governato et al., 2010, 2012; Teyssier et al.3;2Governato et al.,
2014; Shen et al., 2013; Madau et al., 2014; Di Cintio et &l14). This process
also provides an attractive solution to both Missing Satellite¢e.g. Brooks et al.,
2013) and thdoo Big To Fail(e.g. Zolotov et al., 2012; Brooks & Zolotov, 2014)
problems; lowering the central densities of dark matteohiaéduces their rotation
velocities, increases the susceptibility of dwarfs toujision by gravitational tides,
and induces star formation quenching via gas expulsion aigpmg. Observa-
tional predictions of the core formation process have atsmbmade for the stellar
distribution (Teyssier et al., 2013) and the relation betvotal stellar mass and
halo mass (Di Cintio et al., 2014). An analytic descriptidrihee process has been
given by Pontzen & Governato (2012).

Despite these successes, many authors have demonstragadsci the
process of dark matter core formation outlined in Mashcbegtkal. (2006) and
Mashchenko et al. (2008) that must be understood. Factohsasuhow much mass
is ejected per star formation event (e.g. Garrison-Kimnhal.e2013) and the time
scale on which the mass is removed from the centre (e.g. @gMari, 2011) sig-
nificantly affect the ability of a given halo to become cor@&amylan-Kolchin et al.
(2012) argued that simulations tend to produce over-lunsrdwarf galaxies when
trying to match the central dark matter densities. For stanétion feedback to be
an acceptable source of energy to be pumped into the darkmsthulations need
to be able to match all the properties of LGDs including b ¢ore radius and
the stellar masses. These arguments show that it is undeaefficient the stellar
feedback energy can couple to the dark matter particlesheiantduced potential
fluctuations.

In the broadest sense the coupling efficiency is the fractioh the su-

pernova energy that is converted to the orbital energy ok daatter particles.
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Rather than study a cosmological simulation or a contralietherical experiment,
Pefnarrubia et al. (2012) used analytic arguments baseacptesapproximations of

the system to calculatgfor a given dark matter halo mass and core size. Assuming:
e arelation between the galaxy stellar mass and dark matientess, and

e the amount of energy required to convert a cusp into a cordtveadifference

between the gravitational potential energies of each halo,

Pefnarrubia et al. argued that even with an efficiency asdmsgtD per cent it would
be impossible for supernovae alone to create cores in dwéakigs, and thus star

formation feedback could not solve tA€ DM cusp-core problem.

1.4 This Thesis

Clearly, there is still significant work to be done on the caspe problem in dark
matter halos. However, the observational consequencdeedflashchenko et al.
(2006) core formation paradigm have not been studied in naetail; this thesis
aims to study how the stellar component of dwarf galaxieslavba affected if this
process was indeed taking place. Since both stars and ddt&rraee collision-
less particles, they should both evolve in the same manneiars that form in the
centre of a dark matter halo will also have their orbits groWnis process is instru-
mental in shaping the current stellar distribution of dwgafaxies, and as such of
the massive galaxies built via accretion. It will also affé® enrichment history of
gas within dwarf galaxies and the surrounding intergatactedium. The novelty
in this approach is that it strengthens the argument thascevolve from cusps
through baryon influence by tying previously unrelated peots together into a

coherent picture of dwarf galaxy evolution and star fororati
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The organization of this thesis is as follows. | first showt th& supernova
energy available from the average stellar population in artigalaxy is enough to
create a sizable dark matter core, and use these calc@atidregin to constrain
how efficient the core formation process is in Chapter 2. @t this was the final
paper submitted for publication during my thesis, it maigathe first two papers.
In Chapter 3 | show that the energy from stellar feedbackaisdfierred both to the
dark matter and the stellar population within the centrehef dark matter halo,
which reproduces a broad range of observational featuréeedbcal group dwarf
galaxies. In Chapter 4, | focus directly on the evolutionh&f globular cluster popu-
lation forming in dwarf galaxies and show that their histofyelement enrichment
via evolving stars is consistent with this picture of darkti@acore formation. |

provide a summary of these results and discuss future wdthapter 5.
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Chapter 2

The Energetics of Cusp

Destruction

Aaron J. Maxwell, James Wadsley, and H. M. P. Couch®abmitted tor'HE A s-

TROPHYSICAL JOURNAL, manuscript no. ApJ96454

2.1 Introduction

Collisionless simulations of dark matter halos iIN@DM cosmology consistently
predict a density profile that diverges towards the centge [@ubinski & Carlberg,
1991; Navarro et al., 1995, 1997; Bullock et al., 2001; Kiypt al., 2001; Stadel
et al., 2009) over a wide mass range. This profile typicallisraver top o r—3
at large radii where it is broadly consistent with the raatcurves of many late-
type galaxies (e.g. Rubin et al., 1980; Bosma, 1981). Howéwe inner cusp (e.g.
p o< r~1, Navarro et al., 1995) isconsistentwith observations of rotation pro-
files in dwarf galaxies both within the local group and beyded. Flores & Pri-

mack, 1994; Moore, 1994; Burkert, 1995; Coté et al., 20Q;io de Naray et al.,
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2006; Gilmore et al., 2007; Kuzio de Naray et al., 2008; Ohlgt2®11; Walker
& Pefarrubia, 2011; Amorisco et al., 2013; Adams et al.,20Which are better
fit with a constant density within the central kpc or so. Twassles of solutions
have been proposed to resolve this discrepancy. The firgestgythat coupling to
baryons can reshape the dark matter cusp into a core (e.gquidast al., 19964a;
El-Zant et al., 2001; Weinberg & Katz, 2002; Read & Gilmoré03; Mashchenko
et al., 2006). These solutions have met with some criticemg. (Sellwood, 2003;
Tasitsiomi, 2003; Jardel & Sellwood, 2009; Dubinski et 2009; Penarrubia et al.,
2012), and so alternative modelsA€ DM have been suggested, such as ‘warm’
dark matter (e.g. Hogan & Dalcanton, 2000) or through (navigational) dark
matter self-interactions (e.g. Spergel & Steinhardt, 2000

Mashchenko et al. (2006) argued that cyclic star formatiorsts within
the centres of dark matter halos could provide the necessangy to re-shape the
dark matter cusp into a dark matter core. In this model, faekitfrom type Il su-
pernovae (SNe) periodically drives bulk gas motions in tiae ®rming regions in
the central kpc of dwarf galaxies. Since gas can dominateghtal gravitational
field, these bulk motions can significantly perturb the cdrgravitational poten-
tial on timescales comparable to dark matter orbital tineasling to an efficient
transfer of kinetic energy to the central dark matter disttion and the formation
of a significant dark matter core. A notable feature of the hMagnko et al. (2006)
framework was that the gas need not be expelled or even pwsngdar outside
the core-forming region (as opposed to the impulsive blotseheme e.g. Navarro
et al., 1996a; Read & Gilmore, 2005). Pontzen & Governatd22@ave an ana-
lytical description of the process.

The mechanism was first verified in a cosmological simuldtphlashchenko

et al. (2008). A required feature for simulations to flattersps is realistically
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clustered star formation so as to ensure a star formatidariithat significantly
fluctuates in both space and time. Several simulations $iace reproduced these
results in a range of galaxies (e.g. Governato et al., 20118 ;Zolotov et al., 2012;
Teyssier et al., 2013; Madau et al., 2014, see Pontzen & @at@l014). The pro-
cess also has consequences for other collisionless comismsweh as stars and star
clusters. Centrally concentrated populations (such asg@ustars) are pushed out-
ward over time, leading to older populations having largdite on average. This
results in a broad match to observations of the stellar coofedwarf galaxies (e.g.
Maxwell et al., 2012; Teyssier et al., 2013; Governato eRal14). It also has inter-
esting consequences for multiple populations in galadtiowgar clusters (Maxwell
et al., 2014).

Pefnarrubia et al. (2012) suggested that SNe alone would dificulty
providing the energy required to form dark matter cores mjithee average stellar
masses of dwarf galaxies. They employed a direct analy&tahate of the energy
difference between a cored and a cuspy dark matter halo cfaime total mass.
Though there are other sources of energy, such as stellaisveind the ionizing
flux from young stars (e.g. Leitherer et al., 1999), it is nieac that this added
energy would be sufficient to remove the discrepancy or @aglwell as SNe.
However, the Pefnarrubia et al. (2012) results are difftouteconcile with the core
forming simulations which typically employ feedback ontgiih SNe (and with re-
alistic efficiencies).

In this work we re-examine the energy requirements and shatthe for-
mation of dark matter cores is energetically plausible iGDM cosmology. The
layout of the paper is as follow§2.2 deals with the ambiguity inherent in the def-
inition of a core size, and argues for a new, general way tmeefie core radius.

In §2.3 we discuss the energy required to form dark matter carkalbs that were
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initially cuspy using assumptions that are more consistgtiit our understanding
of how the process operates. §8.4 we show predictions for core sizes in dark

matter halos and examine the implications for observeasyssuch as Fornax.

2.2 Consistent Definition of Core Size

Many ‘observed’ cores in dwarf galaxies are inferred from tbtation profiles of
the stars and gas by finding the best-fit dark-matter densiigemn(e.g. Flores &
Primack, 1994; Burkert, 1995; Kuzio de Naray et al., 2008m@re et al., 2007,
Kuzio de Naray et al., 2008; Oh et al., 2011). Commonly, oneldaise either
a cored isothermal sphere, whose density profile goesZaat large radii, or that

proposed by Burkert (1995) where the density goes ast large radii,

(2.1)

Both satisfy the requirement that the density profile triamss to a flat core within
a scale radius. Without probing the rotation profile to largéii it is difficult to
determine which density profile is the best fit. The coredhisonal profile predicts
a constant velocity at large radii while the Burkert (1998)fpe looks like the
standard galaxy rotation curve (e.g. Rubin et al., 1978)wéil@r, the common
practice of defining the scale radius as the core size leddsg® variations in core
radii dependent on the chosen functional form.

To avoid this ambiguity, we define the core radiushesradiusy., at which

the logarithmic slope of the density profile satisfies

dlnp 1

dInr 2
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We will use this definition from now on when referring to theresize. It is
consistent with the density profile slopes found in simoladi of dwarf galax-
ies (e.g. Mashchenko et al., 2008; Governato et al., 201gssler et al., 2013)
and with the mass profile slopes observed in local group dn@h. Walker &
Pefarrubia, 2011; Amorisco et al., 2013; Adams et al., 20Furthermore, the
simulated galaxies always transition to a density profilthvai strongly negative
slope (11n p/dInr ~ —3) beyond a few kpc where the effects of baryonic feedback
are limited. This definition of the core radius lessens tlieamee on an assumed
dark matter density distribution, and it can be determinegttly from the velocity
profile. It is also straightforward to relatgto . for a given density profile.

To demonstrate the robustness of our new core definitionf@ntlistrate
the ambiguity with using the scale radius, we show in Figulete rotational ve-
locity profile for the Low Surface Brightness (LSB) galaxy B®59 from Kuzio
de Naray et al. (2008). These authors assumed a cored is@haensity profile,
and the best fit of this profile to the data is shown as the swi& IAlthough it is
perfectly sufficient to match the profile in the inner 1-2 kjpaJoes not roll over
sufficiently to match the slope in the outer part of a cosmiclighalo. We have
also fit three other density profiles. The first, shown as theddine in the figure,

is (e.g. Widrow, 2000, 'Fixed’ in the figure):

S S
(1+(£)2)""

s

p(r) o (2.2)

The second, shown as the dashed line, is a pseudo-isothenofitd, where we let
the power index vary:

(2.3)
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Lastly, we show the Burkert (1995, Eqn. 2.1) profile as théneti line.

The differences between the three rotation profile fits atg ewident at
radii past the furthest observable point, where the prediobtation velocity rolls
over. We have also done this for the eight other LSBs from &uaie Naray et al.
(2008) (see Appendix), and the resulting scale radii ané cadii are shown in
Table 2.1. Itis evident that velocity rotation data alorerast enough to distinguish
the best fit dark matter density profile for the core. Furtt@emeach fit requires
a different scale radius, the traditional definition of tleeecsize. However, using
dInp/dInr to define the core radius leads to consistent values for thrediensity
profiles for most of the LSBs.

There are some LSBs that do not show consistentalues, particularly
UGC 4325 and DDO 64. In the constant density core the velgmityile scales
linearly with radius, and rolls over to a constant or dedreaslope as the density
profile begins to fall. For galaxies that only have data oimithin the constant
density core, a fitting algorithm is only able to place loweubds onr. and is

certainly not able to constrain the parameters of a noratidensity function.

