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Abstract
I investigate the observational signatures of the formation of dark matter cores in

dwarf galaxies. I adopt the paradigm where the energy from star formation feed-

back is injected into the orbits of dark matter particles, forming a constant density

core consistent with observations of dwarf galaxies. Usingphysically motivated

constraints I show there is ample feedback energy availablegiven the average stel-

lar mass of dwarf galaxies to form cores in108–1011 M⊙ halos, and predict the

maximum core size as a function of stellar mass. I describe how observational

features of the old stellar content of dwarf galaxies are dueto this core formation

paradigm. As both dark matter and stars are collisionless fluids, the stars respon-

sible for the feedback form in the centres of dwarf galaxies and have their orbits

grown by subsequent star formation. This will naturally lead to age and metallicity

gradients, with the younger and more metal rich stellar population near the dwarf

centres. This process also prevents the destruction of globular clusters by driving

them out of the dwarf nucleus — the decrease in central dark matter density re-

duces the strength of dynamical friction — and increases thelikelihood of being

stripped onto the stellar halos of larger galaxies. It also offers a model for forming

multiple populations in globular clusters, with the only assumption being that the

source of the polluted gas resides within the dwarf progenitor. As the orbit of a

globular cluster grows, it will experience multiple accretion events with each pass

through the gas-rich galaxy centre. The simple accretion model exhibits two traits

revealed from observations — a short accretion timescale and a sensitive depen-

dence on mass — without requiring an exotic initial stellar mass function or the

initial globular cluster mass function to be 10–25 times larger than at present.
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Chapter 1
Introduction

Only 5% of our universe is made up of matter currently described by the standard

model of particle physics. The other 95% is split into two components: particles

of matter that emit no measurable amount of light (hence, dark matter) that com-

prises 25% of the density of the universe, while the remaining 70% is labelled dark

energy1 (Planck Collaboration et al., 2014). Although we cannot directly detect its

presence, dark matter has a significant influence on the formation of all luminous

structures in the universe. All galaxies are thought to be seeded at the bottom of

deep gravitational wells formed by surrounding halos of dark matter, significantly

speeding up the process by which atomic and molecular gas wasable to collapse to

high enough densities to form stars. Thus, it is of fundamental importance that we

understand the nature of dark matter.

Over the past four decades, our simple picture of dark matter— massive

particles that interact only through gravity — has been seriously challenged. The

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

1There currently exists no physical explanation of what darkenergy is, but it is driving the
accelerated expansion of our universe and was only recentlyverified (Riess et al., 1998; Perlmutter
et al., 1999).
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distributions differ substantially from what is inferred by observations. Resolving

these discrepancies requires an understanding of the physical processes 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 model(ΛCDM) that best fits

the Cosmic Microwave Background (CMB), shown in Figure 1.1.First discovered

by Penzias & Wilson (1965), it is the relic thermal radiationleft over from the for-

mation of our Universe (e.g. Alpher et al., 1948; Dicke et al., 1965). Measuring the

energies of a set of photons along any line-of-sight throughthe CMB will produce

a Planck distribution with a characteristic energy2 of 2.7 K, with a maximum devia-

tion of ±200µK along any other line-of-sight. The fact that the fluctuations are so

small leads to the assumption that the universe must have been much smaller early

after its formation and then rapidly inflated (e.g. Guth, 1981). The fact that there

are fluctuations at all suggest that our universe was not completely homogenized,

but had primordial fluctuations in the matter-radiation plasma of the early universe

that were ‘frozen’ out during this expansion. These densityperturbations seeded

the first objects that would eventually collapse under gravity to form the structure

of our universe.

The first component to de-couple from the primordial plasma was dark mat-

ter. For it to do so requires dark matter particles to be described by a non-relativistic

fluid even at the extremely high temperatures in the early universe, suggesting rela-

tively heavy particles (a few times the mass of the proton, e.g. Geringer-Sameth &

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

Koushiappas, 2011). The luminous baryons, however, must cool adiabatically with

the expansion of the universe before de-coupling from the thermal background of

the universe (e.g. White & Rees, 1978). The now atomic gas — primarily hydrogen

and helium — will experience dissipational collapse towards the centres of dark

matter ‘halos’.

The formation and evolution of a galaxy is a complicated process (see Mc-

Kee & Ostriker, 2007, for a recent review). Gas must collapseand cool into very

small structures, with densities above∼ 100atoms cm−3 and temperatures below

100 K (e.g. Di Francesco et al., 2007), in order to form stars.These structures are

termed molecular clouds due to the fact that the majority of the mass is in molec-

ular form and dominated by H2. Surrounding these clouds is a multi-component

Interstellar Medium (ISM) ranging from warm neutral gas to hot ionized plasma

3
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(e.g. McKee & Ostriker, 1977). At all these scales, from the small proto-disks sur-

rounding young stars within which planets will form, to the large spiral structures

of late-type galaxies, there is the interplay between gravity pulling everything down

and magnetic fields, hydrodynamic forces, and angular momentum holding it all up.

On the other hand, dark matter is relatively free of the aboveeffects. This

is due to the fact that of the four fundamental forces of nature, dark matter particles

couple strongly only to gravity3. As a collisionless fluid, the seeds of dark matter

halos form from dissipationless gravitational collapse. Once a halo virialises, it can

only collapse to higher densities through two body scattering. Growth of a dark

matter halo comes through a hierarchical process, where thesmallest halos are the

first to collapse out of the Hubble flow, before merging into successively larger ha-

los with time (see Frenk & White, 2012, for a recent review). This is illustrated in

Figure 1.2.

1.2 The Structure of Dark Matter Halos

The process of dark matter halo formation requires following the collisionless fluid

of particles in the six-dimensional phase space (a functionof ~r and~v) through time.

In the early universe, the density fluctuations in the dark matter can be modelled as

small spherical perturbations within the background mean:

ρ(t) = ρ̄(t)[1 + δ(t)]. (1.1)

3In a stricter sense, dark matter particles also couple via the electroweak force as they are pre-
dicted to undergo particle-antiparticle annihilation butat a level much lower than that of the cosmic
background (e.g. Gunn et al., 1978; Geringer-Sameth & Koushiappas, 2011). There are a number of
experiments whose goal is the direct detection of the dark matter particle (e.g. Bergström, 2013).
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1 Mpc
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Figure 1.2: The growth of dark matter structures in the Universe. This particular
simulation was run until the universe was about 3 Gyr old. Thedarker regions
correspond to the highest projected densities. Notice the filaments of structure,
within which tiny halos have collapsed. Smaller halos will end up being fed to the
larger halos at filament intersections.

Following the collapse of an over dense region in the early universe means solving

for the time evolution ofδ(t) under the following initial condition:

0 < δ(to) << 1. (1.2)

In this ‘linear’ regime it is straightforward to write down analytic approximations

for the growth ofδ(t). Once the collapse approaches the non-linear regime (δ(t) &

1), numerical integration is required (e.g. Peebles, 1987).For example, the direct

evolution of the six-dimensional phase space (e.g. Widrow,1997; Dehnen, 2005,

5
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see also Widrow & Kaiser 1993 who use an alternative method) through time will

provide information on the density structure of halos. However, numerical simula-

tions provide a powerful and straightforward tool for studying dark matter halos.

1.2.1 Simulations

In principle, numerical simulations of the formation of dark matter halos are straight-

forward. The initial conditions are set by measuring the relative strength of the den-

sity fluctuations present in the CMB (by taking the Fourier transform e.g. Hinshaw

et al., 2013) and evolving dark matter particles4 under gravity. Many of these sim-

ulations (e.g. Bullock et al., 2001; Klypin et al., 2001; Stadel et al., 2009) suggest

one singular profile for the dark matter density distribution, regardless of halo mass:

ρ(r) =
ρcδc

r
rs
(1 + r

rs
)2
. (1.3)

This density profile is colloquially known as the NFW profile after the authors that

first showed its applicability to dark matter halos in a series of influential papers

(Navarro et al., 1995, 1996b, 1997). The first parameter,ρc, is the critical density

of the universe, defined as the total mass density required for the universe to be

flat. The two best fit parameters areδc, a normalization constant, andrs, a scale

radius. Although other density profiles have been proposed (such as the Einasto

1965 profile e.g. Ludlow et al., 2013) the main feature of the dark matter halo is the

presence of an inner cusp (e.g. the Navarro et al., 1997, result thatρ ∝ r−1).

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

4Computational limits force simulations to use a single particle to represent∼103 M⊙ of indi-
vidual dark matter particles.
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it does not yield a finite mass:

M(r) =

r
∫

0

4πr′2ρ(r′)dr′ = 4πρcδcr
3
s [ln (

r

rs
+ 1)−

r

r + rs
]. (1.4)

One would expect that this density distribution would breakat the outer edge of the

halo and transition to the cosmic dark matter background (i.e. the web in Figure

1.2). An oft-used estimate of this edge can be made by making the assumption

that the density fluctuations present in the early universe can be treated as spherical

regions of uniform density (the so-called ‘spherical top-hat’) and following its col-

lapse under gravity. The halo radius,rh, is then defined as the region within which

a halo of massMh has virialised after collapse. If the mean density of the halo is

defined as:

ρ̄h ≡
Mh

4π
3
r3h
, (1.5)

then the solution to the top-hat collapse suggests that:

∆c =
ρ̄h
ρc
. (1.6)

This constraint defines the halo mass and radius. Since∆c represents the density of

the halo that collapses out of the Hubble flow, it depends sensitively on the matter

density of the universe as it expands, and thus on the particular cosmology one

assumes5.

The other free parameter,rs, represents the mid-point of the transition from

ther−3 density profile in the outer regions to ther−1 in the inner regions. Since dark

matter halos undergo collisionless mergers,rs depends on the merger history of the

5Forz & 4 it takes the value of18π2, which is why in the literaturerh andMh are replaced with
r200 andM200, respectively. See Bryan & Norman (1998) for an example of a functional fit to∆c

as a function ofz.
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present day halo; some halos may be more centrally concentrated than other halos.

If we defined the concentration parameterc as the ratiorh/rs, then irrespective of

halo mass we can combine Equations (1.4), (1.5), and (1.6) tofind:

δc = ∆c

c3

3[ln (c+ 1)− c
c+1

]
(1.7)

Thus, for a given cosmology and using the assumption of top-hat collapse, one can

describe a particular NFW halo with a two parameter fit inMh-c.

1.2.2 Observations

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

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

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

tional mass of a galaxy cluster was much larger than the luminous mass inferred

from the observed starlight. Four decades later, observations of the rotation of late-

type spirals showed that galaxies must be significantly dominated by a dark matter

component. In a Keplerian system — that is, a system in which the scalar gravita-

tional potential is given by1/r — the rotation speedv of a particle about the total

massM(r) within r is given by:

v(r) =

√

GM(r)

r
(1.8)

The pivotal work of Rubin et al. (1978, 1980) and Bosma (1981)showed that the

galaxy rotation profiles were relatively flat out to the furthest observable point. If

the majority of the mass of a galaxy were contained in stars, then the expected mass

profile would be similar to the exponentially decreasing surface brightness profile

8
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(e.g. de Vaucouleurs, 1948; Sérsic, 1963). Instead, the outer rotation rate of these

galaxies suggested density profiles ofρ ∝ r−3, which would subsequently be pre-

dicted by numerical experiments.

Unfortunately, dynamical systems of stars moving in a gravitational potential gen-

erally show more complicated motion than that of a uniformlyrotating disk. In

these cases, measuring the kinematic properties of collisionless particles — stars

— can constrain the galactic potential so long as the six-dimensional phase space

density is conserved (e.g. Jeans, 1915; Binney & Tremaine, 2008). These properties

— density, position, and velocity — can be measured from photometry and spec-

troscopy. However, the galactic potential determined using the series of differential

equations outlined in Jeans (1915) describes the total massdensity distribution, that

is, the sum of both luminous and dark matter components; onlyin dark matter dom-

inated systems will the galactic potential be almost completely defined by the dark

matter density distribution.

One straightforward observational estimate of the baryon contribution to the

galactic potential is to divide the total gravitational mass of the galaxy by its power

output — the mass-to-light ratio — since dark matter dominated systems will have

the largest values. Galaxies like our own Milky Way have highmass-to-light ra-

tios and high stellar densities near their centres, making it difficult to probe the

inner regions of the host dark matter halos. Dwarf galaxies —the low mass end of

the galaxy spectrum — present a much more palatable target. Since these galax-

ies host so few stars, and show very little star formation in the last few Gyr (e.g.

Mateo, 1998; McConnachie, 2012), they truly represent darkmatter dominated sys-

tems (e.g. Dekel & Silk, 1986) and are the fossils of massive galaxy formation (e.g.

White & Rees, 1978). Plenty of dwarf galaxies make up the Local Group of galax-

ies surrounding the Milky Way; an example of a Local Group Dwarf Spheroidal

9
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Figure 1.3: An R-band 45×45 arcminute (1820×1820 pc or 6000×6000 ly) image
of Fornax, a Dwarf Spheroidal in the Local Group of galaxies.Many dwarf galaxies
only host104–107 stars over a wide area, and so show up as a small over-density of
stars against the foreground Milky Way stars (e.g. Ibata et al., 1995). Fornax hosts
five Globular Clusters, three of which can be seen in the image(bottom right, top
centre, and to the East of the brightest star).Image credit: POSS-II / CalTech / AAO
/ ROE / STScI

galaxy, Fornax, is shown in Figure 1.3.

The first papers inferring the density profiles for a number ofdwarf galax-

ies (e.g. Flores & Primack, 1994; Moore, 1994) began to challenge the assumption

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

10
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profiles predicted in cold dark matter simulations, the dataargued for constant (i.e.

cored) density profiles within the inner 100–1000 pc, shown in Figure 1.4. Many

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

sity behaviour, suggesting that there is some internal mechanism (as opposed to

the environment in which the galaxy lives) that either destroys cusps or prevents

them from forming (e.g. Gilmore et al., 2007). This cusp-core discrepancy posed a

serious challenge to the simple cosmological model discussed above (see de Blok,

2010, for a recent review).

1.2.2.1 Further Problems withΛCDM

The cusp-core problem is not the only challenge for theΛCDM paradigm. Both

semi-analytic (e.g. Kauffmann et al., 1993) and numerical (e.g. Klypin et al., 1999;

Moore et al., 1999) models of galaxy formation over-predictthe number of satellite

galaxies around Milky Way and Local Group analogues — themissing satellites

problem. More recently, Boylan-Kolchin et al. (2011) foundthat the most massive

and dense dark matter sub-halos predicted in dissipationless simulations could not

host the brightest Milky Way satellites — yet they aretoo big to fail to form stars.

Although this thesis focuses solely on answering the cusp-core problem, many of

these challenges require solutions similar to that discussed below.

1.3 Resolving The Discrepancy

We require a solution to the cusp-core discrepancy within the current cosmological

paradigm. Either modifications must be made to the dark matter model, or previ-

ously ignored baryon processes are modifying the dark matter structures.

11
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Figure 1.4: The inferred mass density distribution of a set of dwarf galaxies within
our local group. These dwarf galaxies are inconsistent withthe cusped r−1 density
profile shown. Image credit: Adapted from Figure 4 of Gilmore, G. et al., 2007,
”The Observed Properties of Dark Matter on Small Spatial Scales”, The Astro-
physical Journal, Volume 663, Number 2, pp. 948–959.c©AAS. Reproduced with
permission.

