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Abstract

The puzzling problems of the Local Group dwarf
spheroidals; the fight for survival in the early
Universe.

Claire Rachel Cashmore

The dwarf spheroidal galaxies (dSphs) of our Local Group pose challenges to our theories
of galaxy formation and evolution in a ACDM Universe. Despite the wealth of
information available from these systems provided by their close proximity, little is
understood about their individual histories. The faintest dSphs host a single, ancient
stellar population, the formation of stars in these galaxies ceased billions of years ago and
they are devoid of gas. As these systems are so small, they are susceptible to gas loss,
however this cannot be a simple process due to the diverse range of properties they
exhibit, despite residing in haloes of the same mass.

In this thesis I address two processes resulting in gas removal at early times and attempt
to further our understanding of these systems by isolating each process. I use
hydrodynamical simulations to explore the impact of each process to asses their
significance and to identify the dominant influences on their evolution. Firstly I simulate
the effect of SNe feedback on dSph progenitors undergoing an initial burst of star
formation at high redshift (z~10) and the conditions under which they retain gas. In
order to host an extended burst of star formation the number of supernovae must be
lower than that expected if we assume star formation proceeds in a similar fashion to that
in larger galaxies. The impact of an AGN outflow originating from the Milky Way on the
surrounding dwarf galaxies is also simulated, which easily strips gas from these systems,
leaving behind a halo with an ancient stellar population. The difficulty of retaining gas in
the early Universe could be alleviated if they accreted gas during the period of extended
star formation. I investigate these three process in the context of isolated dwarfs.
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Chapter 1

Introduction

1.1 Dwarf Galaxies

Dwarf galaxies dominate the total galaxy population by number (Marzke and da Costa,
1997) and would have been even more numerous at earlier times (Ellis, 1997). As the first
bound objects in the universe, and the smallest substructures we can see today, under-
standing the evolution of dwarf galaxies is essential in order to understand the formation
and evolution of the larger galaxies resulting from the merging of these 'building blocks’
over time (Kauffmann and White, 1993). They are dark matter dominated (Strigari et al.,
2008; Wolf et al., 2010), making them important tools for studying the nature of dark
matter and testing long-standing theories on galaxy formation.

The Local Group (LG) consists of two large galaxies; our Galaxy, the Milky Way
(MW), Andromeda and numerous smaller satellites which orbit these galaxies. The brighter
satellites, the Large and Small Magellanic Clouds (LMC and SMC respectively,) were first
identified with the naked eye in 954 A.D. by Al Sufi, due to their close proximity and large
stellar masses. The fainter dwarf spheroidals (dSphs) were discovered gradually as they
were more difficult to detect: Sculptor in 1937 (Shapley, 1938) and Draco and Ursa Minor
around 1955 (Wilson, 1955). Prior to 2006, there were around 11 known satellites around
the Milky Way (including 9 dSphs), presently there are around 56 as recent surveys have

revealed a large population of low luminosity dwarfs.
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1.1.1 Types of dwarf galaxy

The local group dwarf galaxies can be split into three categories: (i)Dwarf spheroidals
are dominated by old or intermediate age stellar populations, spheroidal in morphology, lie
close to the host galaxy and are devoid of gas; (ii) Dwarf irregulars (dIrrs) also host younger
stellar populations, have an irregular morphology, lie further away from the host galaxy
and contain significant amounts of gas; and (iii) Transition types which have properties
common to both dSphs and dlIrrs, they contain gas but at a much lower level than that
of dIrrs, and they do not host ongoing star formation. These transition types would more
closely resemble dSphs than dIrrs if their gas was removed.

It is the dSphs that are the most puzzling as they contain no gas at all. There are
several processes which are capable of removing a significant mass of gas from dSphs which
lie close to the Milky Way, (discussed in detail in section 1.2). However, it is debatable
whether these processes would strip the galaxy of gas completely, even when combined, as
the gas residing in the centre of the galaxy is the densest and most difficult to remove. The
ultra faint dwarf galaxies (UF) are even fainter than the dwarf spheroidals, and resemble

them in both morphology and their ancient stellar populations.

1.1.2 The surprising diversity of the local group dSphs

The local group dSphs have a very diverse range of properties with stellar masses in the
range 103-10"M,, luminosities in the range 7x 103-2 x 10"L, and mean metallicities [Fe/H]
in the range -2.72 to -1 dex (McConnachie, 2012). The properties of the known dwarfs
which are satellites of the Milky Way are summarised in table 1.1. This diversity makes it
difficult to create a simple model which fits the formation and evolution of all of the dwarf
galaxies in the Local Group. All the known dSphs lie within ~300kpc of the Milky Way
(with a couple of exceptions such as Cetus and Tucana) enabling their brightest stars to be
studied with ground based telescopes, allowing accurate measurements of kinematics, star
formation histories and stellar populations. The star formation histories (SFHs) of a large
number of local group dwarfs have been measured using the colour magnitude diagram
synthesis method (Tolstoy et al., 2009). Kinematics and metallicities for large numbers
of individual stars have been obtained in dSphs by various methods (Tolstoy et al., 2006;
Simon and Geha, 2007; Martin et al., 2007; Walker et al., 2009d,b). It is difficult to compare
dwarf galaxies with ongoing star formation with those that are not currently undergoing

star formation as the methods used to measure their properties differ. The dSphs contain
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no gas, so their internal kinematics can only be determined from stellar velocity dispersions,
whereas dlrrs internal kinematics can be easily determined from the gas, and because of
their larger distances, measuring the stellar velocity dispersion is much more difficult.

The dSphs of the local group also have very different fractions and ages in their distinct
stellar populations, star formations histories (SFHs), metallicities and level of chemical
enrichment (Tolstoy et al., 2009; Weisz et al., 2014a). No two dwarf galaxies are alike. They
all contain stars that are more than 10Gyr old and they all have intermediate populations
around 1-10Gyr old regardless of their morphology. Younger populations tend to be more
centrally concentrated. Many also show spatial variations in age and metallicity. Fornax
and Sagittarius are the brightest (2 x 10°Ly) and most massive (M,=2 x 10"M) dSphs
and the only ones known to contain globular clusters (Hodge, 1961; Sarajedini and Layden,
1995). They both have strong metallicity and age gradients, with populations of young,
metal-rich stars residing in their centres. The observed mean metallicities are higher than
those of other dSphs, [Fe/H|] ~ —0.8 and —1 for Fornax and Sagittarius respectively,
showing evidence of more metal enrichment from the extended periods of star formation,
starting from > 10Gyr ago and lasting until ~ 2Gyr ago (possibly even more recently for
Fornax (de Boer et al., 2012a)). Sculptor and Leo I are both around ten times smaller than
Fornax and Sagittarius, and have quite different properties. Sculptor shows evidence for
continuous star formation from 14Gyr - 7Gyr ago with a steady increase in star formation
rate (SFR) (de Boer et al., 2012b). Like Fornax there is a gradient in age and metallicity,
with the youngest stars concentrated at the centre, and metallicity increasing smoothly
with age. However Leo I has two distinct bursts of star formation at ~ 3 and 12 Gyr ago,
and ~ 90% of stars are young - between 7 and 1 Gyr old (Gallart et al., 1999). There are
no gradients in age or metallicity, and there is negligible evidence for external influences
(Koch et al., 2007a), so it seems a relatively undisturbed dSph.

Carina is possibly the most interesting dSph, with three distinct bursts of star forma-
tion, the stellar population is dominated by the second generation and the star formation
rate in between these bursts is effectively zero (Hurley-Keller et al., 1998; de Boer et al.,
2014). Despite three separate populations, there has been relatively little chemical enrich-
ment with an average metallicity [Fe/H]= —1.7 (Koch et al., 2006). Each distinct burst
continued for a period of around 1Gyr. The distinct bursts and lack of enrichment suggests
that SN feedback could have been responsible for this pattern, as gas was ejected along
with a large fraction of metals after each burst.

In Draco 90% of the stars are > 10Gyr old, and some low level star formation continued
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until ~ 2Gyr ago , although there is no metallicity gradient observed (Aparicio et al., 2001).
Ursa Minor is similar to Draco with [Fe/H]= —1.9, no detected metallicity gradient, and
having 90% of its stars with ages > 13Gyr. It has been suggested that it possibly hosts
a pure old stellar population (Carrera et al., 2002), although there was low level star
formation up to 2Gyr ago. Sextans also appears to host only one old stellar population
with no observed stars younger than 12Gyr (Olszewski and Aaronson, 1985), although the
average metallicity of Sextans is [Fe/H]= —1.5 (Da Costa et al., 1991), so it has retained
more metals than Carina, even with only one burst of star formation.

The range in properties of the dSphs is surprising, as they are estimated to be embedded
in roughly the same mass dark matter haloes, having a total mass of ~ 10"Mg, in the central
300pc, regardless of their luminosity (Mateo, 1998; Mateo et al., 1993; Strigari et al., 2008;
Walker et al., 2009a). This trend does not extend to the ultra faints however, whose mass
is found to decrease with their luminosity, suggesting that they are hosted by less massive
haloes than the dSphs (Simon and Geha, 2007; Martin et al., 2007). With the number
of ultra faint dwarfs increasing, extending the luminosity to lower and lower values as the
detection limits of surveys improve, this suggests that if a minimum halo mass for galaxies
exists current observations don’t appear to have yet found it.

All dSphs contain stars, therefore at early times they must have contained significant
amounts of gas and could have resembled dIrrs. At some point gas was lost, star forma-
tion ended and through a combination of processes the dwarfs evolved into dSphs. The
differences in ages of stellar populations suggests that this happened at different times for
different galaxies. Dwarf spheroidals do have a common property with dwarf irregulars - an
exponential light distribution (Kormendy, 1985), which raised the suggestion that dSphs
may originate from dIrrs by a loss of gas through any/all of the mechanisms described in
section 1.2. However, Grebel et al. (2003) find there are fundamental differences between
the dSphs and dlrrs. The metallicity of dlrrs is too low for their luminosity compared to
the dSphs. This suggests that the dSphs, most of which have been quiescent for several bil-
lion years, experienced more efficient chemical enrichment at earlier times compared to the
dIrrs which host ongoing star formation presently. Therefore it is highly unlikely that dIrrs
(in which star formation and enrichment proceeds slowly over time) are dSph progenitors
which have retained their gas as the early evolution of these systems are different.

A link between the close proximity of the dSphs to the MW and the mechanisms caused
by the presence of the MW has been pointed out (van den Bergh, 1994), but there are

exceptions to this trend which are not explained. The Magellanic Clouds are dIrrs that
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are close to the MW, and Tucana and Cetus are dSphs which lie at distances of ~ 775
to 880pc respectively (Whiting et al., 1999; Castellani et al., 1996). From the diversity of
their properties, the evolution of the local group dwarfs is likely to be extremely complex
as these systems are influenced by multiple internal and external processes which depend
on many different variables, so a model which describes all of their properties will be very

challenging to create.

1.1.3 The local group dwarfs and the problems they present for
ACDM

The current cosmological model of dark energy and cold dark matter (ACDM), which de-
scribes the formation and growth of structure in the Universe has survived rigorous testing
through both observational and theoretical means. The current model provides excellent
agreement with observations of the cosmic microwave background radiation (CMB)(see,
e.g. Planck Collaboration et al., 2016a; Hinshaw et al., 2013), the lyman-alpha forest (Hern-
quist et al., 1996), and supernovae (Riess et al., 1998), as well as with simulations of large
scale structure (Davis et al., 1985). The properties of galaxies produced in simulations of
a ACDM universe are in generally good agreement with those observed (see, e.g. Schaye
et al., 2015; Ludlow et al., 2017). Although ACDM has been successful in reproducing
large scale structure in the Universe in simulations, there are some discrepancies regarding

the formation and growth of structure on the scales of dwarf galaxies.

e The 'Missing Satellite Problem’ (MSP).
Cosmological simulations predict the number of satellites around the Milky Way to be
an order of magnitude larger than those which we have observed (Klypin et al., 1999;
Moore et al., 1999). Simulations following the growth of dark matter substructures
predict ~300 satellites inside a 1.5Mpc radius around a MW sized halo, while the
number observed, although continually increasing, is an order of magnitude smaller
(presently around 55 - see table 1). Over the last decade surveys such as the Sloan
Digital Sky Survey (SDSS; York et al., 2000) and the dark energy survey(DES; Dark
Energy Survey Collaboration et al., 2016) have revealed a large population of ultra

faint dwarf galaxies in different areas of the sky.

The MSP was identified in 1999 when there were around 11 known dwarfs around
the Milky Way and this number was being compared to the number of subhaloes

found in dark matter only simulations, which by construction neglected baryonic

11



CHAPTER 1. INTRODUCTION 1.1. DWARF GALAXIES

processes. The number of known satellites of the Milky way has increased at least
five-fold over the last decade. It is therefore a possibility that the problem is not
that the satellites aren’t actually present around our Galaxy, but simply that they
haven’t yet been observed by surveys carried out to date due to their extremely low
surface brightnesses, especially if they lie at large distances (Koposov and Belokurov,
2008; Tollerud et al., 2008; Bullock et al., 2010). There are also other issues related
to observation bias such as the fact that not all areas of the sky have been targeted,
dwarfs which lie close to the plane of the Galaxy are difficult to observe, and fainter
dwarfs at large radii won’t be found as easily as the ones at smaller radii. When
considering the number and locations of dwarfs observed along with the incomplete-
ness of SDSS, Tollerud et al. (2008) estimate that this is consistent with there being
300-500 satellites brighter than Bootes II (M, = —2.7), and a total count of up to
2000, depending on assumptions. However, Hargis et al. (2014) found lower num-
bers when correcting for the known population of SDSS dwarfs, predicting 37 — 114
regular dwarfs with L > 103Ly, and 131 — 782 ’hyperfaint’ dwarfs with L < 103L,
within 300kpc over the entire sky. DES should be able to recover the full population
of satellites with L> 103L, along with increasing the number of hyperfaint dwarfs
within 300kpc. Indeed, the DES has revealed many new dwarf galaxies, exceeding
the number discovered in SDSS in just two years (see, e.g. Bechtol et al., 2015; Drlica-
Wagner et al., 2015; Kim and Jerjen, 2015). Other surveys have also increased the
numbers: for example Pan-STARRS 37 (Laevens et al., 2015b,a) and ATLAS (Tor-
realba et al., 2016b,a). Future surveys that will have the ability to go deeper are
expected to detect very faint satellites out to much larger distances from the MW,
observing the complete luminosity function out to the virial radius. Without a doubt,
surveys such as SDSS and DES have extended the dwarf galaxy regime to extremely
low luminosities and sizes, alleviating the MSP and greatly adding to the number of
satellites. Recent advances in simulations have shown that the inclusion of baryonic
physics (rather than dark matter only runs) can suppress star formation which can
lead to a significant number of low mass haloes at extremely low luminosities, making
them almost unobservable. It is possible these galaxies exist but have not yet been
observed. There is a limit to the smallest halo mass set by the free streaming length
of DM particles (see, e.g. Bond et al., 1980; Bond and Efstathiou, 1984; Schneider
et al., 2013), if there is a limit to the smallest size of a galaxy (DM and gas) then the

observations haven’t found it yet. Simulations which model baryonic physics have
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shown that the inclusion of processes such as stellar feedback and reionization also
make the problem less severe (discussed further below). It is not yet clear whether
the galaxies yet to be found in future surveys will be consistent with the predictions

made by ACDM, but the problem is certainly less severe than when first posed.

Free streaming length of DM set the smallest halo mass

e "Too Big To Fail’ (TBTF)
Although the MSP has a potential solution in that future surveys could detect many
more low luminosity dwarfs, the number of satellites is not the only issue. Some of
the largest satellites produced in dark matter only (DMO) cosmological simulations
are also missing. These satellites are too massive, with central densities too high
to be compatible with the satellites we presently observe. The ultra faint satellites
recently discovered are much too small to account for this. These missing massive
satellites are large enough to retain gas throughout the period of reionization and

early starbursts, hence they are dubbed "too big to fail”.

Observations of the brightest dSphs reveal central densities and circular velocities
which are lower than those of the most massive satellites (that could host dSphs)
produced in ACDM simulations (Boylan-Kolchin et al., 2011, 2012). ACDM correctly
predicts the abundance of satellites the size of the Magellanic clouds (Busha et al.,
2011) and dwarfs with circular velocities greater than 80kms ™! (Trujillo-Gomez et al.,
2011), the disagreements arise with satellites with 30kms™ <V_;,.. < 80kms™!, which
are present in simulations containing only dark matter (predicted number is 5-40 with
Veire > 25kms™!) but are not observed (see figure 2). These satellites should exist
in theory and be observable as their progenitors would have been some of the most
massive at early times, forming stars and avoiding suppression of star formation
from reionization due to their size. Abundance matching methods attempt to link
the dwarfs in cosmological simulations with those we observe by placing the most
the most luminous dwarfs in the most massive subhaloes in simulations, however
their properties don’t match. Several authors have suggested that the inclusion of
baryonic physics can also alleviate this issue, as baryonic processes can lower the
central masses of bright satellite galaxies (see, e.g. Zolotov et al., 2012; Brooks and

Zolotov, 2014, discussed in more detail below).

e 'Cusp-core’ problem

A third discrepancy is that the rotation curves of gas rich dwarf galaxies and the
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central kinematics of dSphs show evidence of a cored dark matter density profile
rather than a cuspy profile as predicted. Dark matter haloes are predicted to have
a universal density profile with a cuspy inner slope (o ~ 1) as seen in simulations
(Navarro et al., 1996b, 1997), whereas observations of gas-rich dwarf (low surface
brightness) galaxies show evidence of constant density cores (o ~ 0) (see, e.g. de
Blok et al., 2001; de Blok and Bosma, 2002; Kuzio de Naray et al., 2006; Oh et al.,
2008; Hague and Wilkinson, 2013). Constraining the dark matter profile for the dSphs
is more problematic, as in the absence of gas, stars are the only kinematic tracers of
the gravitational potential, making estimations difficult due to the small number of
stars and low luminosities. The literature contains claims of both cores (Battaglia
et al., 2008a; Oh et al., 2011; Walker and Penarrubia, 2011; Agnello and Evans, 2012;
Amorisco and Evans, 2012) and cusps (Strigari et al., 2010, 2014; Richardson and
Fairbairn, 2014), as well as suggestions that there is no clear evidence for either from
the current available data (Breddels and Helmi, 2013, 2014; Jardel and Gebhardt,
2013).

It has been shown the DM density profiles of dwarfs could have been transformed
from cusps to cores by SN feedback causing repeated fluctuations of the gravitational
potential (Governato et al., 2010, 2012; Pontzen and Governato, 2012). However,
Garrison-Kimmel et al. (2013) also investigated the central density profiles, and even
in the extreme cases they could not produce cored density profiles. It is likely there
is a range of profiles for the dwarfs in the local group, possibly due to the influence

of baryons (see section 1.2).

These three problems arise when comparing Milky Way type haloes in cosmological dark
matter only simulations (where the particles only interact through gravity) to observations
of the present day satellite population. Baryons certainly have an influence on the forma-
tion and evolution of all galaxies and their significant contribution is neglected in these
comparisons. Since they have been identified several authors have claimed to have made
progress towards solving these issues by improving cosmological simulations to explore the
influence of baryons on the final satellite population. The number of luminous satellites is
expected to be reduced by the presence of a photoionizing background (Babul and Rees,
1992; Thoul and Weinberg, 1996; Bullock et al., 2000) as the heating of the gas in low mass
haloes could suppress accretion of gas and subsequent star formation. In this picture, the
satellites we observe are those that accreted enough gas before reionization.

It has been suggested that the central density of the haloes of bright satellite galaxies
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could be lowered by repeated gas outflows driven by supernova feedback causing repeated
fluctuations in the gravitational potential (Mashchenko et al., 2008; Governato et al., 2012;
Pontzen and Governato, 2012; Di Cintio et al., 2014; Chan et al., 2015). This is only the
case for satellites massive enough to produce enough stars to allow for a sufficient amount
of energy to be deposited into the concentrated, central regions, generally galaxies with
stellar masses greater than M, ~ 10°M,. Lower mass satellites which are unable to
maintain bursty SFHs would not produce enough energy to form a core. Garrison-Kimmel
et al. (2013) found that for this process to reduce the central densities of larger satellites
enough to bring them into agreement with observations of the dSphs (effectively solving the
TBTF problem) required >40 000 SNe worth of energy which couples to the dark matter
with 100% efficiency which is unrealistic. A similar figure is found by Penarrubia et al.
(2012). These are still isolated studies of individual dwarfs, which neglect the baryonic
effects from the host halo which also has an influence of the evolution.

The ability of cosmological simulations to model baryonic processes is improving due to
increased resolution and more accurate stellar physics. Several recent studies have shown
that the presence of baryons does reduce the central densities of satellites compared to
dark matter only simulations (Zolotov et al., 2012; Brooks and Zolotov, 2014; Sawala et al.,
2016a) and bring them into agreement with observations. Generally they find that heating
from the UV background works to suppress star formation in ultra faint progenitors, and
the combined effects of stellar feedback and tidal stripping work to suppress star formation
in larger haloes, and reduce their central densities. These studies can only investigate
satellites down to their resolution limits, which is around M, ~ 105 — 10°M,, so although
they produce populations of subhaloes compatible with observations, both by number and
kinematics, this is only reliably tested down to M, ~ 10°M and the agreement with the
ultra faint dwarfs, and the processes which determine their formation and evolution are
still unclear. The formation of cusps is also still unclear from these simulations. Most of
the simulated satellites do not have a cored dark matter profile, however this may be due
to resolution issues. Even if a core is formed earlier on (the peak of star formation in low
mass haloes), the growth of the subhaloes via hierarchical merging with an unperturbed
halo would re-form the cusp (Dehnen, 2005). This is found in Onorbe et al. (2015) who
find that only dwarfs that form cores through stellar feedback at late times (z< 2) maintain
their core to the present day. A dwarf which has almost exclusively early star formation (all
stars formed by z= 3) may have hosted a core temporarily, but it gets erased by subsequent

accretion and mergers, suggesting that the formation of dark matter cores is a continuous
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rather than instantaneous process and is linked to late time star formation.

The task of modelling all baryonic effects and influences on the evolution of the satellites
is incredibly difficult due to the large dynamic range of scales which must be simulated.
It is clear the presence of baryons influences the central densities of satellites, but will the
simulations eventually be able to reconcile theory with observations? That is still unclear.
It still is not clear whether the reason for these problems is a lack of understanding of
baryonic effects upon dark matter haloes, or whether it is something more fundamental.

Real galaxies are the products of their unique formation histories and complex baryonic
processes will reshape the dark matter profiles in different ways dependant upon their
evolution, resulting in non-universal DM profiles at present day redshifts. Whether or not
all the discrepancies with ACDM on small scales are resolved with simulations of high
enough resolution to capture every baryonic process in detail is still unclear, but it is clear

the dwarfs have complex evolutionary histories.

1.2 Mechanisms for gas removal

All dSphs are devoid of gas (Greevich and Putman, 2009), even Fornax which has the
most recent star formation (Coleman and de Jong, 2008; de Boer et al., 2012a). There
are several ways of removing gas from dwarf galaxies as their shallow potential wells mean

these systems are easily influenced by both internal and external effects.

1.2.1 Photoionization

Photoionization by the ultra-violet background (UVB) during reionization in the early
universe has been suggested as a mechanism to inhibit the accretion of gas in low mass
haloes. Reionization began between z~ 10— 15 and was complete by z~ 6 (see, e.g. Planck
Collaboration et al., 2016b) and could have acted to heat low density gas before it was
accreted into the potential wells of dark matter haloes at high redshift. This heating would
ionize neutral hydrogen, which dominates the cooling of primordial gas, preventing the gas
from cooling and settling into low mass haloes, and hence acting to suppress star formation
or prevent it alltogether (Thoul and Weinberg, 1996; Bullock et al., 2000; Sawala et al.,
2015a). If a low mass halo had not formed any stars before reionization, these simulations
predict that the heating of the gas to a temperature higher than that of the halo virial
temperature could prevent the formation of a luminous satellite in that halo, leaving to a

population of dark haloes, devoid of gas and stars.
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There is still a debate around whether these galaxies survive reionization in the early
universe. It has been suggested that there is a characteristic mass scale below which
low mass haloes lose a significant fractions of their gas and remain dark, due to the gas
temperature at the virial radius (~ 6.5 x 10°Mg; see, Hoeft et al., 2006, 2008; Okamoto
et al., 2008b). Models predict that photoionization will have no effect on galaxies with
a circular velocity V. > 60kms™ (Benson et al., 2002), however satellites with vy <
60kms~! are observed, so this cannot be a simple process which eliminates all galaxies
below a certain mass. The faintest dSphs like Ursa Minor and Draco show evidence for
continuous star formation during and after the period of reionization. If reionization was
a significant event that influenced all low-mass structure, we would expect to see some
imprint of this on the star formation histories of the local group dSphs. However there
is no uniform signature in the observed dwarfs (Grebel and Gallagher, 2004; Weisz et al.,
2014b) to suggest a widespread event in all haloes below a certain mass: the star formation
histories of the local group dSphs are very different. This suggests that reionization was
not the dominant mechanism for the suppression of star formation, although it could have
reduced the star formation rate.