2.3 The Core Formation Energy Budget

In this section we estimate the energy required to build a coan initially ‘cuspy’
density profile. We assume that each cuspy halo begins wittNEW’ profile
(Navarro et al., 1995, 1996b, 1997). We can estimate theygraer the difference
between the work required to form the cusp and the work reduw form the core,
assuming the halos are virialized in both cases (Pefharetltal., 2012):

W, — Wy

AE = ,
2

(2.4)
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Figure 2.1:LEFT: The velocity profile of the LSB NGC 959 from Kuzio de Naray
et al. (2008), with the best fit ‘zero disk’ cored isothermafpe shown as the solid
line. The dotted line shows the best fit using Equation (2t dashed line shows
Equation (2.3) and the dash-dot line shows the best fit usiagBurkert (1995)
profile (Egn. 2.1). For many of these halos, differences betwthe cored profiles
are only evident at radii well outside the available obsiovs. RIGHT: The dark
matter density profiles derived from the best fit velocityfipes. For the same
observed dwarf galaxy four different scale radii, the tiiadal definition of the
core size, can be derived. The filled symbols shofor each of the four profiles,
while the open symbols show, wheredIn p/dInr = —1/2.

Table 2.1. Best fit parameters.

Cored Pseudo Fixed Burkert
Galaxy 0 T Te 1) Ty Te o Ts Te Ts Te

UGC 4325
DDO 64

2 41 237126 992 712166 9.60 3.64 9.97 3.62

2 33 1914997 263 196 997 221 1.88 991 3.60

F583-1 2 25 144193 248 144 181 3.67 151 4.46 1.62
NGC 7137 2 0.6 0.35 197 060 0.35 144 1.12 0.371.09 0.40
uGC11820 2 11 0.643.78 114 0.69 9.27 0.89 0.75 2.10 0.76
uGC128 2 23 133100 141 141 100 7.69 1.54 463 1.68
UGC191 2 1.7 098 1.22 200 148 1.06 6.72 1.47 3.45 1.25
UGC1551 2 1.3 0.79 1.00 092 092 1.00 4.14 0.83 2.26 0.82
NGC959 2 04 0.23 209 042 0.24 166 0.66 0.25 0.72 0.26

2Kuzio de Naray et al. (2008).

Note. — These parameters represent the best fitting densififes required to match
the central core density out to the edge of the rotation graita of Kuzio de Naray et al.
(2008). All radii are in kpc. The scale sizes for the four eliéint profiles, the traditional
definition of the core size, vary widely despite having thmeanner central density and
matching the velocity data. The new definition of core sizaigch more consistent among
profiles.
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wherell,, and IV, are the cusp and core potential energies, respectively.> 0
implies the cusped dark matter halo had to gain energy tstrdalite mass to form
a core. If the simplifying assumption is made that both hal@sspherically sym-

metric, we can write the potential energy integral as (Byn&dremaine, 2008):

(e o]

W = —47TG/rp(r)M(r) dr. (2.5)
0
For a density profile that goes asx r~# at larger, the integral converges for
p > 5/2; all of the cored profiles considered {if> 5/2 in Eqn. 2.3) and the NFW
profile lead to well defined values fov .

Taking the upper limit in Equation (2.5) to infinity leads tovery large
estimate for the energy (quite apart from the ambiguity obedding the halo in
the cosmic background) and is not appropriate given that ecansideringe-
distributingmass within an existing halo. Pefarrubia et al. (2012) ehibs halo
virial radiusr, as the upper limit for the potential energy integral, andmaised

the mass of their chosen core density profile,

- pors (2.6)
) = e+ '

to that of their initial NFW halo at;,,. However, simply normalising both halos
to have the same massratdoes not remove the requirement that Equation (2.5)
be carried to infinity. In order for the potential energy gra to be valid with a
finite upper limitr,,, the densityand mass profiles for both halos must match at
that radius. The choice of Penarrubia et al. (2012) to mettehmass at, and to
truncate the integral for” at that radius builds in an implicit discontinuity in the

density at that radius that is not physically well motivatéadirthermore, moving
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the cusp mass to near the virial radius of the halo leads teeafoomation energy
budget from Equations (2.5) and (2.4) which will be signifitte overestimated
compared with that for match radii,, < r},.

The motivation for constraining the mass and density pofiethe pre-
and post-core halos outsidg to be the same is simply that we expect that strong
coupling of star formation feedback to dark matter is onle&tfve in, and only
modifies, the central parts of the halo. The outer parts diighewill remain largely
untouched and reflect the collisionless formation process picture is supported
by simulations (e.g. Mashchenko et al., 2006, 2008; Goveretal., 2010; Pontzen
& Governato, 2012; Teyssier et al., 2013; Madau et al., 20Rdvious simulations
(Mashchenko et al., 2008; Madau et al., 2014) suggest that¥dl.0'° M, halor,,
is about 2—3 times the core radius.

Our method proceeds as follows:

e Since we do not have any robust predictions of what the carlgpshould
be, we adopt Equation (2.3) as the density profile when comgpit.. (We
have verified that using a different density profile, such qsdton (2.1) or

Equation (2.2), does not change our results.)

e We use the relations given by Maccio et al. (2007) and BryaN@&man
(1998) to set the NFW profile at redshift zero as a function iahvhalo
mass,M,, (see Pefarrubia et al., 2012). We then halre,) and M (r,,) as

functions ofM;,.

e We find the set of parameteps, §, andr, for the cored density profile that

simultaneouslgatisfyp(r,,) andM (r,,) from the previous step.

e We setr,, = 3r., wherer, is given by our new definition. Figure 2.2 illus-
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log p

log r

Figure 2.2: A pictorial representation of our procedure t&tch both density and
mass of the core and cusp density profiles,atThe leftmost shaded region shows
the amount of mass that must be redistributed from the cusgrder radii (up to
rm) IN the cored profile. Not having to redistribute mass to éangadii near the
virial radius explains why our predictions for the energystcof core formation
are significantly below previous estimates. It is purelyncaiental that in this
illustration the core radius,, is close to the radius at which the two density profiles
first cross.

trates the profile and mass matching.
e We compute the potential energy difference in Eqn (2.4).

The preceding steps giv&FE in terms ofr, and Mj,.
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2.4 Results

In Figure 2.3 we show our calculation for the amount of enerpuired to turn
a dark matter cusp into a core as a function of halo mass. Swecmay write
approximately:

W, ~ M7 2.7)

T'm
for the cored profile, we see, as expected, that the parathetemost influences
the energy required to convert a cusp into a corg,isx r.; a larger core requires
more mass at larger radii and thus more energy to redis¢ribfrom the cusp. The
black line shows thah F scales ad/}¢ if r,, is instead allowed to scdlavith halo
mass, and lies within the range of solutions calculated fyaRabia et al. (2012),
shown here by the gray shaded region. However, since we bwttethe density
and mass to match the outer NFW-like halo-at the energy required to make an
appreciable core~ 1kpc) is greatly reduced. This is shown in Figure 2.3 for core
sizes between 0.1-8 kpc. Varying the ratjg/r., currently set to 3, merely shifts
the AE curves vertically.

The significance of our new calculations can be seen by camp#o the
stellar-halo mass relationV{;-11},). In Figure 2.3 we plot\V/,-M,, relations from
Kravtsov (2010) (dashed), Behroozi et al. (2010) (dottad)l Moster et al. (2010)
(dash-dot) at = 0. We have converted/, to total SNe energy using a Kroupa
(2001) IMF, assuming that every star above 8 tbntributesl 0°! ergs to the energy
budget. Our results show thdtere is no conflict between the amount of energy
available to form a dark matter core and tA&CDM framework regardless of halo
mass.

In reality, not all of the SNe energy will couple to the cuspkdmatter

In other words, as a fixed fraction af (here 1/6).
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through the induced perturbations to the gravitationaéptél. This inefficiency
can be proxied in thé/,-M,, relations shown in Figure 2.3 by scaling them by
some coupling efficiency facter(for example, the 40% value used by Peiarrubia
et al., 2012). Only foe < 0.01% would there be no possibility of creating a core
larger than 250 pc in the 2010'° M halo range. We are thus forced to conclude
that most, if not all, dwarf galaxies should host dark mattees if their central star
formation rate was high enough to build*3Q0* M, in stars.

Our calculations suggest that limitimg, /. to only 2—3 reduces the energy
scaling as a function of halo mass for a given core size, llyareaking them easier
to form in a cosmological setting. As shown in Figure 2.3 thaliag is much
weaker when both. andr,, are fixed. For example\E scales ag/" in the10°-
10'° M, halo mass range for a 1 kpc core, but only\g%? in the same range when
r. IS fixed to be 100 pc. This is expected given that the massanterr,, depends
on the halo concentration, and in the functional form we &eldthe concentration
is inversely proportional td/,, (Maccio et al., 2007). Thus, the the ability to form
a core of size. whose density and mass are constrained,as independent of the
actual halo mass; instead, it is the mass distributionimtéo r,, that affects the
energy requirement.

Our results are insensitive to the redshift dependence lof gerameters
such as\1,,, rs, andr,. These parameters merely 8é{< r,,,) as a function of,,
which can be considered redshift independent. The abdita fgiven halo to form a
core will depend on the coupling between the depth of therabmalo potential and
the star formation rate which limits the amount of availdieledback energy. The
bursty star formation at the centres of dwarf galaxies ghbalable to drive high
enough to form a sizeable core (Maxwell et al., 2012) at hegishift (Mashchenko
et al., 2008; Amorisco et al., 2014; Madau et al., 2014). Herdow mass halos
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Figure 2.3: The estimate of the amount of enefgl required to convert a dark
matter cusp into a core. The solid lines with symbols showethergy required

to form a core of a given fixed size using the pseudo-isothed®asity profile
(see text). The solid black line shows hawZ' scales with)7,, if r,, is allowed to
scale as a fixed fraction of. The grey area corresponds to the energy estimate of
Pefnarrubia et al. (2012). The dotted, dashed, and doeddstes correspond to
the M- M, relations of Behroozi et al. (2010), Kravtsov (2010), andsiéo et al.
(2010) respectively, assuming a Kroupa (2001) IMF. Thetrégis shows the stellar
mass corresponding th £ assuming 100% efficiency.

may not be able to form cores if their galactic potential ialtw enough that each
burst of star formation results in completely efficient gapdsion (e.g. Navarro

et al., 1996a; Read & Gilmore, 2005; Shen et al., 2013; Madal,e£2014).

42



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

2.5 Discussion

In the previous section we showed that stellar feedback, e€lwwe have only
considered SNe, can provide enough energy to the denseostaing gas in the
centres of dwarf galaxies to transform the dark matter cpspdicted by numeri-
cal experiments to the flattened dark matter cores infem@d bbservations (e.g.
Mashchenko et al., 2008; Pontzen & Governato, 2012; Maxetell., 2012). This
is due to our adoption of a more robust mass normalisatidermn than previous
work (e.g. Pefnarrubia et al., 2012). The most efficienaadtipn of star formation
feedback energy will occur at the deepest point in the galactential, which im-
plies a physical limit to the radius to which cusp dark matter be redistributed. In
our calculations, we have parameterized this limit as tdeusx,,,, beyond which
the dark matter mass and density profiles are unchangedj betnby the colli-
sionless merging process. Our results suggest signifieaktrdatter cores can be
formed with less than 1% of the total SNe energy available twe star forming
history of a typical dwarf galaxy.

So far we have been concerned with whether a dark matter aaorfoom in
an initially cuspy halo due to star formation feedback. Oewrcalculations allow
us to ask a more physically motivated question: what is the#) core size for a
given halo mass? In Figure 2.4 we show the predicted coreasizefunction of
halo mass using the thréd,-)1), relations shown in Figure 2.3. Although Figure
2.4 reinforces our main conclusion that dark matter corasfaan from cusps in
even the smallest dwarf galaxy halos, it also emphasizesttertainty in trying to
make detailed predictions. The variation in the low maspeskaf the)/,- M, rela-
tion between the Moster et al. (2010), Behroozi et al. (20a0) Kravtsov (2010)

results corresponds directly to a factor of 2—4 variatiopriedictedr. as a function
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Figure 2.4: The predicted core size as a function of halo msisg) the threé//-
M, relations discussed in this paper. It is extremely diffidoltcompare these
predictions to observed dark matter cores in local groupridgaaxies given the
uncertainties in the relations, and the difficulty in detirimg M, for individual
galaxies.

of halo mass. Furthermore, these relations only give theageestellar mass as a
function of halo mass.