1.3.1 Heating up Cold Dark Matter

A complete theory of the dark matter particle must be able to satisfy observational

constraints on all scales. For over thirty years, observational undertakings such

as the Harvard-Smithsonian Centre for Astrophysics redshift survey (Davis et al.,

1982; Huchra et al., 1983) and the Sloan Digital Sky Survey (York et al., 2000;

Abazajian et al., 2003) have mapped out the distribution of luminous galaxies as

a function ofz, the cosmological redshift. Since the universe has been expand-

ing from the Hot Big Bang, the measured cosmological redshift of a given galaxy

12
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translates directly to a physical distance6. Assuming a one-to-one mapping between

galaxies and dark matter halos, the large scale structure ofdark matter suggests that

it is highly clustered, with long filaments and large bubblesdevoid of structure.

The thermal properties of dark matter particles as they decoupled from the

rest of the primordial plasma directly affect the structural properties of dark matter

halos on all scales. As the average dark matter particle velocity increases7 small

scale structure is wiped out, since dark matter particles can now escape from the

low mass over-density perturbations as they collapse out ofthe Hubble flow. This

hot dark matter universe undergoes top-down structure formation since the first

structures to form are large scale filaments or pancakes, inside of which dark matter

halos fragment out relatively late; structure formation issuppressed forz & 5. On

the other hand, a cold dark matter universe undergoes bottom-up formation as the

first structures that form are the small halos, which then merge into larger halos

as they collapse from the voids into filaments, and then as thefilaments flow into

nodes. In the CDM picture, rich galaxy clusters are found in these nodes, where

many filaments interact, whereas isolated galaxies are found primarily in the voids.

Simulations of the formation of large scale dark matter structure where the temper-

ature of the dark matter particle is varied have confidently ruled out hot particles

(e.g. Colombi et al., 1996).

Warm dark matter — essentially a midway point between the twoextremes

— is still plausible. By making dark matter warm, the smallest scale fluctuations

in the dark matter density field are still suppressed; this simultaneously inhibits the

growth of the smallest halos and smears out the central cuspsbut exhibits all the

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

6The relation betweenz and distance depends on the chosen cosmological model.
7In other words, as the dark matter temperature increases.
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et al., 2001; Frenk & White, 2012; Lovell et al., 2014). One could also introduce a

new self-interaction between dark matter particles (e.g. Spergel & Steinhardt, 2000)

that could smooth out the inner cusps (e.g. Vogelsberger et al., 2012). However,

warm dark matter may not actually solve some of the observations that currently

challenge cold dark matter (e.g. Schneider et al., 2014) or form the large cores ob-

served in nature (e.g. Macciò et al., 2012). Furthermore, using warm dark matter to

suppress small scale halos inhibits the formation of stars,in turn delaying the onset

of reionization much later than currently expected (e.g. Somerville et al., 2003).

1.3.2 Adding Baryons

Since baryons can undergo dissipational collapse, the gas density can grow to ex-

tremely large values and significantly slow down computations. However, colli-

sionless dark matter particles require many Hubble times toreach the same densi-

ties since they can only collapse through two-body scattering. A computer simula-

tion with hundreds of millions of dark matter particles can evolve much faster and

achieve acceptable resolution, utilizing a number of different numerical schemes to

solve Newton’s equations of motion under gravity.

For a parcel of gas, continual collapse under gravity will lead to the pro-

cess of star formation. Although stars themselves are collisionless particles (like

dark matter), there is significant energy associated with their formation. Most stars

form in a cluster (e.g. Lada & Lada, 2003) with a wide range of initial masses (e.g.

Salpeter, 1955; Miller & Scalo, 1979; Kroupa, 2001; Chabrier, 2003); luminosity,

size, lifetime, and temperature are directly related to theinitial mass of a star. The

most massive stars are also the brightest and hottest, emitting significant amounts

of ionizing flux and radiation pressure. These massive starsevolve very quickly (in
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roughly 5 Myr as opposed to the 10 Gyr lifetime of our own Sun) before explod-

ing as supernovae. A single supernova releases about 1051 ergs of energy, which

can then heat the surrounding interstellar medium above106 K and blow winds up-

wards of 100 km s−1.

Usually, ‘sub-grid’ recipes are used to model the star formation process as

many hydrodynamic simulations of galaxies do not fully resolve all the necessary

scales. A simple and effective model commonly used takes as input the gas density

and mass in the region defined by the smallest resolution length. Although there are

many processes that affect the rate at which stars form, the efficiency is related to

density via a power law of the form (Schmidt, 1959, 1963, see Kennicutt & Evans

2012 for a recent review):

ρ̇SF = C∗ρ
n
g . (1.9)

Here, ρ̇SF is the star formation rate density, andρg is the local gas density. The

indexn is typically taken to be 1.5 to reflect that the process of starformation hap-

pens upon the a timescale proportional toρ
−1/2
g , andC∗ is an efficiency parameter

tuned to match observations. The rate at which stars form then sets the amount of

feedback energy that is dumped back into the surrounding gas— for example, by

heating the gas to a specific temperature — in the simulation.Many of the more

sophisticated star formation and feedback recipes are built from this (e.g. Gnedin

et al., 2009; Hopkins et al., 2011; Christensen et al., 2012;Agertz et al., 2013; Hop-

kins et al., 2013; Keller et al., 2014).

One of the first studies of how baryons affect the structure ofdark matter

halos was undertaken by Navarro et al. (1996a). A decade previously Dekel & Silk

(1986) had argued that the formation of the diffuse stellar surface densities in dwarf

galaxies was a result of the feedback from supernovae. Sincethe typical escape
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velocity of dwarf galaxies is on the order of the supernova wind speed, they experi-

enced significant bouts of gas loss with each burst of star formation. Navarro et al.

(1996a) considered an analytic approximation of a galacticdisk potential implanted

in a dark matter halo, and the gas blow-out was modelled by instantaneously remov-

ing the potential. Once the dark matter halo settled back towards equilibrium, the

central density profile had transitioned from a cuspyr−1 dependence to a relatively

flat constant density core. Further work using slightly morerealistic models of the

gas outflow supported this conclusion (e.g. Read & Gilmore, 2005).

Given the impractical assumption of complete instantaneous blowout in the

Navarro et al. (1996a) picture of core formation, other groups were motivated to

find more realistic ways in which to transfer energy and angular momentum from

the collapsing baryons to the dark matter particles within the cusp. Weinberg &

Katz (2002) proposed that a gaseous/stellar bar8, an unstable mode that can de-

velop in thin disks of particles (e.g. Hohl, 1971; Binney & Tremaine, 2008), could

essentially stir up the dark matter, by creating a gravitational wake as it rotated.

However, a significant amount of baryon matter is required togrow a bar, and its

transient nature combined with the deepening of the centralpotential as the baryons

accumulated in the centre of the halo was shown to inhibit theformation of a core

(e.g. Sellwood, 2003; Dubinski et al., 2009).

El-Zant et al. (2001) proposed that discrete massive clumpsof gas accreting

onto the dark matter halo could remove the cusp through a process called dynamical

friction: as a massive particle moves through a sea of lower mass particles, there

is a gravitational ‘wake’ formed behind the massive particle. This wake then slows

down the massive particle; the result is energy is transferred from the massive parti-

8the requirement that galactic disks be stable to large bars supports the idea that a significant
fraction of the mass in our galaxy is dark (e.g. Ostriker & Peebles, 1973).
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cle to the sea of lower mass particles. However, this processis most efficient when

the in-falling gas is resolved in a small number of large massclumps (each& 0.5%

of the halo mass, e.g. Jardel & Sellwood, 2009).

An attractive modification to the Navarro et al. (1996a) model was suggested

by Mashchenko et al. (2006). The thermal feedback on the surrounding dense gas

by supernovae formed in dense stellar clusters will drive massive outflows from the

centre of the halo. However, contrary to the complete thermal blow-out advocated

by Navarro et al. (1996a) and Read & Gilmore (2005), bulk motion is driven in the

gas both before and after the star formation burst, sloshingaround the centre of the

dark matter halo before being expelled from the inner cusp. This rapidly changes

the gravitational potential within the centre of the halo, which in turn changes the or-

bital energy of the dark matter particles within the halo (Lynden-Bell, 1967; Pontzen

& Governato, 2012). The novelty in this picture is that it is much more energetically

feasible: multiple star formation events provide the perturbations to the potential,

and thus the dark matter orbits, without having to completely drive gas out of the

halo. A subsequent cosmological simulation studied in Mashchenko et al. (2008)

verified that the process formed a realistic cored dwarf galaxy using standard pre-

scriptions for sub-grid star formation. A simple toy model is discussed below.

1.3.2.1 A Toy Model

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

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

total halo mass is much greater than the individual dark matter particle mass. In

the Mashchenko et al. (2006) picture, the gravitational potential fluctuates rapidly

through the combined processes of hierarchichal accretion, star formation, and gas

bulk motions. Here, this is approximated by settingmo → m(t), that is, the central
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mass now becomes some function oft. In principle, this functionm(t) is extremely

complicated, however as discussed in Chapter 3 the behaviour is approximately

cyclic; thus, a simple approximation to a burst of star formation is a sinusoidal

function:

m(t) = mo[1− f sin2 (ωt)], (1.10)

wheref andω are the amplitude and frequency of the oscillation in mass.

Figure 1.5 shows the evolution of the orbit and energy for oneof these

massless particles as a function of time in units of the initial period of the orbit.

The bottom panel of the figure shows how the central mass evolves under Equation

(1.10): the black line shows an adiabatically varying mass,the gray dashed line

shows two top-hat ‘blow-outs’ (as in Pontzen & Governato, 2012), while the solid

gray line shows a sinusoidal variation. In the adiabatic andsinusoidal cases, the

amplitudef was chosen to be a 5% reduction in the central mass, while the top-hat

was set to half of this value (the time average over one periodof oscillation). The

variations inm(t) begin and end at set times, andω was chosen to give an inte-

ger number of oscillations. The top and middle panels show the evolution of the

orbit and orbital energy, respectively; a positive increase inE(t) corresponds to a

particle gaining energy. Adiabatic changes to the gravitational potential — those

that occur on timescales much longer than the orbital period— lead to reversible

changes in the orbital energy; the particle ends up on the same orbit as before the

change. Irreversible changes occur when the potential fluctuations occur on short

timescales, and the net energy gain (or loss) of the particleis clearly dependent on

the timescale of these changes. Rapid fluctuations are indistinguishable from an

impulsive blowout (as expected from the time average of a sinusoidal) but fluctu-

ations commensurate with particle orbital times can drive significant energy gains.
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Figure 1.5: The evolution of the Keplerian orbit whose central mass varies with
time as shown by Equation (1.10).Top: The orbital radius as a function of time.
The initial semi-major axisa as well as the closest and furthest points from the
central mass,rp and ra, are marked.Middle: The orbital energy. Each vertical
tick represents a loss or gain of 5% of the initial orbital energy, Eo. Bottom: The
variation of the central mass as a function of time.

Since the change in energy of the particle also depends on thephase of its orbit,

averaging over many fluctuations at various phases of the orbit will result in a net

energy gain.

1.3.3 Objections to Star Formation Feedback

Much work has been done to determine how efficiently bulk motions driven in dense

star forming gas from stellar feedback can grow dark matter particle orbits. Many

cosmological simulations of dwarf galaxies have invoked star formation feedback,

usually only from supernovae, to explain the formation of dark matter cores in the
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halos (e.g. Governato et al., 2010, 2012; Teyssier et al., 2013; Governato et al.,

2014; Shen et al., 2013; Madau et al., 2014; Di Cintio et al., 2014). This process

also provides an attractive solution to both theMissing Satellites(e.g. Brooks et al.,

2013) and theToo Big To Fail(e.g. Zolotov et al., 2012; Brooks & Zolotov, 2014)

problems; lowering the central densities of dark matter halos reduces their rotation

velocities, increases the susceptibility of dwarfs to disruption by gravitational tides,

and induces star formation quenching via gas expulsion and stripping. Observa-

tional predictions of the core formation process have also been made for the stellar

distribution (Teyssier et al., 2013) and the relation between total stellar mass and

halo mass (Di Cintio et al., 2014). An analytic description of the process has been

given by Pontzen & Governato (2012).

Despite these successes, many authors have demonstrated caveats to the

process of dark matter core formation outlined in Mashchenko et al. (2006) and

Mashchenko et al. (2008) that must be understood. Factors such as how much mass

is ejected per star formation event (e.g. Garrison-Kimmel et al., 2013) and the time

scale on which the mass is removed from the centre (e.g. Ogiya& Mori, 2011) sig-

nificantly affect the ability of a given halo to become cored.Boylan-Kolchin et al.

(2012) argued that simulations tend to produce over-luminous dwarf galaxies when

trying to match the central dark matter densities. For star formation feedback to be

an acceptable source of energy to be pumped into the dark matter, simulations need

to be able to match all the properties of LGDs including both the core radius and

the stellar masses. These arguments show that it is unclear how efficient the stellar

feedback energy can couple to the dark matter particles via the induced potential

fluctuations.

In the broadest sense the coupling efficiency is the fractionǫ of the su-

pernova energy that is converted to the orbital energy of dark matter particles.
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Rather than study a cosmological simulation or a controllednumerical experiment,

Peñarrubia et al. (2012) used analytic arguments based on simple approximations of

the system to calculateǫ for a given dark matter halo mass and core size. Assuming:

• a relation between the galaxy stellar mass and dark matter halo mass, and

• the amount of energy required to convert a cusp into a core wasthe difference

between the gravitational potential energies of each halo,

Peñarrubia et al. argued that even with an efficiency as highas 40 per cent it would

be impossible for supernovae alone to create cores in dwarf galaxies, and thus star

formation feedback could not solve theΛCDM cusp-core problem.

1.4 This Thesis

Clearly, there is still significant work to be done on the cusp-core problem in dark

matter halos. However, the observational consequences of the Mashchenko et al.

(2006) core formation paradigm have not been studied in muchdetail; this thesis

aims to study how the stellar component of dwarf galaxies would be affected if this

process was indeed taking place. Since both stars and dark matter are collision-

less particles, they should both evolve in the same manner — stars that form in the

centre of a dark matter halo will also have their orbits grown. This process is instru-

mental in shaping the current stellar distribution of dwarfgalaxies, and as such of

the massive galaxies built via accretion. It will also affect the enrichment history of

gas within dwarf galaxies and the surrounding intergalactic medium. The novelty

in this approach is that it strengthens the argument that cores evolve from cusps

through baryon influence by tying previously unrelated problems together into a

coherent picture of dwarf galaxy evolution and star formation.
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The organization of this thesis is as follows. I first show that the supernova

energy available from the average stellar population in a dwarf galaxy is enough to

create a sizable dark matter core, and use these calculations to begin to constrain

how efficient the core formation process is in Chapter 2. Although this was the final

paper submitted for publication during my thesis, it motivates the first two papers.

In Chapter 3 I show that the energy from stellar feedback is transferred both to the

dark matter and the stellar population within the centre of the dark matter halo,

which reproduces a broad range of observational features ofthe local group dwarf

galaxies. In Chapter 4, I focus directly on the evolution of the globular cluster popu-

lation forming in dwarf galaxies and show that their historyof element enrichment

via evolving stars is consistent with this picture of dark matter core formation. I

provide a summary of these results and discuss future work inChapter 5.
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Chapter 2
The Energetics of Cusp

Destruction

Aaron J. Maxwell, James Wadsley, and H. M. P. CouchmanSubmitted toTHE AS-

TROPHYSICAL JOURNAL, manuscript no. ApJ96454

2.1 Introduction

Collisionless simulations of dark matter halos in aΛCDM cosmology consistently

predict a density profile that diverges towards the centre (e.g. Dubinski & Carlberg,

1991; Navarro et al., 1995, 1997; Bullock et al., 2001; Klypin et al., 2001; Stadel

et al., 2009) over a wide mass range. This profile typically rolls over toρ ∝ r−3

at large radii where it is broadly consistent with the rotation curves of many late-

type galaxies (e.g. Rubin et al., 1980; Bosma, 1981). However, the inner cusp (e.g.