When modelling the epoch of reionization in cosmological simulations it is generally as-
sumed that the effect is homogeneous and instantaneous. In reality the process of reionizing
the intergalactic medium (IGM) would have been a gradual process with local variations in
the UVB, and the amount of heating each dwarf was subjected to would be dependant on
the local environment. It is thus unlikely that heating from the UVB would have had the
same effect on all subhaloes; infact it could have been one of the influences that produces
the diverse range of properties we observe in present day dwarfs.

Self-shielding has been shown to have a significant effect when reionization is modelled
with a radiative transfer code (Susa and Umemura, 2004), rather than being modelled using
similar assumptions to those described above. Baryons that have collapsed into high density
peaks before the onset of reionization are able to self-shield from the heating resulting in
them being able to continue to cool and form stars. It is the star formation that occurs
in haloes before the begining of reionization that is important for determining the final
stellar fraction, at least in the case of the fant dSphs which host predominentely old stellar
populations, (Ricotti and Gnedin, 2005). Self-shielding is quite a significant effect, yet it is
neglected in many cosmological simulations. In these large scale simulations however, the
collapse and cooling of baryons in the lowest mass haloes would not be modelled accurately

due to resolution limits.
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Sawala et al. (2010) confirm the importance of the ability of a halo to self-shield against
the UVB. Star formation before reionization is important, as those subhaloes that form
stars earlier and experience stellar feedback are more vulnerable to gas loss by heating
via the UVB, as this results in a larger fraction of low density gas which is more easily
removed, preventing the dwarf from self-shielding. The evolution of the faintest satellites
before reionization is important, and until these systems are well resolved in simulations it
is unclear how significant the effect of reionization is on the continuation of star formation

in a cosmological context.

1.2.2 Stellar Feedback

Feedback from massive stars interacting with the interstellar medium (ISM) has a big
influence on the evolution of the host galaxy. Large scale outflows have been observed
in high (Pettini et al., 2001) and low (Heckman et al., 1990, 2000) redshift galaxies with
velocities of hundreds of kms™!. Evidence for these outflows can also be found in the high
abundance of metals in the IGM (Cowie et al., 1995) and the low abundance of metals
contained in dSphs compared to that expected to be synthesised in SNe (Kirby et al.,
2011a). Feedback should be even more influential on dwarf galaxies due to their much
lower masses and shallower gravitational potential wells (Larson, 1974; Dekel and Silk,
1986). If winds from stellar feedback are able to inject the gas with enough energy, it could
be blown out of the galaxy completely, transporting the newly synthesised metals with it,
resulting in significant gas loss which could prevent further star formation. If the gas is
not able to escape the galaxy completely, feedback is still essential to the evolution of these
systems because of the scale of the outflows and the effect they have on the ISM, on star
formation, and on the transport of metals through the system.

Supernovae (SNe) feedback offers an explanation for the observed low surface bright-
nesses and low metal abundances of dSphs. Considering their low mass, it is questionable
whether dwarf galaxies would actually survive several supernovae explosions after an ini-
tial episode of star formation due to their low escape velocities, based on simple energy
arguments. However observations give evidence for complex star formation histories in sev-
eral distinct dwarf galaxies. Escape speeds from typical galaxies are hundreds of kms™!,
whereas from dwarfs it is tens of kms™!. The escape speed for a 10°M, halo with a radius
of 1kpc is 93kms~!. The energy needed to eject 5x 10°M,, of gas at this speed is ~ 40 x 1053
erg, equivalent to ~ 400 SNe. Therefore after an episode of star formation, a significant

proportion of the gas should have been injected with enough energy to eventually escape
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the galaxy.

There are several observations of outflows from star forming dwarf galaxies. Martin
(1996) observed a galactic-scale superbubble expanding at 30-60kms™! with an estimated
age of 15-27Myr and a scale of ~ 900pc. The galaxy, I Zw 18 (not in the local group)
is thought to be experiencing an initial burst of star formation, still forming stars from
primordial gas. Marlowe et al. (1995) observed seven dwarf galaxies with recent or ongoing
star formation and found kpc scale filaments and/or superbubbles, comparable to the
optical size of the galaxies with expansion speeds of around +/—50kms™. SN should
therefore have a substantial impact on the ISM of dwarf galaxies. However there are still
examples (e.g. Fornax) that show a rich, continuous SFH and central concentration of
young, metal rich stars, so metals and gas are not blown away in all cases.

The influence of stellar feedback on dwarf galaxies has been investigated by several
authors in both isolated (Read and Gilmore, 2005; Revaz et al., 2009; Sawala et al., 2010;
Governato et al., 2010, 2012; Read et al., 2016a) and cosmological conditions (Mashchenko
et al., 2008; Revaz and Jablonka, 2012; Shen et al., 2013) with mixed results. Sawala et al.
(2010) produce dwarfs similar to the Local Group dSphs, but fail to reproduce Fornax and
the ultra faints. They find two different age distributions in the resulting dwarfs, a single
burst of star formation lasting around 1Gyr, or an initial burst followed by a tail extended
over several Gyr. The inclusion of the effects of a UV background also suggest that the
observed variation in SFHs in the Local Group cannot by solely caused by small-scale
variations in the UV background, leaving SN feedback as a key influence on the evolution
of dwarfs at early times. Revaz and Jablonka (2012) successfully reproduce a variety of
SFHs and levels of chemical enrichment in dwarfs, however all of the resulting dwarfs
contain substantial amounts of gas at z=0.

The general consensus is that stellar feedback does have a significant influence on the
baryon fraction of the host galaxy, in dwarfs which are more massive than that expected
for a dSph progenitor. Larger dwarfs are able to form a large number of stars in a "bursty’
fashion, enabling energy injection over a continuous period (Governato et al., 2010, 2012;
Garrison-Kimmel et al., 2013). These simulations suggest that a continuous, bursty SFH
has a greater impact on the morphology of dwarf galaxies as it causes fluctuations in the
gravitational potential over time.

The results of the simulations for possible dSph progenitors are inconclusive given the
range of initial conditions and methods for simulating SNe feedback used. As resolution

limits the size of galaxies that can be investigated in cosmological simulations, the smallest
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galaxies at high redshift are often simulated in isolation requiring many assumptions about
the initial conditions. For example, some authors used cored density profiles for the dark
matter component initially, whereas it is generally expected that cores would form over
time as a result of baryonic processes. This means the initial gravitational potential is
lower than that for a cusped profile, allowing the SNe to have a greater impact on the host

galaxy.

1.2.3 Environmental effects: the influence of the Milky Way

The majority of satellites within 300kpc of the Milky Way contain no gas component (see,
e.g. Greevich and Putman, 2009). The dependance of gas deficiency on galactocentric
radius to a massive luminous host is thought to be evidence of the host galaxies’ influence

through tidal and/or ram pressure stripping (Bellazzini et al., 1996).

Tidal stripping

If the orbit of a satellite brings it close enough to the host galaxy the gravitational pull
from the host can exceed the gravitational pull from the satellite, resulting in the removal
of material from the outer regions, known as tidal stripping. The ’tidal radius’ outside of
which gas, stars and dark matter are removed depends upon the gravitational potential of
both the host galaxy and the satellite, the orbital radius of the satellite, and the orbital
shapes of the gas/stars/dark matter within the satellite (Read et al., 2006c). Gas and
stars stripped from satellites produce ’tidal streams’ which are visible in the Milky Way
halo. The Magellanic stream, identified in radio observations in the 1970s (Wannier et al.,
1972; Mathewson et al., 1974), is a giant stream of neutral gas trailing the large and small
Magellanic clouds. The stream consists of two gas filaments which extend over 140 degrees.
Information about the age and metallicity of this stream from observations have concluded
that the majority of the gas in one filament originates from the Small Magellanic Cloud and
would have been stripped around 2Gyr ago, while the other filament was likely stripped
from the Large Magellanic Cloud more recently (Fox et al., 2013; Richter et al., 2013). It
is unclear whether this stream is produced by tidal stripping alone as there are no stars
present; it is likely a combination of tidal and ram pressure stripping (discussed below).
The Sagittarius stream is a prominent stream of stars that have been stripped from the
Sagittarius dSph and spans a full 360 degrees, tracing its orbit around the Milky Way disk.
It was first identified by (Lynden-Bell and Lynden-Bell, 1995) and confirmed and analysed
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by (Newberg et al., 2002; Majewski et al., 2003). There are two branches of the stream
that correspond to material being stripped at different epochs (Belokurov et al., 2006b).

The effects of tidal stripping have been explored in simulations, revealing that the total
masses of satellites that fell into the halo could have been larger than the total masses
of the presently observed dSphs, resulting in the low masses and velocities we observe
presently (Read et al., 2006b). Cosmological N-body simulations (dark matter and stars)
have shown that gas rich disks can be transformed into dwarfs with properties that match
those of the present day dSphs and are in agreement with the current trends (see, e.g.
Kravtsov et al., 2004; Kazantzidis et al., 2011)

Ram pressure stripping

Ram pressure stripping occurs when a satellite passes through the hot intracluster medium
(ICM) of a galaxy cluster as first pointed out by Gunn and Gott (1972). The same process
happens on smaller scales with dwarf galaxies falling into the gaseous halo of their host
galaxies, being stripped by the hot gas that resides there. Gas can be removed from the
satellites when the incident gas pressure due to the relative velocities of the satellite and

the halo gas becomes stronger than the gravitational force of the satellites, resulting in it

2

being removed. The pressure can be estimated as: P,am ~ PhaioVsq

where p is the density
of the gaseous halo which the satellites is moving through and v is the relative speed of the
satellite with respect to the halo. This should be an effective mechanism for dwarf galaxies
due to their low masses and shallow gravitational potential wells. Note that ram pressure
stripping can remove gas from the satellite at all radii (if the conditions are met), whereas
tidal stripping can only remove gas outside of the tidal radius.

The stripping of dwarfs as they move through the gaseous halo has been explored
in hydrodynamical simulations. Simulations performed by Mayer et al. (2006a, 2007)
transformed gas-rich disks into gas-poor dSph type galaxies via a combination of ram
pressure and tidal stripping and assuming an early infall. The presence of a UVB increases
the gas loss through these processes by keeping it hot and extended and a Draco type dwarf
had been stripped of the entire gas content after around three pericentre passages. The
dwarf galaxies resulting from these simulations had comparable properties to those of Ursa
Minor and Draco. Analytical calculations by Nichols and Bland-Hawthorn (2011) suggest
that unassisted stripping, that is modelling stripping without modelling star formation and
stellar feedback, fails to account for the gas depletion of the dwarfs within ~ 250kpc by

an order of magnitude. Early star formation is required to heat the gas allowing it to be
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easily removed by the host galaxy.

For those dwarfs with orbits bringing them close to the MW and those that are close
enough to interact frequently with the MW, ram pressure stripping should easily remove
some gas at least from the edges of the dwarf where it is most loosely bound. However
removing the gas from the centre of the galaxy would be much more difficult. Dwarfs with
close orbits could experience several passages through the halo through their lifetimes,

enabling more gas to be stripped.

Summary

It is evident from observations of gas and stellar streams trailing dwarfs through the halo,
along with the simulations carried out to explore these processes, that several passages
close to the disk of the Milky Way can have a profound effect on the satellites whose orbits
bring them close enough. It is very unlikely these processes alone account for the complete
loss of gas in dSphs as they do not provide an explanation for the dSphs at radii greater
than 500kpc, Cetus and Tucana, if more than one pericentre passage is required to remove
the gas. The gas fraction of dwarf galaxies is dependant on the environment, Geha et al.
(2006) survey dwarfs containing gas in a wide range of enivironments and find that the
average gas fraction (ratio of gas mass to total baryonic mass) for stellar masses in the
range 10% — 109M, is fzas < 0.6. Dwarf galaxies with f,s < 0.4 (which make up 15 percent
of the sample) are found exclusively within 500kpc of a luminous host. The majority of
the dwarfs are presently forming stars, some of the gas fractions are as high as fsos = 95
percent, which is significantly higher than that for gas rich galaxies at higher luminosities.
This suggests that dwarfs are inefficient at turning their gas into stars.

When searching for quenched dwarfs in isolation Geha et al. (2012) find they are rare, as
the fraction of quenched galaxies decreases rapidly with increasing distance from a luminous
host. No quenched galaxies with a stellar mass in the range 10 — 10°M,, are found in the
field (masses below 10"M, could not be tested due to observational limitations); all galaxies
in this mass range are star forming. Most quenched galaxies in their sample in this mass
range are within two virial radii of a massive host, and 97 percent of all the the quenched
dwarfs in their sample are within four virial radii. In this study, Cetus and Tucana are
not classed as isolated galaxies as they are within 3-4 virial radii of the Milky Way, so it’s
possible they are still influenced by the host galaxy.

The scarcity of gas-free dwarfs in the field, isolated from the haloes of more luminous

galaxies suggests that although internal processes such as stellar feedback can reduce the
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gas fraction of dwarf galaxies, external processes are required to remove all the gas. These
studies however, focus on larger dwarfs, (the most massive dSphs have stellar masses close
to their lower limit), so it’s possible smaller dwarfs are found quenched in the field but
their luminosities are low and they are challenging to observe. From the available data
is it not clear whether a galaxy comparable in size to the dSphs or the ultra faint dwarfs
would become quenched in isolation.

Several models claim to be able to transform dSphs into dIrrs through mechanisms
both with and without the external influence from the Milky Way, leaving the solution
still unclear. Most of these models are focussing and reporting on a specific mechanisms
which neglects other significant processes. There are limitations to including every process
in detail in cosmological simulations, as resolving the faintest dwarfs in these large scale
simulations is problematic, so even if all relevant processes were included, they may not be
modelled accurately for the smallest objects.

The evidence points to low luminosity dwarf galaxies being extremely complicated
systems influenced by multiple internal and external processes by varying amounts to give
us the diverse range of properties that are presently observed. Any model that attempts
to explain the depletion of gas in the local group dwarfs must be take all of these processes
into account in order to see the bigger picture. It is also interesting that these processes
act on similar timescales, the internal dynamics, orbits of the dwarfs around their host,
and the timescales required for star formation are all in competition with each other. It
is the most dominant effects which will leave their mark on the evolution of the dwarfs,
as different mechanisms will have a different significance to different dwarfs, depending on
other properties such as their initial environment, their initial mass, the time they fell into
the halo of the Milky Way, the radius of their orbits and how many close passages they had
to the Milky disk. A model which describes the properties and evolution of these objects

will be very challenging to create.

Table 1.1: Summary of properties of the local group dSphs and UFs. The columns repre-

sent: (1) name of the dwarf, (2) type of dwarf, (3) heliocentric distance in kpc, (4) absolute

magnitude, (5) half light radius in pc, (6) velocity dispersion in kms™!, (7) metallicity.

Dwarf (1) Type (2) | Year (3) | Dy (4) | M, (5) | 7, (6) | o (7) | [Fe/H] (8)
Fornax dSph 1938, 147, -13.45 6683 11.7, | -0.995
Sagittarius dSph 1994 267 -13.27g | 2587* | 11.49 | -0.449

Continued on next page
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Table 1.1 —continued from previous page

Dwarf (1) Type (2) | Year (3) | Dy (4) | M, (5) | 7, (6) | o (7) | [Fe/H] (8)
Carina dSph 197711 10012 -9.13 2415 6.64 -1.59:3
Draco dSph 19544 7615 -8.7516 | 22115 | 9.147 -1.935
Ursa Minor dSph 19555 7619 -8.43 2805 9.599 -2.135
Sculptor dSph 1938, 8691 -11.15 2605 9.24 -1.685
Leo I dSph 195045 25455 -12.05 2463 9.294 -1.435
Leo II dSph 195099 23395 -9.83 1515 6.626 -1.625
Sextans dSph 199027 8697 -9.33 6823 7.9, -1.935
Cetus dSph 1999.5 780499 -11.3390 | 60039 | 1751 -1.95;
Tucana dSph 19903 89049 -9.5b33 | 27033 | 15.834 | -1.82 33
Coma Berenicies | dSph 200635 4435 -4.146 7716 4.63¢ -2.605
Canes Venatici dSph 200637 22037 -8.616 56416 | 7.636 -1.985
Canes Venatici II | dSph 2000635 16035 -4.9¢6 T4 4.636 -2.215
Hercules dSph 200635 13239 -6.61¢ 33016 | 3.740 -2.415
Leo IV dSph 200635 1544, -5.842 20642 | 3.336 -2.545
Leo V dSph 2007 44 17844 -5.240 13340 | 2443 -2.040
Ursa Major I dSph 200545 9746 -5.516 31816 | 11.947 | -2.18;5
Ursa Major 11 dSph 2000648 3048 -4.21¢ 14016 | 7.447 -2.475
Bootes 1 dSph 200649 6650 -6.316 24216 | 2.45 -2.559
Bootes 11 UF 200753 4216 -2.716 5116 10.554 | -1.7954
Bootes 111 UF 200955 4655 -5.856 14.057 | -2.157
Segue | UF 200635 2335 -1.546 294 3.758 -2.558
Segue 11 UF 200959 3559 -2.559 3459 3.459 -2.059
Pisces 11 UF 2010g0 18260 -5.060 6060 -1.9¢0
Wilman I UF 2005 ¢ 3816 -2.716 2516 4.347 -1.547
Reticulum II UF 201542 3063 -2.7¢3 3263 3.664 -2.5864
Reticulum III UF 20155 9265 -3.365 645
Eridanus II UF 201562 33062 -T. 166 27T¢6 | 6.967 -2.3867
Eridanus III UF 20154 77.668 -2.469 1169 -2.0163
Tucana II UF 201542 5769 -3.869 165¢9 | 8.669 -2.2369
Tucana III UF 201545 2565 -2.4¢5 4465 0.179 -2.42+
Tucana IV UF 201545 4865 -3.5¢5 12765

Continued on next page
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Table 1.1 —continued from previous page

Dwarf (1) Type (2) | Year (3) | Dy (4) | M, (5) | 7, (6) | o (7) | [Fe/H] (8)
Tucana V UF 2015¢5 5565 -1.6¢5 1765
Cetus II UF 201565 3065 0.0g5 17¢5
Horologium I UF 201549 7971 -3.47 3071 4.97¢ -2.7671
Horologium II UF 201579 7879 -2.679 4779 -2.179
Grus I UF 201543 12049 -3.4¢9 6269 <9.8g9 | -1.42¢9
Grus 11 UF 2015¢5 5365 -3.9¢5 9365
Columba I UF 201565 182¢5 -4.5¢5 10365
Indus II UF 2015¢5 214¢5 -4.3¢5 18165
Pictoris 1 UF 201545 12642 -3.762 4362
Pegasus I11 UF 201573 21574 -3.474 5374 5.474 -2.074
Draco II UF 201575 2075 -2.975 195 2.976 -2.275
Sagittarius 11 UF 201575 6775 -5.275 3875 -2.275
Triangulum IT UF 201577 3077 -1.877 3477 3.473 -2.278
Hydra II UF 201579 13479 -4.879 6879 <4.5gy | -2.02g
Pictoris 11 UF 2016g 45g0 -3.250 4650 -1.8g9
Crater II UF 2016g 117.5g9 | -8.2g9 1066g3 | ... -1.7%9
Aquarius II UF 201643 1083 -4.36g3 | 159s3 | H.4s3 -2.3s3
Virgo 1 UF 20164 8754 -0.8s4 3834

References for table 1.1: (1) Shapley (1938); (2) Pietrzynski et al. (2009); (3) Irwin
and Hatzidimitriou (1995); (4) Walker et al. (2009b); (5) Kirby et al. (2011c); (6) Ibata
et al. (1994); (7) Monaco et al. (2004); (8) Majewski et al. (2003); (9) Ibata et al. (1997);
(10) Chou et al. (2007); (11) Cannon et al. (1977); (12) Karachentsev et al. (2004); (13)
Norris et al. (2017); (14) Wilson (1955); (15)Bonanos et al. (2004); (16) Martin et al.
(2008); (17) Walker et al. (2007); (18) Wilson (1955); (19) Carrera et al. (2002); (20)
Walker et al. (2009a); (21) Pietrzynski et al. (2008); (22) Harrington and Wilson (1950);
(23) Bellazzini et al. (2004); (24) Mateo et al. (2008); (25) Bellazzini et al. (2005); (26)
Koch et al. (2007b); (27) Irwin et al. (1990); (28) Whiting et al. (1999); (29) Bernard
et al. (2009); (30) McConnachie and Irwin (2006); (31) Lewis et al. (2007); (32) Lavery
(1990); (33) Saviane et al. (1996); (34) Fraternali et al. (2009); (35) Belokurov et al.
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(2007); (36) Simon and Geha (2007); (37) Zucker et al. (2006b); (38) Greco et al. (2008);
(39) Coleman et al. (2007); (40) Adén et al. (2009); (41) Moretti et al. (2009); (42) de
Jong et al. (2010); (43) Walker et al. (2009¢c); (44) Belokurov et al. (2008); (45) Willman
et al. (2005b); (46) Okamoto et al. (2008a); (47) Martin et al. (2007); (48) Zucker et al.
(2006a); (49) Belokurov et al. (2006a); (50) Dall’Ora et al. (2006); (51) Koposov et al.
(2011); (52) Munoz et al. (2006); (53) Walsh et al. (2007); (54) Koch et al. (2009); (55)
Grillmair (2009); (56) Correnti et al. (2009); (57) Carlin et al. (2009); (58) Simon et al.
(2011); (59) Belokurov et al. (2009); (60) Belokurov et al. (2010); (61) Willman et al.
(2005a); (62) Bechtol et al. (2015); (63) Koposov et al. (2015b); (64) Walker et al. (2015);
(65) Drlica-Wagner et al. (2015),( 66) Crnojevi¢ et al. (2016); (67) Li et al. (2017); (68)
Luque et al. (2017); (69) Walker et al. (2016); (70), Simon et al. (2017); (71) Koposov
et al. (2015¢); (72) Kim and Jerjen (2015); (73) Kim et al. (2015); (74) Kim et al. (2016);
(75) Laevens et al. (2015b); (76) Martin et al. (2016); (77), Laevens et al. (2015a); (78)
Kirby et al. (2017); (79) Martin et al. (2015); (80) Kirby et al. (2015); (81) Drlica-Wagner
et al. (2016); (82) Torrealba et al. (2016b); (83) Torrealba et al. (2016a); (84) Homma
et al. (2016).

1.3 This thesis

The aim of this thesis is to explore gas removal in dSph progenitors through high reso-
lution simulations. In chapter 2.1 the methods for simulating baryonic and collisionless
components are described. Chapter 3 explores the impact of supernova feedback on iso-
lated dSph progenitors, where individual SNe explosions are resolved. Chapter 4 explores
an additional external influence from the host galaxy in which the dwarf is in orbit around
- the impact of a fast outflow resulting from active galactic nuclei (AGN). Chapter 5 ex-
plores the effect of gas accretion onto a dwarf and it’s ability to retain gas during an initial

burst of star formation, and finally the conclusions are summarised in chapter 6.
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Chapter 2

Hydrodynamical simulations

2.1 Astrophysical simulations

Numerical simulations of three dimensional self-gravitating fluids are an essential tool in
order to further our understanding of the formation and growth of structure in the universe.
Detailed observations can tell us many things about the galaxies we presently see, however
viewing them as a snapshot in time limits how much we can discover about their evolution
at early times. Theoretical models are required to reveal their evolutionary paths and the
circumstances of their formation.

To follow the evolution of each component of the universe (baryons, dark matter and
dark energy) from cosmological initial conditions through billions of years to the present
day, enabling us to compare with observations of the present day galaxy population re-
quires a large computational effort. Nbody simulations modelling only gravity marked
the beginning of a long line of work aiming to describe the complex physical processes
that shape the universe through the results of simulations. The rapid growth of computer
performance over the last couple of decades has resulted in larger simulation volumes be-
ing possible and has driven the implementation of more sophisticated algorithms enabling
baryons to be modelled alongside Nbody particles. The largest cosmological simulations to
date, the Millennium-XXL simulations (Angulo et al., 2012) use 303 billion particles in a
box of 4.1Gpc. Although simulations of this size are currently unfeasible for runs including
hydrodynamics due to the large increase in computing time required for the calculation
of baryonic processes (star formation, cooling etc), the size is continually increasing. The
Mlustrus simulations (Vogelsberger et al., 2014b,a; Genel et al., 2014) includes hydrody-

namical modelling and is 106Mpc on a side.
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Semi-analytical models have made significant progress in our understanding of galaxies,
reproducing several observables such as the galaxy mass luminosity function, the Tully-
Fisher relation and the galaxy morphology-density relation (see, e.g. Kauffmann et al.,
1993; Cole et al., 1994; Somerville and Primack, 1999; Cole et al., 2000; Springel et al.,
2001b; Somerville et al., 2008; Guo and White, 2009; Guo et al., 2011). However as they do
not explicitly model the hydrodynamics, instead using phenomenological models, approxi-
mating various physical processes with analytical models they are limited by not explicitly
modelling the fluid.