Figure 2.4 is further complicated because we have not yetidered the
efficiency with which the energy from stellar feedback is\gi@rred to dark mat-
ter particle orbits. The coupling efficiency will likely wain time with changing
conditions in the centre of the halo, and will depend on thefsrmation rate, gas
accretion rate, gas heating rate, and the dark matter |gactibits; the value ot
used in Pefarrubia et al. (2012) is merely a time-averagéaevover the dwarf

galaxy star formation and gas accretion histories. Finally results show that the

44



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

energy required to form the coré& F/, has only a weak dependence df, for a
givenr..

If, indeed, our ansatz that matter redistribution happemng within r, is
correct, it is more appropriate to ignoié, altogether when comparing core sizes
between dwarf galaxies. Many observations of dwarf gataixiehe local universe
can only measure dynamical masses out to a few kpc (e.g. malcat al., 2009;
Oh et al., 2011; Kuzio de Naray et al., 2006, 2008; McConregcd012) and so
cannot accurately determine the halo virial mass. Thisdesdo Figure 2.5 where
we have plotted the range of core sizes as a function of steléss required to
produce a core of that sizejthoutadopting any efficiency in dark matter core for-
mation. Each curve represents the track t/, space for each halo mass, and is
determined by the relations betwegf,, r,, andr, (or concentration parameter).
The endpoints of each curve represent the upper and lowis linat we arbitrarily
imposed when computing the energy requirements from BEgué2i.5). Our upper
bound was set at. < r,/6, a conservative upper limit given the relatively small
stellar profiles of dwarf galaxies.

The shape of the curve is consistent with one of the argunoéRsharrubia
et al. (2012) that the largest energy requirement comes fransforming the cen-
tral cusp into a core. Further scouring of the core by redytie central density
and increasing the core size requires significantly lessggnerhus, for a given
halo mass the predicted vertically asymptotes as a function &f,. This same
behaviour was found in recent simulations of dwarf galax®sen et al., 2013;
Madau et al., 2014).

In this figure, the efficiency is equivalent to sliding a given dwarf galaxy
along thelM; axis. To illustrate this, we show the local group dwarf Fegnahose

stellar mass was taken from McConnachie (2012) and whogendatiter core size
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11 1 1.1

Figure 2.5: The predicted dark matter caiea function of stellar mas§he grey
lines show the energy curve -1, space for a gived/,,. The top axis shows our
assumed conversion fro/; to SNe energy. For clarity, we have highlighted the
curves for halos 0l0®* M, 10° M, and10!° M. The star shows the estimated
stellar mass of Fornax from McConnachie (2012) with the dadtter core size
estimated by Amorisco et al. (2013). The efficierdp which the SNe feedback
couples to the creation of a dark matter core can be estinbgtsliding the Fornax
data point to the left.

was measured by Amorisco et al. (2013). Fornax lies sigmifigdbelow the pre-
dicted core size for its stellar mass, but is consistent withcore predictions if
only a few per cent of the total SNe budget contributed to tnmétion of the dark
matter core in the host halo. Fornax’s host halo could ramye/here from 18-

10'° M, while € could range anywhere from 0.01-1%.
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2.6 Conclusions

In this paper we have estimated the energy requirement p@raovae to form dark
matter cores in their host halos. By adopting a radjysit which both the density
and mass profiles of the cored dark matter halo and the ofigiisped halo match,
we find that the amount of energy required is significantlyucedl from the esti-
mate of Pefarrubia et al. (2012) without having to requires to form only at high
redshift (e.g. Amorisco et al., 2014). Our results sugdestdark matter cores are
present in most, if not all, dark matter halos that expeeendustered star forma-
tion within their centres (Maxwell et al., 2012). This aligtes another problem
pointed out by Pefarrubia et al.: the mixing of phase spaasitles for systems of
collisionless particles was shown by Dehnen (2005) to terpi¢serve the steepest
density cusp in the merger. If many of the halos merging incthiésionless mass
assembly process are already cored, the dark matter demsfile of the merger
remnant should be cored as well. Even if the core is destroigeithe accretion of a
dark matter cusp, subsequent star formation feedback gheutnough to destroy
the dark matter cusp in a short tifne

By relieving the tension betweeXCDM and the presence of cores in dwarf
galaxies, we can now begin to make firm predictions of thessofedark matter
cores as a function of stellar mass (Figure 2.5). For exanspieulations of dark
matter core formation in dwarf galaxies can provide a noealdnhmark for the effi-
ciency and energy output of star formation prescriptioapeeially as observations
of local dwarfs improve (e.g. Kuzio de Naray et al., 2008;daalon et al., 2009).
It is also important to note that we have neglected all othem§ of star formation

feedback (e.g. Hopkins et al., 2011, 2013; Shen et al., 28§6rtz et al., 2013,

2The work of Mashchenko et al. (2008), for example, showetidltare can form i 100 Myr.
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Keller et al., 2014), but these extra sources of energy aaplgibe proxied by,
the efficiency with which the energy is transferred to thékaaatter. Since many of
the above studies have either focused on the small scaleterobf single molec-
ular clouds or a Milky-Way type galaxy, dwarf galaxies stdpresent an attractive
laboratory within which to study structure formation magligl a cosmological con-

text with acceptable physical resolution.

The authors wish to thank NSERC for support and R. Kuzio DeaiN&or

providing the observed rotation profile data.

Appendix

Figure 2.6 repeats the analysis shown in Figure 2.1 for aé how Surface Bright-

ness galaxies observed by Kuzio de Naray et al. (2008).
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Figure 2.6: The velocity and density profiles for all of thezkude Naray et al.
(2008) LSBs. Line styles and symbols are the same as in Fiylire
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Chapter 3

Building the Stellar Halo Through

Feedback in Dwarf Galaxies

Reprinted from Aaron J. Maxwell, James Wadsley, H. M. P. @ou&n, and Sergey
Mashchenk@012, THE ASTROPHYSICALJOURNAL LETTERS Volume 755, Issue

2, pp. 35-39, DOI: 10.1088/2041-8205/755/2/L85AAS.

3.1 Introduction

Dwarf galaxies are the predominant star forming object®iendarly universe and
dwarf spheroidals, in particular, are fossil remnants féina (Dekel & Silk, 1986).
Normal star formation (post-Population Ill) occurs in thendest gas accumulat-
ing in the centres of galactic potential wells. In this cage,might expect dwarf
spheroids to be simple, highly concentrated, star pilegohtrast, the stars in ob-
served dwarfs are diffuse and many lack a conspicuous raickauther, dwarfs at
or above the luminosity of Fornax have their own globulastdu systems (Mateo,

1998). If these galaxies were the first objects large enoodifate a high-pressure
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ISM in their centres, capable of forming large clusters, wedto explain how
such clusters could end up orbiting at substantial radhaitlistribution similar to
that of the overall light (Miller, 2009). Radial age and niktay gradients are also
observed (McConnachie, 2012), suggesting an outsiderindtion scenario remi-
niscent of the “monolithic collapse” model (Eggen et al.629nereafter ELS).

In this paper, we explore how features present in the oldastpbpula-
tions of dwarf galaxies can occur naturally in contempox@gmological models
through star formation and feedback in these galaxies. yowarf galaxies have a
high gas content and form stars vigorously. In prior work skteghenko et al. (2008)
were able to show that stellar feedback in a simulated dwadeixy will drive bulk
gas motions that couple gravitationally to all matter né&r ¢entre of the dwarf.
As discussed i§3.2, this mechanism has been shown to act in actively stamihgy
galaxies at a range of masses and is believed to be genere prooess pumps
energy into the orbits of all material passing near the egtitansforming an initial
dark matter cusp into a broad core, consistent with obsensatHere we study the
evolution of the stellar content, which is formed self-astently in those simula-
tions. Orbit pumping also operates on stars, the other kifigionless component
of galaxies, to grow stellar spheroids from the inside ositwall as place massive
star clusters on large radial orbits.

It is widely understood that th&« CDM cosmology predicts the hierarchical
assembly of galaxies: dwarf proto-galaxies interact andgeéto larger galax-
ies, contrary to the ELS model. Searle & Zinn (1978) and Zit®8Q) refined this
model by invoking a late in-fall of old stars that would caobtite to both the stellar
halo and its globular cluster population. Subsequent waskfbicused on reconcil-
ing this picture for the formation of the Galactic stellatdaith the standard hi-

erarchical framework (for a recent review see Helmi, 20@)emical enrichment
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models combined with descriptions of a Milky Way (MW)-typerger history (e.g.
Robertson et al., 2005; Bullock & Johnston, 2005; De Lucia &irhi, 2008) and
cosmological simulations of MW-type galaxies (e.g. Zolo& al., 2010) can be
made to match the abundance patterns of the stellar haloGargllo et al., 2007,
2010; de Jong et al., 2010). A general conclusion is that dpragenitors play a
major role in building the MW halo, owing to their high ratelsstar formation at
early times and their ability to retain supernova-enricbas.

However, MW-scale simulations poorly resolve dwarf gadaxivhich thus
readily disintegrate and contribute their entire steltartents to the halo. This con-
clusion is a direct consequence of low numerical resoludimhis at odds with how
star formation would be expected to occur in dwarfs. A clagsierstanding of
star formation in dwarf galaxies is needed to establish hhmse stars are produced
and how readily they can contribute to the observed Galattitar populations and
their radial variations.

In §3.2 we discuss the stellar redistribution mechanism andihoperates.
In §3.3 we explore the impact this has on the formation of thdastspheroid in
dwarfs including stellar systems such as globular clusi#fesalso discuss implica-

tions for dwarfs contributing their stars to the spheroifleuger galaxies.

3.2 Dynamical Impact of Stellar Feedback

Observations of the kinematics of the stellar and gaseongponents of dwarf
galaxies point to these systems having a cored density g@i@fity. Burkert, 1995;
Coté et al., 2000; Gilmore et al., 2007; Oh et al., 2011, de8lok (2010) for a
recent review) in contrast to collisionless simulation€ofd Dark Matter (CDM)

haloes which predict a central density cusp (e.g. Dubingkagiberg, 1991; Navarro
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etal., 1995; Bullock et al., 2001; Klypin et al., 2001; Steeteal., 2009). Mashchenko
et al. (2008) presented a solution to this long-standingjege for the CDM cos-
mogony by correctly accounting for the the impact of stefdgdback. By feeding
the energy generated by supernovae into the surroundindostaing gas, they
were able to generate fluctuations in the gravitational ig@kthat pumped the
dark matter orbits and removed the cusp. The effectiveniedar& matter orbit
pumping due to stellar feedback has been confirmed in sironkaby other work-
ers, showing that it operates in dwarfs to the present daydfpato et al., 2010)
and also affects larger galaxies up to Milky Way scales witfiigently strong
feedback (Maccio et al., 2012). In addition to operatinghie SPH code used by
Mashchenko et al. (2008), the mechanism has also been deatedsusing a grid
codé.

Two critical features allowed Mashchenko et al. (2008) tmdestrate the
effect of stellar feedback on dark matter orbits in the dwatbxy: high resolution
(300 M, per gas particle) and low temperature metal cooling §006-K). The
combination of these features allowed the formation of al,cdense gas phase
and permitted the use of a far more realistic minimum derfsitystar formation,
~ 100 atoms cm3, comparable to molecular cloud densities. This was in sharp
contrast to prior work where star formation occurred faiurlyiformly throughout
the ISM of simulated galaxies. As a result this was the firstmological simula-
tion to form numerically resolved star clusters updd 0° M.

A direct result of clustered star formation is highly lozald and episodic
feedback that violently rearranges the gas in the inneoregof the dwarf galaxy.
Since the gas dominates the mass in the star forming redismesults in a gravi-

tational potential that varies on a timescale commensuwvakeorbital times. This

IR. Teyssier, priv. comm.
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causes irreversible changes in the orbital energies of attenpassing near the
star-forming centre of the dwarf. Whereas sharp changeseirpbtential impul-
sively modify all particle orbits (Pontzen & Governato, 2)1Mashchenko et al.
(2006) showed that oscillating potentials with speedserlts the typical particle
velocity couple strongly and flatten the core more rapidigift figure 2). For ma-
terial that initially has a low velocity dispersion, such @dark matter within the
cusp, this preferentially increases the orbital radius etistributes the material
into a smooth core as shown in Mashchenko et al. (2008) arett wtbrks. For the
gaseous component, shocks dissipate this added velocdyeat dark matter and
stars undergo a random walk in orbital energy.