ρ ∝ r−1, Navarro et al., 1995) isinconsistentwith observations of rotation pro-

files in dwarf galaxies both within the local group and beyond(e.g. Flores & Pri-

mack, 1994; Moore, 1994; Burkert, 1995; Côté et al., 2000;Kuzio de Naray et al.,
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2006; Gilmore et al., 2007; Kuzio de Naray et al., 2008; Oh et al., 2011; Walker

& Peñarrubia, 2011; Amorisco et al., 2013; Adams et al., 2014), which are better

fit with a constant density within the central kpc or so. Two classes of solutions

have been proposed to resolve this discrepancy. The first suggests that coupling to

baryons can reshape the dark matter cusp into a core (e.g. Navarro et al., 1996a;

El-Zant et al., 2001; Weinberg & Katz, 2002; Read & Gilmore, 2005; Mashchenko

et al., 2006). These solutions have met with some criticism (e.g. Sellwood, 2003;

Tasitsiomi, 2003; Jardel & Sellwood, 2009; Dubinski et al.,2009; Peñarrubia et al.,

2012), and so alternative models toΛCDM have been suggested, such as ‘warm’

dark matter (e.g. Hogan & Dalcanton, 2000) or through (non-gravitational) dark

matter self-interactions (e.g. Spergel & Steinhardt, 2000).

Mashchenko et al. (2006) argued that cyclic star formation bursts within

the centres of dark matter halos could provide the necessaryenergy to re-shape the

dark matter cusp into a dark matter core. In this model, feedback from type II su-

pernovae (SNe) periodically drives bulk gas motions in the star forming regions in

the central kpc of dwarf galaxies. Since gas can dominate thecentral gravitational

field, these bulk motions can significantly perturb the central gravitational poten-

tial on timescales comparable to dark matter orbital times leading to an efficient

transfer of kinetic energy to the central dark matter distribution and the formation

of a significant dark matter core. A notable feature of the Mashchenko et al. (2006)

framework was that the gas need not be expelled or even pushedvery far outside

the core-forming region (as opposed to the impulsive blow-out scheme e.g. Navarro

et al., 1996a; Read & Gilmore, 2005). Pontzen & Governato (2012) gave an ana-

lytical description of the process.

The mechanism was first verified in a cosmological simulationby Mashchenko

et al. (2008). A required feature for simulations to flatten cusps is realistically
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clustered star formation so as to ensure a star formation history that significantly

fluctuates in both space and time. Several simulations sincehave reproduced these

results in a range of galaxies (e.g. Governato et al., 2010, 2012; Zolotov et al., 2012;

Teyssier et al., 2013; Madau et al., 2014, see Pontzen & Governato 2014). The pro-

cess also has consequences for other collisionless components such as stars and star

clusters. Centrally concentrated populations (such as younger stars) are pushed out-

ward over time, leading to older populations having larger orbits on average. This

results in a broad match to observations of the stellar content of dwarf galaxies (e.g.

Maxwell et al., 2012; Teyssier et al., 2013; Governato et al., 2014). It also has inter-

esting consequences for multiple populations in galactic globular clusters (Maxwell

et al., 2014).

Peñarrubia et al. (2012) suggested that SNe alone would have difficulty

providing the energy required to form dark matter cores given the average stellar

masses of dwarf galaxies. They employed a direct analyticalestimate of the energy

difference between a cored and a cuspy dark matter halo of thesame total mass.

Though there are other sources of energy, such as stellar winds and the ionizing

flux from young stars (e.g. Leitherer et al., 1999), it is not clear that this added

energy would be sufficient to remove the discrepancy or couple as well as SNe.

However, the Peñarrubia et al. (2012) results are difficultto reconcile with the core

forming simulations which typically employ feedback only from SNe (and with re-

alistic efficiencies).

In this work we re-examine the energy requirements and show that the for-

mation of dark matter cores is energetically plausible in aΛCDM cosmology. The

layout of the paper is as follows.§2.2 deals with the ambiguity inherent in the def-

inition of a core size, and argues for a new, general way to define the core radius.

In §2.3 we discuss the energy required to form dark matter cores in halos that were
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initially cuspy using assumptions that are more consistentwith our understanding

of how the process operates. In§2.4 we show predictions for core sizes in dark

matter halos and examine the implications for observed systems such as Fornax.

2.2 Consistent Definition of Core Size

Many ‘observed’ cores in dwarf galaxies are inferred from the rotation profiles of

the stars and gas by finding the best-fit dark-matter density model (e.g. Flores &

Primack, 1994; Burkert, 1995; Kuzio de Naray et al., 2006; Gilmore et al., 2007;

Kuzio de Naray et al., 2008; Oh et al., 2011). Commonly, one would use either

a cored isothermal sphere, whose density profile goes asr−2 at large radii, or that

proposed by Burkert (1995) where the density goes asr−3 at large radii,

ρ(r) ∝
1

(

1 + ( r
rs
)
)(

1 + ( r
rs
)2
) . (2.1)

Both satisfy the requirement that the density profile transitions to a flat core within

a scale radius. Without probing the rotation profile to largeradii it is difficult to

determine which density profile is the best fit. The cored isothermal profile predicts

a constant velocity at large radii while the Burkert (1995) profile looks like the

standard galaxy rotation curve (e.g. Rubin et al., 1978). However, the common

practice of defining the scale radius as the core size leads tolarge variations in core

radii dependent on the chosen functional form.

To avoid this ambiguity, we define the core radius asthe radius,rc, at which

the logarithmic slope of the density profile satisfies:

d lnρ

d lnr
= −

1

2
.
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We will use this definition from now on when referring to the core size. It is

consistent with the density profile slopes found in simulations of dwarf galax-

ies (e.g. Mashchenko et al., 2008; Governato et al., 2010; Teyssier et al., 2013)

and with the mass profile slopes observed in local group dwarfs (e.g. Walker &

Peñarrubia, 2011; Amorisco et al., 2013; Adams et al., 2014). Furthermore, the

simulated galaxies always transition to a density profile with a strongly negative

slope (d ln ρ/d ln r ≃ −3) beyond a few kpc where the effects of baryonic feedback

are limited. This definition of the core radius lessens the reliance on an assumed

dark matter density distribution, and it can be determined directly from the velocity

profile. It is also straightforward to relaters to rc for a given density profile.

To demonstrate the robustness of our new core definition, andto illustrate

the ambiguity with using the scale radius, we show in Figure 2.1 the rotational ve-

locity profile for the Low Surface Brightness (LSB) galaxy NGC 959 from Kuzio

de Naray et al. (2008). These authors assumed a cored isothermal density profile,

and the best fit of this profile to the data is shown as the solid line. Although it is

perfectly sufficient to match the profile in the inner 1–2 kpc,it does not roll over

sufficiently to match the slope in the outer part of a cosmological halo. We have

also fit three other density profiles. The first, shown as the dotted line in the figure,

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

ρ(r) ∝
1

(

1 + ( r
rs
)α
)3/α

. (2.2)

The second, shown as the dashed line, is a pseudo-isothermalprofile, where we let

the power index vary:

ρ(r) ∝
1

1 + ( r
rs
)δ
. (2.3)
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Lastly, we show the Burkert (1995, Eqn. 2.1) profile as the dash-dot line.

The differences between the three rotation profile fits are only evident at

radii past the furthest observable point, where the predicted rotation velocity rolls

over. We have also done this for the eight other LSBs from Kuzio de Naray et al.

(2008) (see Appendix), and the resulting scale radii and core radii are shown in

Table 2.1. It is evident that velocity rotation data alone are not enough to distinguish

the best fit dark matter density profile for the core. Furthermore, each fit requires

a different scale radius, the traditional definition of the core size. However, using

d lnρ/d lnr to define the core radius leads to consistent values for the four density

profiles for most of the LSBs.

There are some LSBs that do not show consistentrc values, particularly

UGC 4325 and DDO 64. In the constant density core the velocityprofile scales

linearly with radius, and rolls over to a constant or decreasing slope as the density

profile begins to fall. For galaxies that only have data points within the constant

density core, a fitting algorithm is only able to place lower bounds onrc and is

certainly not able to constrain the parameters of a non-linear density function.

2.3 The Core Formation Energy Budget

In this section we estimate the energy required to build a core in an initially ‘cuspy’

density profile. We assume that each cuspy halo begins with an‘NFW’ profile

(Navarro et al., 1995, 1996b, 1997). We can estimate the energy as the difference

between the work required to form the cusp and the work required to form the core,

assuming the halos are virialized in both cases (Peñarrubia et al., 2012):

∆E =
Wc −Wh

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 isothermal profile shown as the solid
line. The dotted line shows the best fit using Equation (2.2),the dashed line shows
Equation (2.3) and the dash-dot line shows the best fit using the Burkert (1995)
profile (Eqn. 2.1). For many of these halos, differences between the cored profiles
are only evident at radii well outside the available observations. RIGHT: The dark
matter density profiles derived from the best fit velocity profiles. For the same
observed dwarf galaxy four different scale radii, the traditional definition of the
core size, can be derived. The filled symbols showrs for each of the four profiles,
while the open symbols showrc, whered ln ρ/d ln r = −1/2.

Table 2.1. Best fit parameters.

Coreda Pseudo Fixed Burkert
Galaxy δ rs rc δ rs rc α rs rc rs rc

UGC 4325 2 4.1 2.37 1.26 9.92 7.12 1.66 9.60 3.64 9.97 3.62
DDO 64 2 3.3 1.91 9.97 2.63 1.96 9.97 2.21 1.88 9.91 3.60
F583-1 2 2.5 1.44 1.93 2.48 1.44 1.81 3.67 1.51 4.46 1.62

NGC 7137 2 0.6 0.35 1.97 0.60 0.35 1.44 1.12 0.37 1.09 0.40
UGC 11820 2 1.1 0.64 3.78 1.14 0.69 9.27 0.89 0.75 2.10 0.76
UGC 128 2 2.3 1.33 1.00 1.41 1.41 1.00 7.69 1.54 4.63 1.68
UGC 191 2 1.7 0.98 1.22 2.00 1.48 1.06 6.72 1.47 3.45 1.25
UGC 1551 2 1.3 0.75 1.00 0.92 0.92 1.00 4.14 0.83 2.26 0.82
NGC 959 2 0.4 0.23 2.09 0.42 0.24 1.66 0.66 0.25 0.72 0.26

aKuzio de Naray et al. (2008).

Note. — These parameters represent the best fitting density profiles required to match
the central core density out to the edge of the rotation profile data of Kuzio de Naray et al.
(2008). All radii are in kpc. The scale sizes for the four different profiles, the traditional
definition of the core size, vary widely despite having the same inner central density and
matching the velocity data. The new definition of core size ismuch more consistent among
profiles.
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whereWh andWc are the cusp and core potential energies, respectively.∆E > 0

implies the cusped dark matter halo had to gain energy to redistribute mass to form

a core. If the simplifying assumption is made that both halosare spherically sym-

metric, we can write the potential energy integral as (Binney & Tremaine, 2008):

W = −4πG

∞
∫

0

rρ(r)M(r) dr. (2.5)

For a density profile that goes asρ ∝ r−β at larger, the integral converges for

β > 5/2; all of the cored profiles considered (ifδ > 5/2 in Eqn. 2.3) and the NFW

profile lead to well defined values forW .

Taking the upper limit in Equation (2.5) to infinity leads to avery large

estimate for the energy (quite apart from the ambiguity of embedding the halo in

the cosmic background) and is not appropriate given that we are consideringre-

distributingmass within an existing halo. Peñarrubia et al. (2012) chose the halo

virial radiusrs as the upper limit for the potential energy integral, and normalised

the mass of their chosen core density profile,

ρ(r) =
ρor

3
s

(rc + r)(rs + r)2
, (2.6)

to that of their initial NFW halo atrh. However, simply normalising both halos

to have the same mass atrs does not remove the requirement that Equation (2.5)

be carried to infinity. In order for the potential energy integral to be valid with a

finite upper limitrm, the densityand mass profiles for both halos must match at

that radius. The choice of Peñarrubia et al. (2012) to matchthe mass atrs and to

truncate the integral forW at that radius builds in an implicit discontinuity in the

density at that radius that is not physically well motivated. Furthermore, moving
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the cusp mass to near the virial radius of the halo leads to a core formation energy

budget from Equations (2.5) and (2.4) which will be significantly overestimated

compared with that for match radii,rm ≪ rh.

The motivation for constraining the mass and density profiles of the pre-

and post-core halos outsiderm to be the same is simply that we expect that strong

coupling of star formation feedback to dark matter is only effective in, and only

modifies, the central parts of the halo. The outer parts of thehalo will remain largely

untouched and reflect the collisionless formation process.This picture is supported

by simulations (e.g. Mashchenko et al., 2006, 2008; Governato et al., 2010; Pontzen

& Governato, 2012; Teyssier et al., 2013; Madau et al., 2014). Previous simulations

(Mashchenko et al., 2008; Madau et al., 2014) suggest that for a∼1010 M⊙ halorm

is about 2–3 times the core radius.

Our method proceeds as follows:

• Since we do not have any robust predictions of what the core profile should

be, we adopt Equation (2.3) as the density profile when computing Wc. (We

have verified that using a different density profile, such as Equation (2.1) or

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

• We use the relations given by Macciò et al. (2007) and Bryan &Norman

(1998) to set the NFW profile at redshift zero as a function of virial halo

mass,Mh (see Peñarrubia et al., 2012). We then haveρ(rm) andM(rm) as

functions ofMh.

• We find the set of parametersρo, δ, andrc for the cored density profile that

simultaneouslysatisfyρ(rm) andM(rm) from the previous step.

• We setrm = 3rc, whererc is given by our new definition. Figure 2.2 illus-
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Figure 2.2: A pictorial representation of our procedure to match both density and
mass of the core and cusp density profiles atrm. The leftmost shaded region shows
the amount of mass that must be redistributed from the cusp tolarger radii (up to
rm) in the cored profile. Not having to redistribute mass to larger radii near the
virial radius explains why our predictions for the energy cost of core formation
are significantly below previous estimates. It is purely coincidental that in this
illustration the core radius,rc, is close to the radius at which the two density profiles
first cross.

trates the profile and mass matching.

• We compute the potential energy difference in Eqn (2.4).

The preceding steps give∆E in terms ofrc andMh.
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2.4 Results

In Figure 2.3 we show our calculation for the amount of energyrequired to turn

a dark matter cusp into a core as a function of halo mass. Sincewe may write

approximately:

Wc ∼
GM(< rm)

2

rm
, (2.7)

for the cored profile, we see, as expected, that the parameterthat most influences

the energy required to convert a cusp into a core isrm ∝ rc; a larger core requires

more mass at larger radii and thus more energy to redistribute it from the cusp. The

black line shows that∆E scales asM1.6
h if rm is instead allowed to scale1 with halo

mass, and lies within the range of solutions calculated by Peñarrubia et al. (2012),

shown here by the gray shaded region. However, since we forceboth the density

and mass to match the outer NFW-like halo atrm, the energy required to make an

appreciable core (∼ 1 kpc) is greatly reduced. This is shown in Figure 2.3 for core

sizes between 0.1–8 kpc. Varying the ratiorm/rc, currently set to 3, merely shifts

the∆E curves vertically.

The significance of our new calculations can be seen by comparing to the

stellar-halo mass relation (Ms-Mh). In Figure 2.3 we plotMs-Mh relations from

Kravtsov (2010) (dashed), Behroozi et al. (2010) (dotted),and Moster et al. (2010)

(dash-dot) atz = 0. We have convertedMs to total SNe energy using a Kroupa

(2001) IMF, assuming that every star above 8 M⊙ contributes1051 ergs to the energy

budget. Our results show thatthere is no conflict between the amount of energy

available to form a dark matter core and theΛCDM framework, regardless of halo

mass.