Although cosmological hydrodynamical simulations are much more computationally
challenging due to the inclusion of baryonic physics at such large dynamical ranges, they
generally reproduce a wide range of galactic properties at redshift zero. This includes the
galaxy luminosity function, the cosmic star formation rate density, the impact of galaxy
environment on red fractions of galaxies and galaxy morphology and colours. The lim-
itations of these simulations are their inability to resolve the smallest structures, where
discrepancies still lie (see 1.1.3). Resolution issues are somewhat alleviated when simula-
tions of single galaxies are performed, but as the scale gets smaller, better approximations
are needed for the subgrid physics describing processes like star formation and cooling.

Modelling galaxy formation requires the modelling of non-linear physics and a wide
variety of complex physical processes and progress is continually being made in the field as
computing power advances. On small scales however, this is not yet possible, and so it is
beneficial to isolate some issues to further understand the complex physical processes that
shape their evolution.

In this thesis I use a modified version of Gadget 2: GAlaxies with Dark mater and Gas
intEracT (Springel et al., 2001a; Springel, 2005) which uses the Nbody technique along
with smoothed particle hydrodynamics (SPH) to model hydrodynamics in isoalted dwarf
galaxies, below the scope of cosmological simulations. This chapter describes the code and
the modifications made to model further baryonic processes than those mentioned in the

code papers.

2.2 The Nbody Technique

Nbody simulations are the numerical solutions of the equations of motion for a system of N
particles which interact through gravity. They are used across a wide range of systems, from

small star clusters to galactic and cosmological scales. It is computationally challenging

28



CHAPTER 2. HYDRODYNAMICAL SIMULATIONS 2.2. THE NBODY TECHNIQUE

to compute the gravitational forces of a system containing a large number of particles
accurately and efficiently, making it difficult to model large scale structure formation like
galaxies and clusters.

Realistic systems contain many more particles than it is feasible to include for a com-
puter simulation. The collisionless Nbody approach models these systems using fewer par-
ticles, treating the underlying gravitational potential as a smooth disitribution, allowing

the gravitational potential to be solved using the mass density p, from Poisson’s equation:

V20 = 47Gp (2.1)

The exact solution to the gravitational force acting on a single particle taking into

account the contribution due to N other particles is:

N
r, — T
F;, = ; Gm; PR (2.2)

This is the direct summation approach, used in the first Nbody simulations modelling
very few particles by Peebles (1970); Press and Schechter (1974); White (1976, 1978). This
method is the most accurate but it comes with a large increase in computational cost. The
calculation requires a loop over N-1 particles for each particle in the simulation, resulting
in the time taken to calculate the gravitational force scaling with N2. While this is still
useful today for simulations with small N, like stellar clusters and planetary systems, it is
not feasible for galactic scale simulations. To overcome this issue, algorithms have been
designed to use approximations of the gravitational force allowing for a more efficient
computation.

Tree algorithms were first introduced by Appel (1985) and are Eulerian subdivisions of
space. Distant particles are arranged into a hierarchy of groups and the gravitational field
at a given point is computed by summing over the multipole expansions of these groups. It
is assumed that close encounters are not important (’collisionless’) and force contributions
from very distant particles do not need to be computed at very high accuracy. The time
taken to compute the gravitational force for these methods scales as NlogN, making it
much more feasible for large numbers of particles. This is the method used in the work for
this thesis and so the discussion is focused on this.

Gadget-2 models the dark matter and stellar components as self-gravitating, collision-
less fluids The collisionless Boltzmann equation describes the evolution of a collisionless

system and is used in conjunction with the poisson equation ( 2.1) to evolve the motion
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of the particles over time. The hierarchical multipole expansion method is used to com-
pute the gravitational forces of particles, specifically, the Barnes-Hut tree algorithm (BH,
Barnes and Hut, 1986). A root node which encompasses the whole mass distribution is
divided into eight smaller cubes of half a side length each, these are the 'nodes’ of the tree.
These nodes are then recursively subdivided until the "leaves’ of the tree are reached, which
contain a single particle. The total gravitational force for each particle is then calculated
by ’walking’ the tree, and obtaining the force contributions from each node. The decision
as to whether or not the multipole expansion should be continued along the branch is made
by defining the opening criterion. This assumes the absolute size of the true total force
is already known before the tree walk, in this case the total acceleration of the previous
timestep is used as an approximation. Then the requirement is that the estimated error of
an acceptable multipole approximation is some small fraction of this total force. Monopole
expansion of a node of mass M and size [ and a distance between the current particle to

the centre-of-mass of the node r is considered if:

GM (1\°
- — < .
w (5) =al (2.3

where « is a tolerance parameter (to make the result some fraction of the total force)
and |a| is the size of the total acceleration in the last timestep (Springel, 2005). If this
requirement is not met the cell is divided further and the process is repeated. When this
condition is true, no further cells are opened and the calculated contribution of the cell to
the total gravitational force is obtained.

As particles approach each other and the distance between them decreases equation
2.2 diverges and this leads to arbitraily large velocities. Close encounters between Nbody
particles do not represent close encounters between the physical particles being modelled,
and as the Nbody particles are much larger than those they represent (often by several
orders of magnitude in simulations on galactic scales), it leads to unphysical properties
from close encounters and the formation of artificial binaries. A softening is introduced to
the gravitational force on small scales, enabling the particle to represent a smooth mass
distribution rather than a point mass in order to avoid artificial properties. This is achieved
by describing the force of a particle as a smoothed distribution. The potential at a distance

r due to a group of particles each of mass m; and position x; can be calculated from

O(r) = -G > mug(|xi —1|), (2.4)
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where ¢(r) is the spline softened force law, which at large distances reverts back to the

Newtonian form g(r)=1/r.

o) = (1), (2.5)

Where 1 is less than a defined gravitational softening length, h, the Nbody particle is
replaced by a mass distribution, p(r) = mW(r; h) where W(r, h) is the normalized cubic
spline kernel (Monaghan and Lattanzio, 1985):

L=6 ()" +6()" 0<f<3
8
Wirh) =5 2(0-5)" b<i<l (2:6)
0, 7> 1L

Here, W is by calculated by substituting the density distribution p(r) = mW (r; h) into
equation 2.1. The inclusion of a softening length is also computationally convenient, as
it prevents the timesteps from becoming infinitesimally small due to close encounters and
artificial binaries. For more information on the choice of softening length used I direct the
reader to Power et al. (2003).

The tree algorithm represents an approximation of the true gravitational force, however
the error can be controlled by modifying the opening angle for tree nodes where higher

accuracy can be obtained by walking the tree to lower levels.

2.3 Smoothed Particle Hydrodynamics

Smoothed particle hydrodynamics is a common method of simulating fluids, originally
introduced by Lucy (1977) and Gingold and Monaghan (1977). It is a mesh-free Lagrangian
method, allowing the particles to move with the flow, rather than having a spatially fixed
grid, allowing for a large dynamical range. The density of the fluid is determined by
smoothing the density of the particles over a characteristic length scale - the smoothing
length - with a kernel function. The density is calculated as a weighted sum over its

neighbours, and the estimate for a given particle is given by:

N
Pi = ijw(‘rij‘ahi)a (2.7)

j=1
where r;; = r; - r; and W(r, h) is the SPH smoothing kernel (see section 2.3.2), which

drops to zero when r=h. The contributions of each particle to the density are therefore

31



CHAPTER 2. HYDRODYNAMICAL SIMULATIONS 2.3. SPH

weighted based on their distance from the particle of interest. The smoothing length of a

particle is adaptive, ensuring a constant mass within the kernel

47
Nsphmsph - ?hzsplv (28)

where Ny, is the number of neighbours and my, is the SPH particle mass. This ensures

the mass resolution is constant and independant of the density of the flow.

2.3.1 Fluid Equations

Different formulations of the SPH fluid equations can be derived from the Eulerian equa-
tions for the conservation of mass, momentum and thermal energy (Monaghan, 1992; Price,
2005). Gadget 2 uses the entropy formulation of SPH which evolves entropy with time
rather than the thermal energy (Springel and Hernquist, 2002), and conserves both energy
and entropy when adaptive smoothing lengths are used. This form of SPH provides better
estimations for modelling point-like explosions and prevents the overcooling of gas in halos
at high redshift when the resolution is poor. In terms of gas density p, entropy s and where

~ is the adiabatic index, the ideal gas equation of state is given by
P = A(s)p”, (2.9)

for some entropic function A(s). The fluid equations treat the fluid as a continuous
medium, with points at which we can define local variables (macroscopic properties) such
as density, temperature etc. Discretization of the Euler equations lead to the following

forms of equation for the conservation of mass, momentum and entropy respectively:

dp
— = —pV. 2.10
o = PV (2.10)
dv VP dv
dv N e 2.11
dt P " dt visC V ( )
dA dA dA
—_— = — — 2.12
dt dt visc dt diss ( )

where p, P and v are the gas density, pressure and velocity respectively, adapted from
Read and Hayfield (2012). This form of the equations includes extra terms compared

to those in Springel and Hernquist (2002), which account for extra processes that cause
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problems at fluid discontinuities if they are neglected. These are the viscous (second term of
equation 2.11 and first term of equation 2.12) and dissipative (second term of equation 2.12)
terms which are discussed in section 2.3.3 along with the term V& which accounts for the
acceleration due to the self-gravity of the SPH particles. The gravitational force of the gas
particles is calculated in the same way as for the Nbody particles described in section 2.2
and so is omitted from the equations for the rest of this section. Equation 2.12 is not used in
the standard versions of SPH, which can violate entropy conservation in certain situations,
for example when a strong shock occurs. This equation comes from the requirement that
A=const (from equation 2.9), therefore entropy is generated only by artificial viscosity in
shocks (first term) and external sources of heat (second term) (Springel and Hernquist,
2002).

The version of Gadget used for this thesis uses the SPHS formalism (SPH with a
higher order dissipation switch) outlined in Read et al. (2010); Read and Hayfield (2012).
This improves upon the standard version by allowing for a more accurate estimation of
gas properties around contact discontinuities and minimising the errors in the momentum
equation. Particle trajectories are predicted in advance, enabling a switch to be turned on
before their paths cross which then prevents the fluid quantities from becoming multivalued
(discussed in more detail in section 2.3.3.

The equation of motion of an SPH particle can be obtained by the discretised form of
the momentum equation (equation 2.11), in the general form this gives the freedom of an
additional parameter, ¢, giving the equation of motion in the absence of influence from

external sources.

v, P Pioy] oo
J

where m;, P; and p; are the mass, pressure and density of particle j and Wy; = 3 [W;;(h;) + Wy;(hy))]
where W;; is a symmetrized smoothing kernel. Standard SPH is the case where ¢=1, which
gives the original equation of motion for an SPH particle. The SPHS formalism uses ¢ = p,

which then gives the equation of motion as:

dv; al
C; :—pr [P, + PV, (2.14)
iPj
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2.3.2 The smoothing kernel

The type of kernel used to smooth the density distribution of the gas has an effect on
the accuracy of the code. Standard SPH codes tend to use the cubic spline kernel (also
used to smooth the gravitational force from Nbody particles, equation 2.6). As discussed
in section 2.3.3, in order to minimise the force error |Eg| in the momentum equation, a
large number of neighbours is required. Increasing the number of neighbours for the cubic
spline kernel (and other traditional SPH kernels) however, results in instabilities which
cause particles to clump together on the scale of the kernel, called the "pairing instability’.
This is due to the kernel being irregularly distributed for larger neighbour numbers (Read
et al., 2010; Price, 2012; Dehnen and Aly, 2012), rendering this kernel incompatible with
the SPHS version of Gadget.

In order to decrease the error in equation 2.11 by increasing the number of neighbours an
alternative kernel must be used. The clumping of particles, called the "pairing instability’
can be avoided by using a kernel whose Fourier transform is non-negative (Dehnen and
Aly, 2012). The Wendland kernels (Wendland, 1995) are ideal candidates for an SPH
smoothing kernel with large neighbour numbers as they are stable to the pairing instability
for all neighbour numbers, without sacrificing additional computational time. Infact, they
are some of the least computationally demanding in comparison to the more traditional
kernels. For the purpose of the work in this thesis the Wendland C? kernel is used with
100 SPH neighbours:

o1 [(1—15)"(1+42), 0<

(2.15)

ik

>0
V

2.3.3 Dissipation

The standard (’classic’) form of SPH suffers from issues with errors and convergence at
flow discontinuities (Morris, 1996; Agertz et al., 2007). Representing the continuous fluid as
finite particles with discrete properties results in unphysical behaviour in some situations,
for example particles can approach and ’cross over’ each other unlike infinitesimal points
in a real fluid. This results in multivalued fluid properties at the crossing point which is
exasperated in contact discontinuities with large density gradients, where two fluids with
at least one property quite different from the other will approach.

Many authors have tried to overcome these issues and a few possible solutions have
been proposed by (Monaghan and Gingold, 1983; Morris, 1996; Thacker et al., 2000; Marri
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and White, 2003). The introduction of a small amount of viscosity reduces the growth
rate of the instability and allows for entropy generation across shocks. Following this, an
artificial viscosity which addresses the discontinuities in momentum was introduced to the
SPH fluid equations to alleviate these issues, acting to ensure that particles have single
valued momentum as they approach each other while conserving energy and momentum
(citations for early AV here). Gadget-2 includes a viscous force of the form (Springel,

2005):

dl)i
dt

N

visc j=1

The version of Gadget used in this thesis uses SPHS (Read and Hayfield, 2012) in which
IT is given as
—@—Uﬂgjjwij , if Vil < 0
My=4¢ * ™ Y (2.17)
0, otherwise
where @;; = (1/2)[a; + «;] is the viscosity parameter, ¢; is the local sound speed and
Usigij = Ci + ¢; — 3w;; is a signal velocity between two particles (see Monaghan, 1997)
where w;; = (v;;.r;5)/|ti;|. The inclusion of artificial viscosity generates entropy across a
shock, which dissipates velocity differences and converts them into heat, resulting in an
additional term in equation 2.12 to account for this in the energy conservation, which is

given as (Read and Hayfield, 2012):

dA  1y-—1

N
E = _EF E mjaijﬂijvij.ViWU (218)
i J

where the variables are described above and ~ is the adiabatic constant. An artificial
viscosity of the form described here includes that for both shear and bulk viscosity, as the
purpose is to correctly model entropy across a shock, it is the only bulk viscosity that is

of interest. The shear viscosity, which is not required, is limited using a Balsara switch

(Balsara, 1989),
fBalsara,i = .

(2.19)

This is multiplied by the viscosity parameter, «, as in Cullen and Dehnen (2010) rather
than IT as in other standard methods.
The inclusion of artificial viscosity alleviates the issue of particles with multivalued

momentum, however Agertz et al. (2007) show that this alone is not enough to correctly
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capture dynamical instabilities when density gradients are present, as Kelvin-Helmholtz
and Rayleigh-Taylor instabilities are still suppressed. As momentum is not the only prop-
erty to become multivalued as particles approach each other, similar dissipation terms are
needed for the other fluid quantities (the only property that can’t be multivalued is the
density as it is smoothed). Price (2008) explore this and use dissipation switches that
detect and correct multivalued pressures as they occur (artificial conductivity), however it
is before the properties become multivalued that actions need to be taken, as Valcke et al.
(2010) show that once they become multivalued, the growth of surface instabilities is still
dampened.

Read and Hayfield (2012) show that there are two sources of error which create the
problems in mixing for classic SPH, the Eg error in the momentum equation, which can
grow by orders of magnitude at flow boundaries, delaying the onset of instabilities, and the
"local mixing instability’ (LMI), caused by a discontinuity of pressure at flow boundaries.
The second adaption to the standard SPH equations of motion is the dissipation term in
equation 2.12 given by (Read and Hayfield, 2012)

N m; N\t
Z _—jaijvf;ig’ijLij Az - Aj (p—j) ] Kij: (220)
7 Pij Pi
where p;; = [p; + p;] /2 and Ki; = r;;.V;W;; are the symmetrized density and smoothing

P

kernel respectively, L;; is a pressure limiter (see equation 2.22), and v, ;; is similar to the

signal velocity, but here is defined to be the positive definite:

ol +c¢; — 3wy, if 3w < (¢ +¢), (2.21)
0, otherwise.

Using this modified signal velocity gives more dissipation to pairs of particles that are
approaching each other than those that are moving away from each other. The latter
particles however, do need some small amount of entropy dissipation when they possess
discretely different entropies inside the smoothing length to avoid artificial pressure waves.
A similar effect can happen with excessive dissipation, so a pressure limiter is used to
ensure the pressures are smooth (Read and Hayfield, 2012):

Li; = 15— B (2.22)
P+ P

This set of SPHS equations improves upon the classic version of SPH by ensuring that
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all fluid quantities avoid becoming multivalued as they approach each other by detecting
flow convergence before it occurs, provided by the addition of the viscosity and dissipation
terms, and improves the force accuracy by allowing the use of larger neighbour numbers.
This makes it possible to accurately capture shocks and instabilities as well as in AMR
codes (Power et al., 2014).

2.4 Radiative cooling

Radiative cooling is an essential component in astrophysical simulations in order to realis-
tically model the gas. Without it galaxies would not form via cool gas collapsing into dark
matter haloes at high redshift, and in turn would not form stars.

There are several processes by which gas cools, the most important for a primordial gas
being: collisional excitation, collisional ionization, recombination and free-free emission.
The cooling due to the combinations of these atomic processes is generally estimated using
an optically thin cooling function; A(p,u), which depends on both the gas density and
internal energy. The cooling rate of an individual SPH particle representing a primordial
gas can be therefore be estimated using the calculated temperature and density.

The standard version of Gadget-2 only includes estimates for the cooling of primordial
gas above 10K, using the method described in Katz et al. (1996). The cooling function,
A(p,u) for each SPH particle is obtained by calculating the contribution from each species
of ion due to recombination, reionization, excitation and free-free emission along with the
number densities of H and He that each gas particle represents. The cooling function and
the contributions from each process for primordial gas are shown in figure 2.1 assuming
collisional ionization equilibrium. Above a temperature of 10°K the gas is fully ionized and
Bremsstrahlung free-free emissions is the primary source of cooling (A/n2 o T%/2) | while
below 10*K the primordial gas is neutral and collisions are almost never energetic enough
to ionize gas, so the cooling rate is essentially zero.

The majority of the work completed in this thesis assumes a primordial gas (or at least,
a very low metallicity gas with [Fe/H]=-3.0), due to the high redshift at which most of
the simulations take place. However it is beneficial to compare to higher metallicities to
explore the effect this has on any results obtained. A rough estimation of the cooling
function for gas with a metallicity higher than that of primordial (though still much less
than solar), was added to the code to enable the modelling of higher metallicity gas. This

was based on the cooling functions described in Sutherland and Dopita (1993), shown in
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Figure 2.1: The cooling function as a function of temperature for primordial gas assuming
collisional ionizaition equilibrium taken from Katz et al. (1996).

figure 2.2 for gas temperatures in the range 10* — 108°K.
To account for cooling below 10*K the approximation given in Mashchenko et al. (2008)
(equation 2.23) is included in the code which describes the radiative cooling via fine struc-

ture and metastable lines of C, N, O, Fe, S and Si, again assuming ionization equilibrium,

log(A/n3;) = —24.81 + 2.928x — 0.69822> + log(Z/ Z) (2.23)

where x = log(log(log(T))) and ny is the number density of hydrogen atoms in cm™3.

The approximation is valid down to T=20K and the desired gas metallicity can be obtained

by substituting the last term.
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Figure 2.2: The cooling function as a function of metallicity assuming collisional ionizaition
equilibrium taken from Sutherland and Dopita (1993). Curves from top to bottom represent
metallicites of [Fe/H]=0.5, 0.0, -0.5, -1.0, -1.5, -2.0, -3.0 (where [Fe/H]=0 is solar) and the
bottom curves represent the case for a primordial gas with zero metals, i.e. the cooling
function is due to H and He only.
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2.5 Star formation

Stars form in molecular clouds, which are often poorly resolved in large scale simulations,
resulting in star formation being modelled via subgrid methods. The detailed physical
processes involved in forming stars are omitted from simulations due to the complexity
of the physics. Even when high resolution simulations can resolve both individual star
forming regions (tens of pc) and star particles, to accurately model the formation of a star
requires more sophisticated physical models. Star formation depends on the metallicity
of the gas, the gas to dust ratios, the molecular gas content, and the degree of shielding
from UV radiation, therefore accurately capturing the these physical processes is beyond
the scope of current galactic scale simulations.

The process of star formation in the first structures that formed at early times is not
fully understood as our understanding of how gas is converted into stars under different
conditions is poor. Conditions in protogalaxies or dwarf progenitors would be very different
to those in our galaxy and those local to us, and so it is difficult to extrapolate star
formation prescriptions that are valid for different galaxies across a range of redshifts.

Observationally, star formation correlates with the presence of molecular gas (Gao and
Solomon, 2004; Wu et al., 2005; Bigiel et al., 2008), however this is not modelled in the
majority of simulations due to both resolution limits and the computing time required to
model the formation and destruction of molecules, and their cooling below 10*K.

Currently, the most widely used method of following star formation is to estimate the
likelihood of forming a star from the properties of the gas particles. Stars form from high
density gas, leading most large-scale simulations to form stars from gas particles when
they reach a certain defined thresholds in density or temperature (see, e.g. ). This is
dependant on the resolution limits, as the particle mass defines the lowest gas mass that
can be resolved.

A modification to Gadget 2 defines the critical density above which a gas particle can

turn into a star as:
Perit = Pthresh + PJ (224)

Where pipyesh is a density threshold set to 5.01x 10~ 22gem 2 equivalent to 300 atomsem ™3

for the work in this thesis, this is comparable to the threshold in other simulations of dwarf
galaxies (M, < 10®M,, (Governato et al., 2010, 2012; Read et al., 2016a). p; is the local

jeans density, given by:
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7T]€BT 3 _92
pJ = m q (NngbmSPH) 5 (225)
P

where 1,4 and mgpy are the the number of neighbours and mass of the SPH particle
respectively. These two conditions ensure that only gas that is high density (high enough
to be molecular in the case of this thesis) is able to form stars. The inclusion of the
local Jeans density ensures that this gas is unstable to gravitational collapse by comparing
the magnitude of the gravitational potential energy with that of the gas kinetic energy.
Therefore, in order for a gas particle to have a chance at turning into a star it must be
above the threshold density, which for the case of this thesis is high enough for the gas to
be molecular, and it must also be unstable to collapse.

Star formation is an inefficient process (see, e.g. Zuckerman and Evans, 1974; Krumholz
and Tan, 2007), so in addition to this criterion, a form of efficiency is included which follows
from the empirical Schmidt law (Schmidt, 1959) which describes the dependance of the
SFR on the gas density, Xsrr o< X7,,. This approach is commonly used in simulations
of galactic and cosmological scales (see, e.g. Katz et al., 1996; Springel and Hernquist,
2003; Stinson et al., 2006; Governato et al., 2007). The criterion above specifies which gas
particles are eligible to form a star, it is then decided probabilistically which of those go

on to become a star in a time At using:

At
P=1—exp (—Effm) (2.26)

Given this probability, a gas particle is then turned into a collisionless star particle with

the same position, velocity and gravitational softening as the parent gas particle.

2.6 Stellar feedback

Simulating supernova explosions using SPH has been a demanding problem due to the
discontinuities present at the shock front, however with newer formalisms shocks can be
captured with vastly improved accuracy. There is still a problem however, with resolv-
ing the physical processes which occur over large dynamical ranges, especially in large
scale simulations as feedback happens on sub resolution scales. (also a lack of detailed
understanding of the physical processes involved)

Supernova feedback is commonly modelled as an injection of thermal energy into the

surrounding gas particles. Due to the large scales involved in simulations on the scale of

41



CHAPTER 2. HYDRODYNAMICAL SIMULATIONS 2.6. STELLAR FEEDBACK

galaxies and larger, each star particle is modelled as a single stellar population, in turn
modelling the effect of it’s feedback as a population. Where gas particles have a large
mass (due to the low resolution), the injection of thermal energy into the gas can result in
numerical overcooling (Thacker and Couchman, 2000a). The gas particles that the shock
is driven into will have a large smoothed density, resulting in a cooling time that is very
short compared to the dynamical time, allowing the injected energy to be immediately
radiated away, greatly diminishing the effect of the SN explosion.