We use the simulated dwarf of Mashchenko et al. (2008) tstilate the
process. We selected a period between redshifts 8—5 withajatr mergers so that
the evolution is dominated by centralized star formaticgldd by a consistent gas
supply. Figure 3.1 shows several cycles of star formatieadiback upon the gas
content and the response of the collisionless componentthid simulation, the
majority of stars form within 100 pc, which we use as a radiaé sn which to
measure the feedback effects. The centre is defined as thi®pas the 100 most
bound particles. This choice biases towards gas-richfstaring regions but gives
very similar results to using a mass-weighted centre. Théakl00 pc region is
well resolved in space and mass.

In Figure 3.1a, the total star formation rate in units of M~ is shown for
all stars formed within 100 pc. The star formation is highpisedic in this red-
shift range. Given that star formation is confined to a smatfiti@al region, stellar
feedback is very efficient at cutting off the supply of colénde gas that fuels the
process. In the feedback model employed in this simulattos effective compo-

nent is supernova energy injection acting over a period eB0Myr after initial
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Figure 3.1: Star formation rate, variation of enclosed gassrand variation of
phase-space density for the collisionless components.

a) Star formation rate (Myr—!) within a radius of 100 pc of the centre. Vertical
dotted lines highlight 5 strong star formation peaks.

b) Enclosed gas mass (M for various radii. The solid line is for a 100 pc radius,
and the grey increase the radius by a factor of two each stke.triple-dot-dash
line is the enclosed mass within 3.2 kpc.

¢) The dark matter phase-space density, {3 km~— s*) measured within 100 pc.
The solid line indicates low velocity dark matter (see tewtjle the dash-dot is for
all dark matter. The dashed line shows the behaviour in alation without stellar
feedback.

d) The stellar phase-space density(bt—? km~ s*) measured within 100 pc. The
solid line is for stars formed before = 7.5 (time stamp denoted by the square),
while the long-dash line is for all stars.
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star formation. Thus, once initiated within a dense knotad,gtar formation rises
to a peak and shuts down in around 10 Myr. The five highest peatke central
star formation rate are marked with vertical dotted lineguale the eye over the
four panels of the figure.

The solid line in Figure 3.1b shows the enclosed gas massiis oM,
as a function of time within 100 pc. The enclosed gas mass shimsvsame cyclic
behaviour as the star formation rate with a lag of 10—-20 Myas @&lls into the
inner regions, forming dense clouds and allowing star foionao begin. Stellar
feedback starts to pressurize the gas leading to both casipreand the driving
of material out of the inner regions. The gas velocity disper varies from 10—
40 km s~! within 100 pc, indicating crossing times of roughly 5-20 Myhus the
gas mass peaks slightly after the peak in star formationlagubsides.

The total gas mass (triple-dot-dash line in the same panéhjn\38.2 kpc
(the virial radius at = 8) increases steadily due to fresh in-falling material, heac
ing ~ 2 x 108 Mg, atz = 5. Feedback associated with vigorous star formation can
readily create hot gas (¥ 10°K) and outflows exceeding the&)0 kms ™ escape
velocity. Such unbound gas can travel tens of kiloparsems the dwarf. How-
ever, the total mass in unbound (mostly hot) gas generatednigarable to the
3 x 107 My, in stars created over the 500 Myr period shown in Figure Jaifall
onto the galaxy continues steadily along cold filaments teettie outflow channels
and is not disrupted by the outflow, as the figure indicatese Bdryon fraction
inside the virial radius is always moderately in excess efuthiversal baryon frac-
tion. The gas mass within the star forming inner region flatts dramatically in
response to feedback but much of this gas is simply cyclingiwthe inner few
hundred parsecs. Within 800 pc the gas content grows fairtyoshly as shown by

the second-to-top grey curve.
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The numerical values for star formation rates and mass agfwe a result
of the specific sub-grid models and resolution used for tinsigtion (though the
resolution is much higher than is typical). However, thelat@ve picture is ex-
pected to be robust and is consistent with our understardifgggdback and its role
in creating a bursty star formation history in smaller gaaxStinson et al., 2007).
The gas within the entire halo is characterized by churningans with colder gas
moving in and hotter gas moving out. This is in contrast todingple gas blow-out
picture of the evolution of dwarf galaxies (e.g Navarro et H96) where the entire
star-forming gas content is at least temporarily evacualdw advantage here is
the continual availability of gas for ongoing star formatiwith bursts on the dy-
namical timescale of the dense inner regions (50—-100 Mwt)répeatedly perturb
the collisionless components. This type of churning alstuogein more massive
galaxies (Brook et al., 2012).

Figure 3.1c shows the behaviour of the central dark mattasg@ispace den-
sity, approximated as/o?, wherep is the mean dark matter density ands the
velocity dispersion within the central 100 pc. Whereas the-firained, dark mat-
ter, 6-dimensional phase-space density is strictly careskthe coarse-grained dark
matter phase-space density, which we are approximatingyit®, is insensitive
to adiabatic compression due to baryonic dissipation botilshdecrease monoton-
ically due to irreversible (non-adiabatic) effects.

The dot-dash line is for all dark matter particles locatethimi 100 pc of the
centre at each simulation output. The solid line shows tieWeur of a group of
dark matter particles with velocities less thérkm s, selected at = 8, and fol-
lowed throughout the simulation. Both dark matter groupsash steady decrease
in the coarse-grained phase-space density 10-20 Myr af&rdormation peak.

Note, however, that the low velocity dark matter exhibit tmsteeper gradients.
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This decrease is associated with both an increase in theicityedispersion and a
decrease in their density. This persistent decreagg ©f, unaffected by the gas
returning to the core, demonstrates that the heating osoolless matter through
the gas-driven gravitational potential oscillations rewersible. The long term ef-
fect is a random walk in orbital energy that redistributeskdaatter particles into
a cored profile of order 400 pc in size by= 5 as shown by Mashchenko et al.
(2008). In the same dwarf simulated without any star foromtthe phase-space

density remains relatively constant as shown by the dashed |

3.3 Stars: The Other Collisionless Component

Stars also behave as a collisionless fluid, and so couplefodtential fluctuations
created by stellar-feedback-driven gas motions. Inddeslrajority of stars are
formed within the dwarf core and spread outwards by the enthesimulation.
The central stellar density is regularly increased by nesssivhich are then dis-
persed to larger orbits. The long-dash line in Figure 3.lalshthe phase-space
density for all stars within 100 pc. As the stellar densityhm this radius is re-
plenished by star formation, there is no significant trenth@phase-space density.
To examine the evolution of stars after their formation, eiested stars within the
inner 100 pc that were formed before 0.72 Gyr and tracked pieise-space den-
sity over time as indicated by the solid line. The decreagghase-space density
is dramatic, comparable to that for the low-velocity-dispen dark matter. Since
the stars form from gas with velocity dispersien20 kms™!, these trends reflect
the greater efficiency of this heating mechanism for low ggjomaterial. Note
also that significant decreases in the phase-space density 10—20 Myr after the

central bursts of star formation, as discussed above. Isiowrlated dwarf, stellar
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orbits are found to expand to beyond 1 kpc through the effafdtsis mechanism.

3.3.1 The Diffuse Spheroid

In this new picture, stars form preferentially in spatiatigncentrated star bursts
near the gas-rich centres of small galaxies and then mi¢patee outer parts of
the galaxy. Orbital changes occur repeatedly for objeatsetsing the star forming
core. This effect will not be limited to small galaxies butyr@ecome less pro-
nounced for larger halos. The degree to which stars haveateigis a function of
their time of formation and the period of time for which sugictly vigorous po-
tential fluctuations were available to pump their orbitsisigrovides an alternative
to simply scaling the ELS view down to smaller halo masses.

Figure 3.2 shows that even though half the stars formederdd pc (solid
line), by the end of the simulation (500 Myr later) they filetantire dwarf halo with
no distinction between those that formed inside and outsiflgoc. New stars take
time to move outward and when star formation stops, so d@esrtital expansion.
The result at = 5 is a moderate trend to larger stellar ages with radius. Thig m
explain the age and metallicity gradients believed to begarein the Local Group

Dwarfs (Mateo, 1998).

3.3.2 Bound Star Clusters

As noted above, the star formation that occurs in the sinands clustered in
character due to the unusually high spatial resolution M, per star particle) and
modeling of low temperature cooling (Mashchenko et al. 06onsistent with the
majority of star formation in nature. The majority of thesesters are disrupted as

the simulation progresses, and the stars are depositessatmstellar spheroid of
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FRACTION [%]

Figure 3.2: The normalized distribution of stellar forneatiradius (solid) and the
final stellar radius (dashed). The shaded region corresptinthe distribution of
final radii for the stars that formed within 100 pc.

the dwarf. This is partly a resolution effect as the graiotal resolution of the
simulation (10 pc) will not result in smaller, more tightlpind clusters. There
are, however, a few of these clusters that survived for &t [2@0 Myr. The four
most massive and well resolved clusters (100—1000 stedlicies) were identified
within the dwarf spheroid near the end of the simulation &ed orbits traced back-
wards to the point at which 10% of the stars within each chuséel formed. The
radial component of the orbits for the four clusters are showFigure 3.3. These
four massive clusters form well within 100 pc but are thenetmiout to large radii
as each pericentric passage brings them close to the gcsitegtforming galactic
centre. The process is a random walk with an average tendeioyrease the apoc-

entric distance. These clusters also show changes in teetidin and magnitude
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Figure 3.3: Evolution of orbital radii for four long-livedar clusters in the simula-
tion.

of their orbital angular momenta. The process should bedésstive for higher
orbital velocities and is thus expected to saturate wherthits are well outside
the star forming region.

Our approach to the building of dwarf spheroids may shed bgithe for-
mation of Globular Clusters. Since the same mechanism tegtaoth stars and
stellar clusters to the diffuse spheroid, it provides a ratexplanation for the ra-
dial distribution seen in dwarf galaxies outside the Locad@p (e.g. Miller, 2009).
Furthermore, the time that the clusters are resident inntheristar forming region
(which has grown te- 300 pc by z = 5) is typically at least 19yr. Visual inspec-
tion of the simulation indicates that dense gas knots mote thie clusters during

this period, thus providing a simple explanation for theergty observed multiple
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generations of stars within globular clusters (e.g D’Eecetial., 2010).

3.4 Conclusions

We have presented a new framework for understanding theattmof the stel-

lar spheroid in dwarf galaxies: All stars form in the nucleagions and are then
redistributed to eventually occupy the entire halo. Thasteution mechanism
relies on strong fluctuations in the baryon-dominated e¢gtavitational potential
that are associated with stellar feedback as first demaedtby Mashchenko et al.
(2008). These fluctuations irreversibly affect the orbitd dence distributions of
the collisionless components: dark matter, stars and ktstecs. The key implica-

tions are:

e This process directly affects dwarf galaxies. In thesexgesaa mild gradient
with radius of increasing age and decreasing metallicituldide created as older
stars achieve the largest orbits. Orbital redistributiimps when vigorous star for-

mation ceases.

e The central density of stars stays fairly constant as ners $tam to replace

those migrating outwards.

e Globular cluster-like star clusters form in the ISM (andgliave no associated

dark matter) and migrate outward over several orbital jrio

e The star clusters may form multiple generations of stans femriched gas read-
ily available in the nuclear regions. They will lose accesadw gas as their orbits

become larger.
e Continuous creation and outward migration of stars andu#olxlusters avoids
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the formation of a super-nucleus at the centre of most dvadsaixies.

e Larger clusters become protected against tidal destrueisotheir orbits grow

and the dwarf’s dark-matter core becomes flattened.

e Mergers and tidal stripping will deposit these loosely babstars and clusters

into the halo of later generations of larger galaxies.

e Large star clusters formed in dwarf galaxies at high redlstather than in dark

matter mini-halos, could be the primary source of Globulas@rs in all galaxies.
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Chapter |

The Celestial Buffet: multiple
populations and globular cluster

formation in dwarf galaxies

Reprinted from Aaron J. Maxwell, James Wadsley, H. M. P. Gouan, and Ali-
son Sills2014,MONTHLY NOTICES OF THEROYAL ASTRONOMICAL SOCIETY,

Volume 439, Issue 2, pp. 2043-2049, DOI: 10.1093/mnr&&3&tu Published by
Oxford University Press on behalf of the Royal Astronom®atiety. All rights

reserved.