In reality, not all of the SNe energy will couple to the cusp dark matter

1In other words, as a fixed fraction ofrs (here 1/6).

40



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Physics & Astronomy

through the induced perturbations to the gravitational potential. This inefficiency

can be proxied in theMs-Mh relations shown in Figure 2.3 by scaling them by

some coupling efficiency factorǫ (for example, the 40% value used by Peñarrubia

et al., 2012). Only forǫ . 0.01% would there be no possibility of creating a core

larger than 250 pc in the 109–1010 M⊙halo range. We are thus forced to conclude

that most, if not all, dwarf galaxies should host dark mattercores if their central star

formation rate was high enough to build 103–104 M⊙ in stars.

Our calculations suggest that limitingrm/rc to only 2–3 reduces the energy

scaling as a function of halo mass for a given core size, thereby making them easier

to form in a cosmological setting. As shown in Figure 2.3 the scaling is much

weaker when bothrc andrm are fixed. For example,∆E scales asM0.7
h in the109–

1010 M⊙ halo mass range for a 1 kpc core, but only asM0.3
h in the same range when

rc is fixed to be 100 pc. This is expected given that the mass interior to rm depends

on the halo concentration, and in the functional form we adopted the concentration

is inversely proportional toMh (Macciò et al., 2007). Thus, the the ability to form

a core of sizerc whose density and mass are constrained atrm is independent of the

actual halo mass; instead, it is the mass distribution interior to rm that affects the

energy requirement.

Our results are insensitive to the redshift dependence of halo parameters

such asMh, rs, andrs. These parameters merely setM(< rm) as a function ofrm,

which can be considered redshift independent. The ability for a given halo to form a

core will depend on the coupling between the depth of the central halo potential and

the star formation rate which limits the amount of availablefeedback energy. The

bursty star formation at the centres of dwarf galaxies should be able to driveǫ high

enough to form a sizeable core (Maxwell et al., 2012) at high redshift (Mashchenko

et al., 2008; Amorisco et al., 2014; Madau et al., 2014). However, low mass halos
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Figure 2.3: The estimate of the amount of energy∆E required to convert a dark
matter cusp into a core. The solid lines with symbols show theenergy required
to form a core of a given fixed size using the pseudo-isothermal density profile
(see text). The solid black line shows how∆E scales withMh if rm is allowed to
scale as a fixed fraction ofrs. The grey area corresponds to the energy estimate of
Peñarrubia et al. (2012). The dotted, dashed, and dot-dashed lines correspond to
theMs-Mh relations of Behroozi et al. (2010), Kravtsov (2010), and Moster et al.
(2010) respectively, assuming a Kroupa (2001) IMF. The right axis shows the stellar
mass corresponding to∆E assuming 100% efficiency.

may not be able to form cores if their galactic potential is shallow enough that each

burst of star formation results in completely efficient gas expulsion (e.g. Navarro

et al., 1996a; Read & Gilmore, 2005; Shen et al., 2013; Madau et al., 2014).
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2.5 Discussion

In the previous section we showed that stellar feedback, of which we have only

considered SNe, can provide enough energy to the dense star forming gas in the

centres of dwarf galaxies to transform the dark matter cuspspredicted by numeri-

cal experiments to the flattened dark matter cores inferred from observations (e.g.

Mashchenko et al., 2008; Pontzen & Governato, 2012; Maxwellet al., 2012). This

is due to our adoption of a more robust mass normalisation criterion than previous

work (e.g. Peñarrubia et al., 2012). The most efficienct injection of star formation

feedback energy will occur at the deepest point in the galactic potential, which im-

plies a physical limit to the radius to which cusp dark mattercan be redistributed. In

our calculations, we have parameterized this limit as the radiusrm, beyond which

the dark matter mass and density profiles are unchanged, being set by the colli-

sionless merging process. Our results suggest significant dark matter cores can be

formed with less than 1% of the total SNe energy available over the star forming

history of a typical dwarf galaxy.

So far we have been concerned with whether a dark matter core can form in

an initially cuspy halo due to star formation feedback. Our new calculations allow

us to ask a more physically motivated question: what is the typical core size for a

given halo mass? In Figure 2.4 we show the predicted core sizeas a function of

halo mass using the threeMs-Mh relations shown in Figure 2.3. Although Figure

2.4 reinforces our main conclusion that dark matter cores can form from cusps in

even the smallest dwarf galaxy halos, it also emphasizes theuncertainty in trying to

make detailed predictions. The variation in the low mass slope of theMs-Mh rela-

tion between the Moster et al. (2010), Behroozi et al. (2010), and Kravtsov (2010)

results corresponds directly to a factor of 2–4 variation inpredictedrc as a function
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Figure 2.4: The predicted core size as a function of halo massusing the threeMs-
Mh relations discussed in this paper. It is extremely difficultto compare these
predictions to observed dark matter cores in local group dwarf galaxies given the
uncertainties in the relations, and the difficulty in determining Mh for individual
galaxies.

of halo mass. Furthermore, these relations only give the average stellar mass as a

function of halo mass.

Figure 2.4 is further complicated because we have not yet considered the

efficiency with which the energy from stellar feedback is transferred to dark mat-

ter particle orbits. The coupling efficiency will likely vary in time with changing

conditions in the centre of the halo, and will depend on the star formation rate, gas

accretion rate, gas heating rate, and the dark matter particle orbits; the value ofǫ

used in Peñarrubia et al. (2012) is merely a time-averaged value over the dwarf

galaxy star formation and gas accretion histories. Finally, our results show that the
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energy required to form the core,∆E, has only a weak dependence onMh for a

givenrc.

If, indeed, our ansatz that matter redistribution happens only within rm is

correct, it is more appropriate to ignoreMh altogether when comparing core sizes

between dwarf galaxies. Many observations of dwarf galaxies in the local universe

can only measure dynamical masses out to a few kpc (e.g. Dalcanton et al., 2009;

Oh et al., 2011; Kuzio de Naray et al., 2006, 2008; McConnachie, 2012) and so

cannot accurately determine the halo virial mass. This leads us to Figure 2.5 where

we have plotted the range of core sizes as a function of stellar mass required to

produce a core of that size,withoutadopting any efficiency in dark matter core for-

mation. Each curve represents the track inrc-Ms space for each halo mass, and is

determined by the relations betweenMh, rs, andrs (or concentration parameter).

The endpoints of each curve represent the upper and lower limits that we arbitrarily

imposed when computing the energy requirements from Equation (2.5). Our upper

bound was set atrc ≤ rh/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 argumentsof Peñarrubia

et al. (2012) that the largest energy requirement comes fromtransforming the cen-

tral cusp into a core. Further scouring of the core by reducing the central density

and increasing the core size requires significantly less energy. Thus, for a given

halo mass the predictedrc vertically asymptotes as a function ofMs. This same

behaviour was found in recent simulations of dwarf galaxies(Shen et al., 2013;

Madau et al., 2014).

In this figure, the efficiencyǫ is equivalent to sliding a given dwarf galaxy

along theMs axis. To illustrate this, we show the local group dwarf Fornax, whose

stellar mass was taken from McConnachie (2012) and whose dark matter core size
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Figure 2.5: The predicted dark matter coreas a function of stellar mass. The grey
lines show the energy curve inrc-Ms space for a givenMh. The top axis shows our
assumed conversion fromMs to SNe energy. For clarity, we have highlighted the
curves for halos of108 M⊙, 109 M⊙, and1010 M⊙. The star shows the estimated
stellar mass of Fornax from McConnachie (2012) with the darkmatter core size
estimated by Amorisco et al. (2013). The efficiencyǫ to which the SNe feedback
couples to the creation of a dark matter core can be estimatedby sliding the Fornax
data point to the left.

was measured by Amorisco et al. (2013). Fornax lies significantly below the pre-

dicted core size for its stellar mass, but is consistent withour core predictions if

only a few per cent of the total SNe budget contributed to the formation of the dark

matter core in the host halo. Fornax’s host halo could range anywhere from 108–

1010 M⊙ while ǫ could range anywhere from 0.01–1%.
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2.6 Conclusions

In this paper we have estimated the energy requirement for supernovae to form dark

matter cores in their host halos. By adopting a radiusrm at which both the density

and mass profiles of the cored dark matter halo and the original cusped halo match,

we find that the amount of energy required is significantly reduced from the esti-

mate of Peñarrubia et al. (2012) without having to require cores to form only at high

redshift (e.g. Amorisco et al., 2014). Our results suggest that dark matter cores are

present in most, if not all, dark matter halos that experienced clustered star forma-

tion within their centres (Maxwell et al., 2012). This alleviates another problem

pointed out by Peñarrubia et al.: the mixing of phase space densities for systems of

collisionless particles was shown by Dehnen (2005) to tend to preserve the steepest

density cusp in the merger. If many of the halos merging in thecollisionless mass

assembly process are already cored, the dark matter densityprofile of the merger

remnant should be cored as well. Even if the core is destroyedvia the accretion of a

dark matter cusp, subsequent star formation feedback should be enough to destroy

the dark matter cusp in a short time2.

By relieving the tension betweenΛCDM and the presence of cores in dwarf

galaxies, we can now begin to make firm predictions of the sizes of dark matter

cores as a function of stellar mass (Figure 2.5). For example, simulations of dark

matter core formation in dwarf galaxies can provide a novel benchmark for the effi-

ciency and energy output of star formation prescriptions, especially as observations

of local dwarfs improve (e.g. Kuzio de Naray et al., 2008; Dalcanton et al., 2009).

It is also important to note that we have neglected all other forms of star formation

feedback (e.g. Hopkins et al., 2011, 2013; Shen et al., 2010;Agertz et al., 2013;

2The work of Mashchenko et al. (2008), for example, showed that a core can form in∼ 100Myr.
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Keller et al., 2014), but these extra sources of energy can simply be proxied byǫ,

the efficiency with which the energy is transferred to the dark matter. Since many of

the above studies have either focused on the small scale evolution of single molec-

ular clouds or a Milky-Way type galaxy, dwarf galaxies stillrepresent an attractive

laboratory within which to study structure formation models in a cosmological con-

text with acceptable physical resolution.

The authors wish to thank NSERC for support and R. Kuzio De Naray for

providing the observed rotation profile data.

Appendix

Figure 2.6 repeats the analysis shown in Figure 2.1 for all nine Low 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 the Kuzio de Naray et al.
(2008) LSBs. Line styles and symbols are the same as in Figure2.1.
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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. Couchman, and Sergey

Mashchenko2012,THE ASTROPHYSICALJOURNAL LETTERS, Volume 755, Issue

2, pp. 35–39, DOI: 10.1088/2041-8205/755/2/L35.c©AAS.

3.1 Introduction

Dwarf galaxies are the predominant star forming objects in the early universe and

dwarf spheroidals, in particular, are fossil remnants of this era (Dekel & Silk, 1986).

Normal star formation (post-Population III) occurs in the densest gas accumulat-

ing in the centres of galactic potential wells. In this case,we might expect dwarf

spheroids to be simple, highly concentrated, star piles. Incontrast, the stars in ob-

served dwarfs are diffuse and many lack a conspicuous nucleus. Further, dwarfs at

or above the luminosity of Fornax have their own globular cluster systems (Mateo,

1998). If these galaxies were the first objects large enough to have a high-pressure
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ISM in their centres, capable of forming large clusters, we need to explain how

such clusters could end up orbiting at substantial radii with a distribution similar to

that of the overall light (Miller, 2009). Radial age and metallicity gradients are also

observed (McConnachie, 2012), suggesting an outside-in formation scenario remi-

niscent of the “monolithic collapse” model (Eggen et al., 1962, hereafter ELS).

In this paper, we explore how features present in the old stellar popula-

tions of dwarf galaxies can occur naturally in contemporarycosmological models

through star formation and feedback in these galaxies. Young dwarf galaxies have a

high gas content and form stars vigorously. In prior work, Mashchenko et al. (2008)

were able to show that stellar feedback in a simulated dwarf galaxy will drive bulk

gas motions that couple gravitationally to all matter near the centre of the dwarf.

As discussed in§3.2, this mechanism has been shown to act in actively star forming

galaxies at a range of masses and is believed to be generic. The process pumps

energy into the orbits of all material passing near the centre, transforming an initial

dark matter cusp into a broad core, consistent with observations. Here we study the

evolution of the stellar content, which is formed self-consistently in those simula-

tions. Orbit pumping also operates on stars, the other key collisionless component

of galaxies, to grow stellar spheroids from the inside out, as well as place massive

star clusters on large radial orbits.

It is widely understood that theΛCDM cosmology predicts the hierarchical

assembly of galaxies: dwarf proto-galaxies interact and merge into larger galax-

ies, contrary to the ELS model. Searle & Zinn (1978) and Zinn (1980) refined this

model by invoking a late in-fall of old stars that would contribute to both the stellar

halo and its globular cluster population. Subsequent work has focused on reconcil-

ing this picture for the formation of the Galactic stellar halo with the standard hi-

erarchical framework (for a recent review see Helmi, 2008).Chemical enrichment
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models combined with descriptions of a Milky Way (MW)-type merger history (e.g.

Robertson et al., 2005; Bullock & Johnston, 2005; De Lucia & Helmi, 2008) and

cosmological simulations of MW-type galaxies (e.g. Zolotov et al., 2010) can be

made to match the abundance patterns of the stellar halo (e.g. Carollo et al., 2007,

2010; de Jong et al., 2010). A general conclusion is that dwarf progenitors play a

major role in building the MW halo, owing to their high rates of star formation at

early times and their ability to retain supernova-enrichedgas.

However, MW-scale simulations poorly resolve dwarf galaxies which thus

readily disintegrate and contribute their entire stellar contents to the halo. This con-

clusion is a direct consequence of low numerical resolutionand is at odds with how

star formation would be expected to occur in dwarfs. A closerunderstanding of

star formation in dwarf galaxies is needed to establish how those stars are produced

and how readily they can contribute to the observed Galacticstellar populations and

their radial variations.

In §3.2 we discuss the stellar redistribution mechanism and howit operates.

In §3.3 we explore the impact this has on the formation of the stellar spheroid in

dwarfs including stellar systems such as globular clusters. We also discuss implica-

tions for dwarfs contributing their stars to the spheroids of larger galaxies.

3.2 Dynamical Impact of Stellar Feedback

Observations of the kinematics of the stellar and gaseous components of dwarf

galaxies point to these systems having a cored density profile (e.g. Burkert, 1995;

Côté et al., 2000; Gilmore et al., 2007; Oh et al., 2011, seede Blok (2010) for a

recent review) in contrast to collisionless simulations ofCold Dark Matter (CDM)

haloes which predict a central density cusp (e.g. Dubinski &Carlberg, 1991; Navarro
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et al., 1995; Bullock et al., 2001; Klypin et al., 2001; Stadel et al., 2009). Mashchenko

et al. (2008) presented a solution to this long-standing challenge for the CDM cos-

mogony by correctly accounting for the the impact of stellarfeedback. By feeding

the energy generated by supernovae into the surrounding star-forming gas, they

were able to generate fluctuations in the gravitational potential that pumped the

dark matter orbits and removed the cusp. The effectiveness of dark matter orbit

pumping due to stellar feedback has been confirmed in simulations by other work-

ers, showing that it operates in dwarfs to the present day (Governato et al., 2010)

and also affects larger galaxies up to Milky Way scales with sufficiently strong

feedback (Macciò et al., 2012). In addition to operating inthe SPH code used by

Mashchenko et al. (2008), the mechanism has also been demonstrated using a grid

code1.