Several solutions to this problem have been explored, one method used to avoid the
overcooling problem in low resolution simulations is to temporarily turn off cooling to
allow the shell of gas to expand adiabatically, enabling the blast wave to develop (see, e.g.
Thacker and Couchman, 2000b; Kay et al., 2002; Brook et al., 2004; Stinson et al., 2006),
another is to account for the energy losses by artificially raising the resulting temperature
of the particles the energy is injected into (Dalla Vecchia and Schaye, 2012). A form of
kinetic feedback is also used (Kay et al., 2002; Dubois and Teyssier, 2008; Dalla Vecchia
and Schaye, 2008), where gas particles are given a momentum kick, rather than an increase
in thermal energy, which bypasses the cooling problem.

Injecting the energy as purely thermal gives a similar approximation to injecting it as
kinetic energy on both small (Walch and Naab, 2015) and large (Dalla Vecchia and Schaye,
2012; Durier and Dalla Vecchia, 2012) scales. The fraction of the total SN energy injected
into each neighbouring gas particle is kernel weighted depending on its distance to the
star particle using the same kernel as that for estimating the density (equation 2.15). The
energy per unit mass injected into a particle, j due to a SN explosion of total energy Fgy

is:
mj,sphmstaTW(rj — Ty, h*)

P+

where m,;, is the mass of the gas particle (only present here because thermal energy

Einjected,j = ESN (227)

is energy per unit mass), m, is the mass of the star particle, h, is the smoothing length
of the star, which spreads the energy over 100 neighbours and pg,, is the density of the
star particle. This approximation is valid for the mass resolution in this thesis, where a
gas particle is 10My and the injection of thermal energy is resolved. For the purposes of
this thesis, stellar winds are neglected as the injection power to the ISM is dominated by

the SNe explosions.
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Chapter 3

Too small to succeed: The difficulty
of sustaining star formation in low

mass haloes

3.1 Introduction

Our current galaxy formation paradigm, hierarchical structure formation in the context of
a ACDM cosmology, has had many notable successes on Mpc scales (e.g. Planck Collabo-
ration et al., 2015a,b; Davis et al., 1985; Hernquist et al., 1996; Riess et al., 1998; Spergel
et al., 2007). The low-luminosity tail of the galaxy luminosity function remains problem-
atic, however, with both the numbers and properties of observed stellar systems occupying
dark matter haloes with masses below 10°M, apparently in tension with the predictions of
cosmological simulations (e.g Klypin et al., 1999; Boylan-Kolchin et al., 2011, 2012; Stri-
gari et al., 2010). Given our incomplete understanding of the interplay between baryons
and dark matter in the context of galaxy formation, many authors have suggested that
baryon physics may be able to account for all the apparent discrepancies between ACDM
and observations (Navarro et al., 1996a; Pontzen and Governato, 2012).

It is widely expected that there should be a lower limit on the masses of dark matter
haloes which host observable galaxies, of any luminosity, at z = 0 (e.g. Read et al., 2006a,
2016b; Somerville, 2002; Sawala et al., 2016b). To date, the resolution limits of numerical
studies of low-mass galaxy formation in a cosmological context have meant that few mean-
ingful results have been obtained for objects with stellar masses below 10°M,, effectively

leaving out the majority of the dwarf satellites of the Milky Way (see Zolotov et al., 2012;
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Governato et al., 2012; Sawala et al., 2015a; Onorbe et al., 2015; Fillingham et al., 2015,
for the highest resolution studies to date). The lowest luminosity classical dSphs such as
Ursa Minor and Draco have stellar masses of a few x10°Mg, (McConnachie, 2012), while
the ultra faint dwarfs are still less luminous (Zucker et al., 2006b,a; Belokurov et al., 2007;
Tollerud et al., 2008). These pose particular challenges for numerical simulations as a
complete physical picture necessitates following both internal and external processes on
timescales which span at least 5 orders of magnitude. For example, the evolution of an
individual SN remnant occurs on a timescale of 10* years while ram pressure stripping of
gas due to the dSph’s orbit around the Milky Way modulates its evolution on timescales
of 108 — 10° years.

Abundance matching methods attempt to link the dwarfs we presently observe around
the MW with appropriate subhaloes produced in dark matter only (DMO) simulations
based on their properties (see, e.g. Strigari et al., 2010; Boylan-Kolchin et al., 2011; Sawala
et al., 2013). However this poses two problems. There is an over-abundance of low-
mass subhaloes (“The Missing Satellites” problem; Klypin et al., 1999; Moore et al., 1999;
Bullock, 2010) and an over-abundance of larger subhaloes with V., > 25kms™' (the
“Too-Big-To-Fail” problem; Boylan-Kolchin et al., 2011, 2012). With more UFDs being
continually discovered thanks to surveys like the Dark Energy Survey (see e.g. Bechtol
et al., 2015; Drlica-Wagner et al., 2015; Koposov et al., 2015a), the number of Milky Way
satellites may soon be broadly consistent with the predictions of DMO simulations. How-
ever, resolving the “Too-Big-To-Fail” and “Missing Satellites” problems requires knowledge
of both the dark halo masses of these newly identified objects and of the detailed physics
of galaxy formation in low-mass haloes. Such insight can only be obtained through simula-
tions capable of resolving the feedback from individual star formation events. Comparing
observable satellites to those produced in simulations is likely a much more complicated
issue which depends heavily on other factors such as environment, reionization and the
stellar IMF at very high redshifts (z~15; Power et al., 2016), all of which are poorly
resolved in cosmological simulations and completely neglected in DMO simulations.

A third issue with comparison to DMO simulations is the fact that the observed rotation
curves of many gas rich dwarf (low surface brightness) galaxies show evidence of cored dark
matter density profiles (e.g. Kuzio de Naray et al., 2006; Oh et al., 2008; de Blok et al.,
2001; Hague and Wilkinson, 2013), rather than the cuspy profiles expected from dark
matter only simulations (Navarro et al., 1996b, 1997). The situation for dSphs is less clear

as stars are the only kinematic tracers of the potential in the absence of gas. The literature
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contains claims of both cores (e.g. Battaglia et al., 2008b; Walker and Penarrubia, 2011; Oh
et al., 2011; Amorisco and Evans, 2012; Agnello and Evans, 2012) and cusps (e.g. Strigari
et al., 2010, 2014; Richardson and Fairbairn, 2014) as well as suggestions that there is no
clear evidence for either from the current available data (e.g. Breddels and Helmi, 2013,
2014; Jardel and Gebhardt, 2013). Several authors have shown that in larger satellites
(M. > 10°My,) with bursty SFHs, baryonic effects can transform cusps into large ~1kpc
cores (Gnedin and Zhao, 2002; Read and Gilmore, 2005; Governato et al., 2010; Pontzen
and Governato, 2012; Zolotov et al., 2012).

Notwithstanding the issue of cusps versus cores, it is well established that feedback from
massive stars interacting with the ISM has a significant effect on the evolution of dSphs
due their low masses and shallow gravitational potential wells (Larson, 1974; Dekel and
Silk, 1986; Governato et al., 2010; Read et al., 2006a). Kiloparsec-scale “superbubbles”
and filaments have been observed in star-forming dwarfs (e.g. Hunter and Gallagher, 1997;
Martin, 1996; Marlowe et al., 1995; Heckman et al., 2001; Ott et al., 2005) with expansion
speeds of 30 — 60 kms~!. Evidence for these outflows can also be found in the high abun-
dance of metals in the intergalactic medium (e.g. Cowie et al., 1995; Songaila and Cowie,
1996; Schaye et al., 2003) and the low abundance of metals contained in dSphs compared
to that expected to be synthesised in SNe. For example, observational studies by Kirby
et al. (2011c,b) found that 8 Milky Way dSphs had lost 96 per cent to 99 per cent of the
metals produced by their stars.

The role of supernova feedback on dwarf galaxy evolution has been investigated by
several authors. Sawala et al. (2010) produce dwarfs similar to those observed in the local
group by simulating isolated halos with SN feedback and UV heating only. In order to
produce dSph analogues they find that an injection of energy is required to eventually shut
off star formation and remove all gas by z=0. An additional external mechanism such as
UV radiation can shut off star formation much earlier, reproducing those dSphs with only
a single burst of star formation. Similarly, Revaz et al. (2009) and Revaz and Jablonka
(2012) simulate isolated dwarfs and find they still contain a significant amount of gas after
~ 14 Gyr for halo masses in the range 10® — 109 M.

In this chapter, we highlight an issue which has not yet been satisfactorily discussed in
the literature - namely that galaxies like the Ursa Minor dSph, which formed the majority of
its stars more than 10 Gyr ago, were actively star forming for an extended period (~ 3Gyr;
Ural et al., 2015) before their haloes grew to masses above 10Mg. Thus, the resolution

limits of current cosmological simulations mean that they are unable to resolve the physical
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processes in a dSph like Ursa Minor during the epoch when it formed the bulk of its stellar
population.

The chemistry of the stellar populations requires enrichment of the star forming gas over
time: gas retention is thus a key requirement for a successful model of early dSph evolution.
Many previous numerical studies have found that haloes below ~ 5 x 10"M, form few or
no stars either due to internal effects (e.g. SNe feedback: Read et al., 2016b) or external
effects (e.g. reionisation Somerville, 2002; Bullock et al., 2000; Okamoto and Frenk, 2009;
Sawala et al., 2016b). However, these simulations lack the resolution to determine whether
the failure of the lowest mass haloes to form stars is a numerical artefact or a physical
effect. Further, simulations of the long-term evolution of a dSph must necessarily include
important details such as halo mergers and gas accretion. In our simulations, we focus our
attention on the faintest of the classical dSphs around the Milky Way. We choose to model
dSph progenitors with properties based on those of the Ursa Minor and Draco dSphs,
which both host a predominantly old stellar population, with almost all stars having an
age greater than 10Gyr (Carrera et al., 2002; Ural et al., 2015). These dwarfs seem to have
experienced only a single, extended burst of star formation.

The structure of this chapter is as follows: in section 3.2 we describe the initial con-
ditions for our simulations and our treatment of SNe feedback. Section 3.3 presents the
results of our runs and in section 3.4 we discuss the implications of these results for our
understanding of galaxy formation. Section 5 summarises our conclusions. In appendix B
we present stability tests which confirm the long-term stability of our initial conditions in
the absence of SNe feedback. In appendix A, we present the results of the convergence
tests which we performed to confirm that our main conclusions are not sensitive to our
choice of numerical resolution. Finally, in appendix C, we explicitly compare the initial
growth phase of our SNe feedback bubbles to the Sedov-Taylor solution to confirm that we

are indeed able to capture the main features of individual SN events.

3.2 Description of simulations

All our simulations are performed using a modified version of the N-body plus hydro-
dynamics code GADGET-2 (Springel, 2005), with thermal stellar feedback (described in
section 3.2.2), radiative cooling and adaptive time steps. We use the SPHS formalism (Read
et al., 2010; Read and Hayfield, 2012) to properly resolve mixing of the multiphase gas,

which develops as a result of the energy injection from SNe, and a second order Wendland
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No. of Ener er Gas rg Disk scale Metallicit

Run SNe SN gér; (kpc)’d height (kpe) /b Halo C ([Fe/H])y
Fiducial 100 10°Y 0.10 0.013 0.16 10 Primordial
200SNe 200 10%9 0.10 0.013 0.16 10 Primordial
500SNe 500 10%9 0.10 0.013 0.16 10 Primordial
r,=50pc 100 1059 0.10 0.011 0.16 10 Primordial
r,=200pc 100 100 0.10 0.019 0.16 10 Primordial
£,=0.08 100 10%9 0.10 0.017 0.08 10 Primordial
f,=0.04 100 1050 0.10 0.019 0.04 10 Primordial
C=4 100 10%° 0.10 0.016 0.16 4 Primordial
C=30 100 100 0.10 0.010 0.16 30 Primordial
[Fe/H]=-2 100 10%9 0.10 0.013 0.16 10 -2
[Fe/H]=-1.5 100 10%9 0.10 0.013 0.16 10 -1.5

Table 3.1: Summary of the simulations presented in this chapter. Each case was simulated
using both a spherical and flattened gas distribution. The columns represent the name of
the run which we refer to in the text (1), number of SNe events (2), Energy per SN event
in erg (3), scale radius of the gas distribution for the spherical case (rs) and the disk case
(ra) in kpc (4), disk exponential scale height in kpc at rq, (R = 90 to R = 110pc) (5),
baryon fraction (6), halo concentration (7), and metallicity (8).

kernel to allow for the larger neighbour number required with SPHS while avoiding the
pairing instability (Wendland, 1995; Dehnen and Aly, 2012). In our simulations, we use
100 neighbours for the SPH calculations. Both the gas smoothing and softening lengths
are adaptive, with a minimum value of 0.4 pc in the densest regions, and the dark matter
particle softening length has a constant value of 2pc. In the majority of our simulations,
we use 10M, gas particles and 100M, dark matter particles. However, we also explore
the effect of raising or lowering the resolution of the simulations relative to these values to

confirm that our conclusions are unchanged by going to higher resolution.

3.2.1 Initial conditions

Table 3.1 summarises the initial conditions for our suite of simulations. Since our goal
is to explore the impact of SNe feedback produced by the first burst of star formation in
a dSph progenitor, we require that our initial conditions reflect the likely properties of
dSph haloes at that epoch. Observations of the Ursa Minor dSph (see e.g. Ural et al.,
2015) show that it formed the bulk of its stellar population over a period of approximately
2 —3Gyr, starting at around z ~ 10 when the age of the Universe was ~ 0.5 Gyr. A number
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of authors have found that the present-day properties of Ursa Minor are consistent with
its occupying a 10° M halo (e.g. Mateo, 1998; Wolf et al., 2010). In order to estimate
the z~ 10 progenitor mass for a halo with a dark matter mass of 109 Mg at z = 0 we
considered the mass assembly history of dark matter haloes. We used the Parkinson et al.
(2008) algorithm to generate several thousand realisations of Monte Carlo merger trees of
low-mass haloes, fixing their virial mass at z=0, and determining the distribution of masses
of their main progenitors at z=10 (and 6). We find a mass of ~ 3 x 10" Mg, at z ~ 10,
which agrees with estimations from other studies (e.g. Fakhouri et al., 2010; Sawala et al.,
2010).

As we treat our dSph as an isolated system, external effects that will increase its size
and mass are not included. The merger history of such a halo therefore sets an upper
limit to the duration over which our simulation is meaningful. It is reasonable to assume
that this halo mass would remain roughly constant for around 1Gyr (starting at z=10 and
ending at z=4), increasing by at most a factor 3-4 (Power et al., 2016). As the halo grows,
mass will mostly be accreted at large radii (Zhao et al., 2003) and so the impact on the
central regions where the stars and gas are located, will be minimal.

In this study, we implicitly assume that a 3 x 10"My halo at 2 ~ 10 would have
had sufficient time to accrete ~ 5 x 10°M, of gas and that this gas would have been
able to cool to the densities in our initial conditions. The uncertain gas acquisition rates
make it difficult to verify this assumption. However, given that gas in this halo has a
virial temperature of a few x 10K at z ~ 10, the cooling time for low metallicity gas would
be < 109yr (see eqs. 8.93 and 8.93 of Mo et al., 2010). For comparison, the age of the
Universe at z ~ 10 is ~ 0.5 Gyr. Thus, in the absence of external heating, there is certainly
sufficient time for the dSph to have begun forming stars provided it had already accreted
gas. Cosmological simulations are only beginning to approach the resolutions required to
study the gas accretion histories of haloes below 108 M, (see e.g. Sawala et al., 2015b; Latif
and Volonteri, 2015; Sawala et al., 2016a; Wetzel et al., 2016; Fitts et al., 2017), so a fully
consistent treatment of this aspect of the problem is outside the scope of this chapter. We
note, however, that Read et al. (2016b) found that even a 10"M, halo was able to form
stars in their simulations, indicating that gas cooling is unlikely to be a challenge for such
haloes.

Our fiducial model is based on the observed properties of the Draco and Ursa Minor
dSphs. Both galaxies formed ~ 3 x 10°Mg, of stars over < 3Gyr (Dolphin et al., 2005;

Carrera et al., 2002). Assuming a cosmic baryon fraction of 0.16, our dSph halo contains
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an initial gas mass of 4.8 x 10°M,,. If the entire stellar population of the dSph formed from
this gas, this would correspond to a star formation efficiency of ~ 6.5 percent - clearly this
assumes that later accretion events increase the dark matter mass without adding to the
gas content of the halo. For a Salpeter stellar initial mass function (Salpeter, 1955), the
formation of a stellar mass of 3 x 10°M,, would generate ~ 2000 SNe events (where we
have assumed a mass range of 8 — 20M,, for the SNe progenitors, giving ~ 2 x 10*M, in
SNe progenitors with a mean mass of 12My). As our simulations cover a period of 1Gyr
we would expect approximately 10% SNe to occur over the course of the simulation. Even
if each SN deposited only 10 per cent of its total energy output (i.e. 10°° erg) into the gas,
this would exceed the total binding energy of the gas in any of our simulations by at least a
factor of two (the maximum binding energy of the gas in our simulations is ~ 5 x 10°? erg).
However, our initial experiments showed that comparing the gas binding energy to the
energy input from the SNe significantly under-estimated the gas loss from a low-mass halo
as we found that the gas became unbound before the energy injected reached that of the
binding energy. We reduce the number of SN events to explore the amount of energy that
can be injected into the ISM before the gas becomes too hot and extended to continue to
build up the rest of the stellar population over the next 1 — 2 Gyr following on from our
simulations. Our fiducial model includes only 100 SNe, although we also carry out some
runs with 200 or 500 SNe for those initial configurations which we find to be more resilient.

We return to this issue in Section 3.4.

Dark Matter halo
In all our simulations, the dark matter halo follows a Hernquist profile (Hernquist, 1990)

(r) _ Moo Qap
P 2 r(r +ap)?

(3.1)

where ay, is a scale radius defined by the concentration parameter from an NFW pro-
file (Navarro et al., 1996b), assuming the two profiles contain the same mass within rgg0.
The positions and velocities for the halo particles were generated allowing for the poten-
tial of the gas and stellar components using the codes mkgalaxy and mkhalo (McMillan
and Dehnen, 2007) within the NEMO (Teuben, 1995) environment. In all simulations
Moo = 3 x 10" M. We take the halo concentration to be ¢ = 10 in all but two runs, which
is a reasonable value for for halos at z ~ 10 (Klypin et al., 2011) and corresponds to the

maximum concentration value at z = 4 where our simulations end. These values imply an
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NFW scale length of 0.3 kpc and Hernquist parameters of a, = 0.5kpc and rygg = 3 kpe.
We re-run the fiducial simulation at higher and lower concentrations to investigate
the effect on the resulting dwarf. Although we do not expect a dwarf progenitor to have
such a high concentration at z = 10, we include ¢ = 30 to compare with other work
in which the concentration is kept constant for the lifetime of the dwarf (Read et al.,
2016b) at present day values. Cosmological simulations find that all halos converge to a
concentration of 4 at high redshift (z > 8; Zhao et al., 2003, 2009; Munioz-Cuartas et al.,
2011), although these studies do not include the mass scales we are interested in due to
resolution constraints. However, Correa et al. (2015) use halo mass assembly histories to
investigate halo concentrations down to much smaller mass scales and find that at z=10
the concentration of all halos in their simulations are in the range ¢ ~ 3 to ¢ ~ 4.5. We
therefore consider a value of ¢ = 4 as an example of a low concentration value for our

progenitor dSph haloes.

Baryonic components

In order to explore the effect of gas morphology on the ability of the dSph to retain its
gas, we consider both spherical and disc morphologies for the initial gas distribution. In
the spherical case the gas and stellar components are distributed in a smooth Hernquist
profile (using the method described above for the halo) with a scale radius of 100pc, which
makes both components more concentrated than the dark matter halo. The total gas and
stellar masses are 4.8 x 10°My and 10*M respectively, giving particle masses of 10M
for both the gas and stars. The gas follows an ideal equation of state and is assumed to
be in hydrostatic equilibrium which determines the temperature profile. Having generated
our initial conditions, we evolve them for 300 Myr excluding stellar feedback, to allow the
components to settle fully into equilibrium (see Appendix B).

The gas disc was created using the code 'DiscGO’ which creates equilibrium disc galaxies
(Newton and Kay, 2013). Both gas and stellar components have the same scale length and

follow an exponential surface density profile:
M
Sy(R) = ——Le e 3.2
o(R) = 5ot (32)
The gas is assumed to be in hydrostatic equilibrium which determines the height of the

gas disc. The total gas mass, stellar mass and the number of particles of each are equal

to that used in the spherical case. As with the spherical case we run the initial conditions
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with no feedback to allow the components to settle into equilibrium. Figure B.2 shows
the disc initial conditions running for 1.25Gyr to confirm that they are indeed stable.
The distribution at 300 Myr is used as the initial conditions for the run with feedback,
as our stability tests showed that the initial settling of the components due to numerical

fluctuations and the IC generation process had been completed by this time.

3.2.2 Cooling and Feedback

Modelling the evolution of a supernova remnant (SNR) is computationally demanding due
to the large dynamic range of spatial scales over which the physics needs to be resolved.
Both cosmological simulations and simulations of single galaxies lack the resolution to
accurately model individual SN events and use approximations to inject energy into the
ISM from a single star particle representing a stellar population. Injecting energy thermally
at low resolution results in almost all of the energy being immediately radiated away before
it has any effect on the ISM (Springel and Hernquist, 2002; Stinson et al., 2006; Creasey
et al., 2011). This is due to the energy being injected into a large amount of mass (giving the
particles lower temperatures, and so shorter cooling times) and the inability of the particles
to react quickly to this change due to the time resolution. Solutions to this problem vary.
They include delaying radiative cooling by hand (e.g Thacker and Couchman, 2000b; Kay
et al., 2002; Sommer-Larsen et al., 2003; Brook et al., 2004) or forcing the temperature
of the injected particles to be higher to account for the extra energy losses (to make the
cooling time longer than the dynamical time) to allow the SNR to expand and interact
with the ISM (Dalla Vecchia and Schaye, 2012).

A gas particle mass of 10M, enables us to resolve single SN events by injecting energy
thermally, giving an isotropic effect on the closest neighbouring gas particles. Thermal en-
ergy injection at this resolution gives a good approximation to the Sedov-Taylor blast wave
solution (see appendix C), enabling us to resolve SNe remnants without further numerical
adjustments. Injecting the SN energy purely as thermal gives a similar approximation to
using kinetic energy both on small scales (Walch and Naab, 2015) and on large scales (Dalla
Vecchia and Schaye, 2012; Durier and Dalla Vecchia, 2012) provided the time stepping used
allows the injected particles and their neighbours to respond promptly to the sudden en-
ergy input. Each SN event injects 10°° erg of thermal energy into ~ 100 neighbouring gas
particles. The amount of energy each particle receives is kernel-weighted by its distance
from the star particle.

We do not model star formation explicitly, as we are primarily concerned with the ability
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of our model dSph to retain sufficient gas to support further star formation; therefore the
only stars in the simulations are those present in the initial conditions. As discussed in
section 3.2.1 we would expect ~ 10% SN over the period of time covered by the simulations
assuming a single, continuous burst of star formation over ~ 3Gyr. We include 103 star
particles, a number of which are chosen to inject energy at random times during the course
of the simulation, depending on the run. For example, in our fiducial run we have 100 SNe
which translates to a rate of 1 SN every 10 Myr.

Radiative cooling of the gas is included following the method of Katz et al. (1996) down
to 10*K, assuming ionisational equilibrium. We further assume that the gas is of primordial
composition and do not model metals produced by supernovae in these simulations. As gas
cooling is dependant on metallicity we investigate the effect the presence of metals has on
our results by repeating the fiducial run for both the spherical and disk morphologies at two
different metallicities: [Fe/H]= —1.5 and —2. To account for cooling due to metals we use
approximate cooling functions based on those described in Sutherland and Dopita (1993)
for temperatures 10* — 108°K. Cooling below 10*K is modelled as described in Mashchenko
et al. (2008) via the fine structure and metastable lines of heavy elements. These cooling
curves were applied to all of the gas in the simulation. This is therefore an extreme case,
as the majority of metals would be those ejected by the SNe which would not be present in
the initial gas and would be unlikely to be uniformly distributed through the whole dSph.
The results are presented in Section 3.3.3.