4.1 Introduction

Until recently, the standard picture of a globular clustaswhat of a simple stellar
population. It was thought that all the stars formed in ongetiin one place, and
from a single cloud with a uniform chemical abundance. Haveligh-precision

photometry from theHubble Space Telescofge.g. Bedin et al., 2004; D’Antona

71



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

et al., 2005; Piotto et al., 2005, 2007, 2012) revealed s@ih sequences and sub-
giant branches in many massive clusters, such as NGC 2808, #2Tuc, and
NGC 1851. Simultaneously, high-resolution spectroscshpidies of globular clus-
ter stars (e.g. Ramirez et al., 2001; Carretta et al., 20§®@wed that almost all
globular clusters have no star-to-star variations in iromralance. The variation in
lighter elements, however, which had been characteriziedght giants for decades
(e.g. Carretta & Gratton, 1994; Cohen, 1999; Gratton e8I06; Carretta et al.,
2007b), was shown to extend down to stars on the main seq(eic&ratton et al.,
2001; Ramirez & Cohen, 2002; Carretta et al., 2003, 2004)stMurprisingly, a
high He content is required to explain some of the observepepties of several of
these clusters (e.g. Piotto et al., 2005; D’Antona et aD2Carretta et al., 20073,
Piotto et al., 2012).

The ubiquity of this light element spread in all well-studliglobular clus-
ters (see the review by Gratton, Sneden, & Carretta, 20@yhesis globular clus-
ters undergo a more complex formation process than that wigéesburst of star
formation. The chemical patterns, the split photometrgussices, and extended
horizontal branches (e.g. Bedin et al., 2004) of globulastgrs can be explained if,
within the first few hundred million years of a cluster’s @gisce, two or more pop-
ulations of stars were formed (e.g. Ventura et al., 2001;rid0ha & Caloi, 2008).
One was made from the same composition — which we will caditipie through-
out this paper — as the stars of the halo: [FetHR, anda-enriched but otherwise
having scaled-solar abundances of the light elements. Titexr generations were
formed from material which has undergone hot hydrogen biggraccurring at tem-
peratures above abolt 107 K. Burning hydrogen under these circumstances uses
the Ne—Na and Al-Mg cycles (analogues to the lower tempera&@uN—O cycle),

and can produce He as well as the observed trends of the @heelements. The
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material which formed both populations, however, usuadly the same Fe content.

The commonly accepted explanation for these abundanceseigugnce of
events that a nascent globular cluster must undergo (eAntbna & Caloi, 2008;
Ventura & D’Antona, 2008a). First, the proto-globular dkrsforms from pristine
gas. After some time, the most massive stars explode asmsyaer, but their ejecta
have sufficient velocity to escape unhindered from the piatlenell of the cluster.
Later, a population opolluting stars ejects their hot hydrogen-burnt material into
the cluster at much lower velocities, so that the materiattgined by the cluster.
Shortly thereafter, the second population forms from a anexof this material and
additional pristine material that has fallen into the cdusin order to reproduce
the observed abundance variations (e.g. Carretta et 80c20entura et al., 2013).
These two populations then passively evolve to become tbgept-day cluster.
This scenario broadly matches the observational conséramthe problem of mul-
tiple populations and extended horizontal branches inwgésb, but there are two
problems which we describe below.

The majority of recent papers currently favour asymptatngbranch (AGB)
stars as the polluters (e.g. Ventura & D’Antona, 2005b; Dt et al., 2010) since
the bottom of their convective envelopes can produce theined) overabundance
of Na and N versus O and C (e.g. Denisenkov & Denisenkova, )1988wever,
the nucleo synthetic yields from AGB stars need to be cdsefuhed (e.g. Denis-
senkov & Herwig, 2003; James et al., 2004), and there issstitie uncertainty in
the AGB evolution models (e.g. Ventura & D’Antona, 2005a)26). Due to these
problems, other polluters have been proposed: rapidlyingtanassive stars (e.g.
Decressin et al., 2007), massive binary stars (e.g. de Mimk ,€2009), and even
stellar collisions (Sills & Glebbeek, 2010).

The second problem has to do with the mass budget for thetpdljpopu-
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lation, which can make up to 50 per cent of the present clustess (e.g. Carretta
et al., 2009b; Piotto et al., 2012). If one assumes a nornii@limass function
(IMF) and an initial cluster mass that is close to its preskayt mass+ 10° M.,),
then the population of polluting stars can only produce astnaofew percent of
the cluster mass as material with which to form the pollutedytation (e.g. Co-
hen, Briley & Stetson, 2005). Most papers to date have adddethis issue by
requiring the proto-cluster be at least 10 times more maghan the present clus-
ter (e.g. D’Antona & Caloi, 2008; Ventura & D’Antona, 2008b;Ercole et al.,
2010; Vesperini et al., 2013), added more enriched gas tejdwta by flattening
the AGB range of the IMF (e.g. D’Antona & Caloi, 2004; D’Antaret al., 2005),
or both. Furthermore, highly unlikely star formation eféiocies of 100 per cent
are required in the formation of the second population, emtlass-budget problem
becomes even worse.

Bekki (2010, 2011) simulated the formation of a second gaiwr of stars
from AGB ejecta within a cluster. As expected (e.g. D’AntafagCaloi, 2004;
D’Ercole et al., 2008), a second population formed soorr #fefirst starburst, but
with a spatial and kinematic distribution completely diéfiat from the first pop-
ulation. The simulations showed that the second populationld be centrally
condensed and show considerable rotation due to the dissipaocesses required
to drive the enriched material to realistic star-formingdibions. The initial cluster
mass required to retain the AGB ejecta exceedetl8 M, and even the best case
scenario was only able to formx40* M, in second population stars. Yet, an or-
der of magnitude increase in initial stellar mass would grlyduce enough AGB
ejecta to form thgresent-daymass of second generation stars. Self-enrichment
thus requires the cluster to be tidally stripped on timdescanuch shorter than

their relaxation times (e.g. Vesperini et al., 2013), sitlee first generation stars
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would have distributions initially extending to larger riad

The most straightforward solution to this problem was sstggeby Bekki
(2006): instead of treating the formation of globular chustas simple stellar pop-
ulations condensing from homogenous isolated gas clohey, were treated as
forming within the centres of dwarf galaxies at high redstuf> 4). This allevi-
ated the mass budget problem, since now AGB ejecta from tiewding dwarf
galaxy spheroid would cool and settle to the centre, mix Withpristine material,
and form the second population in the newly formed globulaster. However,
even this scenario failed to reproduce the observed trd&elk{ et al., 2007).

The problem is that the simple approach of Bekki (2006) wawdtimake
up the majority of globular clusters with variance only ie fight elements. Bekki
(2006) assumes the stellar nucleus of a dwarf progenitardseted on to a Milky
Way (MW) sized halo, observable as a halo globular clustenwéver, the likeli-
hood that SNe ejecta will be retained by the dwarf increasés &alo mass grows,
imposing a limit on how long the stellar nucleus can be cargid uniform in abun-
dance. Thisis evident in the broad range of Fe-enrichmdmnbégd by many of the
Local Group Dwarfs, such as Fornax (e.g. Pont et al., 2004&nyMlobular clusters
show very little dispersion in the Fe-peak elements (e.giRez et al., 2001; Car-
retta et al., 2009a), which suggests at least two possilvisti@nts not discussed
in Bekki (2006). Either all globular clusters formed in dévarogenitors that were
accreted by larger haloes extremely early, or some pro@s=drstar formation in
the nucleus on long time-scales, preserving the uniformataundances.

There do exist peculiar globular clusters with dispersiotheir heavy ele-
ments which would fit this model (Bekki & Norris, 2006). Cen is one example
of a globular cluster with variations in [Fe/H] (e.g. Nor&Da Costa, 1995; Piotto

et al., 2005), which can be explained if it is the remnantateiucleus of an ac-
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creted dwarf galaxy (e.g. Gnedin et al., 2002). Another igiM&cated at the centre
of the Sagittarius dwarf galaxy (Ibata, Gilmore & Irwin, B)3@nd likely an exam-
ple of w Cen in an earlier accretion phase (Carretta et al., 2010)C I9&19 has
similarly been argued to be the core of a stripped dwarf galltackey & van den
Bergh, 2005; Cohen et al., 2010; Cohen, Huang & Kirby, 201dhe&h & Kirby,
2012). Clearly, what is lacking in the Bekki (2006) model isl@ar understanding
of how the uniform heavy element abundance is preservediaffdorogenitors are
the true sites of globular cluster formation.

In this paper, we provide a new framework in which we can ustdeid the
formation of all globular clusters that exhibit abundanegiations. Like Bekki
(2006), this new framework assumes the site of globulatetdsrmation is within
the centres of dwarf galaxie&lnlike previous work, our framework proposes that
these clusters are removed from the dwarf centres througéndigal evolution and
end up on wide orbits, like those of the Fornax dwarf (e.g. ¢&odl961; Mateo,
1998; Letarte et al., 2006), where they may be easily stdppgy proposing a
physically motivated mechanism for globular cluster reaipgur new framework
provides a consistent solution to the problem of abundapiesads with the cluster
and links the probability of a spread in [Fe/H] to the amountime spent in the
dwarf centre. We describe our new framework#2, and provide an illustration
of it in §4.3 using a highly resolved simulation of a dwarf galaxy ghhiedshift
(Mashchenko, Wadsley & Couchman, 2008). We describe thp set4.3.1, with

results ing4.3.2.
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4.2 A New Framework For Forming Multiple Popu-
lations in Dwarf Galaxy Globular Clusters

The framework that will be outlined here rests on one key magsion: all globu-
lar clusters exhibiting abundance spreads formed near #dre of high-redshift
dwarf galaxy progenitors and were later accreted during tinerarchical build-up
of present-day massive galaxy halods gas accretes on to the dwarf galaxy pro-
genitor, it cools and collapses to the centre. Once the gabes sufficient densities
(= 100 my cm~3) to form molecular clouds, star formation begins. This Ve#d to
feedback from massive stars in the form of radiation, wiaas supernova explo-
sions that suppress star formation for about 30 Myr. Masameunts of gas will
be swept out of the central regions, carrying the meenriched material.

The feedback will cause significant gas mass re-distribwtithin the dwarf
galaxy centre, in turn altering the central gravitationatigmtial. Rapid fluctuations
in the potential will lead to gravitational pumping of thellonless components
— dark matter (Mashchenko, Wadsley & Couchman, 2008; Gateret al., 2012;
Pontzen & Governato, 2012) and stars (Maxwell et al., 20&g2s3ier et al., 2013).
A globular cluster formed within the centre will be moved &oder and larger or-
bits with each star formation burst. The important pointehisrthat even though
the globular cluster is removed from the centre of the dwavfjll make multiple
passages through the gas-rich cent@n each pass, the globular cluster may ac-
crete gas from the centre of the dwarf galaxy, includinguiahts responsible for
the light element abundance spread. However, it will alggearnce subsequent
energy kicks, eventually placed on so large an orbit thah&sraccretion will be
halted.

Many groups have established through numerical expersibistenergetic
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re-distribution of mass in dwarfs (e.g. Read & Gilmore, 20@&shchenko, Couch-
man & Wadsley, 2006; Mashchenko, Wadsley & Couchman, 2008eato et al.,
2010, 2012; Pontzen & Governato, 2012). These studies éocos the transfor-
mation of the inner dark matter density profile from the cysglicted by theory
(e.g. Dubinski & Carlberg, 1991; Navarro, Frenk & White, 59Bullock et al.,
2001; Klypin et al., 2001; Stadel et al., 2009) to the coreseoled in Local Group
dwarfs (e.g. Burkert, 1995; Cote, Carignan & Freeman02@limore et al., 2007;
Oh et al., 2011). It has only been recently that attentionbdegs paid to how this
process would affect stars (Maxwell et al., 2012; Teysdier.e 2013). Maxwell
et al. (2012) focused on how this process would form sphatdight profiles in the
old stellar population, and by extension the presence diujéw clusters at large
projected radii from their hosts. In our framework, both theenation of dark mat-
ter cores and multiple population globular clusters anenately linked through the
same mechanism of mass re-distribution.

The centre of dwarf galaxies also contains a much deepentpalteell than
that of an isolated gas cloud or globular cluster. Assuminag AGB stars are in
fact the polluters, their wind can be retained within the dwaiclei (e.g. Bekki &
Norris, 2006) since the speed at which the wind travels froenstellar surface is
about 40 kms! (e.g. Woitke, 2006). Supernovae can blow out gas at upwdrds o
500 km s* which can easily escape dwarf galaxies. Globular clustave hypical
escape speeds (Harris, 1996; Gnedin et al., 2002) of 10-20kend so would be
unable to retain this hot gas. On the other hand, the AGBa&jsatetained in the
deep potential and available for accretion (e.g. Conroy &r§el, 2011) by globu-
lar clusters as they pass through the centre of the dwarf.cltisters do not need
to begin with masses an order of magnitude greater than tes¢ptly observed to

cause self-inflicted pollution (e.g. Cottrell & Da Costa819; instead, they draw
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from a reservoir created by the surrounding stars, providedas is accreted effi-
ciently.