Two critical features allowed Mashchenko et al. (2008) to demonstrate the

effect of stellar feedback on dark matter orbits in the dwarfgalaxy: high resolution

(300M⊙ per gas particle) and low temperature metal cooling (10–8000K). The

combination of these features allowed the formation of a cold, dense gas phase

and permitted the use of a far more realistic minimum densityfor star formation,

∼ 100 atoms cm−3, comparable to molecular cloud densities. This was in sharp

contrast to prior work where star formation occurred fairlyuniformly throughout

the ISM of simulated galaxies. As a result this was the first cosmological simula-

tion to form numerically resolved star clusters up to∼ 105 M⊙.

A direct result of clustered star formation is highly localized and episodic

feedback that violently rearranges the gas in the inner regions of the dwarf galaxy.

Since the gas dominates the mass in the star forming region, this results in a gravi-

tational potential that varies on a timescale commensuratewith orbital times. This

1R. Teyssier, priv. comm.
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causes irreversible changes in the orbital energies of all matter passing near the

star-forming centre of the dwarf. Whereas sharp changes in the potential impul-

sively modify all particle orbits (Pontzen & Governato, 2012), Mashchenko et al.

(2006) showed that oscillating potentials with speeds closer to the typical particle

velocity couple strongly and flatten the core more rapidly (their figure 2). For ma-

terial that initially has a low velocity dispersion, such asdark matter within the

cusp, this preferentially increases the orbital radius andredistributes the material

into a smooth core as shown in Mashchenko et al. (2008) and other works. For the

gaseous component, shocks dissipate this added velocity whereas dark matter and

stars undergo a random walk in orbital energy.

We use the simulated dwarf of Mashchenko et al. (2008) to illustrate the

process. We selected a period between redshifts 8–5 withoutmajor mergers so that

the evolution is dominated by centralized star formation fueled by a consistent gas

supply. Figure 3.1 shows several cycles of star formation, feedback upon the gas

content and the response of the collisionless components. In this simulation, the

majority of stars form within 100 pc, which we use as a radial size in which to

measure the feedback effects. The centre is defined as the position of the 100 most

bound particles. This choice biases towards gas-rich star-forming regions but gives

very similar results to using a mass-weighted centre. The central 100 pc region is

well resolved in space and mass.

In Figure 3.1a, the total star formation rate in units of M⊙ yr−1 is shown for

all stars formed within 100 pc. The star formation is highly episodic in this red-

shift range. Given that star formation is confined to a small central region, stellar

feedback is very efficient at cutting off the supply of cold, dense gas that fuels the

process. In the feedback model employed in this simulation,the effective compo-

nent is supernova energy injection acting over a period of 10–30 Myr after initial
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Figure 3.1: Star formation rate, variation of enclosed gas mass and variation of
phase-space density for the collisionless components.
a) Star formation rate (M⊙ yr−1) 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 step. The triple-dot-dash
line is the enclosed mass within 3.2 kpc.
c) The dark matter phase-space density (M⊙ pc−3 km−3 s3) measured within 100 pc.
The solid line indicates low velocity dark matter (see text)while the dash-dot is for
all dark matter. The dashed line shows the behaviour in a simulation without stellar
feedback.
d) The stellar phase-space density (M⊙ pc−3 km−3 s3) measured within 100 pc. The
solid line is for stars formed beforez = 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 knot of gas, star formation rises

to a peak and shuts down in around 10 Myr. The five highest peaksin the central

star formation rate are marked with vertical dotted lines toguide the eye over the

four panels of the figure.

The solid line in Figure 3.1b shows the enclosed gas mass in units of M⊙

as a function of time within 100 pc. The enclosed gas mass shows the same cyclic

behaviour as the star formation rate with a lag of 10–20 Myr. Gas falls into the

inner regions, forming dense clouds and allowing star formation to begin. Stellar

feedback starts to pressurize the gas leading to both compression and the driving

of material out of the inner regions. The gas velocity dispersion varies from 10–

40 km s−1 within 100 pc, indicating crossing times of roughly 5–20 Myr. Thus the

gas mass peaks slightly after the peak in star formation and then subsides.

The total gas mass (triple-dot-dash line in the same panel) within 3.2 kpc

(the virial radius atz = 8) increases steadily due to fresh in-falling material, reach-

ing ∼ 2× 108 M⊙ at z = 5. Feedback associated with vigorous star formation can

readily create hot gas (T> 106 K) and outflows exceeding the100 km s−1 escape

velocity. Such unbound gas can travel tens of kiloparsecs from the dwarf. How-

ever, the total mass in unbound (mostly hot) gas generated iscomparable to the

3 × 107 M⊙ in stars created over the 500 Myr period shown in Figure 3.1. In-fall

onto the galaxy continues steadily along cold filaments nextto the outflow channels

and is not disrupted by the outflow, as the figure indicates. The baryon fraction

inside the virial radius is always moderately in excess of the universal baryon frac-

tion. The gas mass within the star forming inner region fluctuates dramatically in

response to feedback but much of this gas is simply cycling within the inner few

hundred parsecs. Within 800 pc the gas content grows fairly smoothly as shown by

the second-to-top grey curve.
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The numerical values for star formation rates and mass outflows are a result

of the specific sub-grid models and resolution used for this simulation (though the

resolution is much higher than is typical). However, the qualitative picture is ex-

pected to be robust and is consistent with our understandingof feedback and its role

in creating a bursty star formation history in smaller galaxies (Stinson et al., 2007).

The gas within the entire halo is characterized by churning motions with colder gas

moving in and hotter gas moving out. This is in contrast to thesimple gas blow-out

picture of the evolution of dwarf galaxies (e.g Navarro et al., 1996) where the entire

star-forming gas content is at least temporarily evacuated. The advantage here is

the continual availability of gas for ongoing star formation with bursts on the dy-

namical timescale of the dense inner regions (50–100 Myr) that repeatedly perturb

the collisionless components. This type of churning also occurs in more massive

galaxies (Brook et al., 2012).

Figure 3.1c shows the behaviour of the central dark matter phase-space den-

sity, approximated asρ/σ3, whereρ is the mean dark matter density andσ is the

velocity dispersion within the central 100 pc. Whereas the fine-grained, dark mat-

ter, 6-dimensional phase-space density is strictly conserved, the coarse-grained dark

matter phase-space density, which we are approximating with ρ/σ3, is insensitive

to adiabatic compression due to baryonic dissipation but should decrease monoton-

ically due to irreversible (non-adiabatic) effects.

The dot-dash line is for all dark matter particles located within 100 pc of the

centre at each simulation output. The solid line shows the behaviour of a group of

dark matter particles with velocities less than20 km s−1, selected atz = 8, and fol-

lowed throughout the simulation. Both dark matter groups show a steady decrease

in the coarse-grained phase-space density 10–20 Myr after astar formation peak.

Note, however, that the low velocity dark matter exhibit much steeper gradients.
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This decrease is associated with both an increase in their velocity dispersion and a

decrease in their density. This persistent decrease ofρ/σ3, unaffected by the gas

returning to the core, demonstrates that the heating of collisonless matter through

the gas-driven gravitational potential oscillations is irreversible. The long term ef-

fect is a random walk in orbital energy that redistributes dark matter particles into

a cored profile of order 400 pc in size byz = 5 as shown by Mashchenko et al.

(2008). In the same dwarf simulated without any star formation, the phase-space

density remains relatively constant as shown by the dashed line.

3.3 Stars: The Other Collisionless Component

Stars also behave as a collisionless fluid, and so couple to the potential fluctuations

created by stellar-feedback-driven gas motions. Indeed, the majority of stars are

formed within the dwarf core and spread outwards by the end ofthe simulation.

The central stellar density is regularly increased by new stars which are then dis-

persed to larger orbits. The long-dash line in Figure 3.1d shows the phase-space

density for all stars within 100 pc. As the stellar density within this radius is re-

plenished by star formation, there is no significant trend inthe phase-space density.

To examine the evolution of stars after their formation, we selected stars within the

inner 100 pc that were formed before 0.72 Gyr and tracked their phase-space den-

sity over time as indicated by the solid line. The decrease inphase-space density

is dramatic, comparable to that for the low-velocity-dispersion dark matter. Since

the stars form from gas with velocity dispersion∼ 20 km s−1, these trends reflect

the greater efficiency of this heating mechanism for low velocity material. Note

also that significant decreases in the phase-space density occur 10–20 Myr after the

central bursts of star formation, as discussed above. In oursimulated dwarf, stellar

62



Ph.D. Thesis - Aaron J. Maxwell McMaster University - Physics & Astronomy

orbits are found to expand to beyond 1 kpc through the effectsof this mechanism.

3.3.1 The Diffuse Spheroid

In this new picture, stars form preferentially in spatiallyconcentrated star bursts

near the gas-rich centres of small galaxies and then migrateto the outer parts of

the galaxy. Orbital changes occur repeatedly for objects traversing the star forming

core. This effect will not be limited to small galaxies but may become less pro-

nounced for larger halos. The degree to which stars have migrated is a function of

their time of formation and the period of time for which sufficiently vigorous po-

tential fluctuations were available to pump their orbits. This provides an alternative

to simply scaling the ELS view down to smaller halo masses.

Figure 3.2 shows that even though half the stars formed inside 100 pc (solid

line), by the end of the simulation (500 Myr later) they fill the entire dwarf halo with

no distinction between those that formed inside and outside100 pc. New stars take

time to move outward and when star formation stops, so does the orbital expansion.

The result atz = 5 is a moderate trend to larger stellar ages with radius. This may

explain the age and metallicity gradients believed to be present in the Local Group

Dwarfs (Mateo, 1998).

3.3.2 Bound Star Clusters

As noted above, the star formation that occurs in the simulation is clustered in

character due to the unusually high spatial resolution (100M⊙ per star particle) and

modeling of low temperature cooling (Mashchenko et al., 2008), consistent with the

majority of star formation in nature. The majority of these clusters are disrupted as

the simulation progresses, and the stars are deposited across the stellar spheroid of
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Figure 3.2: The normalized distribution of stellar formation radius (solid) and the
final stellar radius (dashed). The shaded region corresponds to the distribution of
final radii for the stars that formed within 100 pc.

the dwarf. This is partly a resolution effect as the gravitational resolution of the

simulation (10 pc) will not result in smaller, more tightly bound clusters. There

are, however, a few of these clusters that survived for at least 200 Myr. The four

most massive and well resolved clusters (100–1000 stellar particles) were identified

within the dwarf spheroid near the end of the simulation and their orbits traced back-

wards to the point at which 10% of the stars within each cluster had formed. The

radial component of the orbits for the four clusters are shown in Figure 3.3. These

four massive clusters form well within 100 pc but are then driven out to large radii

as each pericentric passage brings them close to the actively star-forming galactic

centre. The process is a random walk with an average tendencyto increase the apoc-

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

of their orbital angular momenta. The process should be lesseffective for higher

orbital velocities and is thus expected to saturate when theorbits are well outside

the star forming region.

Our approach to the building of dwarf spheroids may shed light on the for-

mation of Globular Clusters. Since the same mechanism migrates both stars and

stellar clusters to the diffuse spheroid, it provides a natural explanation for the ra-

dial distribution seen in dwarf galaxies outside the Local Group (e.g. Miller, 2009).

Furthermore, the time that the clusters are resident in the inner star forming region

(which has grown to∼ 300pc byz = 5) is typically at least 108 yr. Visual inspec-

tion of the simulation indicates that dense gas knots move with the clusters during

this period, thus providing a simple explanation for the recently observed multiple
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generations of stars within globular clusters (e.g D’Ercole et al., 2010).

3.4 Conclusions

We have presented a new framework for understanding the formation of the stel-

lar spheroid in dwarf galaxies: All stars form in the nuclearregions and are then

redistributed to eventually occupy the entire halo. The redistribution mechanism

relies on strong fluctuations in the baryon-dominated central gravitational potential

that are associated with stellar feedback as first demonstrated by Mashchenko et al.

(2008). These fluctuations irreversibly affect the orbits and hence distributions of

the collisionless components: dark matter, stars and star clusters. The key implica-

tions are:

• This process directly affects dwarf galaxies. In these galaxies a mild gradient

with radius of increasing age and decreasing metallicity would be created as older

stars achieve the largest orbits. Orbital redistribution stops when vigorous star for-

mation ceases.

• The central density of stars stays fairly constant as new stars form to replace

those migrating outwards.

• Globular cluster-like star clusters form in the ISM (and thus have no associated

dark matter) and migrate outward over several orbital periods.

• The star clusters may form multiple generations of stars from enriched gas read-

ily available in the nuclear regions. They will lose access to new gas as their orbits

become larger.

• Continuous creation and outward migration of stars and globular clusters avoids
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the formation of a super-nucleus at the centre of most dwarf galaxies.

• Larger clusters become protected against tidal destruction as their orbits grow

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

• Mergers and tidal stripping will deposit these loosely bound stars and clusters

into the halo of later generations of larger galaxies.

• Large star clusters formed in dwarf galaxies at high redshift, rather than in dark

matter mini-halos, could be the primary source of Globular Clusters in all galaxies.
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Chapter 4
The Celestial Buffet: multiple

populations and globular cluster

formation in dwarf galaxies

Reprinted from Aaron J. Maxwell, James Wadsley, H. M. P. Couchman, and Ali-

son Sills2014,MONTHLY NOTICES OF THEROYAL ASTRONOMICAL SOCIETY,

Volume 439, Issue 2, pp. 2043–2049, DOI: 10.1093/mnras/stu086. Published by

Oxford University Press on behalf of the Royal AstronomicalSociety. All rights

reserved.

4.1 Introduction

Until recently, the standard picture of a globular cluster was that of a simple stellar

population. It was thought that all the stars formed in one time, in one place, and

from a single cloud with a uniform chemical abundance. However, high-precision

photometry from theHubble Space Telescope(e.g. Bedin et al., 2004; D’Antona
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et al., 2005; Piotto et al., 2005, 2007, 2012) revealed splitmain sequences and sub-

giant branches in many massive clusters, such as NGC 2808, M22, 47 Tuc, and

NGC 1851. Simultaneously, high-resolution spectroscopicstudies of globular clus-

ter stars (e.g. Ramı́rez et al., 2001; Carretta et al., 2009a) showed that almost all

globular clusters have no star-to-star variations in iron abundance. The variation in

lighter elements, however, which had been characterized inbright giants for decades

(e.g. Carretta & Gratton, 1994; Cohen, 1999; Gratton et al.,2006; Carretta et al.,

2007b), was shown to extend down to stars on the main sequence(e.g. Gratton et al.,

2001; Ramı́rez & Cohen, 2002; Carretta et al., 2003, 2004). Most surprisingly, a

high He content is required to explain some of the observed properties of several of

these clusters (e.g. Piotto et al., 2005; D’Antona et al., 2005; Carretta et al., 2007a;

Piotto et al., 2012).

The ubiquity of this light element spread in all well-studied globular clus-

ters (see the review by Gratton, Sneden, & Carretta, 2004) suggests globular clus-

ters undergo a more complex formation process than that of a single burst of star

formation. The chemical patterns, the split photometric sequences, and extended

horizontal branches (e.g. Bedin et al., 2004) of globular clusters can be explained if,

within the first few hundred million years of a cluster’s existence, two or more pop-

ulations of stars were formed (e.g. Ventura et al., 2001; D’Antona & Caloi, 2008).

One was made from the same composition – which we will call pristine through-

out this paper – as the stars of the halo: [Fe/H]≃ -2, andα-enriched but otherwise

having scaled-solar abundances of the light elements. The other generations were

formed from material which has undergone hot hydrogen burning, occurring at tem-

peratures above about7×107 K. Burning hydrogen under these circumstances uses

the Ne–Na and Al–Mg cycles (analogues to the lower temperature C–N–O cycle),

and can produce He as well as the observed trends of the other light elements. The
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material which formed both populations, however, usually has the same Fe content.