We neglect external processes in the simulations such as mergers and the effect of
heating from the cosmic UV background (UVB). Observations of the IGM indicate that
reionization of the universe was complete by z ~ 6 (see e.g. Becker et al., 2001; Fan
et al., 2003). It has been suggested by several authors that reionization could alleviate the
missing satellite problem by suppressing star formation in low mass haloes or preventing
them from forming stars altogether (see, e.g. Bullock et al., 2000; Sawala et al., 2015a).
However dSphs like Ursa Minor and Draco were continuously forming stars for ~ 3Gyr
(up to z ~ 3) suggesting that reionization was not responsible for ending star formation in
these dwarfs. It has been shown that the effects of self-shielding at high redshift are quite
significant, and baryons in high density peaks are still able to cool and form stars (Susa
and Umemura, 2004; Ricotti and Gnedin, 2005). Therefore those low-mass haloes that are
able to maintain a high density of gas in their centres during an episode of star formation
could possibly continue to form stars even after the universe has been reionized.

Our simulations run for 1Gyr so the effects of the UVB would only be relevant at the
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end of our simulations and would only act to maintain the temperature of the already hot

and extended gas that has been ejected from the galaxy due to the SNe feedback.

3.3 Results

As noted in the Introduction, observations of the Milky Way satellites provide evidence
that they experienced extended periods of star formation which in turn indicate that they
were able to retain their gas, and continue star formation, until Type [a SNe had had time
to enrich the gas with iron. Thus, a minimal requirement for a successful model of a dSph
progenitor is that it be able to retain gas in its inner regions at sufficiently high densities
and low temperatures to support further star formation.

We begin by exploring the impact of initial gas morphology on the ability of a dwarf
galaxy progenitor to retain its gas in the presence of feedback from SNe. Sections 3.3.1
and 3.3.2 present the results from the spherical and disk gas morphologies separately: in
each case we discuss the impact of each of our model parameters on the resulting evolution,
under the assumption that all the gas has a metallicity of [Fe/H]=-3. In Section 3.3.3 we

explore the impact of a higher initial gas metallicity on our conclusions.

3.3.1 Spherical gas distributions

The black curves in Figure 3.1 show the evolution of the gas density (top panels), the
enclosed gas mass (middle panels) and the fraction of gas at the escape velocity (bottom
panels) for simulations in which the gas distribution is initially spherical and assuming our
fiducial (F) parameters. In the top four panels, the solid curves show the initial distribution
and the dashed curves correspond to distributions after 1.25 Gyr. Figure 3.1(a) shows that
by 1.25 Gyr the gas density has been significantly reduced throughout the dSph, with the
central gas density being more than four orders of magnitude lower than its initial value.
The dashed black curves in Figure 3.1(c) confirm that that by 1.25 Gyr more than 90 per
cent of the gas has been moved beyond a radius of 1kpc. We have not included the results
from the simulations with 200 or 500 SNe (the fiducial run has 100SNe) as the density and
enclosed mass are simply reduced even further in these models.

Clearly, the energy injected by 100 SNe is sufficient to re-arrange the bulk of the gas in
this simulation. This is not surprising as the total binding energy of the gas in the central
100 pc is only about 20 per cent higher than the 1052 ergs of thermal energy injected by
100 SNe in our models. While Figure 3.1(e) shows that less than five per cent of the gas
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Figure 3.1: Top, Middle: The evolution of the gas density (top) and enclosed mass
(middle) profiles for simulated dSphs with initially spherical gas distributions. The solid
curves show the initial profiles and the dashed curves show the resulting profiles after
1.25 Gyr. The black curves correspond to our fiducial initial conditions, while the red and
blue curves indicate changes to either the scale length of the gas distribution (left panels)
or the concentration of the dark matter halo (right panels). The gas particles are binned
radially with 100 particles in each bin. Bottom: The fraction of gas with velocities greater
than the local escape velocity as a function of time for the simulations in the upper panels.
Solid (dashed) curves give the fraction of gas at radii less than 1kpe (1 < r < 5kpe). (F)
denotes the fiducial run.
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at large radii is moving above the local escape velocity, we note that the low density of
this gas (more than two orders of magnitude below the original mean gas density within
1kpc) means both that its cooling time is very long (temperatures are below 10°K) and
it is very susceptible to removal by any external perturbation, for example ram pressure
stripping by the gaseous halo of its host galaxy (at a radius of 100kpc the MW halo would
strip any gas outside 10kpc, and at a radius of 10kpc would strip gas outside 2kpc (Miller
and Bregman, 2013)). It is therefore very unlikely that this gas could be retained by the
dSph for sufficient time to allow it to fall back into the inner regions and form additional
stars.

The red and blue curves in Figure 3.1(a) show the evolution of the gas density profile in
simulations with different initial gas concentrations. As expected, it is much more difficult
to remove gas from the inner regions of the dSph in the case of a more concentrated initial
distribution (rs = 0.05kpc; blue curves) but somewhat easier to remove gas in the less
concentrated case (r; = 0.2kpc; red curves). The corresponding enclosed mass profiles
(Figure 3.1(c)) show that in the most concentrated run, mass is only removed from the
outer parts of the dwarf where the density is lower and cooling times are longer. In contrast
to the models with ry = 0.1kpc or ry = 0.2 kpc, which retain less than 0.1 per cent of their
gas content within 100 pc, in the model with r, = 0.05kpc, 15 per cent of the gas initially
within 100 pc remains there after 1.25 Gyr of evolution. The large differences between
the final density profiles arises due to the dependance of cooling time on the gas density:
teool X p~ L. The cooling times in the fiducial case (rs=0.1kpc) are already long enough
for the gas to be driven to large radii, so further decreasing the density (rs=0.2kpc) gives
a similar result, whereas for the most concentrated distribution (r,=0.05kpc) the cooling
times have decreased by a factor ~5 allowing more gas to be retained.

Overall, Figure 3.1(c) shows that a dSph with a more centrally concentrated initial gas
distribution loses a larger fraction of its total gas mass: roughly 50 per cent of the gas mass
is located beyond 5kpc at the end of the simulation. However, the key point is that this
dSph retains gas in the inner regions at densities where it has the potential to contribute
to further star formation.

The red and blue curves in Figure 3.1(b) and (d) show the impact of dark matter halo
concentration on the evolution of the gas density profile and the enclosed mass profile.
As in the case of varying gas concentration, it is slightly easier to remove gas from a
halo with a lower concentration and significantly more difficult for a halo with a higher

concentration. However, in contrast to the results for the simulation with r,=0.05kpc for
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the gas initially (the blue curves in Figure 3.1(c)), in the simulation with ¢ = 30 gas is
depleted all the way to the centre of the dSph, although the fraction of mass removed
from within 100 pc is similar in both cases (57 per cent and 46 per cent of original mass
retained for ry = 0.05kpc and ¢ = 30 respectively). The potential energy of the gas within
30pc in the r, = 0.05kpc and ¢ = 30 simulations is 1 x 10°? erg and 5.8 x 105! erg,
respectively. Thus, the significantly different gas fractions within 30pc at 1.25 Gyr seen in
the two simulations explicitly demonstrates that the ability of a dSph to retain gas in its
inner regions is a function not only of the depth of its gravitational potential well, but also
of the gas density in the inner parts which determines the timescales on which the gas can
cool.

The fraction of gas that reaches the escape velocity is shown in panels (e) and (f) of
Figure 3.1 as a function of time for the same runs. The solid curves correspond to the
fraction of gas particles within 1kpc at the time of the snapshot that have velocities above
their local escape velocity; the dashed curves show the same fraction for gas particles with
radii in the range 1 —5kpc. The fraction of high velocity gas within 1kpc is very low in all
runs, only briefly reaching 1 per cent in the standard and low (gas or halo) concentration
runs. This suggests that the gas remaining within 1kpc after 1.25 Gyr will be retained
by the dSph in all cases we have considered. However, only in the high (gas or halo)
concentration models is the gas density sufficiently high at the end of the simulation that
further star formation is likely to occur (assuming a density threshold of 7.4 x 10° Mykpc™3
to ensure the gas is dense enough to be mainly molecular; Read et al., 2016b). The gas
in the centre of these two dwarfs at the end of the simulation is cool (less than 10*K) and
dense, and so we would expect star formation to continue.

It is interesting to note that even at radii of 1 — 5kpc the fraction of gas particles with
velocities above their local escape velocity is also low, remaining below 10 per cent for most
of the simulations. In the r4=0.05kpc run, however, it exceeds 10 per cent from about
t = 100 Myr to t = 400 Myr. This is because the initial gas distribution in this simulation
has much lower density beyond 1kpc than in the other runs and the outflows from SNe in
the inner regions are therefore able to accelerate a large fraction of this gas to velocities
above the escape velocity.

Figure 3.2 shows the response of the dSph’s dark matter halo to the evolution of the
gas distribution. Following the rapid removal of gas from the centre of the dwarf, the
halo central density in the simulation with our fiducial parameter choices (black curves)

decreases by an order of magnitude, forming a profile with a much shallower inner log slope
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Figure 3.2: Evolution of the dark matter halo density profiles for the simulations presented
in Figure 3.1. For clarity, we show the initial density profiles for the fiducial (¢ = 10,
solid black curve) , ¢ = 4 (solid red curve) and ¢ = 30 (solid blue curve) simulations only,
as the initial profiles for both other models shown are indistinguishable from the fiducial
model. The profiles after 1.25 Gyr of evolution are shown as dashed curves with the colours
indicating the model. The halo particles are binned radially with 300 particles in each bin.
(F) denotes the fiducial run.
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within a radius of ~100pc. In the simulation initially having less gas within 100 pc, due
to a less concentrated gas distribution (the 3 = 0.2 kpc model; purple dashed curve), the
halo profile evolves less dramatically than in the standard model, although the initial halo
profiles are indistinguishable. As expected, the removal of the gas from the inner regions
in these cases corresponds to a smaller change in the total gravitational potential and
therefore the response of the dark matter halo is reduced. The smallest effect is seen when
the gas is initially more centrally concentrated (the ry = 0.05kpc model; green dashed
curve) as the retention of a significant fraction of the gas within 30 pc offsets the greater
gas contribution to the mass budget in this region (gas contributes 44 per cent of the total
initial potential within 30pc, compared to 20 per cent for ¢ = 30). The expulsion of gas
to radii beyond 5kpc noted above does not have a significant impact on the dark matter
halo.

Only the model with a lower initial halo concentration (¢ = 4; red curves in Figure 3.2)
exhibits more significant halo evolution than the standard model. This is simply because
the gas initially constitutes 47 (28) per cent of the gravitational potential within 60 pc
(1kpc). The removal of this gas results in the central 100-200 pc of the dark matter halo
evolving to almost uniform density. We will discuss the possible implications of the de-
pendence of the final dark matter halo profile on initial halo concentration in Section 3.4.
The halo density profile for the model with the highest halo concentration, ¢ = 30 expe-
riences no evolution over the run. The potential is dominated by the halo (the gas only
contributes 20 per cent in the inner 30pc) and only a small amount of gas is removed,
leaving the structure of the halo unaffected.

The simulations presented in this section demonstrate that galaxy progenitors with
similar masses to those expected for z ~ 10 dSphs and with initially spherical gas distri-
butions are generally unable to retain their gas in the face of feedback from just 100SNe.
Progenitors with high concentration haloes are able to retain a higher fraction of gas, but
only haloes with highly concentrated gas distributions are able to retain gas at densities

which are high enough to sustain star formation.

3.3.2 Flattened gas distributions

In this section, we consider the evolution of dSph progenitors in which the initial gas
distribution is a thick disk (Rq/zq=1.5 for the fiducial run). Figure 3.3 shows that after
100 SNe events the disk is able to retain the majority of its gas and the density at the

centre remains high enough for further star formation, in the sense that is roughly equal to
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the highest density thresholds for star formation assumed in simulations (e.g. Read et al.,
2016b; Pontzen and Governato, 2012). This is in contrast to the evolution of initially
spherical gas distributions in which 100 SNe are able to push more than 90 per cent of the
gas out to radii > 100pc, whereas the disk retains 80 per cent of the gas initially within
this radius.

The effect of increasing the number of SNe for the disk is also shown in Figure 3.3.
The initial conditions are identical for all three runs and are represented by the solid black
curve. The dashed black, blue and red curves show the radial density profile after 1.25Gyr
for 100, 200 and 500 SNe events, respectively. 200 SNe events cause the gas density to
drop by another order of magnitude, although 60 per cent of the gas still remains within
the original 1kpc. As the number of SNe increases, the amount of energy injected exceeds
the binding energy (3.5 x 10°%erg) and the entire gas content of the dSph is pushed to large
radii.

For the fiducial disk run, Figure 3.4 presents snapshots of the disk density and temper-
ature in the  —y plane (top and bottom rows), and density in the x — z plane (middle row)
at 0 Myr, 730 Myr and 1.25 Gyr in the left, middle and right columns, respectively. The
snapshots are slices through z=0 (y=0) for the top and bottom (middle) rows and show
the 3D density of the particles. Although there is more gas at large radii by the end of the
simulation, the density of the disk in the x —y plane remains similar to the initial snapshot
with only a small reduction in central density. However the x — 2z plane slice shows that the
final dwarf has evolved into a more spheroidal morphology, particularly for the gas beyond
about 0.25kpc. Figure 3.5 presents the evolution of the angular momentum over time for
the fiducial disk run. The total angular momentum of the gas is represented by the black
curves, and the z-component by red curves. Solid curves denote values for all gas particles,
while dashed curves relate only to those gas particles within 500 pc. Although the total z-
component of the angular momentum in the dwarf remains almost constant during the run,
the z-component within 500pc decreases to less than half of the initial value after 1.2Gyr.
While the mid plane density is still relatively high near the centre compared to the initial
distribution, the disk is thicker than initially, possibly making it easier for subsequent SNe
to remove more gas. This final structure, shown in the right panel of Figure 3.4, is typical
of all of the disk runs we considered (see Figure 3.10 which presents the corresponding
halo evolution). The gas distribution becomes more spheroidal for the lower concentration
runs (¢ = 4, ry = 0.2kpc) and the central, higher density regions retain a more disk-like

morphology for the higher concentration runs (¢ = 30, r; = 0.05kpc).
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Figure 3.3: Evolution of the gas density (top) and enclosed mass (bottom) profiles for
simulated dSphs with gas initially distributed in a disk. In both panels, the solid black
curves show the initial profiles, and the black, blue and red dashed lines show the resulting
profiles after 1.25Gyr of evolution for simulations in which feedback from 100, 200 or
500 SNe is included. The corresponding SN rates are 0.1Myr~!, 0.2Myr~! and 0.5Myr—!,
respectively. The gas particles are binned radially with 100 particles in each bin and the
three dimensional SPH particle density is averaged. (F) denotes the fiducial run.
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Figure 3.4: Maps showing the evolution of gas density (top, middle) and temperature
(bottom) for the fiducial disk simulation. The leftmost column shows the initial condi-
tions, the middle column shows the situation at 730 Myr and the rightmost column shows
the final state at 1.25 Gyr. The quantities plotted are cross-sections showing density in the
x —y plane (top), density in the x — z plane (middle) and temperature in the z —y plane
(bottom).
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Figure 3.5: The evolution of the total angular momentum (black solid line), and z-
component of angular momentum (red solid line) over time for the fiducial disk run com-
pared to the initial values (Lg). The same values within 500pc are shown as dashed curves.

The temperature snapshots in the bottom row of Figure 3.4 show pockets of warm gas
where SNe have recently exploded. Note that the warm gas in this panel is only at 10*K
as the cooling times are very short at these densities and so it has had time to cool in
the interval between the explosion and the snapshot being output. The warm patches in
temperature are seen in the corresponding density panels as bubbles where the shock front
has pushed gas spherically outwards, leaving low density hot gas around the origin of the
explosion. At the end of the simulation all of the gas is cool (T' < 103°K).

For comparison we show the same temperature maps for the fiducial spherical run in
Figure 3.6. In the fiducial spherical run there is much more warm gas (10*K) in the same
region, as the cooling times are much longer. In the final snapshot only around a fifth of
the original gas mass within 1kpc remains and the temperatures are hotter than for the
corresponding disk case. This highlights the differences between the two morphologies. In
the case of the disk there is a much higher proportion of gas at higher densities leading
to much shorter cooling times. In the spherical case the gas density drops off much more
rapidly from the centre, leading to lower densities and longer cooling times.

The bottom row of Figure 3.4 also illustrates the shearing effect of the disk on the gas

which has been heated by SNe. For example, the middle panel shows two extended regions
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Figure 3.6: Maps showing the initial (left) and final (right:1.25Gyr) gas temperature for
the fiducial spherical run in the x — y plane.

in the upper left quadrant of the panel which are left over from earlier SNe explosions in
regions where the gas density is too low to allow cooling on timescales shorter than the
local dynamical times. This effect emphasises the ability of the disk to retain gas that
would otherwise be expelled from a non-rotating system. This will also have consequences
for the distribution of the metals generated by the SNe - the highly structured nature of the
heated gas shows that the distribution of SNe produced is likely to be very non-uniform.

The evolution of the gas distributions in the remaining disk runs are shown in Figure 3.7.
The top panels show how the evolution changes as a result of varying the initial gas
concentration (left), the baryon fraction (middle) and the halo concentration (right); the
corresponding enclosed mass profiles are shown in the bottom panels. All panels show
the initial profiles as solid lines and the resulting profiles after 1.25Gyr as dashed lines.
Figure 3.7(a) shows similar results for varying the gas concentration as in the spherical case.
Interestingly, the central density for the most concentrated run (blue curve) is actually
slightly higher after 1.25Gyr than at the start of the simulation. This is due to the short
gas cooling times in the dense central region of this simulation. As a result, gas which is
driven towards the centre by SNe occuring beyond a few 100 pc tends to cool rapidly and
contribute to the build-up of a dense, cool central gas concentration.

The disk is able to retain more gas in the most concentrated case than for the corre-

sponding spherical run, with 97 per cent of the original gas mass within 1 kpc remaining for
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Figure 3.7: Impact on the evolution of the gas density (top) and enclosed mass (bottom)
profiles of varying the model parameters for simulated dSphs with gas initially distributed
in a disk. In all panels, solid curves denote initial distributions and dashed curves give
the profiles after 1.25 Gyr of evolution. For ease of comparison, the black curves in each
panel show the profiles for the fiducial model, while the red and blue curves correspond to
models with alternative values for the initial model parameters. Panels (a) and (d) show
the effect of varying the scale length rq of the gas disk; panels (b) and (e) show the effect
of varying the total baryon fraction of the initial model; in panels (c¢) and (f) the dark
matter halo concentration is varied. (F) denotes the fiducial run.
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the disk case, compared to 47 per cent in the spherical case. Increasing the initial concen-
tration of the gas impacts the cooling times in the inner regions of both the spherical and
flattened models similarly, and as a result the models with ¢, = 0.05 kpc and rq4 = 0.05 kpc
exhibit similar central densities at the end of the simulation: the mass lost in the spherical
case is mostly from radii outside 20 pc. The ability of the disk to retain significantly more
gas overall, is due to the fact that higher density gas in the disk extends to larger radii.
We also see a much smaller amount of gas lost from the disk models with initially less
concentrated gas (rq = 0.2kpc). In the spherical case almost all the gas is ejected to larger
radii with only 7.5 per cent of the original gas remaining within a radius 1kpc, compared
to 42 per cent for the case of the disk. An initially spherical gas distribution in this case
results in the dwarf being destroyed by SNe feedback, whereas an initial disk configuration
retains its original structure, albeit at a somewhat lower density.

Figure 3.7(b) shows the effect of reducing the initial baryon fraction of the dSph by a
factor of two (blue curves) or four (red curves). Although these two runs have a lower gas
mass, the number of particles is kept consistent so that the height of the disk is resolved,
resulting in gas particles with masses 5Mg, and 2.5M, for f,=0.08 and f,=0.04 respectively.
As the Figure shows, the initial reduction in the central gas density leads to a larger amount
of gas being ejected from the central regions as expected. A higher fraction of gas is lost
within 100pc for those models with a lower initial gas mass, 28 per cent and 30 per cent for
f»=0.08 and f,=0.04 respectively, compared to 59 per cent for the fiducial run (f,=0.16).
Similarly to the fiducial run, it is the central regions where cooling times are short that are
most affected by the SNe feedback, as the total mass enclosed within 1kpc is very similar
to the initial values.

Figure 3.7(c) shows the results of varying the halo concentration. Note that the central
gas densities are slightly different to the fiducial run when a different halo concentration is
used. This is due to the method of creating the gas distribution in the disk case, which uses
the halo potential to position the gas particles while maintaining hydrostatic equilibrium.
Increasing the concentration results in the stellar feedback having no significant effect on
the total gas content of the dSph, as 85 per cent of the original gas mass within 1kpc is
retained. However, the distribution of gas within the dSph is very different to the fiducial
run - the gas becomes much more centrally concentrated, similarly to the evolution of the
gas distribution in the rq4 = 0.05 kpc model of Figure 3.7(a). Note that in the corresponding
spherical run gas is lost from the inner parts of the dwarf, decreasing the density in the

centre. However, when the gas is arranged in a disk, mass is only lost from radii > 100 pc.
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In the spherical case only 46 per cent of the original gas mass within 100 pc remains,
whereas 82 per cent remains for the disk. This suggests that gas cooling times play a
stronger role in determining whether or not a dSph will retain its gas than modest changes
to the depth of the halo potential well, as the initial halo potentials are the same in both
the spherical and disk cases and yet the gas densities evolve very differently. Note that
the fiducial run (¢ = 10) and the ¢ = 30 run both have the same gas mass within 1kpc
after 1.25 Gyr - it is the difference in their central gas densities that will determine the
evolution of the dwarf at later times. The gas is much easier to remove from a halo with
concentration ¢ = 4, and by the end of the simulation 90 per cent of the mass within 100 pc
has been removed and the central gas density has dropped by an order of magnitude.

As the runs with a higher concentration of gas (rs = 0.05kpc) and dark matter (¢ = 30)
retain their high initial central density after 100 SNe, we repeat the same runs with 200
and 500 SNe events. The resulting gas and halo density profiles are shown in Figure 3.8.
When comparing the higher concentration run for the sphere and the disk (Figure 3.1 (b)
and Figure 3.7 (¢)) it seems that gas cooling time is more important for retaining gas than
the depth of the potential well, as the spherical case results in gas removal from the centre
of the dwarf in contrast to the corresponding disk simulations. However, if we consider the
spherical and disk models separately, and look at the effect of gas or halo concentration
on the ability of a halo to retain gas in the presence of larger numbers of SNe, we see a
different behaviour for each initial morphology.

Following the explosion of 500 SNe, the spherical model loses all its gas even in the
cases of higher concentrations of either the gas or dark matter. The gas density is reduced
to less than 10*Mgkpc™ in both cases (i.e. below the limits of the plot). After 200
SNe events, the spherical run retains more gas in the higher gas concentration case where
the gas particles have shorter cooling times, resulting in the final central density being
potentially high enough to host more star formation (2.4 — 7.4 x 10°Mykpc™ (Pontzen
and Governato, 2012; Read et al., 2016b)). This is due to both the binding energy in the
inner 60pc being slightly higher (1.95 x 105%erg and 1.39 x 10°%erg for r, = 0.05kpc and
¢ = 30 respectively) and the initial central gas density being higher, resulting in shorter
gas cooling times allowing for energy to be radiated away.

When the morphology is initially spherical, a change in the gas density has a larger
impact on the cooling times than for the corresponding disk models (where the cooling
times are already short) and hence changing the gas density in the spherical case results

in a significant change to the overall evolution. In this case, a higher initial gas density is
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Figure 3.8: Evolution of the gas density (top) and halo density (bottom) profiles for
simulated dSphs with a concentrated gas profile (left) and a concentrated halo profile
(right). In all panels, the solid black and blue curves show the initial profiles for the disk
and sphere respectively, and the dotted and dashed lines show the resulting profiles after
1.25 Gyr of evolution for simulations including feedback from 200 and 500 SNe. Note that
the gas density curves for the spherical models with 500 SNe (blue dashed curves) fall
below the lower limit of the density axis and are therefore omitted for clarity.
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more effective at retaining gas than the deeper potential well due to a more concentrated
dark matter halo.