Current models of the formation of the second populationiregsome sort
of dilution (e.g. Carretta et al., 2009c) of the polluted emetl with pristine gas
in order to create the observed abundance anticorrelatiimee our framework
places the formation site of the mixed abundance clustatsmprogenitor dwarf
galaxies at high redshift, there should be plenty of gaslinddend itself to dilu-
tion (e.g. Maxwell et al., 2012). Eventually, the gas witthe centre will become
predominantly pristine and the cluster formation processlzegin anew. A single
dwarf galaxy could make several mixed abundance globulestets within a few
hundred Myr, long before Type la SNe begin to enrich the gak we. This is
in sharp contrast to the work of Bekki (2006) which would berensuitable for
producing the more unusual objects that show clear [Fe/lHatrans, such as

Cen.

4.3 An lllustration

We use the cosmological simulation of a well resolved dwaldigy by Mashchenko,
Wadsley & Couchman (2008) to demonstrate the salient poindsir framework.
This simulation has been extensively studied in the cordkttie cusp—core prob-
lem (for arecent review see de Blok, 2010) and the formati¢Giomax-like spheroidal
systems (Maxwell et al., 2012). The 12 pc force softeningluise¢he simulation is
comparable in scale to globular clusters and moleculardsdwsting star forma-
tion, but is still adequate for our purposes. Within the datian, Maxwell et al.
(2012) identified four bound star clusters over 100 timesdethan the surround-

ing stellar spheroid that could be traced over 100 Myr.
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However, the resolution was not high enough to resolve ttegnal struc-
ture of the clusters, and so we cannot measure dynamica¢iepg such as their
mass distribution or velocity dispersion. At these scadesurate treatment of the
formation of stars and the resultant feedback is requiréitiwprevents us from di-
rectly studying the accretion of gas on to the cluster andrtteemass of the clusters
themselves. Since our framework applies to any collisesmtmmponent of matter,
we need only use a suitable globular cluster tracer throuigthe simulation to il-
lustrate it in a cosmological context. Therefore, in thédiwing setup, we use only

the orbital properties of these clusters and treat thealusass as a free parameter.

4.3.1 Accretion

Since we cannot directly measure accretion on to a stareclastit passes through
the gas-rich centre of the dwarf, we use the first-order edérof Bondi & Hoyle
(1944):

G2M2
(v, + cg)3/2'0’

rel

M ~ 2am (4.2)

where M is the mass of the clustep,is the ambient gas density,, is the rela-
tive velocity between the cluster and the gas, and the sound speed of the gas.
The numerical factow lies between 1 and 2 for most cases (Bondi & Hoyle, 1944;
Bondi, 1952), but we have assumed unity so that we may be o@ise in our es-
timate of the accretion rate. Since we cannot directly mesihie local gas density
and temperature, we average the gas particle propertiea@mepc sphere around
the centre of mass of each cluster in each simulation snapdtinis is the typi-
cal tidal radius for the MW clusters (Harris, 1996) deriveoni the King surface
density profiles (King, 1962, 1966), and similar to the maxmaccretion radius

derived from Equation (4.1) for a $M, cluster and a sound speed of 10 km.s
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To compute the bulk relative velocity, we use the mass-wejhelative velocity

with respect to the centre of mass velocity of the cluster:

- Z mz(UZ - Ucom)

Urel = E m; >

(4.2)

for all gas particles within the 35 pc sphere whose tempezasibelowl .5 x 10* K.

The original derivation of Equation (4.1) was for spheiigaymmetric ac-
cretion of a point mass moving through a uniform medium whosperties were
measured very far from the point mass. Lin & Murray (2007)éahown that
for extended mass distributions whether Equation (4.1)ieppo the cluster as a
whole, or to individual stars within the cluster, dependstaninternal velocity dis-
tribution of the stars. Although we cannot directly meagheevelocity distribution
of the stars within the four clusters, the functional forntloé accretion rate is pre-
served in both scenarios (Lin & Murray, 2007). Any uncertyaivill be contained
mainly in «, which requires detailed numerical study (e.g. Naiman, iReg¥Ruiz
& Lin, 2011). Since each of the four clusters spends signifitane with relative
speeds of 20-30 knt$ with respect to the surrounding gas, and given the spherical
symmetry of globular clusters, Equation (4.1) should givgoad estimate of the
amount of gas accreted by a globular cluster moving throeglons of dense gas
(Conroy & Spergel, 2011).

Once the gas has accreted on to the ‘surface’ of a globulateziut should
disperse throughout the cluster on a very short time-schlging a mean half-
mass radius of 4.3 pc (Harris, 1996) and a typical sound spegdkm s ! yields
a crossing time of 0.4 Myr. This is significantly shorter tithe cooling time for
the accreted gas and the onset of star formation, which isateg to last 2—3 Myr

(e.g. D’Ercole et al., 2008; Bekki, 2011), which is still stey than the 10-20 Myr

81



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Phgs8cAstronomy

length of a typical accretion event experienced by the ftusters. Thus, once gas
is accreted it will quickly condense to the centre of the tdusnd begin to form

stars.

4.3.1.1 Pollution Source

We will assume that AGB stars are the source of the polluteegponsible for
the light element abundance dispersion (e.g. Denisenkove&idg®nkova, 1989;
D’Antona & Caloi, 2008), and that the winds from these stasdrithute the pol-
lutants. However, our framework is not tied to a specific ytelt and so will be
applicable regardless of whether AGB stars are the trueitudyl that we require
is that the source is present within the dwarf galaxy. Moghefstars within the
dwarf galaxy are found within 1 kpc (Maxwell et al., 2012) &hd escape velocity
from this radius is 60 kms, so we can safely assume that the AGB wind will stay
bound to the galaxy.

Recently, Larsen, Strader & Brodie (2012) suggested tleadtir formation
history of Fornax placed severe constraints on the AGB maatable. Although
the simulation of Mashchenko, Wadsley & Couchman (2008ndidrack the light
element abundances of individual gas particles due to A@Bldack, we can verify
that the star formation history of the dwarf galaxy wouldsfgteven the highest
observed fraction of second generation — in other words$y el — stars by mass.
Since the star particles formed in the Mashchenko, Wadsl&o&chman (2008)
simulation represent many stars, we must integrate ovdMkeo obtain the frac-
tion of each star particle that would be expected to conteilbo enriching the sur-
rounding gas. Given the uncertainties in AGB vyields, we fatius only on the

3-6 M, mass range (e.g. Ventura et al., 2001), although 6&Mrs may also be a
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contributor (e.g. D’Ercole et al., 2012). Using a typicalas-law indexa = —2.3
(Salpeter, 1955; Miller & Scalo, 1979; Kroupa, 2001; Chahr2003) over the mass
range 0.1-100 M, approximately 8 M, per 100 M, will undergo the AGB phase;
increasing the upper limit to 8 Mwould add roughly an extra 3 Mper 100 M.
Assuming AGB stars lose at least 10 per cent of their initiaksover a period of
30-100 Myr yields a mean wind-loss rate of M., hinspace Myr!. Convert-
ing the star formation history of the dwarf into an AGB ejebtstory yields over
10° M, of pure AGB ejecta within 1 kpc over a few Myr.

In order to determine if this satisfies the observationast@mnts, we searched
the literature (Ramirez & Cohen, 2002, 2003; Cohen & Meé&m 2005; Cohen &
Melendez, 2005; Carretta et al., 2006, 2007b,a,c, 200%a,Ispectroscopic mea-
surements of the Na—O anti correlation, and follow Carrettal. (2009c) by split-
ting the stars into three components. We then used theirlsichintion model to
estimate that- 7 per cent of the accreted mass needs to be composed of pure AGB
ejecta in order to reproduce the global Na—O anticorrefatio other words, a clus-
ter whose final mass isx 10° M, cluster with half of the stars showing signatures
of enrichment would only require.5 x 10> M., of AGB ejecta. Furthermore, the

diffusion time of the AGB ejecta through the inner 1 kpc of thvearf galaxy is

1kpc

tdiff ~ ~ 24 Myr.

Vwind

This suggests that there may be inhomogeneity in the amdenirichment within
the gas pool from which a cluster may accrete, further difyeng the amount of

dispersion a given cluster will exhibit.
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4.3.2 Results

In order to find the potential mass growth of the four clusteased within the

simulation, we numerically integrate Equation (4.1):

M(t) = /t t Mdt'. (4.3)

We start the integration 30 Myr after the formation of eaalstadr since this rep-
resents the end of the SNe phase which will sweep out anyuasighs from the
formation of the initial stellar population. This allowsfBcient time for the gas that
formed the first generation cluster stars to be swept awayybg Tl supernovae.
This is supported by the observation that the majority ofstae formation within
the simulation occurs in bursts separated by 50-100 Myr (&dbet al., 2012).
Since the mass growth is highly non-linear, we will repreéseas the per-

centage increase in mass as a function of time:
X per cent (4.4)

where M (t,) corresponds to the initial cluster mass. This is shown in HdL,
for three different initial masses: x 10° M, as the solid line]0° M, as the short
dashed line, and x 10° M, as the long dashed line. The abscissa has been set to
start at the formation time of each cluster. Each clusteeagpces wildly different
growth rates, despite living in the same dynamic halo.

First, the most massive clusters will accrete the most nahtgrlater times.
It has been observed that the strength of the Na—O antietioelin globular clus-
ters is correlated with the cluster mass (e.g. Recio-Blatcal., 2006; Carretta

et al., 2009b,a). Furthermore, the extent of the Na—O amétadion can be repro-
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Figure 4.1: The percentage increase in mass estimated fopratién (4.1) as a
function of time for the four clusters within the Mashchen®éadsley & Couchman
(2008) simulation. The three lines represent the threermdifft initial massess x
10° M, (solid), 10° M, (short dashed), artix 10° M, (long dashed). The fraction
by which a cluster can increase its mass depends on the gaoshit, initial cluster
mass, and gas density within the Bondi—Hoyle radius.

duced using a model wherein one source of material, eitlegpune AGB ejecta or
the pristine gas, is diluted by the other. In other wordsielexist two time-scales:
one for the accumulation of pristine material, and one ferabcumulation of AGB
ejecta. Presumably, pristine material will accumulate eate dependent on the
dwarf galaxy merger history, whereas the AGB ejecta willumsualate depending
on the star formation history. If the most massive clustarsaccrete more gas for
a longer time during each pass through the centre, then annefvork applied to
the Mashchenko, Wadsley & Couchman (2008) simulation sstggbat the pris-

tine gas accumulates first, so that the more massive clustaraccumulate more
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AGB ejecta later.

Secondly, the orbit of a cluster through its host dwarf proge primarily
determines its mass growth. The orbits of the clusters, showgrey in Fig. 4.2,
grow with time due to the fluctuations in the gravitationaleydial induced by the
re-distribution of the central dark matter mass. This is eelyustochastic process,
since it depends on both the rate of gas accumulation in ttefgwogenitor cen-
tre, the star formation rate, and the supernovae rate. Hastecwill have a unique
accretion history, even within the same dwarf galaxy pragerdue to the varying
number of AGB stars and their location within the dwarf, adlas the changing
orbit. This is consistent with the observation that the amiai light element en-
richment per MW globular cluster varies between 10 and 5@peet by mass (e.g.
Piotto et al., 2012).

Thus, we can consider the ratio of gas density to relativevghxity as
the accretion efficiency; a massive cluster passing quitiklyugh a dense gas re-
gion may experience an accretion rate much lower than theatafler mass cluster
passing slowly through sparse pockets of gas. The massas&eexperienced by a
cluster is a discontinuous process: clusters experiemogitf spurts’ as they pass
through the centre of the dwarf galaxy progenitor where #esdst gas is found.
The split main sequences within the globular clusters @gto et al., 2012) would
arise over time through the gradual combination of enricired pristine material
(e.g. Bedin et al., 2004; Piotto et al., 2005, 2007). The rgassth cannot continue
indefinitely, however, as each boost in the cluster’s orl@ans that its relative ve-
locity through the dwarf progenitor centre will increasg shown in Fig. 4.2. The
black lines show the accretion rate given by Equation (43 function of time for
an initial mass of x 10° M.