The commonly accepted explanation for these abundances is asequence of

events that a nascent globular cluster must undergo (e.g. D’Antona & Caloi, 2008;

Ventura & D’Antona, 2008a). First, the proto-globular cluster forms from pristine

gas. After some time, the most massive stars explode as supernovae, but their ejecta

have sufficient velocity to escape unhindered from the potential well of the cluster.

Later, a population ofpolluting stars ejects their hot hydrogen-burnt material into

the cluster at much lower velocities, so that the material isretained by the cluster.

Shortly thereafter, the second population forms from a mixture of this material and

additional pristine material that has fallen into the cluster, in order to reproduce

the observed abundance variations (e.g. Carretta et al., 2009c; Ventura et al., 2013).

These two populations then passively evolve to become the present-day cluster.

This scenario broadly matches the observational constraints on the problem of mul-

tiple populations and extended horizontal branches in globulars, but there are two

problems which we describe below.

The majority of recent papers currently favour asymptotic giant branch (AGB)

stars as the polluters (e.g. Ventura & D’Antona, 2005b; D’Ercole et al., 2010) since

the bottom of their convective envelopes can produce the required overabundance

of Na and N versus O and C (e.g. Denisenkov & Denisenkova, 1989). However,

the nucleo synthetic yields from AGB stars need to be carefully tuned (e.g. Denis-

senkov & Herwig, 2003; James et al., 2004), and there is stillsome uncertainty in

the AGB evolution models (e.g. Ventura & D’Antona, 2005a, 2008b). Due to these

problems, other polluters have been proposed: rapidly rotating massive stars (e.g.

Decressin et al., 2007), massive binary stars (e.g. de Mink et al., 2009), and even

stellar collisions (Sills & Glebbeek, 2010).

The second problem has to do with the mass budget for the polluted popu-
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lation, which can make up to 50 per cent of the present clustermass (e.g. Carretta

et al., 2009b; Piotto et al., 2012). If one assumes a normal initial mass function

(IMF) and an initial cluster mass that is close to its present-day mass (∼ 106 M⊙),

then the population of polluting stars can only produce at most a few percent of

the cluster mass as material with which to form the polluted population (e.g. Co-

hen, Briley & Stetson, 2005). Most papers to date have addressed this issue by

requiring the proto-cluster be at least 10 times more massive than the present clus-

ter (e.g. D’Antona & Caloi, 2008; Ventura & D’Antona, 2008b;D’Ercole et al.,

2010; Vesperini et al., 2013), added more enriched gas to theejecta by flattening

the AGB range of the IMF (e.g. D’Antona & Caloi, 2004; D’Antona et al., 2005),

or both. Furthermore, highly unlikely star formation efficiencies of 100 per cent

are required in the formation of the second population, or the mass-budget problem

becomes even worse.

Bekki (2010, 2011) simulated the formation of a second generation of stars

from AGB ejecta within a cluster. As expected (e.g. D’Antona& Caloi, 2004;

D’Ercole et al., 2008), a second population formed soon after the first starburst, but

with a spatial and kinematic distribution completely different from the first pop-

ulation. The simulations showed that the second populationwould be centrally

condensed and show considerable rotation due to the dissipative processes required

to drive the enriched material to realistic star-forming conditions. The initial cluster

mass required to retain the AGB ejecta exceeded 6×105 M⊙, and even the best case

scenario was only able to form 4×104 M⊙ in second population stars. Yet, an or-

der of magnitude increase in initial stellar mass would onlyproduce enough AGB

ejecta to form thepresent-daymass of second generation stars. Self-enrichment

thus requires the cluster to be tidally stripped on time-scales much shorter than

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

The most straightforward solution to this problem was suggested by Bekki

(2006): instead of treating the formation of globular clusters as simple stellar pop-

ulations condensing from homogenous isolated gas clouds, they were treated as

forming within the centres of dwarf galaxies at high redshift (z&4). This allevi-

ated the mass budget problem, since now AGB ejecta from the surrounding dwarf

galaxy spheroid would cool and settle to the centre, mix withthe pristine material,

and form the second population in the newly formed globular cluster. However,

even this scenario failed to reproduce the observed trends (Bekki et al., 2007).

The problem is that the simple approach of Bekki (2006) wouldnot make

up the majority of globular clusters with variance only in the light elements. Bekki

(2006) assumes the stellar nucleus of a dwarf progenitor is accreted on to a Milky

Way (MW) sized halo, observable as a halo globular cluster. However, the likeli-

hood that SNe ejecta will be retained by the dwarf increases as its halo mass grows,

imposing a limit on how long the stellar nucleus can be considered uniform in abun-

dance. This is evident in the broad range of Fe-enrichment exhibited by many of the

Local Group Dwarfs, such as Fornax (e.g. Pont et al., 2004). Many globular clusters

show very little dispersion in the Fe-peak elements (e.g. Ramı́rez et al., 2001; Car-

retta et al., 2009a), which suggests at least two possible constraints not discussed

in Bekki (2006). Either all globular clusters formed in dwarf progenitors that were

accreted by larger haloes extremely early, or some process halted star formation in

the nucleus on long time-scales, preserving the uniform iron abundances.

There do exist peculiar globular clusters with dispersion in their heavy ele-

ments which would fit this model (Bekki & Norris, 2006).ω Cen is one example

of a globular cluster with variations in [Fe/H] (e.g. Norris& Da Costa, 1995; Piotto

et al., 2005), which can be explained if it is the remnant stellar nucleus of an ac-
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creted dwarf galaxy (e.g. Gnedin et al., 2002). Another is M54, located at the centre

of the Sagittarius dwarf galaxy (Ibata, Gilmore & Irwin, 1995) and likely an exam-

ple of ω Cen in an earlier accretion phase (Carretta et al., 2010). NGC 2419 has

similarly been argued to be the core of a stripped dwarf galaxy (Mackey & van den

Bergh, 2005; Cohen et al., 2010; Cohen, Huang & Kirby, 2011; Cohen & Kirby,

2012). Clearly, what is lacking in the Bekki (2006) model is aclear understanding

of how the uniform heavy element abundance is preserved, if dwarf progenitors are

the true sites of globular cluster formation.

In this paper, we provide a new framework in which we can understand the

formation of all globular clusters that exhibit abundance variations. Like Bekki

(2006), this new framework assumes the site of globular cluster formation is within

the centres of dwarf galaxies.Unlike previous work, our framework proposes that

these clusters are removed from the dwarf centres through dynamical evolution and

end up on wide orbits, like those of the Fornax dwarf (e.g. Hodge, 1961; Mateo,

1998; Letarte et al., 2006), where they may be easily stripped. By proposing a

physically motivated mechanism for globular cluster removal, our new framework

provides a consistent solution to the problem of abundance spreads with the cluster

and links the probability of a spread in [Fe/H] to the amount of time spent in the

dwarf centre. We describe our new framework in§4.2, and provide an illustration

of it in §4.3 using a highly resolved simulation of a dwarf galaxy at high redshift

(Mashchenko, Wadsley & Couchman, 2008). We describe the setup in §4.3.1, with

results in§4.3.2.
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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 assumption: all globu-

lar clusters exhibiting abundance spreads formed near the centre of high-redshift

dwarf galaxy progenitors and were later accreted during thehierarchical build-up

of present-day massive galaxy haloes. As gas accretes on to the dwarf galaxy pro-

genitor, it cools and collapses to the centre. Once the gas reaches sufficient densities

(&100 mH cm−3) to form molecular clouds, star formation begins. This willlead to

feedback from massive stars in the form of radiation, winds,and supernova explo-

sions that suppress star formation for about 30 Myr. Massiveamounts of gas will

be swept out of the central regions, carrying the nowα-enriched material.

The feedback will cause significant gas mass re-distribution within the dwarf

galaxy centre, in turn altering the central gravitational potential. Rapid fluctuations

in the potential will lead to gravitational pumping of the collisionless components

– dark matter (Mashchenko, Wadsley & Couchman, 2008; Governato et al., 2012;

Pontzen & Governato, 2012) and stars (Maxwell et al., 2012; Teyssier et al., 2013).

A globular cluster formed within the centre will be moved to larger and larger or-

bits with each star formation burst. The important point here is that even though

the globular cluster is removed from the centre of the dwarf,it will make multiple

passages through the gas-rich centre. On each pass, the globular cluster may ac-

crete gas from the centre of the dwarf galaxy, including pollutants responsible for

the light element abundance spread. However, it will also experience subsequent

energy kicks, eventually placed on so large an orbit that further accretion will be

halted.

Many groups have established through numerical experiments this energetic
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re-distribution of mass in dwarfs (e.g. Read & Gilmore, 2005; Mashchenko, Couch-

man & Wadsley, 2006; Mashchenko, Wadsley & Couchman, 2008; Governato et al.,

2010, 2012; Pontzen & Governato, 2012). These studies focused on the transfor-

mation of the inner dark matter density profile from the cuspspredicted by theory

(e.g. Dubinski & Carlberg, 1991; Navarro, Frenk & White, 1995; Bullock et al.,

2001; Klypin et al., 2001; Stadel et al., 2009) to the cores observed in Local Group

dwarfs (e.g. Burkert, 1995; Côté, Carignan & Freeman, 2000; Gilmore et al., 2007;

Oh et al., 2011). It has only been recently that attention hasbeen paid to how this

process would affect stars (Maxwell et al., 2012; Teyssier et al., 2013). Maxwell

et al. (2012) focused on how this process would form spheroidal light profiles in the

old stellar population, and by extension the presence of globular clusters at large

projected radii from their hosts. In our framework, both theformation of dark mat-

ter cores and multiple population globular clusters are intimately linked through the

same mechanism of mass re-distribution.

The centre of dwarf galaxies also contains a much deeper potential well than

that of an isolated gas cloud or globular cluster. Assuming that AGB stars are in

fact the polluters, their wind can be retained within the dwarf nuclei (e.g. Bekki &

Norris, 2006) since the speed at which the wind travels from the stellar surface is

about 40 km s−1 (e.g. Woitke, 2006). Supernovae can blow out gas at upwards of

500 km s−1 which can easily escape dwarf galaxies. Globular clusters have typical

escape speeds (Harris, 1996; Gnedin et al., 2002) of 10–20 kms−1 and so would be

unable to retain this hot gas. On the other hand, the AGB ejecta is retained in the

deep potential and available for accretion (e.g. Conroy & Spergel, 2011) by globu-

lar clusters as they pass through the centre of the dwarf. Theclusters do not need

to begin with masses an order of magnitude greater than that presently observed to

cause self-inflicted pollution (e.g. Cottrell & Da Costa, 1981); instead, they draw
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from a reservoir created by the surrounding stars, providedthe gas is accreted effi-

ciently.

Current models of the formation of the second population require some sort

of dilution (e.g. Carretta et al., 2009c) of the polluted material with pristine gas

in order to create the observed abundance anticorrelations. Since our framework

places the formation site of the mixed abundance clusters within progenitor dwarf

galaxies at high redshift, there should be plenty of gas in fall to lend itself to dilu-

tion (e.g. Maxwell et al., 2012). Eventually, the gas withinthe centre will become

predominantly pristine and the cluster formation process can begin anew. A single

dwarf galaxy could make several mixed abundance globular clusters within a few

hundred Myr, long before Type Ia SNe begin to enrich the gas with Fe. This is

in sharp contrast to the work of Bekki (2006) which would be more suitable for

producing the more unusual objects that show clear [Fe/H] variations, such asω

Cen.

4.3 An Illustration

We use the cosmological simulation of a well resolved dwarf galaxy by Mashchenko,

Wadsley & Couchman (2008) to demonstrate the salient pointsof our framework.

This simulation has been extensively studied in the contextof the cusp–core prob-

lem (for a recent review see de Blok, 2010) and the formation of Fornax-like spheroidal

systems (Maxwell et al., 2012). The 12 pc force softening used in the simulation is

comparable in scale to globular clusters and molecular clouds hosting star forma-

tion, but is still adequate for our purposes. Within the simulation, Maxwell et al.

(2012) identified four bound star clusters over 100 times denser than 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 the internal struc-

ture of the clusters, and so we cannot measure dynamical properties such as their

mass distribution or velocity dispersion. At these scales,accurate treatment of the

formation of stars and the resultant feedback is required, which prevents us from di-

rectly studying the accretion of gas on to the cluster and thetrue mass of the clusters

themselves. Since our framework applies to any collisionless component of matter,

we need only use a suitable globular cluster tracer throughout the simulation to il-

lustrate it in a cosmological context. Therefore, in the following setup, we use only

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

4.3.1 Accretion

Since we cannot directly measure accretion on to a star cluster as it passes through

the gas-rich centre of the dwarf, we use the first-order estimate of Bondi & Hoyle

(1944):

Ṁ ≃ 2απ
G2M2

(v2rel + c2s)
3/2

ρ̄, (4.1)

whereM is the mass of the cluster,̄ρ is the ambient gas density,vrel is the rela-

tive velocity between the cluster and the gas, andcs is the sound speed of the gas.

The numerical factorα lies between 1 and 2 for most cases (Bondi & Hoyle, 1944;

Bondi, 1952), but we have assumed unity so that we may be conservative in our es-

timate of the accretion rate. Since we cannot directly measure the local gas density

and temperature, we average the gas particle properties over a 35 pc sphere around

the centre of mass of each cluster in each simulation snapshot. This is the typi-

cal tidal radius for the MW clusters (Harris, 1996) derived from the King surface

density profiles (King, 1962, 1966), and similar to the maximum accretion radius

derived from Equation (4.1) for a 106 M⊙ cluster and a sound speed of 10 km s−1.
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To compute the bulk relative velocity, we use the mass-weighted relative velocity

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

~vrel =

∑

mi(~vi − ~vcom)
∑

mi
, (4.2)

for all gas particles within the 35 pc sphere whose temperature is below1.5×104 K.

The original derivation of Equation (4.1) was for spherically symmetric ac-

cretion of a point mass moving through a uniform medium whoseproperties were

measured very far from the point mass. Lin & Murray (2007) have shown that

for extended mass distributions whether Equation (4.1) applies to the cluster as a

whole, or to individual stars within the cluster, depends onthe internal velocity dis-

tribution of the stars. Although we cannot directly measurethe velocity distribution

of the stars within the four clusters, the functional form ofthe accretion rate is pre-

served in both scenarios (Lin & Murray, 2007). Any uncertainty will be contained

mainly inα, which requires detailed numerical study (e.g. Naiman, Ramirez-Ruiz

& Lin, 2011). Since each of the four clusters spends significant time with relative

speeds of 20–30 km s−1 with respect to the surrounding gas, and given the spherical

symmetry of globular clusters, Equation (4.1) should give agood estimate of the

amount of gas accreted by a globular cluster moving through regions of dense gas

(Conroy & Spergel, 2011).

Once the gas has accreted on to the ‘surface’ of a globular cluster, it should

disperse throughout the cluster on a very short time-scale.Using a mean half-

mass radius of 4.3 pc (Harris, 1996) and a typical sound speedof 10 km s−1 yields

a crossing time of 0.4 Myr. This is significantly shorter thanthe cooling time for

the accreted gas and the onset of star formation, which is expected to last 2–3 Myr

(e.g. D’Ercole et al., 2008; Bekki, 2011), which is still shorter than the 10–20 Myr
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length of a typical accretion event experienced by the four clusters. Thus, once gas

is accreted it will quickly condense to the centre of the cluster and begin to form

stars.

4.3.1.1 Pollution Source

We will assume that AGB stars are the source of the pollutantsresponsible for

the light element abundance dispersion (e.g. Denisenkov & Denisenkova, 1989;

D’Antona & Caloi, 2008), and that the winds from these stars distribute the pol-

lutants. However, our framework is not tied to a specific polluter and so will be

applicable regardless of whether AGB stars are the true culprit; all that we require

is that the source is present within the dwarf galaxy. Most ofthe stars within the

dwarf galaxy are found within 1 kpc (Maxwell et al., 2012) andthe escape velocity

from this radius is 60 km s−1, so we can safely assume that the AGB wind will stay

bound to the galaxy.