For the disk morphology, 200 SNe events have a broadly similar impact to that due
to 100 SNe and the central gas densities remain very close to the initial values. However,
larger difference are seen after 500 SNe. The ¢ = 30 run retains significantly more gas than
the 7, = 0.05kpc run after 500 SNe events, with a final central gas density of 108Mykpc 3.
Here the depth of the halo potential is keeping the gas bound to the dSph halo. The total
binding energy of the gas is roughly the same as the injected SN energy (5.2 x 1052 for
r, = 0.05kpc and 4.66 x 10°2 for ¢ = 30). In contrast to the spherical case, for the disk the
higher halo concentration is more effective at retaining gas, again potentially resulting in a
qualitatively different evolutionary path for the dwarf. In the case where the disk and the
sphere have the same potential energy, the cooling time of the gas determines whether the
dwarf will be able to retain enough gas to continue forming stars (as in the disk model)
or if a large fraction of gas will be ejected (as in the spherical model). If the cooling time
is long as in the spherical case, making the potential well deeper does not improve the
chances of the dwarf retaining gas. However, in models for which the gas cooling time is
already shorter than the dynamical time, a deeper potential well increases the fraction of
dense gas which is retained.

The time evolution of the fractions of gas particles with velocities greater than that
formally required to escape the potential for a selection of disk runs is shown in Figure 3.9.
The solid curves show the fraction of gas located within » < 1kpc which has velocities
above the escape velocity; the dashed lines show the same for gas at 1kpe< r < 5kpc. As
expected, Figure 3.9(a) shows that as more SN energy is injected, more gas is driven above
the escape velocity. In the three simulations with varying numbers of SN events, all the gas
remaining within 1kpc is below the escape velocity by the end of the run and so will stay
bound to the dwarf. The fraction of gas at » > 1kpc above the escape velocity declines
towards the end of the simulation, but this gas is unlikely to fall back into the central
regions due to the infall time required (the average free fall time for gas at 1 < r < 5 kpc
is 1Gyr). This suggests that although only a small fraction of gas is removed from the
main disk, SNe feedback is likely very important for keeping the gas hot and extended,
allowing it to be removed easily by other external processes (e.g. ram pressure stripping)
when the dSph falls into a host halo at lower redshifts. The same effect is seen in the
simulations which vary the other model parameters. Figures 3.9(b) and (d) show results

for varying the gas and halo concentration, respectively. In both cases, the fact that the
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most concentrated runs give a larger fraction of gas at the escape velocity at larger radii is
simply due to the fact there is less gas at these radii. Only the small mass in high velocity
gas is able to reach these radii and hence a higher fraction is formally unbound. Again the
fraction decreases to a negligible amount over time and this will likely stay bound to the
dwarf in the absence of external perturbations.

Figure 3.10 shows the effect on halo density profile evolution of varying (a) the number
of SNe events, (b) the gas concentration, (c) the baryon fraction and (d) the halo con-
centration, for the disk case. Increasing the number of SNe events (and hence the energy
injected) decreases the central density of the halo as more gas is pushed out to large radii.
This is a small decrease in comparison to the spherical case in which 100 SNe events cause
an order of magnitude decrease in the central halo density due to the sudden removal of a
large amount of gas. Changing the gas concentration or the baryon fraction has no effect
on the density of the halo (panels b and c respectively), due to the small amount of gas
removed in comparison to the spherical case.

The Figure clearly shows that the only parameter which has a significant impact on
the evolution of the halo density profile of the halo is the initial halo concentration (Fig-
ure 3.10 (d)). In the simulation with halo ¢ = 4, the total potential inside 60 pc is initially
52 per cent lower than in the ¢ = 10 run. In addition, the gas contributes 39 per cent to
the total potential inside 60 pc for the ¢ = 4 run compared to 32 per cent in the ¢ = 10
case. These two effects both serve to increase the impact on the dark matter profile of gas
removal. The shallower potential well in the ¢ = 4 run allows more gas to escape, which
has a proportionately larger effect on the potential well as a whole since the gas contributes
a larger fraction of the potential. This is the only run in the disk case for which the final
halo density profile is significantly shallower than the initial profile. All other runs with
100 SNe do not remove enough gas to have any major impact on the halo density; while
the runs with 200 and 500 SNe (panel (a)) reduce the central density by a factor of a few,

the inner profile retains its initial cusp.
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Figure 3.9: The fraction of gas particles with velocities greater than the local escape
velocity as a function of time for the simulations in Figures 3.3 and 3.7. Solid curves give
the fraction of gas particles above escape velocity at radii r < 1 kpc while the dashed curves
correspond to gas particles at radii 1kpe < r < 5kpe. (F) denotes the fiducial run.
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Figure 3.10: Evolution of the dark matter halo density profiles for the simulations pre-
sented in Figures 3.3 and 3.7. In all panels, the black curves show the profiles for the
fiducial disk model. The red and blue curves in each panel show the effect of varying the
model parameters: (a) number of SNe; (b) disk scale length; (c) baryon fraction; (d) halo
concentration. Solid curves denote initial profiles, while dashed curves show the outcome
of 1.25 Gyr of evolution. (F) denotes the fiducial run.

3.3.3 Metallicity

In our standard runs we assume gas of primordial composition and do not model the effects
of metals produced by supernovae. We repeat the standard runs assuming a metallicity
for the gas of [Fe/H|= —1.5 and —2, using approximate cooling functions based on those
described in Sutherland and Dopita (1993) down to 10*K. Radiative cooling below 101K is
included as described in Mashchenko et al. (2008) from the de-excitation of fine structure
and metastable lines of C, N, O, Fe, S and Si. The resulting gas density profiles for the
spherical and disk fiducial runs are shown in panels a and b of Figure 3.11, respectively.
The initial density profile is the same for all metallicities and is represented by the black
solid line, other lines show the profile at 0.4Gyr (dotted), 0.8Gyr (dashed) and 1.2Gyr
(dot-dashed). The radial density profile of the primordial run over time is shown as black
lines, and as red (blue) lines for [Fe/H]=-2 (-1.5).

For the spherical case, [Fe/H]=- 2 (red) alters the final density profile by a small fraction,
leaving the result unchanged. However, [Fe/H]=-1.5 (blue) shows a much larger difference,
with the central density profile only reduced by less than 2 orders of magnitude, compared
to four orders of magnitude for the other two cases. The difference between the runs at
earlier times (0.4Gyr) is much smaller as the gas density is still relatively high resulting in
short cooling times for all runs regardless of the metallicity. As the density is reduced by

the continuing SNe events the role of metallicity becomes more important in determining
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Figure 3.11: Evolution of the gas density for simulated dSphs assuming varying gas metal-
licities: primordial (our fiducial run, black), [Fe/H]=-2 (red) and [Fe/H]=-3 (blue) for
a spherical (left) and disk (right) morphology. The different curves represent the initial

profile (solid) and the density profile after 0.4Gyr (dotted), 0.8Gyr (dashed) and 1.2Gyr
(dot-dashed) of evolution.

the cooling time of the gas. The difference in the resulting density profiles for the disk case
is much smaller, as the cooling times in the disk are already shorter than in the spherical
case due to there being a larger fraction of gas at higher densities. Even in the highest
metallicity run ([Fe/H]=-1.5, shown in blue) the inclusion of metal cooling has very little
effect on the central density, showing that here it is the density that is the most important

term in calculating the cooling time.

3.4 Discussion

The simulation results presented in the previous section show that the most likely outcome
of star formation in a dark matter halo of mass 3 x 10”M,, is the total expulsion of most
of the remaining gas from the system due to SNa feedback. The precise fraction of gas
that remains within 1kpc of the halo at the end of our simulations is a strong function
of the gas cooling time in the regions where the SNa explosions occur. The more rapid

gas cooling in regions of high gas density has a greater impact on the ability of a halo to
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retain gas than either the depth of the potential well or the initial morphology of the gas
distribution. However, as our disk models have larger fractions of gas at higher densities
than the spherical distributions, all the disk models retain significantly more gas than the
corresponding spherical models in our simulations. We also note that for a disk-like gas
distribution, the path of least resistance for outflowing gas is one that is perpendicular to
the plane of the disk (see, e.g., Brook et al., 2011), allowing more gas to be retained in the
plane of the disk, especially in the central regions. In most of the spherical models, gas is
easily expelled at all radii including the central regions. The exception to this is for the
spherical model with the highest gas concentration (r; = 0.05kpc) which maintains a high
gas density in the centre, although gas is still lost from larger radii.

The importance of cooling time is confirmed by the impact on our results of increas-
ing the initial gas metallicity. A global increase of the initial metallicity to [Fe/H]=-1.5
significantly enhances the ability of a spherical gas distribution to maintain gas at high
density in the inner regions. Even for dSphs with initial gas disks, Figure 3.11(b) shows
that increasing the metallicity leads to almost a doubling of the gas density within 20pc
at the end of the simulation relative to a simulation assuming primordial abundances.

However, pre-enrichment of the gas to metallicities as high as [Fe/H]~-1.5 in dSph
progenitors is not favoured by observations. High-resolution spectroscopic studies of the
stellar populations of dSphs like Ursa Minor and Draco show that they were continuously
forming stars for ~3 Gyr from z~12 to z~1 (e.g. Weisz et al., 2014¢). In particular, the
star formation history of Ursa Minor suggests that roughly 10 percent of the stars were
formed by z~ 10 while almost forty percent of the stars were in place by z~4 (Weisz
et al., 2014c, their Figure 1). Detailed modelling of the metallicity distribution function
(MDF) of Ursa Minor favours models which include both gas infall (Kirby et al., 2013)
and outflows (Ural et al., 2015). Further, the tentative age-metallicity relation for stars
in Ursa Minor obtained by Cohen and Huang (2010) suggests that the more metal-rich
tail of the metallicity distribution is populated by stars which formed more recently than
the main stellar population. The inflow of gas with primordial abundances, with star
formation potentially being triggered by mergers with other, similar mass haloes, could
therefore explain both the MDF and the age-metallicity relation. Once the halo reached a
larger mass it was able to retain enriched gas and form stars with higher [Fe/H|. A model
in which the halo continued to form stars at a low level for sufficient time after growing
its potential to give rise to stars with enhanced [Fe/H] and reduced a//Fe ratios appears to
be consistent with all the observed data. For example, the data in both Ural et al. (2015)
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and Cohen and Huang (2010) suggest that only the youngest (and most metal-rich) stars
in Ursa Minor exhibit reduced a/Fe.

Although a globally raised metallicity is unlikely to be the origin of the short gas cool-
ing times required to facilitate gas retention, the higher gas densities typical in flattened
morphologies remain a plausible explanation. If the gas initially has a spherical distri-
bution, we have shown that either the dark matter must be more concentrated than is
expected for typical haloes of this mass at z~10 (Correa et al., 2015), or gas cooling
must have generated a gas distribution with a scale-length roughly an order of magnitude
smaller than that of the dark matter, implying significantly stronger collapse than is seen
in typical haloes at this mass scale (e.g. Read et al., 2016b). Even in this case, the star
formation would be limited to the central regions of the halo (i.e. within a few tens of pc),
and a subsequent evolutionary process would be required to disperse these stars over a
larger fraction of the halo. The high stellar and dark matter densities in the inner regions
would mean that externally-driven processes such as the tidal sculpting usually invoked
to change the morphology of dSph stellar distributions would have little effect (e.g. Read
et al., 2006b; Penarrubia et al., 2010). Similarly, mergers with haloes of comparable or
larger masses (and hence of lower density) would be unable to inflate the spatial scale of
the stellar distribution by an order of magnitude and would be more likely to result in the
formation of a nucleated dwarf galaxy (e.g. Bekki, 2015; Assmann et al., 2013).

Obviously, the presence of dense gas with short cooling times is a pre-requisite for
further star formation. Given that only a small fraction of the stars in the less luminous
dSphs (e.g. Ursa Minor, Draco and Sextans) have metallicities as high as [Fe/H] = -1.5 at
the present epoch (Kirby et al., 2013), we infer that the primary determinant of whether
a dSph will exhibit extended star formation is the overall fraction of gas which is at high
density when the first stars form. Although this gas may not yet have formed stars, it is
only this gas which will be retained by the dSph. In other words, it is not sufficient for
cooling in a dSph progenitor to achieve a high gas density solely at the centre of the halo
- it must have high density gas distributed throughout the volume which will ultimately
be occupied by the stellar population of the dSph. Given that a disk morphology is likely
to have a larger fraction of high density gas, in particular outside the central few tens
of parsecs, our simulations are consistent with the idea that the progenitors of the Milky
Way dSph satellites experienced the bulk of their star formation at an epoch when their
baryonic components had a disk morphology. The transformation of rotation-supported

disks into pressure-supported spheroids through the action of external gravitational tides
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has already been discussed by a number of authors in the literature (Mayer et al., 2001b,a;
Klimentowski et al., 2009; Lokas et al., 2012; Tomozeiu et al., 2016). Nayakshin and
Wilkinson (2013) have discussed the role that AGN outflows from the Milky Way could
have played in that process.

In our fiducial, spherical model the gas is spread out over a sphere of radius ~ 20kpc
by the end of the 1.25Gyr simulation. The gas at large radii (> 5kpc) is at low enough
densities to be stripped on infall to the MW and would become a part of the hot halo
which is likely to have a density of few x10% Mg kpc™ at a radius of 100kpc from the
Galactic Centre (Mayer et al., 2006a). The gas at radii 1kpc < r < 5kpc could possibly fall
back, although at the end of our simulations its low density means that its cooling time is
very long. Observational determinations of the star formation histories of dSphs are not
yet sufficiently precise to distinguish continuous star formation from bursty star formation
punctuated by periods of ~100 Myr during which gas which remained in the halo could
potentially cool and re-ignite star formation (see e.g. Weisz et al., 2014c). However, if our
simulated dwarf is a progenitor for a dSph like Draco or Ursa Minor we expect further star
formation and outflows, which would tend to suppress the cooling and infall of the gas at
these radii and we therefore need to consider further sources of low-metallicity gas.

In all our simulations, the gas distributions were initially smooth although the injection
of SNe energy rapidly leads to a highly structured ISM. In a future work, we will investigate
the impact of an initially clumpy ISM, such as might be produced by stellar winds prior
to the onset of SNe feedback (Bourne and Power, 2016). Dense gas clumps are more
resilient to feedback (Bourne and Power, 2016) and could therefore increase the amount
of gas retained by the halo. In the context of AGN feedback impacting on the gas at the
centre of a galaxy, Bourne et al. (2014) has shown that significantly more gas remains after
the passage of an AGN outflow through a non-uniformly distributed ISM compared to a
smooth distribution. It is therefore reasonable to expect that similar behaviour may be
seen in the context of a dSph progenitor.

In this chapter, we evolved our dSph progenitors in isolation. As a result, we have
neglected a number of external effects in our simulations which could potentially impact
on our conclusions, namely gas accretion and reionization. The more important of these
at this redshift is likely to be gas accretion. Kirby et al. (2013) find that a gas accretion
model is a good fit to the narrow metallicity distribution functions for Ursa Minor and
Draco (and, indeed, most other dSphs). Those authors find that it is unlikely that the

stars which formed later in these dwarfs were composed of gas enriched by the first SNe,
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but rather they formed from more pristine gas subsequently accreted onto the halo. In
this case retention of the gas initially present in the dSph may not be required for further
star formation. If additional gas is continually accreted by the halo as star formation
proceeds, then the requirement is actually that the outflows generated by the on-going
star formation are unable to prevent the accretion and cooling of this gas. Simulations
by Latif and Volonteri (2015) have shown that this infall may have been filamentary: the
low filling factor of these filaments would naturally increase the likelihood of gas being able
to reach the central few 100 pc of the halo even in the presence of a SN-driven outflow from
the dSph. Indeed Kimm et al. (2015) find that SN-driven outflows have very little influence
(irrespective of the strength) on the rate of inflowing gas, showing that cold filamentary
accretion at high redshift allows for the deposition of low-angular momentum gas in the
central regions, enhancing the gas density.

Given that our simulations cover the period from of z~ 10 to z ~4, it is likely that the
reionization of the Universe took place during this time (reionization began between z ~ 10-
15 and was complete by z~ 6; see e.g. Planck Collaboration et al., 2016¢, and references
therein). It has been suggested that this could have contributed to the quenching of
star formation in low mass halos (Sawala et al., 2016b). Observationally, however, Ursa
minor and Draco show evidence for extended star formation during this time period and
beyond and no local group dSph exhibits a feature in its star formation history which is
unambiguously associated with reionisation (Weisz et al., 2014c). While this suggests that
it is unlikely that reionization was responsible for the cessation of star formation (though
see Sawala et al., 2010, for a discussion of possible self-shielding of gas in dSphs during
reionization), it could have played a role in limiting the supply of cold gas from accretion.
In this way, it could possibly account for differences between the dSphs and the ultra faint
dwarfs: those haloes whose star formation was truncated by reionization became the ultra
faints, while those that survived reionization and continued their forming stars until their
supply of gas was exhausted became “classical” dSphs.

In agreement with previous work (e.g. Governato et al., 2010; Read and Gilmore, 2005;
Navarro et al., 1996a) we find that it is possible to form dark matter cores providing
halo concentrations are lower at high redshift, and enough gas is ejected from the central
regions. For the removal of gas to have an effect on the halo the gas in the centre must
make a significant contribution to the potential and/or a significant amount of mass must
be removed at once. However, as noted by Penarrubia et al. (2010), if a core is formed

early in the evolution a dSph satellite, it is questionable whether it could subsequently
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survive to the present day without being tidally disrupted by the Milky Way.
Independent of our other model parameters, we find that the SN rate in our simulations
must be below 0.5 Myr~! to allow dense gas to remain in the dwarf at the end of the
simulation. As discussed in section 3.2, the stellar mass of the present-day Ursa Minor
would imply a rate of at least twice this (assuming a constant star formation rate). There
are several possible explanations for this. First, we have assumed that all the star formation
occurred in a single halo - it is possible that some of the low-metallicity stars in Ursa Minor
formed in a separate halo which later merged with the main halo. Given that the halo mass
has increased by at least an order of magnitude since z~ 10, it is possible that at least one
other halo that contributed to the dark matter content of this dSph also contained stars
and therefore each individual halo could have hosted a smaller number of SNe. Secondly,
we note that the star formation history for Ursa Minor presented in Weisz et al. (2014c)
implies that approximately 10 per cent of the stars in Ursa Minor were in place by z~ 10.
This would correspond to a stellar mass of 1—2x 10* Mg, which would result in 100-200 SNa,
explosions, comparable to the numbers in those of our simulations which resulted in gas
retention. Thirdly, in estimating the expected numbers of SNe we have assumed a Salpeter
(1955) initial mass function for the stellar population. While the stellar mass function
for low-mass stars in Ursa Minor has been shown to be identical to that of the globular
clusters M15 and M92 (Wyse et al., 2002), the high-mass end of the mass function in an
old stellar population can only be inferred indirectly from chemical signatures. Thus, it is
possible that the high-mass stellar IMF in high-redshift dSphs was significantly different

from that seen in star-forming regions at z~ 0.

3.5 Conclusions

In this chapter, we addressed the issue of whether a typical z = 10 dSph progenitor
could maintain an extended burst of star formation having initially acquired a gas fraction
comparable to the universal baryon fraction. In contrast to many previous studies, our
2 = 10 haloes had masses of 3 x 10"M,, appropriate for the z = 10 progenitors of haloes
with masses of ~ 10°Mg, at z = 0. We included the energy injected by SN explosions, and
followed the evolution of the gas distributions for 1.25Gyr. Our primary conclusion is that
gas retention by haloes of this mass is very challenging and requires halo concentrations
or initial gas distributions which are atypical of haloes at z = 10.

We varied several parameters to create our model dwarf galaxies including the mor-
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phology of the initial gas gas distribution, the number of SNe, the gas concentration, the
baryon fraction and the halo concentration. We find that the cooling time of the gas in
the central regions is the most important factor to retain sufficiently high central densities
to allow star formation to continue. For both spherical and disk gas morphologies increas-
ing the gas concentration increases the central density, resulting in the gas having shorter
cooling times which reduces the impact of the SNe feedback on the ISM. A flattened gas
distribution (disk) is overall more efficient at retaining gas than a spherical distribution
due to the fact that the gas densities are generally higher initially. However, even with
a high gas or halo concentration, we find that high density gas only remains at the end
of the simulation period if the number of SNe events is lower than that expected from a
Salpeter IMF (assuming a total stellar mass of ~ 3 x 10°My,).

Our finding that the haloes of dSph progenitors at z = 10 were not typical of haloes at
that redshift, combined with the data on the metallicity distributions of observed Milky
Way dSph satellites, suggests that the morphology of infalling gas may be a key factor which
determines the ability of a given halo to support extended star formation. Successful dSphs
may therefore result from progenitors which were outliers in the distribution of halo/gas
properties at z = 10, as well as experiencing gas accretion at an appropriate rate and with
an appropriate morphology so that SN-driven outflows were unable to prevent further gas
accretion. This would naturally explain the apparently non-linear mapping required for
the abundance matching of haloes from cosmological simulations with observed galaxies,
which gives rise to the “Too Big To Fail” problem and the apparent stochasticity of galaxy
formation at the faint end of the galaxy luminosity function.

In future work, we will investigate the extent to which a clumpy initial gas distribution
might affect the ability of a dSph to retain gas following an initial burst of star formation.
We will also explore the impact of external AGN outflows on the evolutionary history of
the dSphs as discussed in Nayakshin and Wilkinson (2013).
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Chapter 4

Do AGN outflows trigger or suppress

star formation in dSph progenitors?

4.1 Introduction

The dwarf spheroidal (dSph) satellites of the Milky Way represent valuable examples of
the end-products of galaxy formation in low-mass haloes. Their proximity means that
spectroscopic surveys have provided large data sets of their internal stellar kinematics
and chemical evolution (Tolstoy et al., 2006; Simon and Geha, 2007; Martin et al., 2007;
Walker et al., 2009d,b). The development of a detailed understanding of their evolutionary
histories, including both internal and external factors, is essential as input to a complete
picture of galaxy formation and evolution.

In the previous chapter( 3), we used high resolution hydrodynamical simulations to
show that the likely z ~ 10 progenitors of dSphs have difficulty in retaining the high
density gas needed to sustain extended star formation. In this chapter, we extend this
work to explore whether an AGN outflow from the supermassive black hole (SMBH) at
the centre of the Milky Way could have triggered star formation in a dSph. Our initial
goal is to assess the analytical calculations of Nayakshin and Wilkinson (2013) and explore
the conditions under which AGN outflows can enhance or inhibit star formation in high-z
dSph progenitors.

It is now generally thought that the majority of galaxies host a SMBH at their cen-
tre. The energy released as feedback resulting from the growth of the SMBH via gas
accretion has a strong influence not only on the host galaxy, but also on the extragalactic
medium (Gitti et al., 2007; McNamara and Nulsen, 2007). AGN drive fast outflows into
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the IGM at near-relativistic speeds v ~ 0.03 — 0.3¢ (Chartas et al., 2002; Reeves et al.,
2003; Pounds et al., 2003; Cappi, 2006; Gofford et al., 2013) and are capable of driving
the gas out to several kpc (Rupke and Veilleux, 2011; Sturm et al., 2011; Cicone et al.,
2014). Observations of outflows on larger scales are lacking (see, e.g. Spence et al., 2016).
However, analytical arguments suggest that when the SMBH is above a critical mass, an
outflow should be able to drive gas out of the galaxy completely into the IGM (King, 2005;
McQuillin and McLaughlin, 2012). It has been suggested that the reason outflows are not
observed at these scales is that to observe both the SMBH in its active phase and the
outflowing gas simultaneously, the gas must be at radii < 10kpc, which is consistent with
the observations. In the time taken for an outflow to reach distances larger than 10kpc,
the active phase of the AGN will usually have ceased (Zubovas and King, 2016).

AGN have been observed as far back as z ~ 6 —7 (see, e.g. Fan et al., 2001; Kurk et al.,
2007). While the SMBH at the centre of the MW is currently dim compared to others, its
mass is comparable to those observed to be active in other galaxies. There is evidence that
the SMBH at the centre of the MW has been active relatively recently (~ 6Myr) (Zubovas
et al., 2011; Zubovas and Nayakshin, 2012) when it experienced a short (~ 1Myr) outburst
after a suspected accretion event which coincided with a star burst in the galactic centre.
We expand on the proposal by Nayakshin and Wilkinson (2013) that if the SMBH in the
MW was able to drive outflows to distances comparable to that of the radius of the orbits
of some of the dSphs, the ram pressure could have a significant affect on their properties
and star formation histories.