Increasing the relative velocity of a cluster through degealso increases
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Figure 4.2: The accretion rate for each of the four clustezdipted from Equation
(4.1) using an initial mass of210° M, shown in black. We have applied a boxcar
filter to the accretion rate to remove noise caused by the-diependent sampling.
We have also plotted the cluster orbital radius in grey.

the probability that the clusters may experience ram pressiipping. Although
Equation (4.1) does not take this into account, we can usethporal behaviour of
v Of each cluster through the dense gas, shown in Fig. 4.3 téordime whether
the accreted gas is susceptible to removal by hydrodynasmies. Stripping will
occur for globular clusters when the pressure of the aatigs is less than the ram
pressure of the ISM as it flows past the cluster. Ignoring tiaicg and gravita-
tional collapse of the accreted gas, this condition is Batisvhenv,.; 2 v.., the
cluster escape velocity, for most situations (Mori & Butk@000). In Fig. 4.3, this
is represented by the three horizontal lines which cornedpo the escape velocity

from 10 pc for each of the cluster masses used in Fig. 4.1. dkeiar that each
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Figure 4.3: The filled circles represent the temporal behavof v,.;. The three
solid lines represent escape velocities from 10 pc for eatttedhree cluster masses
used in Fig. 4.1.

cluster spends a significant amount of time within 35 pc ofwiéls relative speeds
of 20-30kms™.

In general, the initial orbit of the cluster will significapiaffect the ability
for enriched gas to be accreted. The three clusters wittatyes$t orbits would have
accreted 10-20% of their initial mass, despite making mplgltpasses through the
inner 100 pc of the dwarf galaxy progenitor. The cluster itk highest estimated
mass growth accretes much of its material during the 100 Mhamits orbit is least
eccentric. Finally, it experiences a huge energy boostdjeats the cluster past
300 pc, and were the simulation continued, it would proba&xiyerience a cut-off

similar to that exhibited by the other three clusters.
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4.4 Summary

We have proposed a new framework for the formation of mdtjpbpulations in
dwarf galaxies. In this framework, the high-redshift proigers of dwarf galax-
ies are the formation sites of globular clusters with liglengent abundance dis-
persions. The deeper potential well of the dwarf progesit@an easily retain the
winds from AGB stars, thought to be the most likely sourcehaf polluting ma-
terial. Fluctuations in the gravitational potential, cadidy the re-distribution of
matter by star formation feedback ocurring at the centredwarf galaxies, will
drive growth in the clusters orbit. In time, it will make miplie passes through the
gas-rich dwarf centre, accreting a combination of priséind polluted material.
We have examined this framework in the context of the firstraasgical
simulation of a highly resolved dwarf galaxy. Our resultggest that this frame-
work broadly matches the mounting observational evidehosuttiple populations
in many, if not all, globular clusters. It suggests a timelifior enrichment that
matches the dilution models used to explain the observéd digment anticorre-
lations, such as that in Na—O, with the observation that massive clusters have
the largest abundance spreads. It also connects the stioahaisire of star for-
mation and feedback to the observed spread in the numbercohdeyeneration
stars within each cluster, which is between 10 and 50 perlentass. Finally, it
provides the clearest difference between our new frameandkthose previously
proposed, since our framework provides the blueprint tmftire whole population
of globular clusters, not just those with heavy element dance spreads. Thus,
there exists at least two modes of stellar cluster formatrghin dwarf galaxies:

the globular cluster channel and the stripped stellar mgabhannel.
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Chapter

Conclusions

The three preceding chapters within this thesis span a vaway of topics in galac-
tic astrophysics. Stellar populations, the formation abgllar clusters, the energy
budget for cusp destruction, element anomalies in glolmliesters, star formation
feedback: all are areas of active research interest buyraress. In this chap-
ter | will describe how these chapters advance our undetstgrof these areas
and tie them together into a cohesive framework for furtiesearch. This thesis
began with a simple idea: if the simulation of Mashchenkol e(Z008) is a be-
lievable demonstration of the formation of a density corannnitially cuspy dark
matter halo, then how would the dynamical evolution of tredlat component be
affected? Both stars and dark matter particles are cailisgs, and the core forma-
tion paradigm of Mashchenko et al. (2006) utilizes thisdeato drive collisionless
matter out of the centre of the halo. It must also be pointeadhai this thesis at no
point rules out more exotic theories, such as warm dark mattself-interactions,
for the formation of cores in dark matter halos. Rather, #liédmges these theories
by describing how baryons reshaping dark matter halos samebusly explains

other astrophysical phenomena.

98



Ph.D. Thesis - Aaron J. Maxwell McMaster - Physics & Astroryom

The intent of Chapter 2 was to counter the main argument frefraPRubia
et al. (2012) that the cumulative star formation historyestpd inACDM theory
was incompatible with the presence of dark matter cores iarfigalaxy halos.
More specifically, Pefiarrubia et al. argued that the cutiveldupernova feedback
energy of the average dwarf galaxy could only produce darttaneores if it was
converted entirely into dark matter orbital energy. By imijpg a more physically
motivated boundary condition than that employed by Peiféaret al., the new cal-
culations presented in Chapter 2 showed that the energyreedo form cores from
an initially cuspy halo is relatively low. Supernovae alaan form dark matter
cores with no additional sources of feedback energy or neadiéins to the current
dark matter particle model. Consequently, any dwarf gathayexperiences local-
ized star formation within dense gas near the bottom of thecie potential should
form a dark matter core.

Chapter 2 also defined, for the first time, a measure of the realies that
is completely independent of the assumed dark matter gepiifile. This was
motivated by the difficulty of comparing the core radius resties from different
works that, historically, have used the scale radius asdhe @dius. Instead, this
new core radius is defined by the slope of the density profilgbservations fail to
map the rotation profile far enough to resolve the outer stdplee density profile,
it is difficult to constrain the scale radius which must be chat to the rollover
in density. Since our new definition is defined directly froreasurable quantities
derived from the rotation profile (e.g« andp) it can be tightly constrained, even
with limited data.

The new energy difference between cusped and cored alos;alculated
in Chapter 2 can be traced to the choice gf the radius at which both halos are

indistinguishable in terms of radial denségdtotal mass. A physical argument for
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normalizing both halos to a small fraction of the halo radias be made: the effi-
ciency with which stellar feedback energy is transferredak matter depends on
how significantly stars and gas contribute to the local ga#iginal potential. Nat-
urally, this will be in the centres of dark matter halos whigre gas has condensed
to high enough densities to undergo star formation. This isrgportant distinction
between the work of Chapter 2 and that of Pefiarrubia et@L4aR because it leads
one to conclude that it is the distribution of dark matterhitthe centre of the halo
that sets the energy budget, amak the large scale halo properties previously
assumed.

The constraint that the radius where the two halos match Betitres
the core radius was motivated by numerical experiment. chdighh dark matter
cores have been formed in both particle and grid hydrodyo@miulations (e.g.
Mashchenko et al., 2008; Teyssier et al., 2013; Madau e2@14), many of the
simulations have been done with then&LINE hydrodynamics code (Wadsley
et al., 2004) using a similar supernova feedback recipag8ii et al., 2006; Shen
et al., 2013). It remains for future work to determine whetihe given ratio be-
tween the core and match radii is a robust prediction of thie olatter core forma-
tion process. A key question is how the parameigr the fraction of energy from
each type Il supernova injected into the surrounding gasyehnese, the ratio of
AE to the cumulative supernova energy available (as detewrbg the total stellar
mass of the dwarf galaxy). It was shown in Chapter 2 that wivenaged over the

cumulative star formation history:

e / (t) dt,
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for dwarf galaxies such as Fornax the core formation prorsessgtremely ineffi-
cient; as little as 0.1 per cent of the total feedback enesggquired to make up the
energy difference between the pre- and post-core halo.

What determines(¢), the time-dependent injection of stellar feedback en-
ergy into the dark matter, is still unknown, but it is cleaattfactors such as the halo
mass, gas density, star formation rate, and the mergemristohe halo will be of
influence. Future exploration eft) will require a combination of both cosmologi-
cal and idealized dark matter simulations. Idealized satiohs are required since
cosmological simulations make it difficult to determine greperties (both central
and large scale) of a given dark matter halo due to mergeepses; tuneable pa-
rameters, such asy, also require controlled study. It is also of interest tadgtu
the dark matter core formation process with the many new nigcaleschemes ap-
proximating physical phenomena that have been incorpbrate GASOLINE over
the past decade. Prescriptions for the ultra-violet bamlgd from the reionisation
of the universe (e.g. Haardt & Madau, 1996; Madau et al., 20@&tau & Haardt,
2009; Haardt & Madau, 2012), the formation of molecular loggm (e.g. Chris-
tensen et al., 2012), entropy mixing of gas (e.g. Shen é2@lQ) and improvements
to the unresolved supernova-driven bubble phase (e.geikallal., 2014) were not
in the original Mashchenko et al. (2008) simulation.

It is also unclear how the process of core formation in darktendnalos
actually works. Mashchenko et al. (2006) described a psiceshich the bulk gas
motions induced by star formation feedback acted as a resaiaer, swishing
back and forth through the halo centre ‘kicking’ dark mattarticles before be-
ing ejected from the centre; Mashchenko et al. (2008) shdhegtcddense gas knots
were indeed present in the centre of the simulated dwarf.tzeon& Governato

(2012) characterized it in terms of an impulsive blowout —areltteristic of the
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arguments put forward by Navarro et al. (1996) and Read & Gién2005) — but
on a much smaller scale in terms of the total mass ejectedtfiergalactic centre.
Both models, however, emphasize the periodic bulk motibasdre synonymous
with ‘bursty’ star formation — peaks and troughs in the stanfation rate repre-
sentative of the interplay between dense gas condensingtostars and supernova
feedback blowing the dense gas away. Future study of th&ssate details of the
core formation process is necessary, both in terms of ngalesimulations and an-
alytic descriptions.

If only the central properties of the dark matter halo contne formation
of a core, as Chapter 2 suggests, then we can begin to unwkistaain global
properties of dark matter cores across all galactic moqayohnd environments.
In ACDM, the properties of both galaxies and dark matter haleslapendent on
the hierarchical formation history. Dark matter sub-haosreted onto the primary
halo will have their edges stripped by tidal forces as thel dieeper into the global
gravitational well, while gas is stripped from the galaxyitdeels the ram pressure
of the hot halo. These processes will significantly affeetdglobal properties of a
dwarf galaxy as a function of environment, but are less yikelaffect the central
properties of halos that host dwarf galaxies.

The fact that dark matter cores are observed in dwarf gaantkependent
of their environment is a logical conclusion of the work @eted in Chapter 2.
Figure 2.5, where | have shown for the first time a predictiboare radius as a
function of stellar mass — as opposed to previous studieshwiticused on the
halo mass — is a reflection of this new focus on central proggertRecent cos-
mological simulations of cored dwarf galaxies by Shen e{2013) show similar
relations between stellar mass and dark matter core ralliaddu et al., 2014). It

must be stressed that in this discussion, where we focuslyaom dwarfs, the to-
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tal stellar mass of the galaxy can be consideregérral property of the halo. A
key result of Chapter 3 is that a significant fraction of thea §brmation in a dwarf
galaxy at high redshift is within a few hundred parsecs ofdatetre. This is con-
sistent with the fact that many dwarf galaxies contain ttaal stellar mass within
roughly 500-1000 pc (Mateo, 1998; McConnachie, 2012).

Chapter 3 expands on these results by studying how therspelfailation
would be affected as a dark matter core forms within the hadact, it is more
appropriate to consider how collisionless particles — mb#ins and dark matter —
evolve as the central gravitational potential is perturbEdhis process does not
discriminate between stars and dark matter as expectaditibe density profiles
should be similar. Thus, the presence of a dark matter carelgisignal the pres-
ence of a stellar core. Furthermore, the stellar radius efdiarf galaxy should
be commensurate with the dark matter core radgiisce the central stars should
migrate out of the centre. Although Chapter 3 used the sitimm@f Mashchenko
et al. (2008) to demonstrate that both the central stelldidank matter particle or-
bits evolve similarly, it has been verified by subsequentgations (e.g. Governato
etal., 2014). The combined results of Chapters 2 and 3 agmdisant contribution
to our understanding of the formation of dark matter corestae dwarf galaxies
which are hosted within them.