Recently, Larsen, Strader & Brodie (2012) suggested that the star formation

history of Fornax placed severe constraints on the AGB mass available. Although

the simulation of Mashchenko, Wadsley & Couchman (2008) didnot track the light

element abundances of individual gas particles due to AGB feedback, we can verify

that the star formation history of the dwarf galaxy would satisfy even the highest

observed fraction of second generation — in other words, polluted — stars by mass.

Since the star particles formed in the Mashchenko, Wadsley &Couchman (2008)

simulation represent many stars, we must integrate over theIMF to obtain the frac-

tion of each star particle that would be expected to contribute to enriching the sur-

rounding gas. Given the uncertainties in AGB yields, we willfocus only on the

3–6 M⊙ mass range (e.g. Ventura et al., 2001), although 6–8 M⊙ stars may also be a
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contributor (e.g. D’Ercole et al., 2012). Using a typical power-law indexα = −2.3

(Salpeter, 1955; Miller & Scalo, 1979; Kroupa, 2001; Chabrier, 2003) 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 M⊙ would add roughly an extra 3 M⊙ per 100 M⊙.

Assuming AGB stars lose at least 10 per cent of their initial mass over a period of

30–100 Myr yields a mean wind-loss rate of 10−2 M⊙ hinspace Myr−1. Convert-

ing the star formation history of the dwarf into an AGB ejectahistory yields over

105 M⊙ of pure AGB ejecta within 1 kpc over a few Myr.

In order to determine if this satisfies the observational constraints, we searched

the literature (Ramı́rez & Cohen, 2002, 2003; Cohen & Meléndez, 2005; Cohen &

Melendez, 2005; Carretta et al., 2006, 2007b,a,c, 2009c,b)for spectroscopic mea-

surements of the Na–O anti correlation, and follow Carrettaet al. (2009c) by split-

ting the stars into three components. We then used their simple dilution 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 anticorrelation. In other words, a clus-

ter whose final mass is4× 106 M⊙ cluster with half of the stars showing signatures

of enrichment would only require1.5 × 105 M⊙ of AGB ejecta. Furthermore, the

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

tdiff ∼
1 kpc
vwind

≃ 24Myr.

This suggests that there may be inhomogeneity in the amount of enrichment within

the gas pool from which a cluster may accrete, further diversifying 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 clusterstraced within the

simulation, we numerically integrate Equation (4.1):

M(t) =

∫ t

to

Ṁdt′. (4.3)

We start the integration 30 Myr after the formation of each cluster since this rep-

resents the end of the SNe phase which will sweep out any residual gas from the

formation of the initial stellar population. This allows sufficient time for the gas that

formed the first generation cluster stars to be swept away by Type II supernovae.

This is supported by the observation that the majority of thestar formation within

the simulation occurs in bursts separated by 50–100 Myr (Maxwell et al., 2012).

Since the mass growth is highly non-linear, we will represent it as the per-

centage increase in mass as a function of time:

M(t)−M(to)

M(to)
× per cent, (4.4)

whereM(to) corresponds to the initial cluster mass. This is shown in Fig. 4.1,

for three different initial masses:5 × 105 M⊙ as the solid line,106 M⊙ as the short

dashed line, and2 × 106 M⊙ as the long dashed line. The abscissa has been set to

start at the formation time of each cluster. Each cluster experiences wildly different

growth rates, despite living in the same dynamic halo.

First, the most massive clusters will accrete the most material at later times.

It has been observed that the strength of the Na–O anticorrelation in globular clus-

ters is correlated with the cluster mass (e.g. Recio-Blancoet al., 2006; Carretta

et al., 2009b,a). Furthermore, the extent of the Na–O anticorrelation can be repro-
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Figure 4.1: The percentage increase in mass estimated from Equation (4.1) as a
function of time for the four clusters within the Mashchenko, Wadsley & Couchman
(2008) simulation. The three lines represent the three different initial masses:5 ×
105 M⊙ (solid),106 M⊙ (short dashed), and2×106 M⊙ (long dashed). The fraction
by which a cluster can increase its mass depends on the varying orbit, initial cluster
mass, and gas density within the Bondi–Hoyle radius.

duced using a model wherein one source of material, either the pure AGB ejecta or

the pristine gas, is diluted by the other. In other words, there exist two time-scales:

one for the accumulation of pristine material, and one for the accumulation of AGB

ejecta. Presumably, pristine material will accumulate at arate dependent on the

dwarf galaxy merger history, whereas the AGB ejecta will accumulate depending

on the star formation history. If the most massive clusters can accrete more gas for

a longer time during each pass through the centre, then our framework applied to

the Mashchenko, Wadsley & Couchman (2008) simulation suggests that the pris-

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

Secondly, the orbit of a cluster through its host dwarf progenitor primarily

determines its mass growth. The orbits of the clusters, shown in grey in Fig. 4.2,

grow with time due to the fluctuations in the gravitational potential induced by the

re-distribution of the central dark matter mass. This is a purely stochastic process,

since it depends on both the rate of gas accumulation in the dwarf progenitor cen-

tre, the star formation rate, and the supernovae rate. Each cluster will have a unique

accretion history, even within the same dwarf galaxy progenitor, due to the varying

number of AGB stars and their location within the dwarf, as well as the changing

orbit. This is consistent with the observation that the amount of light element en-

richment per MW globular cluster varies between 10 and 50 percent by mass (e.g.

Piotto et al., 2012).

Thus, we can consider the ratio of gas density to relative gasvelocity as

the accretion efficiency; a massive cluster passing quicklythrough a dense gas re-

gion may experience an accretion rate much lower than that ofa lower mass cluster

passing slowly through sparse pockets of gas. The mass increase experienced by a

cluster is a discontinuous process: clusters experience ‘growth spurts’ as they pass

through the centre of the dwarf galaxy progenitor where the densest gas is found.

The split main sequences within the globular clusters (e.g.Piotto et al., 2012) would

arise over time through the gradual combination of enrichedand pristine material

(e.g. Bedin et al., 2004; Piotto et al., 2005, 2007). The massgrowth cannot continue

indefinitely, however, as each boost in the cluster’s orbit means that its relative ve-

locity through the dwarf progenitor centre will increase, as shown in Fig. 4.2. The

black lines show the accretion rate given by Equation (4.1) as a function of time for

an initial mass of2× 106 M⊙.

Increasing the relative velocity of a cluster through densegas also increases
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Figure 4.2: The accretion rate for each of the four clusters predicted from Equation
(4.1) using an initial mass of 2×106 M⊙, shown in black. We have applied a boxcar
filter to the accretion rate to remove noise caused by the time-dependent sampling.
We have also plotted the cluster orbital radius in grey.

the probability that the clusters may experience ram pressure stripping. Although

Equation (4.1) does not take this into account, we can use thetemporal behaviour of

vrel of each cluster through the dense gas, shown in Fig. 4.3, to determine whether

the accreted gas is susceptible to removal by hydrodynamic forces. Stripping will

occur for globular clusters when the pressure of the accreted gas is less than the ram

pressure of the ISM as it flows past the cluster. Ignoring the cooling and gravita-

tional collapse of the accreted gas, this condition is satisfied whenvrel & vesc, the

cluster escape velocity, for most situations (Mori & Burkert, 2000). In Fig. 4.3, this

is represented by the three horizontal lines which correspond to the escape velocity

from 10 pc for each of the cluster masses used in Fig. 4.1. It isclear that each
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Figure 4.3: The filled circles represent the temporal behaviour of vrel. The three
solid lines represent escape velocities from 10 pc for each of the three cluster masses
used in Fig. 4.1.

cluster spends a significant amount of time within 35 pc of gaswith relative speeds

of 20–30 km s−1.

In general, the initial orbit of the cluster will significantly affect the ability

for enriched gas to be accreted. The three clusters with the largest orbits would have

accreted 10–20% of their initial mass, despite making multiple passes through the

inner 100 pc of the dwarf galaxy progenitor. The cluster withthe highest estimated

mass growth accretes much of its material during the 100 Myr when its orbit is least

eccentric. Finally, it experiences a huge energy boost thatejects the cluster past

300 pc, and were the simulation continued, it would probablyexperience 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 multiple populations in

dwarf galaxies. In this framework, the high-redshift progenitors of dwarf galax-

ies are the formation sites of globular clusters with light element abundance dis-

persions. The deeper potential well of the dwarf progenitors can easily retain the

winds from AGB stars, thought to be the most likely source of the polluting ma-

terial. Fluctuations in the gravitational potential, caused by the re-distribution of

matter by star formation feedback ocurring at the centres ofdwarf galaxies, will

drive growth in the clusters orbit. In time, it will make multiple passes through the

gas-rich dwarf centre, accreting a combination of pristineand polluted material.

We have examined this framework in the context of the first cosmological

simulation of a highly resolved dwarf galaxy. Our results suggest that this frame-

work broadly matches the mounting observational evidence of multiple populations

in many, if not all, globular clusters. It suggests a timeline for enrichment that

matches the dilution models used to explain the observed light element anticorre-

lations, such as that in Na–O, with the observation that moremassive clusters have

the largest abundance spreads. It also connects the stochastic nature of star for-

mation and feedback to the observed spread in the number of second generation

stars within each cluster, which is between 10 and 50 per centby mass. Finally, it

provides the clearest difference between our new frameworkand those previously

proposed, since our framework provides the blueprint to form the whole population

of globular clusters, not just those with heavy element abundance spreads. Thus,

there exists at least two modes of stellar cluster formationwithin dwarf galaxies:

the globular cluster channel and the stripped stellar nucleus channel.
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Chapter 5
Conclusions

The three preceding chapters within this thesis span a broadrange of topics in galac-

tic astrophysics. Stellar populations, the formation of globular clusters, the energy

budget for cusp destruction, element anomalies in globularclusters, star formation

feedback: all are areas of active research interest but rarely cross. In this chap-

ter I will describe how these chapters advance our understanding of these areas

and tie them together into a cohesive framework for further research. This thesis

began with a simple idea: if the simulation of Mashchenko et al. (2008) is a be-

lievable demonstration of the formation of a density core inan initially cuspy dark

matter halo, then how would the dynamical evolution of the stellar component be

affected? Both stars and dark matter particles are collisionless, and the core forma-

tion paradigm of Mashchenko et al. (2006) utilizes this feature to drive collisionless

matter out of the centre of the halo. It must also be pointed out that this thesis at no

point rules out more exotic theories, such as warm dark matter or self-interactions,

for the formation of cores in dark matter halos. Rather, it challenges these theories

by describing how baryons reshaping dark matter halos simultaneously explains

other astrophysical phenomena.
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The intent of Chapter 2 was to counter the main argument from Peñarrubia

et al. (2012) that the cumulative star formation history expected inΛCDM theory

was incompatible with the presence of dark matter cores in dwarf galaxy halos.

More specifically, Peñarrubia et al. argued that the cumulative supernova feedback

energy of the average dwarf galaxy could only produce dark matter cores if it was

converted entirely into dark matter orbital energy. By imposing a more physically

motivated boundary condition than that employed by Peñarrubia et al., the new cal-

culations presented in Chapter 2 showed that the energy required to form cores from

an initially cuspy halo is relatively low. Supernovae alonecan form dark matter

cores with no additional sources of feedback energy or modifications to the current

dark matter particle model. Consequently, any dwarf galaxythat experiences local-

ized star formation within dense gas near the bottom of the galactic potential should

form a dark matter core.

Chapter 2 also defined, for the first time, a measure of the coreradius that

is completely independent of the assumed dark matter density profile. This was

motivated by the difficulty of comparing the core radius estimates from different

works that, historically, have used the scale radius as the core radius. Instead, this

new core radius is defined by the slope of the density profile. If observations fail to

map the rotation profile far enough to resolve the outer slopeof the density profile,

it is difficult to constrain the scale radius which must be matched to the rollover

in density. Since our new definition is defined directly from measurable quantities

derived from the rotation profile (e.g.M andρ) it can be tightly constrained, even

with limited data.

The new energy difference between cusped and cored halos,∆E, calculated

in Chapter 2 can be traced to the choice ofrm, the radius at which both halos are

indistinguishable in terms of radial densityandtotal mass. A physical argument for
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normalizing both halos to a small fraction of the halo radiuscan be made: the effi-

ciency with which stellar feedback energy is transferred todark matter depends on

how significantly stars and gas contribute to the local gravitational potential. Nat-

urally, this will be in the centres of dark matter halos wherethe gas has condensed

to high enough densities to undergo star formation. This is an important distinction

between the work of Chapter 2 and that of Peñarrubia et al. (2012), because it leads

one to conclude that it is the distribution of dark matter within the centre of the halo

that sets the energy budget, andnot the large scale halo propertiesas previously

assumed.

The constraint that the radius where the two halos match be 2–3 times

the core radius was motivated by numerical experiment. Although dark matter

cores have been formed in both particle and grid hydrodynamic simulations (e.g.

Mashchenko et al., 2008; Teyssier et al., 2013; Madau et al.,2014), many of the

simulations have been done with the GASOLINE hydrodynamics code (Wadsley

et al., 2004) using a similar supernova feedback recipe (Stinson et al., 2006; Shen

et al., 2013). It remains for future work to determine whether the given ratio be-

tween the core and match radii is a robust prediction of the dark matter core forma-

tion process. A key question is how the parameterǫSN, the fraction of energy from

each type II supernova injected into the surrounding gas, determinesǫ, the ratio of

∆E to the cumulative supernova energy available (as determined by the total stellar

mass of the dwarf galaxy). It was shown in Chapter 2 that when averaged over the

cumulative star formation history:

ǫ =

∫

ǫ(t) dt,
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for dwarf galaxies such as Fornax the core formation processis extremely ineffi-

cient; as little as 0.1 per cent of the total feedback energy is required to make up the

energy difference between the pre- and post-core halo.

What determinesǫ(t), the time-dependent injection of stellar feedback en-

ergy into the dark matter, is still unknown, but it is clear that factors such as the halo

mass, gas density, star formation rate, and the merger history of the halo will be of

influence. Future exploration ofǫ(t) will require a combination of both cosmologi-

cal and idealized dark matter simulations. Idealized simulations are required since

cosmological simulations make it difficult to determine theproperties (both central

and large scale) of a given dark matter halo due to merger processes; tuneable pa-

rameters, such asǫSN, also require controlled study. It is also of interest to study

the dark matter core formation process with the many new numerical schemes ap-

proximating physical phenomena that have been incorporated into GASOLINE over

the past decade. Prescriptions for the ultra-violet background from the reionisation

of the universe (e.g. Haardt & Madau, 1996; Madau et al., 2004; Madau & Haardt,

2009; Haardt & Madau, 2012), the formation of molecular hydrogen (e.g. Chris-

tensen et al., 2012), entropy mixing of gas (e.g. Shen et al.,2010) and improvements

to the unresolved supernova-driven bubble phase (e.g. Keller et al., 2014) were not

in the original Mashchenko et al. (2008) simulation.

It is also unclear how the process of core formation in dark matter halos

actually works. Mashchenko et al. (2006) described a process in which the bulk gas

motions induced by star formation feedback acted as a resonant driver, swishing

back and forth through the halo centre ‘kicking’ dark matterparticles before be-

ing ejected from the centre; Mashchenko et al. (2008) showedthat dense gas knots

were indeed present in the centre of the simulated dwarf. Pontzen & Governato

(2012) characterized it in terms of an impulsive blowout — characteristic of the
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arguments put forward by Navarro et al. (1996) and Read & Gilmore (2005) — but

on a much smaller scale in terms of the total mass ejected fromthe galactic centre.