Simulations have shown that ram pressure stripping by the hot, gaseous halo is able
to remove significant amounts of gas from dSphs, despite the relatively low density (see
e.g, Marcolini et al., 2003; Mayer et al., 2006b, 2007; Nichols and Bland-Hawthorn, 2011).
However, it is unlikely this was responsible for the complete removal of the gas, as the very
dense gas in the central regions is much more difficult to remove. It is therefore plausible
that during the phase when the SMBH activity was intense, ram pressure stripping by
outflowing gas could have been significant for two reasons; the density of the gas in the
outflow could be much higher than that of the present day gaseous halo, and the outflow
velocity is likely to be larger than the relative velocity of the hot static halo and the dSph it
interacts with. Ram pressure stripping is proportional to the ram pressure of the ambient
gas, Pram < psnenVa g, where p is the density of the gas in the outflow and Vi is the
velocity of the outflow. Therefore the ability of the outflow to remove gas from the dSphs
may be significant ((see Table 1 in Nayakshin and Wilkinson, 2013)).
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The Local Group dSphs have a very diverse range of properties due to their very different
SFHs (Tolstoy et al., 2009), despite residing in haloes of roughly the same mass. It is
questionable whether the local group dSphs have all followed the same evolutionary path
due to their diverse range of properties. It seems external processes have influenced their
evolution and taken a role in both beginning and ending their periods of star formation.
The dSphs are such low mass systems that they are susceptible to these influences and are
relatively easy to disrupt.

The Carina and Ursa Minor dSphs are an interesting pair of targets to compare our
models to as they have qualitatively different star formation histories despite having similar
stellar masses. Ursa Minor hosts a predominantly old stellar population, with star forma-
tion ceasing 10Gyr ago (see, e.g. Ural et al., 2015), while Carina hosts populations of old,
intermediate age and young stars. Carina is one of the few dSphs showing an episodic
SFH, with distinct periods of no star formation activity between these episodes, making it
an important object for understanding the evolution of galaxies.

A number of authors have investigated whether the episodic bursts of SF in Carina were
possibly triggered by perigalacticon passages and passages through the MW disk (see, e.g.
Pasetto et al., 2011). However, when estimating the orbital history of Carina this seems un-
likely as there is no correlation between the starburst and the times of the passages (Piatek
et al., 2003).

In this chapter, we explore the link between AGN outflows and star formation in dSphs
and whether this could explain the differences in their star formation histories, depending
on whether or not the outflow triggers or suppresses star formation in a dSph progenitor.
We use numerical hydrodynamical simulations to test the conclusions of Nayakshin and
Wilkinson (2013) and explore the conditions under which AGN outflows can enhance or
inhibit star formation in high-z dSph progenitors. The structure of this chapter is as
follows: section 4.2 describes the models used to represent an AGN outflow and section 4.3
describes the simulations and the set up of the initial conditions. Section 4.4 presents the
results of our simulations, which we discuss in section 4.5. Finally, our conclusions are

outlined in section 4.6.

4.2 Models

Zubovas and King (2012) provide a detailed description of the internal structure of an

AGN outflow once it has reached the energy-driven phase of its evolution (see their Fig. 1).
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Following Nayakshin and Wilkinson (2013), we represent the AGN outflow by a constant
density shell of material whose density depends on the shell thickness. Zubovas and King
(2012) find that for a specific heat capacity ratio v = 5/3 (i.e. an ideal gas), the shell
thickness is given by AR = R.q/3, where

AR = Ry — Reg (4.1)

Ry is the radius of the outer shock front, and R.q4 is the radius of the contact discontinuity
between the shocked wind material and the shocked ISM material. Equivalently, AR =
Ryt /4 - this is more useful as we can assume that initially R, ~ Rg, the distance of
the dSph from the centre of the Galaxy. The simulations of Zubovas and King (2012)
confirm that the assumption of a constant density within the shell is reasonable to first
order. Similarly, given that the density contrast between the material within the shell and
the material between the inner wind shock Ry, and R.q is about a factor of X, we neglect
the material interior to R.q and consider only the impact of the passage of the shell of
shocked ISM gas.

The shell is assumed to pass the dSph with velocity Vg,. This means that the time
taken for the shell to cross a dSph of radius rqyas < Rq/4 is

Ry 1000 kms™!
tan ~ 25 M 4.2
" (100kpc)( Va ) " “2)

In setting our initial conditions we make the following assumptions:

1. Velocity of outflow: this is determined by where on its orbit the dSph encounters
the outflowing shell. King et al. (2011) find that in an isothermal halo, the velocity
of the shock pattern rapidly (within 1Myr) reaches a constant value which it retains
until the AGN turns off. After that time, the velocity declines. The velocity depends
on the mass of the host bulge. However, for non-isothermal models, McQuillin and
McLaughlin (2013) found that the shock pattern could accelerate at large radii. For
the Milky Way, with a bulge dispersion of ~ 100kms™!, this velocity would be
~ 500kms™! (their equation 13 with f. = f,). Thus velocities of 500kms~! and
1000km s~! should the bracket plausible range.

2. Mass of outflow: We assume a fixed outflow mass of Mg, = 5 x 101°M,. Nayakshin
and Wilkinson (2013) also use a shell whose mass increases as it expands into the

halo, assuming the gas follows an ”NFW?” profile. For the distances we are interested
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in (50-100kpc), the mass of the outflow is ~ 5 x 101°Mg, as it increases by a negligible

amount, hence using a fixed value.

3. Thickness of shell: given that the thickness is Rou /4, we need to consider likely
locations of dSphs at the time of encounter based on the table in Nayakshin and
Wilkinson (2013) - according to their Table 2, Carina and Ursa Minor are susceptible
even when placed at the largest apocentre distances consistent with the observations.
Therefore, based on estimates in their Table 1 (taken from Lux et al., 2010), we will
assume that Ry = 100 kpc, although we may also consider Ry = 50kpc. Note that
since the time for the shell to cross the dSph is 25-50 Myr, the dSph will not move
significantly in its orbit during this time. This shell thickness gives a shell density of

., (100kpc\® My, _
_ 2 S. 3
psn = 3 x 10 ( R, ) (5 101 M@) cm (4.3)

4. Temperature of gas in shell: Assuming an initial radius of 3kpc, at which the
energy driven flow begins (a factor 3 larger than the 1kpc assumed in Zubovas
and King (2012) because we are assuming a shell mass which is relatively large at
5 x 101°M,), an initial temperature of 5 x 107 K and an adiabatic expansion (i.e.
T V7~! =constant) with no mass growth, yields a temperature of 10* K when the
shell has expanded to R.,; = 100kpc. An alternative calculation using the ideal gas
law for the material in the shell, assuming a uniform mass density within the shell,
and assuming that the ISM into which the shell expands is the hot halo of the Milky
Way with ny < 107 cm™ at a distance of 100 kpc (Mayer et al., 2006b), yields a

temperature of:

2 3 10
PISM Van Ry 5 x 10" Mg,
Ty = 3 x 10° 0T POk,
h= o (250M®kpc_3> <1000kms—1) <100kpc> ( Mo,

(4.4)

5. Angle of incidence: We simulate two different orientations of the dwarf, face on and

edge on to the outflow.
6. Thegasintheshellisassumedtobehaveasanidealgaswithy = 5/3.

7. Gas morphology in dSph: a spherical gas distribution is too easily disrupted, therefore

we only consider only disk models, similar to those in chapter 3.
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8. AR = Ry/4 was derived for the case of an isothermal halo in Zubovas and King
(2012). However, since it depends only on assumption of a strong shock it is essen-

tially independent of the potential.

9. Metallicity of gas in outflow and in dSph: we assume Z= 1073 Z..

It is interesting to note that clumps can be moved out of the disk onto halo orbits
by the passage of the shock front. Once star formation has been triggered, the clumps
will decouple from the ram pressure of the shock front and the resulting stars will remain
within the dSph. We need to estimate the density threshold for clump disruption below
which it would be entrained by the flow and the material would be lost from the dSph.

4.3 Simulations

4.3.1 Initial Conditions
Dwarf galaxy

We simulate a live dark matter halo which follows a Hernquist density profile (Hernquist,

1990)
_ Moo 0h

pr) = 2 r(r+ap)?

where ay, is a scale radius defined by the concentration parameter from an NFW pro-

(4.5)

file (Navarro et al., 1996b), assuming the two profiles contain the same mass within rgg0.
We used the codes mkgalaxy and mkhalo (McMillan and Dehnen, 2007) within the NEMO
environment (Teuben, 1995) to calculate the initial positions and velocities for the halo
particles, taking into account the potential of both the gas and stellar components. In all
simulations Mgy = 3 x 10°M, and c= 10, which is a reasonable value for halos at z ~ 10
(Klypin et al., 2011). These values imply an NFW scale length of 0.3 kpc and Hernquist
parameters of a, = 0.5kpc and 999 = 3kpe. The dark matter is represented with particles
of mass 100M, and gravitation softening 2 pc, resulting in 3 x 10° partciles in total.

The gas disc was created using the code 'DiscGO’ which creates equilibrium disc galaxies
(Newton and Kay, 2013). Both gas and stellar components have the same scale length (r4)
and follow an exponential surface density profile:

Y,(R) = My o—rpr (4.6)

- 2
2mrs;
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Two different gas scale lengths are used in the simulations presented in this chapter,
r4=300pc and ry=400pc. The gas is assumed to have an ideal equations of state and is
assumed to be in hydrostatic equilibrium which determines the scale height of the gas disk.
The total gas and stellar masses are 4.8 x 10°My and 10*M,, respectively, giving particle
masses of 10Mg, for both the gas and stars. Having generated our initial conditions, we
evolve them for 300 Myr excluding cooling and star formation, to allow the components to

settle fully into equilibrium.

Outflow

The gas particles representing the outflow are cut from a relaxed glass-like configuration,
and adjusted to give a constant density of 2.064 x 10*Mykpc™3 corresponding to a total
shell mass of 5 x 101Mg, and a shell thickness of 25kpc as discussed in section ??. We
only simulate the part of the shell of outflowing gas that will interact with the dwarf, with
dimensions 25x10x 10 kpc. This section of outflow has a mass of 5.12 x 10"M,, represented
by 5.12 x 10° particles, each with a mass of 10M. The particles are given an x-component
velocity which is varied in each run, and an internal energy corresponding to a temperature
of 10*K as discussed in section ??. This describes the properties of the outflow at a distance
of 100kpc from the centre of the host galaxy. We also simulate the outflow at a distance
of 50kpc, where the density is higher which results in a higher ram pressure. The mass
and temperature are fixed and the density and shell thickness are 1.65 x 10°Mgkpc™ and
12.5kpc, respectively.

Background (gaseous halo)

Our main motivation for including a low density background is to avoid the code crashing
due to problems finding SPH neighbours on the edge of the constant gas distribution for
the outflow. However as there is a gaseous halo present in the Milky Way this is not an
unrealistic addition. As for the outflow, the gas particles representing the background are
cut from a relaxed, glass-like configuration, and adjusted to give a density of 21.6Mykpc 3.
The total mass is 4.3 x 10°Mg and the temperature is the same as that for the outflow,
10%K.
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4.3.2 Simulation Code

All our simulations are performed using a modified version of the N-body plus hydrody-
namics code GADGET-2 (Springel, 2005), including prescriptions for radiative cooling,
star formation and thermal stellar feedback. We use the SPHS formalism (Read et al.,
2010; Read and Hayfield, 2012) to properly resolve mixing of the multiphase gas. The
smoothing kernel is a second order Wendland kernel with 100 neighbours to allow for
the larger neighbour number required with SPHS while suppressing the pairing instabil-
ity (Wendland, 1995; Dehnen and Aly, 2012). The gas smoothing and softening lengths are
both adaptive, with a minimum value of 0.4 pc in the densest regions, and the dark matter
particle softening length has a constant value of 2pc. These simulations use a particle mass
of 10M, for gas and star particles, and 100M, for the dark matter particles.

Radiative cooling of the gas is included using approximate cooling functions based on
those described in Katz et al. (1996) down to 10*K. Cooling below 10K is modelled as
described in Mashchenko et al. (2008) via the fine structure and metastable lines of heavy
elements down to 20K. Throughout this chapter we assume a metallicity of [Fe/H|=-3.

We model star formation using a density threshold:

Perit = Pthresh + PJ (47)

Where pipresn is 5.01 x 10722gem ™3, equivalent to 300atomem ™3,

This ensures that stars
form only in regions that are dense enough to be molecular gas. p; is the local Jeans

density, given by

kT \* _
pPJ = (meG) (TngbMspn) ? (4.8)
P

where n,,,,=100, is the number of neighbours of a gas particle and my,, is the SPH particle
mass. This further ensures only gas unstable to gravitational collapse is converted into
stars. Particles that fulfill this criterion are then turned into star particles with a probability
P =1 — exp(—0.16t/tss), where 0t is the current timestep of the particle and ¢y is the
local free-fall time. Due to our high mass resolution we model the formation of single stars,
however as we are only interested in the possible triggering of star formation we do not
model any other details, and form stars of a constant mass.

Stellar feedback is modelled by injecting thermal energy into the nearest 100 SPH
neighbours, kernel weighted depending on their distance to the star particle. In these

simulations we use a probability of a star particle going exploding as a SN of 0.2 percent,
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assuming the total mass of stars that form over an extended period to be that of the Ursa
Minor and Draco dSphs, ~ 3 x 10°M,.

4.4 Results

Gunn and Gott (1972) approximate the stripping radius for an axisymmetric disk system,
outside of which gas is removed as the radius where the restoring force per unit area
~ 2rGX¥,X4, is equal to the ram pressure of the shell Pram=psnv’,. ¥, is the surface
density of the gas and X, is the total surface density (including stars and dark matter),
and pgn, Vs, are the density and velocity of the outflow respectively. Thus gas will be

stripped at radii where:

Pram > 271G (1) (r)ag (4.9)

Figure 4.1 compares the restoring force of the gas in the dwarf orientated edge-on
(solid lines) and face-on (dashed lines) to the outflow, and the pressure of the gas disk
(dot-dashed lines) in our model dwarfs with ry=300pc (black lines) and ry=400pc (blue
lines). The values for the ram pressure of the outflow are plotted as horizontal lines for
outflow velocities of 250 kms™" (green line), 500kms™! (orange line) and 1000kms™" (red
line) assuming a distance of 100kpc from the host galaxy. For our model dwarfs we expect
all gas outside of the stripping radius, where the restoring force drops below the ram
pressure of the shell, to be removed by the passage of the outflow. Figure 4.2 compares the
restoring forces and gas pressures for the same disks, to the ram pressures from an outflow
at a distance of 50kpc from the host galaxy for outflow velocities of 500kms™! (red line)
and 1000kms™! (green line).

Nayakshin and Wilkinson (2013) suggest that the outflow is capable of compressing
gas in the dwarf and inducing star formation in regions where the internal gas pressure
in the dwarf is lower than the ram pressure of the outflow Py, >Pyisr. Gas that fulfils
this criterion and is at radii smaller than the stripping radius defined above, could be
compressed, allowing it to reach the densities required for star formation, rather than
being expelled from the galaxy. We keep these two requirements for gas removal and star

formation in mind and refer to these figures as we describe the results of our simulations.
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Figure 4.1: Restoring force for the disk orientated edge-on (solid curves) and face-on
(dashed curves) to the outflow, and the gas pressure in the disk (dot-dashed curves) as
a function of radius for disks with scale radii of 300pc and 400pc (black and blue lines
respectively). The ram pressure due to the outflow is plotted for the outflow velocities of
250kms™! (green horizontal line), 500kms™' (orange horizontal line) and 1000kms™! (red
horizontal line) positioned at 100kpc from the host galaxy.
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Figure 4.2: Restoring force for the disk orientated edge-on (solid lines) and face-on (dashed
lines) to the outflow, and the gas pressure in the disk (dot-dashed lines) as a function of
radius for disks with scale radii of 300pc and 400pc (black and blue lines respectively).
The ram pressure due to the outflow is plotted for the disk positioned at 50kpc from the
host galaxy with an outflow velocity of 500kms™ (red line) and 1000kms™" (green line).
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4.4.1 Outflow velocities of 250kms~!

Compact disk

Figure 4.3 shows the 3D gas density profiles (first row), enclosed gas mass profiles (sec-
ond row), and the stellar surface density profiles (bottom row) for the isolated disk (first
column) and for two orientations of the disk with respect to the outflow; edge-on (middle

L at

column) and face-on (last column) for r,=300pc and an outflow velocity of 250kms™
a distanve of 100kpc from the host galaxy. Different line colours (and styles) represent
the profiles at different times, the black (solid)curves show the initial profiles at t=0, the
blue dotted curves show the profiles at t=156Myr and the red (dashed) curves show the
profiles at t=375Myr. The isolated disk is able to cool which leads to a density increase of
several of orders of magnitude in the central regions (left column, first row), enabling star
formation. The enclosed mass profile shows the gas inside 100pc is collapsing towards the
centre (left column, bottom row). Both the edge-on (middle column) and face-on (right
column) orientations also show an increase in central gas density of the same order, de-
spite the presence of the outflow. The only differences between the isolated run and those
containing the outflow is at radii > 100pc where the gas is stripped by the passage of the
outflow. The central regions (r < 100pc) in all three simulations are very similar. All
enclosed mass profiles (second row) show a similar increase in mass as the gas collapses to
high densities, only the gas distribution in the outer regions differ. A significant amount
of gas has been removed at larger radii, leaving 2 x 10°M and 1 x 10°Mg, within 1kpc
for the edge-on and face-on cases respectively. The edge-on disk has gas stripped outside
a radius of 100pc, while the face-on disk has gas stripped further in, outside a radius of
50pc, due to the lower restoring force. Comparing this to figure 4.1, we see that gas is
actually stripped much further in than we expected from the approximations. The black
solid (edge-on) and dashed (face-on) curves in figure 4.1 cross the line representing the ram
pressure for an outflow with a velocity of 250kms~! at 300-400pc.

At the end of the simulation, these dwarfs all have gas particles at sufficiently high
densities to allow continued star formation. Note that the stripping is not instantaneous
(especially for the edge-on orientation), the blue dotted lines here represent the time when
the outflow has completely passed over the gas disk of the dwarf, by which time, only a
minimal amount of gas is lost. As the simulations continues more gas is lost from the
outer regions. The central regions therefore, do not appear to have been affected by the

outflow, as gas is still able to cool and collapse to high densities more than 200Myr after

90



CHAPTER 4. DO AGN OUTFLOWS TRIGGER OR SUPPRESS STAR FORMATION IN DSPH
PROGENITORS? 4.4. RESULTS

1ot Disk r,=300pc
\ - =

L t=156Myr
109 S _t=375Myr

108
107

Gas p (Mgkpc™?)

108

TTT
=

107

hrin

108

109

104

Enclosed Mass (M)
|||||||T| |||||||T| ||||||Tr| |||||||T|

A
vl vl ol

108
107
10¢
108
104

Stellar p (Mgkpe2)

1000
100

N LI IIIIIII| IIIIII|_|J Illllllll‘\ Li
10 0.01 0.1 1 10 0.01 0.1 1 10
Radius (kpc)

Figure 4.3: The evolution of the 3D gas density profile (top row), enclosed gas mass
(second row) and stellar surface density profile (bottom row) for runs of an isolated disk
(first column), a disk positioned edge-on to the outflow (second column) and a disk face-on
to the outflow (third column) for a scale radius of r,=300pc and an outflow velocity of
250kms~!. Solid black curves show the initial profile at t=0 and dotted blue curves and
dashed red curves show the profiles at 156Myr and 375Myr, respectively.
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the interaction.

All three disks form stars during the simulation, the bottom row of Figure 4.3 shows the
stellar surface density for the disk with ry = 300pc and an outflow velocity of 250kms™!. As
with the gas density profiles, the stellar density profiles are all similar in the central regions.
A large number of stars are formed in the centre of the disks where the gas density is very
high, resulting in a very centrally concentrated population. The passage of the outflow
does not appear to have hindered star formation in the disks in either orientation due to
the fact that the central regions are not affected. The blue dotted lines here represent
the time when the outflow has completely passed over the dwarf, we can see no new star
formation occurs until after it has passed. The structure of the halo is unaffected by the

passage of the outflow despite a significant amount of gas being removed.

Extended disk

Figure 4.4 shows the 3D gas density profiles (top row), the gas enclosed gas mass profiles
(second row) and the stellar surface density profiles (bottom row) for the isolated disk
and for two orientations of the disk with respect to the outflow for r,=400pc and an
outflow velocity of 250kms™!.
and the dotted blue and dashed red curves show the profiles at t=156Myr and t=375Myr

respectively. As for the isolated disk with ry=300pc, the gas is able to cool and reach

The initial profiles are shown by the solid black curves,

high densities, increasing the central density by several orders of magnitude (top row, left
column). Note that in this dwarf, the time required to reach densities high enough for
star formation is longer than for a dwarf with r;=300pc as the density is lower, hence the
cooling times are longer. The passage of the outflow is therefore able to prevent the gas
in these lower density disks from reaching the higher densities, keeping the central density
around the same value for the edge-on orientation (top row, middle column), and reducing
it by around two orders of magnitude in the face-on orientation (top row, left column).
Here the orientation of the gas disk with respect to the outflow determines whether or not
the dwarf can host any further star formation in the future. As the central density is still
high when positioned edge-on to the outflow, it is possible that this gas could cool and
form stars (assuming no other external effects prevent this). In this case the gas is only
removed at radii >100pc and the dwarf retains ~20 percent (1 x 105M) of the initial gas
mass within 1kpc. The outflow has a larger impact on the face-on dwarf, removing mass
from all radii leaving only 4 percent of the initial gas mass within 1kpc.

The radius where the enclosed mass profiles starts to decline can be compared to the
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Figure 4.4: Evolution of the 3D gas density profile (top row), enclosed gas mass (second
row) and the stellar surface density profile (bottom row) for runs of an isolated disk (first
column), a disk edge-on to the outflow (second column) and a disk face-on to the outflow
(third column) for a scale radius of r,=400pc and a outflow velocity of 250kms~!. Solid
black curves show the initial profile at t=0 and dotted blue curves and dashed red curves
show the profiles at 156Myr and 375Myr, respectively.
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Figure 4.5: The number of stars formed over time for disks with 7,=300pc (left) and
rs=400pc (right). The solid black lines represent an isolated disk (black) and the same
disk orientated face-on (blue) and edge-on (red) to an outflow with a speed of 250kms™!.

stripping radius. As with the higher density disk, we see gas stripped further in than we
would expect from figure 4.1. Both the edge-on and face-on profiles (blue solid and dashed
lines) fall below the line representing the ram pressure (green line) at 300-400pc. This
radius is similar to the disk with r,=300pc as the restoring forces are comparable at large
radii. The edge-on orientation only looses gas from r>100pc. However in contrast, the
face-on disk loses gas from all radii, though the slope is similar that of the initial profile
and does show a decline in the mass profile outside ~400pc where we would expect the gas
to be stripped.

The bottom row of Figure 4.4 shows the stellar surface density profile. No new stars
are formed in these simulations, in this case the presence of the outflow prevents any new
stars from forming compared to the isolated case. The removal of gas doesn’t appear to
have altered the density profile of the stars present initially, and has not effected the profile
of the dark matter halo.

The number of stars formed in the simulations with an outflow velocity of 250kms™
is shown in figure 4.5, for the isolated disks (solid black lines) with r;=300pc (left panel)
and rs=400pc (right panel), and for disks orientated edge-on (red lines) and face-on (blue

1
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lines). The presence of the outflow does trigger star formation slightly earlier in the disk
positioned edge-on with ry, = 300pc.

Stars form in all three runs for the disk with r,=300pc. The face-on disk forms fewer
stars than the isolated disk, so the outflow hinders star formation in this case. The edge-on
disk starts forming stars slightly earlier than in the isolated case as it is triggered earlier
by the outflow, and at least initially this disk is forms a few more stars than the isolated
disk. For a disk with a scale radius of rs=400pc (right panel) the presence of the outflow
prevents any star formation, only the isolated disk has some low level star formation at

later times when the gas has reached high enough densities.

4.4.2 Outflow velocities of 500kms !

Compact disk

Figure 4.6 shows the gas density profiles (top row) and the enclosed gas mass (second row)
for a disk with r,=300pc and an outflow velocity of 500kms~' positioned at 100kpc (first
and second column) and 50kpc (third and fourth column) from the host galaxy. Compared
to the isolated case, the disks that interact with the outflow are lower density at all radii
in both orientations. The edge-on disk, 100kpc away from the host (first column) retains
gas, and has a similar density profile to that initially, but the density has decreased at at
all radii compared to the original profile. From the enclosed mass profile (bottom row) we
see there is ~ 10°M,, of gas left in 1kpc, so around 80 percent of the gas mass is lost due
to the passage of the outflow. As with the other simulations of the edge-on orientation,
the majority of the gas is stripped from larger radii, ~ 200 — 300pc, in agreement with
figure 4.1. This dwarf could possibly host further star formation as the resulting central
gas density is still relatively high. Although a significant amount of gas has been stripped
from the dwarf, this is exclusively outside of ~ 200pc, leaving the enclosed mass in the
central 100pc unchanged. For an edge-on disk, positioned 50kpc away form the host (third
column) the higher ram pressure lowers the central density by roughly another two orders
of magnitude, preventing star formation and leaving only around 10°Mg of gas within
lkpc. Referring back to figure 4.2 we expect a large amount of gas to be stripped from this
dwarf, with a stripping radius of ~80pc. We don’t see a decline in the mass profile until
around 400pc, but the profile is decreased at all radii with respect to the initial profile, as
gas is removed all the way to the centre.