Since AE depends sensitively on,,, which the first two chapters of this
thesis argue is much less than the halo radius, and the doaien of the halo
(which also sets the total mass withip, see Chapter 2) we can begin to under-
stand certain stellar properties of dwarf galaxies. Srmaalk anatter cores (of order

a few hundred pc) can be formed relatively quickly — the Mésmdo et al. (2008)

10r, more precisely, with the halo match radius if the presioarrelation between the core and
match radius holds.
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simulation showed a sizable core forming within roughly My — without hav-
ing to invoke high star formation rates. The rapidity of thiecess also prevents
strongly cusped stellar density distributions (termedlatauclei), despite the fact
that most of the star formation is within 200 pc in the Mashttweet al. (2008) sim-
ulations. If this process continues unabated, it would radijuexplain the stellar
age and metallicity gradients found within the Local Growgad galaxies; these
gradients, along with the presence of dark matter corestamdlisence of stellar
nuclei in dwarf galaxies, are synonymous with central cystar formation.

Since initially small cores will form quickly, it is expeaehat most cored
dark matter halos will survive the hierarchical merger psst The phase space
evolution of a merger between two collisionless halos wikgerve the steepest
cusp after relaxation (Dehnen, 2005); however, the redbtiow values ofAE —
and thus the rapid formation rate of a dark matter core — sstghgat many of the
low mass dark matter halos are cored relatively early. EReratcretion of a dark
matter cusp will not prevent the formation of a dark matterecso long as cyclic
star formation can occur post merger and drive bulk gas mssmnificant enough
to perturb the gravitational potential. Although Chapt2rand 3 have presented
a global overview of the process of core formation, by stagyihe dark matter
cores and detailed star formation histories of individwaad galaxies it should be
possible to constrain Unfortunately, there is currently no comprehensive stfdy
the central slopes of dark matter halos due to the difficaltyeasuring them from
stellar kinematic data (e.g. Walker & Pefarrubia, 2014, mfierences therein).

An attractive alternative for constrainingcan be developed directly from
Chapter 3. A large number of early type galaxies from the &oand Virgo Clus-
ters Surveys (Coté et al., 2004; Jordan et al., 2007) hadeheir surface brightness

profiles mapped (e.g. Ferrarese et al., 2006; Coté et@0d7)2 Glass et al. (2011)
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showed that distribution of the inner slopes of #tellar density profiles for these
galaxies exhibit a continuous spread from flat to cusied (. < 1), and a sub-
sequent study by Turner et al. (2012) quantified the ‘sti€rgjtthe stellar nucleus
in the dwarfs. If the properties of the central stellar antkdaatter densities are
indeed connected, as argued in Chapter 3, then observatiatsllar kinematics
within these galaxies (e.g. Toloba et al., 2011; Rys efll3; Toloba et al., 2014)
should be able to verify this. Not only would stellar brigbss profiles become a
powerful tool for probing the structure of dark matter hatodwarf galaxies where
kinematic data are unavailable, but, more importantlyy tbeuld be used to set
powerful constraints on the nature of the core formatiorcess in dark matter ha-
los. Whereas the proposed core formation paradigm of Mastkchet al. (2006)
explains the connection between stellar and dark mattesityess due to their col-
lisionless nature, it is unclear whether warm dark matteotber core formation
theories make similar predictions.

Aside from differentiating between the various solutioaghe core-cusp
problem, determining what setdor a given dwarf galaxy would further progress
our understanding of the formation of dark matter coresstfirwould help clarify
how the growth of the core is limited, given that Chapter 2gasgjs the growth of
the core is unbounded. There may be a preferred shape arutdepie gravita-
tional potential — determined by the properties of the whaé (see Chapter 2)
— that allows the most energy to be transferred from the sigvardriven bulk
motions of the gas to the collisionless particles. Querghbirstar formation or gas
accretion might also inhibit core growth.

We can thus conclude from Chapters 2 and 3 that the centhalrsted dark
matter densities can easily be reduced given the averagergrday stellar mass

in dwarf galaxies. Forming cores in dark matter halos is aibdes solution to the
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Too Big to Failproblem (Boylan-Kolchin et al., 2011) since cored densitiave
reduced rotation profiles compared to the cuspy halos pgestlin dark-matter-
only simulations (e.g. Zolotov et al., 2012; Brooks & Zolt@014). Reducing
the efficiency of star formation in simulated dwarfs whicloshl not prevent dark
matter cores from forming given the modest energy requirgspeontrary to the
arguments of Boylan-Kolchin et al. (2012). The correspogdiark matter density
decrease/./p,) when transitioning from the cusp to a core is typically 2irdets,
relieving the inherent mismatch between dwarf galaxy lwsity and central mass
densities. A similar decrease should be present in theastdinsity as well, pro-
ducing low surface brightness dwarf galaxies along witledatark matter halos.
Another key result of Chapter 3 is the realization that atetlusters might
survive the chaotic churning of the dense gas within thereaftthe dwarf galaxy,
as seen in the Mashchenko et al. (2008) simulation. The weaasiount of high
density gas that will collect in the centre will naturallyatéto clustered star forma-
tion, which in turn will provide the energy necessary to driie perturbations in
the gravitational potential. If these simulated clusteesthe precursors to present-
day globular clusters, it would explain why dwarf galaxiestglobular clusters on
large orbits; rather than forming at the edges of the dwhéir torbits were driven
there. Fornax, unlike many of the other Local Group dwarégigls, hosts five glob-
ular clusters (Hodge, 1961). The same process that plaess tflobular clusters
on such large orbits also aids their survival. Any massiv@ytrmoving through a
density distribution will undergo dynamical friction: tigeavitational wake creates
an over-density behind the massive particle, resultingavitational deceleration.
Dynamical friction thus depends on the mass of the body,dbal Imass density,
and the relative velocity between the two. If Fornax hostethik matter cusp, a

massive globular cluster would be expected to spiral inkactimtre of the galaxy in
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a short 1-2 Gyr, but a cored density distribution considgregmgthens the time it
takes for the cluster to sink (Goerdt et al., 2006).

Although Fornax is the exception and not the rule for Locabupr dwarfs
when it comes to hosting globular clusters, many of the dwgatéxies surveyed
in the Fornax and Virgo clusters possess globular clusseveedl (e.g. Peng et al.,
2008). Future work is needed in order to determine what faatect the forma-
tion of globular clusters within dwarfs and their orbitabéwtion. Stellar mass may
be a factor; Fornax’s stellar mass is 10-100 times larger thany of the dwarfs
of the Local Group but 10-100 times less massive than manyeoflivarfs in the
Virgo and Fornax galaxy clusters. If we consider the estwsatf A E from Chap-
ter 2, a global average value ©&ets the minimum stellar mass required to form a
core in a given dark matter halo. Conversely, collisionkmdk matter halos (and
by extension, stars) can contract to higher densities atély if an increase in
gas density significantly deepens the central gravitatipotential (e.g. Sellwood,
2003; Dubinski et al., 2009). The bulk motions driven in tlaes py star formation
feedback may become ineffective if the halo mass grows.

Establishing where these upper and lower stellar mass lsaxist, and un-
der what conditions a core may or may not form, will shed ligihnthow the diverse
range of stellar light profiles, dark matter core sizes, alothgar cluster counts
arise in dwarf galaxies. Inhibiting the growth of a dark reattore may lead to
cuspy stellar brightness profiles by preventing the regdatined stars from leav-
ing the centre, or decrease the time required for star chigiespiral into the centre;
this would explain the parallels found between globulas®uand compact dwarf
galaxy light profiles (Hasegan et al., 2005). The accrepiotiense dark matter ha-
los or star clusters would also lead to cuspy profiles acribsseflar mass ranges.

The significant ultraviolet flux required to reionize thewarse may also inhibit the
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ability for dense star forming regions to form at the centredwarf galaxies.

The typical dwarf galaxy dark matter halo is betwe@®f-10'° M, which
corresponds to a virial temperature of 4000—22000 K andhdfeeds of 10-30 kns.
The background UV flux responsible for the reionisation @ timiverse will heat
the cold dense gas within these dwarf galaxies to similap&atures. Thus, it
is expected (and verified by cosmological simulations) Uitreionisation would
suppress dense central star formation in dwarf galaxieH:sBielding by atoms
and molecules in dense clouds could alleviate this problére.ability for a globu-
lar cluster to form might be inhibited by the efficiency witlhieh a molecular cloud
self shields. A prescription for self-shielding by atomi@lanolecular gas has been
implemented in the hydrodynamics code$®LINE (Wadsley et al., 2004), but it
is resolution dependent (Christensen et al., 2012).

A simple way to estimate self-shielding of molecular hydgogas has been
provided by Draine & Bertoldi (1996) and is used both in thei§tensen et al.
(2012) implementation as well as others (e.g. Gnedin e2809). It requires a
physically accurate estimate of the column density betwleemolecular cloud and
all radiation sources. In 8&5OLINE, this is proxied by the product of the density and
resolution element of a gas particle. Unfortunately, thads to systematically low
column densities if both the resolution length and gas @arthass are smaller than
the typical size scale and mass of a typical cloud. An ad hadiea would be to
impose a minimum length scale defined by the size of molecidaids. However,
an improved method for estimating the column density isentty being imple-
mented in @QSOLINE (R. M. Woods et. al.in prep.). It should then be possible to
study how the large scale properties of star forming regaifest the ability for a
core to form, especially in dense galactic environments.

The large sample of dwarf galaxies from the Local Group aredRbrnax
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and Virgo galaxy clusters emphasizes diversity in manyggbaoperties. One can-
not, however, discount the various gravitational intecad in these high density
environments that can significantly alter the dynamic prioge of matter, both lu-

minous and dark, within these galaxies. There have been aerwoh Low Surface

Brightness (LSB) galaxies identified within 50 Mpc, and tlaeg largely isolated
from other galaxies. Like many of the dwarf galaxies in the&loGroup, they

are hosted within cored dark matter halos; unlike most dgaldixies, they exhibit
signs of current star formation. These LSBs may represeatatool for studying

the core formation process free of many of the complicatibasarise in high den-
sity environs.

Chapter 4 of this thesis represents an extension of theisolid the core-
cusp problem to a seemingly unconnected problem found iNlttkg Way globular
clusters. If globular clusters are not the archetypal sengpellar population, form-
ing in one place at the same time with the same initial elealettundances, then
the dynamic centre of high redshift dwarf galaxies may bé thge site of forma-
tion. Since star clusters are expected to gain orbital enieogn stellar feedback,
they will naturally make multiple passes through the ceafrihe dwarf galaxy. It
is expected that ejecta from the old stars within the dwaldgeand accreted gas
from the surrounding cosmic web will continuously collendamix in the centre;
the stellar clusters would theoretically be able to accesteugh of this material
to form a second generation of stars. Chapter 4 shows thsistiplausible given
simulations which exhibit dark matter core formation. Rermore, the accretion
would be discontinuous and eventually quenched as thevehatlocity between

the cluster and the surrounding gas grows. These facet®ohtdel are consis-

2To that end, | have been on two (albeit unsuccessful) prapesaone to the Canada-France-
Hawaii Telescope (Proposal ID 14AC014) and one to the HuBpkce Telescope (Cycle 22, Pro-
posal ID 815) — to detect globular clusters in these galaxiesstudy their global properties.
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tent with the current observations of multiple population&lobular Clusters: the
spread in both ages and abundances suggest the secondtipopiolaned in dis-
tinct bursts very shortly after the first generation. Fipathese anomalous clusters
are driven to the edges of their host dwarf galaxies wheng ¢ha then be easily
accreted onto the stellar halos of more massive galaxies.

Although Chapter 4 is an attractive model for the formatidrmultiple
populations, more work will be required to validate the tlyed more quantitative
study will determine whether the efficiency by which stelthusters accrete ma-
terial on each pass through the centre of the dwarf galaxy/ttae fraction of the
accreted material that actually forms stars, can viablisfyathese observational
constraints. Recent studies of the sodium-oxygen antetadion in globular clus-
ters (e.g. Carretta et al., 2014) still show the significan¢ad discussed in Chapter
4. It is becoming increasingly evident that this is mostlijksue to spectroscopic
errors as photometric data consistently depicts well defgzgs in globular cluster
main sequences (e.g. Milone et al., 2014).

Dwarf galaxies represent the building blocks of larger giaksin theACDM
cosmological model. As such, their dynamical evolutiondnaggnificant impact on
our understanding of present-day galaxies. This thesigesepts a cohesive study
of how many of the peculiar stellar properties evident in dwalaxies are tied to
the formation (or lack thereof) of a constant density corthinithe host dark matter

halos.
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