Both models, however, emphasize the periodic bulk motions that are synonymous

with ‘bursty’ star formation — peaks and troughs in the star formation rate repre-

sentative of the interplay between dense gas condensing to form stars and supernova

feedback blowing the dense gas away. Future study of these intricate details of the

core formation process is necessary, both in terms of numerical simulations and an-

alytic descriptions.

If only the central properties of the dark matter halo control the formation

of a core, as Chapter 2 suggests, then we can begin to understand certain global

properties of dark matter cores across all galactic morphology and environments.

In ΛCDM, the properties of both galaxies and dark matter halos are dependent on

the hierarchical formation history. Dark matter sub-halosaccreted onto the primary

halo will have their edges stripped by tidal forces as they sink deeper into the global

gravitational well, while gas is stripped from the galaxy asit feels the ram pressure

of the hot halo. These processes will significantly affect the global properties of a

dwarf galaxy as a function of environment, but are less likely to affect the central

properties of halos that host dwarf galaxies.

The fact that dark matter cores are observed in dwarf galaxies independent

of their environment is a logical conclusion of the work presented in Chapter 2.

Figure 2.5, where I have shown for the first time a prediction of core radius as a

function of stellar mass — as opposed to previous studies which focused on the

halo mass — is a reflection of this new focus on central properties. Recent cos-

mological simulations of cored dwarf galaxies by Shen et al.(2013) show similar

relations between stellar mass and dark matter core radius (Madau et al., 2014). It

must be stressed that in this discussion, where we focus largely on dwarfs, the to-
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tal stellar mass of the galaxy can be considered acentralproperty of the halo. A

key result of Chapter 3 is that a significant fraction of the star formation in a dwarf

galaxy at high redshift is within a few hundred parsecs of thecentre. This is con-

sistent with the fact that many dwarf galaxies contain theirtotal stellar mass within

roughly 500–1000 pc (Mateo, 1998; McConnachie, 2012).

Chapter 3 expands on these results by studying how the stellar population

would be affected as a dark matter core forms within the halo.In fact, it is more

appropriate to consider how collisionless particles — bothstars and dark matter —

evolve as the central gravitational potential is perturbed. If this process does not

discriminate between stars and dark matter as expected, then their density profiles

should be similar. Thus, the presence of a dark matter core should signal the pres-

ence of a stellar core. Furthermore, the stellar radius of the dwarf galaxy should

be commensurate with the dark matter core radius1 since the central stars should

migrate out of the centre. Although Chapter 3 used the simulation of Mashchenko

et al. (2008) to demonstrate that both the central stellar and dark matter particle or-

bits evolve similarly, it has been verified by subsequent simulations (e.g. Governato

et al., 2014). The combined results of Chapters 2 and 3 are a significant contribution

to our understanding of the formation of dark matter cores and the dwarf galaxies

which are hosted within them.

Since∆E depends sensitively onrm, which the first two chapters of this

thesis argue is much less than the halo radius, and the concentration of the halo

(which also sets the total mass withinrm, see Chapter 2) we can begin to under-

stand certain stellar properties of dwarf galaxies. Small dark matter cores (of order

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

1Or, more precisely, with the halo match radius if the previous correlation between the core and
match radius holds.
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simulation showed a sizable core forming within roughly 100Myr — without hav-

ing to invoke high star formation rates. The rapidity of thisprocess also prevents

strongly cusped stellar density distributions (termed stellar nuclei), despite the fact

that most of the star formation is within 200 pc in the Mashchenko et al. (2008) sim-

ulations. If this process continues unabated, it would naturally explain the stellar

age and metallicity gradients found within the Local Group dwarf galaxies; these

gradients, along with the presence of dark matter cores and the absence of stellar

nuclei in dwarf galaxies, are synonymous with central cyclic star formation.

Since initially small cores will form quickly, it is expected that most cored

dark matter halos will survive the hierarchical merger process. The phase space

evolution of a merger between two collisionless halos will preserve the steepest

cusp after relaxation (Dehnen, 2005); however, the relatively low values of∆E —

and thus the rapid formation rate of a dark matter core — suggest that many of the

low mass dark matter halos are cored relatively early. Even the accretion of a dark

matter cusp will not prevent the formation of a dark matter core so long as cyclic

star formation can occur post merger and drive bulk gas motions significant enough

to perturb the gravitational potential. Although Chapters2 and 3 have presented

a global overview of the process of core formation, by studying the dark matter

cores and detailed star formation histories of individual dwarf galaxies it should be

possible to constrainǫ. Unfortunately, there is currently no comprehensive studyof

the central slopes of dark matter halos due to the difficulty in measuring them from

stellar kinematic data (e.g. Walker & Peñarrubia, 2011, and references therein).

An attractive alternative for constrainingǫ can be developed directly from

Chapter 3. A large number of early type galaxies from the Fornax and Virgo Clus-

ters Surveys (Côté et al., 2004; Jordán et al., 2007) havehad their surface brightness

profiles mapped (e.g. Ferrarese et al., 2006; Côté et al., 2007). Glass et al. (2011)
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showed that distribution of the inner slopes of thestellar density profiles for these

galaxies exhibit a continuous spread from flat to cusped (0 < γ∗ < 1), and a sub-

sequent study by Turner et al. (2012) quantified the ‘strength’ of the stellar nucleus

in the dwarfs. If the properties of the central stellar and dark matter densities are

indeed connected, as argued in Chapter 3, then observationsof stellar kinematics

within these galaxies (e.g. Toloba et al., 2011; Ryś et al.,2013; Toloba et al., 2014)

should be able to verify this. Not only would stellar brightness profiles become a

powerful tool for probing the structure of dark matter halosin dwarf galaxies where

kinematic data are unavailable, but, more importantly, they could be used to set

powerful constraints on the nature of the core formation process in dark matter ha-

los. Whereas the proposed core formation paradigm of Mashchenko et al. (2006)

explains the connection between stellar and dark matter density as due to their col-

lisionless nature, it is unclear whether warm dark matter orother core formation

theories make similar predictions.

Aside from differentiating between the various solutions to the core-cusp

problem, determining what setsǫ for a given dwarf galaxy would further progress

our understanding of the formation of dark matter cores. First, it would help clarify

how the growth of the core is limited, given that Chapter 2 suggests the growth of

the core is unbounded. There may be a preferred shape and depth to the gravita-

tional potential — determined by the properties of the wholehalo (see Chapter 2)

— that allows the most energy to be transferred from the supernova-driven bulk

motions of the gas to the collisionless particles. Quenching of star formation or gas

accretion might also inhibit core growth.

We can thus conclude from Chapters 2 and 3 that the central stellar and dark

matter densities can easily be reduced given the average present day stellar mass

in dwarf galaxies. Forming cores in dark matter halos is a possible solution to the
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Too Big to Failproblem (Boylan-Kolchin et al., 2011) since cored densities have

reduced rotation profiles compared to the cuspy halos predicted in dark-matter-

only simulations (e.g. Zolotov et al., 2012; Brooks & Zolotov, 2014). Reducing

the efficiency of star formation in simulated dwarfs which should not prevent dark

matter cores from forming given the modest energy requirements, contrary to the

arguments of Boylan-Kolchin et al. (2012). The corresponding dark matter density

decrease (ρc/ρo) when transitioning from the cusp to a core is typically 2–5 times,

relieving the inherent mismatch between dwarf galaxy luminosity and central mass

densities. A similar decrease should be present in the stellar density as well, pro-

ducing low surface brightness dwarf galaxies along with cored dark matter halos.

Another key result of Chapter 3 is the realization that stellar clusters might

survive the chaotic churning of the dense gas within the centre of the dwarf galaxy,

as seen in the Mashchenko et al. (2008) simulation. The massive amount of high

density gas that will collect in the centre will naturally lead to clustered star forma-

tion, which in turn will provide the energy necessary to drive the perturbations in

the gravitational potential. If these simulated clusters are the precursors to present-

day globular clusters, it would explain why dwarf galaxies host globular clusters on

large orbits; rather than forming at the edges of the dwarf, their orbits were driven

there. Fornax, unlike many of the other Local Group dwarf galaxies, hosts five glob-

ular clusters (Hodge, 1961). The same process that places these globular clusters

on such large orbits also aids their survival. Any massive body moving through a

density distribution will undergo dynamical friction: thegravitational wake creates

an over-density behind the massive particle, resulting in gravitational deceleration.

Dynamical friction thus depends on the mass of the body, the local mass density,

and the relative velocity between the two. If Fornax hosted adark matter cusp, a

massive globular cluster would be expected to spiral into the centre of the galaxy in
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a short 1–2 Gyr, but a cored density distribution considerably lengthens the time it

takes for the cluster to sink (Goerdt et al., 2006).

Although Fornax is the exception and not the rule for Local Group dwarfs

when it comes to hosting globular clusters, many of the dwarfgalaxies surveyed

in the Fornax and Virgo clusters possess globular clusters as well (e.g. Peng et al.,

2008). Future work is needed in order to determine what factors affect the forma-

tion of globular clusters within dwarfs and their orbital evolution. Stellar mass may

be a factor; Fornax’s stellar mass is 10–100 times larger than many of the dwarfs

of the Local Group but 10–100 times less massive than many of the dwarfs in the

Virgo and Fornax galaxy clusters. If we consider the estimates of∆E from Chap-

ter 2, a global average value ofǫ sets the minimum stellar mass required to form a

core in a given dark matter halo. Conversely, collisionlessdark matter halos (and

by extension, stars) can contract to higher densities adiabatically if an increase in

gas density significantly deepens the central gravitational potential (e.g. Sellwood,

2003; Dubinski et al., 2009). The bulk motions driven in the gas by star formation

feedback may become ineffective if the halo mass grows.

Establishing where these upper and lower stellar mass bounds exist, and un-

der what conditions a core may or may not form, will shed lighton how the diverse

range of stellar light profiles, dark matter core sizes, and globular cluster counts

arise in dwarf galaxies. Inhibiting the growth of a dark matter core may lead to

cuspy stellar brightness profiles by preventing the recently formed stars from leav-

ing the centre, or decrease the time required for star clusters to spiral into the centre;

this would explain the parallels found between globular cluster and compact dwarf

galaxy light profiles (Haşegan et al., 2005). The accretionof dense dark matter ha-

los or star clusters would also lead to cuspy profiles across all stellar mass ranges.

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

The typical dwarf galaxy dark matter halo is between109–1010 M⊙, which

corresponds to a virial temperature of 4000–22000 K and virial speeds of 10–30 km s−1.

The background UV flux responsible for the reionisation of the universe will heat

the cold dense gas within these dwarf galaxies to similar temperatures. Thus, it

is expected (and verified by cosmological simulations) thatUV reionisation would

suppress dense central star formation in dwarf galaxies. Self-shielding by atoms

and molecules in dense clouds could alleviate this problem.The ability for a globu-

lar cluster to form might be inhibited by the efficiency with which a molecular cloud

self shields. A prescription for self-shielding by atomic and molecular gas has been

implemented in the hydrodynamics code GASOLINE (Wadsley et al., 2004), but it

is resolution dependent (Christensen et al., 2012).

A simple way to estimate self-shielding of molecular hydrogen gas has been

provided by Draine & Bertoldi (1996) and is used both in the Christensen et al.

(2012) implementation as well as others (e.g. Gnedin et al.,2009). It requires a

physically accurate estimate of the column density betweenthe molecular cloud and

all radiation sources. In GASOLINE, this is proxied by the product of the density and

resolution element of a gas particle. Unfortunately, this leads to systematically low

column densities if both the resolution length and gas particle mass are smaller than

the typical size scale and mass of a typical cloud. An ad hoc solution would be to

impose a minimum length scale defined by the size of molecularclouds. However,

an improved method for estimating the column density is currently being imple-

mented in GASOLINE (R. M. Woods et. al.,in prep.). It should then be possible to

study how the large scale properties of star forming regionsaffect the ability for a

core to form, especially in dense galactic environments.

The large sample of dwarf galaxies from the Local Group and the Fornax
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and Virgo galaxy clusters emphasizes diversity in many galaxy properties. One can-

not, however, discount the various gravitational interactions in these high density

environments that can significantly alter the dynamic properties of matter, both lu-

minous and dark, within these galaxies. There have been a number of Low Surface

Brightness (LSB) galaxies identified within 50 Mpc, and theyare largely isolated

from other galaxies. Like many of the dwarf galaxies in the Local Group, they

are hosted within cored dark matter halos; unlike most dwarfgalaxies, they exhibit

signs of current star formation. These LSBs may represent a new tool for studying

the core formation process free of many of the complicationsthat arise in high den-

sity environs2.

Chapter 4 of this thesis represents an extension of the solution to the core-

cusp problem to a seemingly unconnected problem found in theMilky Way globular

clusters. If globular clusters are not the archetypal simple stellar population, form-

ing in one place at the same time with the same initial elemental abundances, then

the dynamic centre of high redshift dwarf galaxies may be their true site of forma-

tion. Since star clusters are expected to gain orbital energy from stellar feedback,

they will naturally make multiple passes through the centreof the dwarf galaxy. It

is expected that ejecta from the old stars within the dwarf galaxy and accreted gas

from the surrounding cosmic web will continuously collect and mix in the centre;

the stellar clusters would theoretically be able to accreteenough of this material

to form a second generation of stars. Chapter 4 shows that this is plausible given

simulations which exhibit dark matter core formation. Furthermore, the accretion

would be discontinuous and eventually quenched as the relative velocity between

the cluster and the surrounding gas grows. These facets of the model are consis-

2To that end, I have been on two (albeit unsuccessful) proposals — one to the Canada-France-
Hawaii Telescope (Proposal ID 14AC014) and one to the HubbleSpace Telescope (Cycle 22, Pro-
posal ID 815) — to detect globular clusters in these galaxiesand study their global properties.
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tent with the current observations of multiple populationsin Globular Clusters: the

spread in both ages and abundances suggest the second population formed in dis-

tinct bursts very shortly after the first generation. Finally, these anomalous clusters

are driven to the edges of their host dwarf galaxies where they can then be easily

accreted onto the stellar halos of more massive galaxies.

Although Chapter 4 is an attractive model for the formation of multiple

populations, more work will be required to validate the theory. A more quantitative

study will determine whether the efficiency by which stellarclusters accrete ma-

terial on each pass through the centre of the dwarf galaxy, and the fraction of the

accreted material that actually forms stars, can viably satisfy these observational

constraints. Recent studies of the sodium-oxygen anti-correlation in globular clus-

ters (e.g. Carretta et al., 2014) still show the significant spread discussed in Chapter

4. It is becoming increasingly evident that this is most likely due to spectroscopic

errors as photometric data consistently depicts well defined gaps in globular cluster

main sequences (e.g. Milone et al., 2014).

Dwarf galaxies represent the building blocks of larger galaxies in theΛCDM

cosmological model. As such, their dynamical evolution hasa significant impact on

our understanding of present-day galaxies. This thesis represents a cohesive study

of how many of the peculiar stellar properties evident in dwarf galaxies are tied to

the formation (or lack thereof) of a constant density core within the host dark matter

halos.
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Glass, L., Ferrarese, L., Côté, P., et al. 2011, ApJ, 726, 31

Gnedin, N. Y., Tassis, K., & Kravtsov, A. V. 2009, ApJ, 697, 55



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

Goerdt, T., Moore, B., Read, J. I., Stadel, J., & Zemp, M. 2006, MNRAS, 368, 1073

Governato, F., Weisz, D., Pontzen, A., et al. 2014, arXiv:1407.0022

Haardt, F., & Madau, P. 1996, ApJ, 461, 20

—. 2012, ApJ, 746, 125
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Peñarrubia, J., Pontzen, A., Walker, M. G., & Koposov, S. E.2012, ApJL, 759, L42

112



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