When the dwarf is orientated face-on to the outflow, almost all the gas is removed from
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Figure 4.6: Evolution of the 3D gas density profile (top row) and the enclosed gas mass
(bottom row) for disks placed at distances of 100kpc and 50kpc, of a disk edge-on to the
outflow (first and third column) and a disk face-on to the outflow (second and fourth
column) for a scale radius of r,=300pc and an outflow velocity of 500kms™!. Each panel
shows three different stages of the simulation, t=0,78 & 375Myr are represented by black
solid, blue dotted, and red dashed lines respectively. t=78Myr is the time when the outflow
has completely passed the disk.

96



CHAPTER 4. DO AGN OUTFLOWS TRIGGER OR SUPPRESS STAR FORMATION IN DSPH
PROGENITORS? 4.4. RESULTS

the dwarfs at both distances (100kpc: second column, 50kpc: last column), as they retain
only ~ 10*M, within 1kpec. It is unlikely there will be any future star formation in these
two dwarfs. The remaining gas will be easily removed by other processes such as ram
pressure stripping by the hot halo of the Milky Way. We don’t expect the face-on disk to
be completely stripped at an outflow velocity of 500kms~!. Figure 4.1 suggests a stripping
radius of ~ 200pc for this dwarf (comparing the orange line and blue dashed curve). from
figure 4.1 (orange line), which estimates a stripping radius of ~200pc for this dwarf (blue
dashed line). However for the same dwarf at a distance of 50kpc, we do expect all gas to
be removed as the ram pressure is larger than the restoring force at all radii in figure 4.2
(black dashed curve and red line).

The stellar surface densities and halo densities for these runs remain unchanged, even
in the cases where the vast majority of gas is removed as shown in figure 4.7. The stellar
surface density profile (first row), the stellar enclosed mass (second row), the halo density
(third row) and the halo enclosed mass (bottom row) are shown for a disk scale radius of
r,=300pc and an outflow velocity of 500kms™! at a distance of 100kpc (second and third
columns) and 50kpc (fourth and fifth columns) from the host galaxy. No new stars are
formed for either disk in these simulations as the impact of the outflow has prevented the
gas in these dwarfs from cooling and forming stars during the simulation. The surface
density of the original population of stars is unchanged (middle and right columns, top
row), as well as the enclosed mass (middle and right columns, second row). The outflow is
able to remove the vast majority of gas from the face-on dwarf at either distance, leaving
behind a halo with very small amount of gas and the original population of stars (those
present before the passage of the outflow). When the disk is positioned edge-on at a
distance of 100kpc, 20 percent of the original gas remains, retaining a reasonably high
density in the centre, suggesting that future star formation is possible if the gas in the
central regions can cool and reach the required densities. When positioned at 50kpc the
edge-on disk will have the same fate as those orientated face-on as the low density gas will
be easier to remove by other external processes. Therefore it is likely three out of four of

these scenarios result in gas-free dark matter halos with an old stellar population.

Extended disk

Figure 4.8 shows the gas density profile (top row) and enclosed mass profile (bottom row)
for a disk with r,=400pc with an outflow velocity of 500kms™! for an edge-on (first and

third columns) and face-on (second and fourth columns) orientation at distances of 100kpc
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Figure 4.7: Stellar surface density profile (top row), enclosed stellar mass (second row,
taken in 2D), the halo density profile (third row) and the enclosed halo mass (bottom row)
for runs of an isolated disk (first column), a disk edge-on to the outflow (second column) and
a disk face-on to the outflow (third column) for a scale radius of r,=300pc and an outflow

velocity of 500kms™".

1

Each panel shows three different stages of the simulation, t=0,78

& 375Myr are represented by black solid, blue dotted, and red dashed lines respectively.
t=T7T8Myr is the time when the outflow has completely passed the disk.
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Figure 4.8: Evolution of the 3D gas density profile (top row) and the enclosed gas mass
(bottom row) for disks placed at distances of 100kpc and 50kpc, of a disk edge-on to the
outflow (first and third column) and a disk face-on to the outflow (second and fourth
column) for a scale radius of r,=400pc and an outflow velocity of 500kms™!. Each panel
shows three different stages of the simulation, t=0,78 & 375Myr are represented by black
solid, blue dotted, and red dashed lines respectively. t=78Myr is the time when the outflow
has completely passed the disk.
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and 50kpc respectively. Compared to the the isolated disk, the gas density is lower for
the all disks in the presence of the outflow at all radii. The edge-on disk has gas stripped
from all radii, lowering the central density by around an order of magnitude, decreasing
the probability of star formation in the central regions. At the end of the simulation there
is only ~ 5 x 10°M, of gas in 1kpc. Note the outflow is disrupting the gas distribution in
the central regions (r< 100pc) for the edge-on disk, whereas previously only gas at larger
radii was affected. From figure 4.1 we expect the gas outside a radius of 200pc to be
stripped; the decline in the mass profile occurs at a larger radius than this, at ~400-500pc.
However gas is lost from all radii, unlike the same simulation with the higher density disk
in figure 4.6. In the remaining simulations shown in this figure virtually all of the gas is
removed, leaving only ~ 103M, in the central 1kpc.

For the face-on dwarf (second column) there is virtually no gas left in the dwarf at the
end of the simulation. Based on figure 4.1 we don’t expect this much to be stripped, as
the stripping radius is around 100pc. Both of the orientations positioned at 50kpc from
the host galaxy also lose almost all of their gas (fourth and fifth columns). Looking at
figure 4.2 we do expect all of the gas to be removed from the face-on dwarf (blue dashed
line) as the ram pressure is larger than the restoring force at all radii (red line). However
we expect some gas to be left in the centre of the dwarf orientated edge-on (blue solid line)
at least out to ~50pc. In these last three cases the passage of the outflow again leaves
behind a halo devoid of gas, hosting the original population of stars that formed before
the dwarf fell into the halo of the host galaxy. The stellar surface density and halo profiles
are unaffected by the removal of gas in these dwarfs. Note that just after the outflow has
completely passed over the dwarf there is still a large amount of high density gas left in
the dwarfs positioned 100kpc from the host galaxy as it takes time for the gas to move out
and away from the dwarf. In contrast when the dwarf is positioned at 50kpc, the higher

ram pressure of the outflow does more damage instantaneously.

4.4.3 Outflow velocities of 1000kms!

Compact disk

The models with the highest ram pressure are shown in figure 4.9 for the disk with
r,=300pc, with outflow velocity of 1000kms™'. As before the 3D gas density (top row)
and enclosed mass profile (bottom row) are plotted for edge-on and face-on orientations
positioned 100kpc (first and second) and 50kpc (third and fourth) from the host galaxy.
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Figure 4.9: Evolution of the 3D gas density profile (top row) and the enclosed gas mass
(bottom row) for disks placed at distances of 100 kpc and 50kpc, for a disk edge-on to
the outflow (first and third column) and a disk face-on to the outflow (second and fourth
column) for a scale radius of 7,=300pc and an outflow velocity of 1000kms~!. Each panel
shows three different stages of the simulation, t=0,31 & 375Myr are represented by black
solid, blue dotted, and red dashed lines respectively. t=31Myr is the time when the outflow
has completely passed the disk.
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The only simulation in this case with a non-negligable amount of gas remaining in the
dwarf at the end is the edge-on dwarf at 100kpc from the host galaxy (first column). Even
in this case the central density decreases by around an order of magnitude, preventing the
gas from forming any stars. The enclosed mass profile shows that gas is removed from all
radii, with only 8 x 10°M, remaining within 1kpc after 375Myr. Comparing with the black
solid line in figure 4.1 and the red line which represents the ram pressure of the outflow,
we can see that we expect gas to be removed outside of ~100pc, yet gas is removed from
the centre and the decline in the enclosed mass profile is at around 500pc. Figure 4.1 also
shows that we expect the face-on case (black dashed line) to retain some gas in the centre,
and gas outside of ~50pc to be stripped. However, in the simulation, the outflow removes
almost all of the gas from this dwarf (column two), leaving less than 10*M, in the central
1kpc. Both orientations positioned at 50kpc from the host galaxy lose the majority of their
gas (third and fourth columns), the edge-on dwarf retains more gas, around 10*Mg, within
1kpc, while the face-on dwarf has no gas left inside this radius after 375Myr. These are
in agreement with figure 4.2, where the ram pressure due to the outflow is represented by
the green line, which is higher than the restoring force for the edge-on disk as far in as
20pc, and larger than the restoring force for the face-on disk at all radii. Again the stellar
surface density profile and the halo density profile are unaffected and the impact of the
outflow leaves these three dwarfs in haloes devoid of gas, hosting an old stellar population

with very little chance of any further star formation.

Extended disk

The equivalent plots for the disk with ry=400pc are shown in figure 4.10. Again, three out
of four of these dwarfs are left with a negligible amount of gas after 375Myr. The edge-on
disk at a distance of 100kpc (first column) retains the most gas here, but as the central
density has decreased by two orders of magnitude (an order of magnitude more than the
same simulation for the higher density disk) it is unlikely any further star formation will
occur. Gas is removed from all radii, resulting in just 2 x 10°Mg, remaining within 1kpc at
the end of the simulation. Figure 4.1 estimates the stripping radius of this dwarf at this
ram pressure (blue solid lines and red solid line) to be 100pc, however we see a decline
in the enclosed mass profile at around 500pc, and it is lower than the initial profile at all
radii. When the outflow is moving at 1000kms~! the face-on disk has almost all of its’
gas removed, which we do expect from figure 4.1 as the ram pressure (red line) is greater

than the restoring force of the disk at all radii. Both orientations of the dwarf positioned
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Figure 4.10: Evolution of the 3D gas density profile (top row) and the enclosed gas mass
(bottom row) for disks placed at distances of 100 kpc and 50kpc, for a disk edge-on to
the outflow (first and third column) and a disk face-on to the outflow (second and fourth
column) for a scale radius of r,=400pc and an outflow velocity of 1000kms™—!. Each panel
shows three different stages of the simulation, t=0,39 & 375Myr are represented by black
solid, blue dotted, and red dashed lines respectively. t=39Myr is the time when the outflow
has completely passed the disk.
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50kpc away from the host galaxy (third and fourth columns) also lose all of their gas,
which is expected from figure 4.2 as the ram pressure (green line) is above the restoring
force for the edge-on disk up to the central 50pc (blue solid line) and is greater than the
restoring force of the face-on disk at all radii (dashed blue line). No new stars form in
these dwarfs during the simulation and no new stars are likely to form for the remainder
of the lifetimes of the dwarf (assuming no new gas is accreted). The stellar surface density
and halo density profiles remain unchanged, again leaving haloes devoid of gas hosting an
old stellar population.

It is interesting to note that after increasing the outflow velocity from 250kms~! by a
factor of two and then four, the edge-on dwarf with a scale radius ry=300pc, still retains
around the same order of magnitude of gas within 1kpc (~ 10°M,). Increasing the outflow
density by a factor of ~5 has a larger impact than increasing the ram pressure by a factor
of 16 (through increasing the outflow velocity). The highest ram pressure of our model
outflow at a distance of 100kpc from the host galaxy is ~ 107''dyn cm™2, whereas the

maximum ram pressure at a distance of 50kpc is ~ 1071%dyn cm—2.

Dwarfs that are
closer to the host galaxy when the outflow occurs will encounter the outflow at higher
ram pressures (as the density of the outflowing shell of gas is higher), and those further
away will experience lower ram pressures, even if the velocity of the outflow has doubled
or quadrupled in the time it has traveled that distance.

Table 4.1 shows the root mean square of each component of the velocity for the disk with
rs=300pc. For the isolated disk the z-component of the gas velocity retains a small value,
similar to the initial values. It actually decreases due to the gas collapsing to the centre
where the density increases by a couple of orders of magnitude . For an outflow velocity
of 250kms ™! the edge-on orientation shows an increase in the x-component of velocity (the
direction of the outflow) when using all radii, the majority of gas contributing to this higher
rms value is gas that has been stripped and is moving away from the disk. When looking
at only the gas within lkpc, the values are still comparable to those initially, although the
z component has doubled and the x and y components have decreased slightly. The stellar
component also has values similar to those initially, with the changes caused by the new
stars that have formed. The stars formed in the simulation (column six) are more centrally
concentrated that those initially present as indicated by the lower rms velocities.

The face-on disk has a larger change in the z component of velocity (the direction of the
outflow in this case), although it is most obvious when looking at all of the gas. As before,

most of this gas is gas moving away from the disk as it has been stripped. However it is
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Figure 4.11: Snapshots showing the evolution of the gas density (top row), temperature
(middle row) and pressure (bottom row) for a disk with r¢=300pc at a distance of 100kpc
from the Galaxy, orientated edge-on to an outflow with a velocity of 500kms—t. The left
column shows the initial conditions, and the second, third and fourth column show the gas
at 20, 50 and 85Myr respectively.
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Figure 4.12: Snapshots showing the evolution of the gas density (top row), temperature
(middle row) and pressure (bottom row) for a disk with r;=300pc at a distance of 100kpc
from the Galaxy, orientated edge-on to an outflow with a velocity of 1000kms~!. The left
column shows the initial conditions, and the second, third and fourth column show the gas
at 10, 25 and 37.5Myr respectively.
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Table 4.1: List of root mean square (rms) velocities (in kms™!) for the simulations with a
disk scale radius r, = 300pc. The first column describes the simulation, the second and
third columns show the rms velocity of the all gas and the gas within 1kpc respectively.
The fourth column show the rms for all stars, and the fifth and sixth columns show the
rms for the stars present initially, and the new stars formed in the simulation.

Run Gas (all) Gas (1kpc) Stars (all) Stars (initial) Stars (new)
rs=300pc

Initial x rms 5.87970 5.99084 6.26745

Initial y rms 5.85730 5.96653 6.41621

Initial z rms 1.58250  0.781699 3.35044

Disk x rms 5.92209 6.22107 5.28956 6.19183 2.53816
Disk y rms 5.97084 6.27850 5.52431 6.53622 2.26838
Disk z rms 0.939275  0.404904 3.08075 3.68702 0.980154
Edge-on x (250kms™1) 75.8030 4.22330 4.73059 5.63907 3.29575
Edge-on y (250kms™1) 7.48751 4.41540 4.89541 6.02620 297778
Edge-on z (250kms™1) 7.08411 1.55623 2.59442 3.30244 1.27553
Face-on x (250kms~!) 8.56751 4.06987 4.78604 5.31882 1.93081
Face-on y (250kms™) 8.65144 4.06207 4.93956 5.49412 1.94618
Face-on z (250kms™! 120.289 3.21630 2.99388 3.24662 1.82886

Edge-on x (500kms™!) 187.537 3.30033 5.45624
Edge-on y (500kms™!)  17.4817 2.63240 5.49091
Edge-on z (500kms ™) 17.2966 1.98212 3.08484

Face-on x (500kms—1) 24.1053 3.02546 4.73384
Face-on y (500kms™1) 24.2547 2.66423 5.33122
Face-on z (500kms~! 267.525 4.51003 2.85416

Edge-on x (1000kms™!)  440.331 2.51874 5.20044
Edge-on y (1000kms™!)  52.7527 2.25648 5.46820
Edge-on z (1000kms™!)  50.1711  1.66518  2.91281

Dwarf at 50kpc

Edge-on x (500km/s)  268.288  2.87816  4.86285
Edge-on y (500km/s) 24.3577 1.92493 5.36674
Edge-on x (500km/s) 28.1446 1.60062 2.76856

Edge-on y (1000km/s) 56.9247 2.23151 5.27806

(
(

Edge-on x (1000km/s)  627.320 4.35391 4.92708
(

Edge-on z (1000km/s) 61.1586 2.27181 2.72240
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also larger within 1kpc and has become similar to the values of the x and y components.
The gas in this dwarf is now no longer distributed in a thin disk, but is 'puffed up’ and
more similar to a spherical morphology. The velocities of the original population of stars
are similar to the initial values, while the values for the new stars formed in the simulation
indicate a more spherical distribution.

When the outflow velocity is 500kms™! the edge-on disk has x and y component rms
values for the gas within 1kpc lower than that initially, and the z component is larger and
more comparable to the x and y values. Again the values for the stars are similar to the
initial values suggesting they are still in a disk and the outflow has had no impact on their
distribution. The disk positioned face-on to the outflow has a z component that is larger
than those for x and y, even within 1kpc, meaning the shape of the gas distribution is now
more spherical and it has lost its’ disk-like structure.

Interestingly the rms velocities for the stellar components for the four runs with a higher
ram pressure are similar to the initial values suggesting they stay in a distribution similar
to that they started with despite the large amount of gas that is lost.

Table 2 shows the rms for each component of the velocity for the disk with r;=400pc.
For the isolated disk the z-component of the gas retains a small value, similar to the initial
values. The isolated disk in this case retains values very similar to the initial values after
375Myr. When the disk is positioned edge-on to the outflow, the x and y values decrease
slightly, the z value increases but is still small compared to the x and y values. The disk
positioned face-on with an outflow velocity of 250kms~! shows more of a difference, with
the z value becoming greater than those for x and y, even within 1kpc.

The outflow doesn’t appear to have had any effect on the old stellar population in
both of these cases. When the outflow velocity is 500kms~! the x and y components are
decreased slightly for the edge-on case, while the z component is still low. For the face-on
disk at this velocity there is a negligible amount of gas within 1kpc as the majority has
been stripped. As for the runs for the disk with r,=300pc, the passage of the outflow does
not appear to have had an effect on the rms velocities of the original stellar population
when the simulation ended (even in the highest ram pressure runs). No new stars were
formed in these simulations.

Figures 4.11 and 4.12 show snapshots of the gas density (top row), temperature (middle
row) and pressure (bottom row) for a cross section through the midplane of the disk (z=0)
for the initial conditions and at three different times representing when the outflow first

comes into contact with the disk (second column), while the outflow is passing through
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Table 4.2: List of rms velocities (in kms™") for the simulations with a disk scale radius
ry = 400pc. The first column describes the simulation, the second and third columns show
the rms velocity of the all gas and the gas within 1kpc respectively. The fourth column
show the rms for all stars, and the fifth and sixth columns show the rms for the stars
present initially, and the new stars formed in the simulation.

Run Gas (all) Gas (1kpc) Stars (all) Stars (initial) Stars (new)
rs=400pc Initial x rms  5.76203 5.90382 6.04937
Initial y rms 5.80792 5.96245 6.31562
Initial z rms 2.05675 0.796227 3.22605
Disk x rms 5.60090 6.06488 6.01815
Disk y rms 5.63358 6.09833 6.11627
Disk z rms 1.27832 0.416806 3.47449

Edge-on x (250kms™!)  86.7809 3.86171 5.23721
Edge-on y (250kms™1) 8.09096 2.79933 5.83183
Edge-on z (250kms™1) 8.01428 1.77410 2.99660

Face-on x (250kms—) 10.3555 2.96604 4.95286
Face-on y (250kms—1) 10.1767 2.88375 5.47364
(

Face-on z (250kms™1) 140.498 4.22485 2.83351
Edge-on x (500kms~! 215.821 3.33426 5.13226

Edge-on z (500kms—! 19.6432 1.79333 2.80609

)

Edge-on vy (500kms™!)  21.4835  2.28207  5.49235
)
1

Edge-on y (1000kms™—1)  68.0897 2.26983 5.40622

(
(
Edge-on x (1000kms_ ) 510.604 2.83446 4.92707
(
Edge-on z (1000kms™1)  63.0744 1.61401 2.67283
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the disk and a bow shock is present (third column), and when the outflow has just finished
passing the disk (fourth column). The shock front is visible in these snapshots as the layer
with an increased gas density, temperature and pressure, and it forms a bow shock as it
wraps around the densest regions of the dwarf galaxy. Discussion of these two figures is

continued in section 3.4.

4.5 Discussion

In this chapter we have explored the impact of ram pressure stripping by an outflow from
the AGN of a host galaxy on a population of satellites. We have used two different model
dwarf galaxies, orientated either face-on or edge-on to the outflow, assuming two different
distances from the centre of the host galaxy. In each case we analysed their properties
after 375Myr.

The results of these simulations show that the approximations made at the beginning
of the section fail to explain the fate of the dwarf in the event of a strong shock caused by
the high ram pressure due to the passage of an AGN outflow from the host galaxy. The
approximate calculation fails in two specific ways: (1) the outflow can remove a significant
mass of gas from the central regions in some cases, despite the restoring forces being larger
than the ram pressure from the outflow, (2) only the simulations with the lowest ram
pressure are able to compress the gas and form stars.

It is not just the ram pressure of the outflow that is important but the timescale on
which it occurs. When the shell of supersonic outflow gas comes into contact with the gas
disk of our model dwarf galaxy the difference in velocity and density causes a strong shock.
This is shown in figure 4.11 which show maps of a cross section through the plane of the
disk for the gas density (top row), temperature (middle row) and pressure (bottom row)
for a dwarf positioned 100kpc away from the host galaxy, orientated edge-on to the outflow
which has a velocity of 500kms~!. The left column shows the initial conditions, and the
second, third and fourth columns show the dwarf at 20, 50 and 85Myr respectively. For
this case the shock is strong (Mach 42), resulting in a contact discontinuity being formed
when the outflow reaches the outer regions of the gas disk in the dwarf. While the lower
density gas at large radii is immediately stripped as the shocked gas forms a smooth flow
around the dwarf, the high density gas in the centre causes a bow shock to form.

The outflow gas passes through the shock front and emerges on the other side with

different properties which can be estimated using the Rankine-Hugonoit conditions: these
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require mass conservation (equation 4.10) and require the sum of thermal and ram pressures

across a boundary to remain a constant value (equations 4.11).

P1U1 = PaU2 (410)

Where p;, uy, Py are the pre-shock gas density, velocity and pressure, and ps, uy and Ps
are the same properties post-shock.

In the limit of a strong shock (ps >> p;) these conditions imply that the maximum
density contrast (p;/p2) across an adiabatic shock is a factor of four. This then limits
the impact of the shock as the maximum post-shock density is po=4p;, which leads to a
maximum post-shock velocity of us=u; /4. It is necessary for the post-shock gas to emerge
at subsonic speeds to preserve causality in the shock, and so the temperature required in
order for the gas to be subsonic is larger than the pre-shock value. As the shock strength
is increased, the post-shock thermal pressure increases, making it harder for the gas to
be compressed. As the properties of the gas change across the contact discontinuity the
pressure that the central regions of the dwarf feels is actually lower than the initial ram
pressure of the outflow.

The increase in thermal pressure behind the bow shock for a stronger shock can be
seen comparing figures 4.11 and 4.12. Both the post-shock thermal gas pressure and tem-
perature are higher for the outflow velocity of 1000kms™! compared to that for 500kms™*
and there is a significantly larger fraction of high pressure gas while the outflow is passing.
Therefore the ram pressure of the outflow is not higher than the thermal pressure of the
gas disk, making it more difficult to compress the gas in the dwarf. So possibly a higher
ram pressure leads to higher gas pressures and temperatures in the disk, which acts to
inhibit star formation.

We see a truncation of the mass profile in the outer regions of all of the dwarfs hit
by the outflow (that have gas remaining in the halo after 375Myr). However, this doesn’t
always match the radii expected from figures 4.1 and 4.2. We note that the pressure is
defined as the force per unit area, and does not take into consideration the amount of time
this pressure is applied for. It is therefore important to consider the timescales this process
acts on to estimate the impact ram pressure stripping has on satellite galaxies.

We find that the outflow can remove significant amounts of gas from our model dwarf
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galaxies in all cases. The orientation of the dwarf is important as this determines the
strength of the restoring force and therefore how much gas can be stripped. Dwarfs po-
sitioned face-on to the outflow are more easily stripped of their gas, while the gas in the
dwarfs positioned edge-on experiences a higher restoring force. Gas disks in edge-on dwarfs
also experience more compression due to gas at larger radii being pushed into the central
regions.

The analytical approximations of the stripping radius based on Gunn and Gott (1972)
(also see Mayer et al. (2006b)) are useful to estimate the gas loss in satellites experiencing
ram pressure stripping, but fail to explain the resulting dwarfs in this case. The discrepancy
is larger for the dwarfs orientated face-on to the outflow as in some cases they lose all of
their gas, whereas we would expect them to retain some in the central regions. In every case

! at either distance to the host galaxy, the

with an outflow velocity greater then 250kms™
face-on dwarfs are stripped of almost their entire gas distribution, starving the dwarfs of fuel
for further star formation. The dwarfs orientated edge-on retain gas in the central regions
in all cases when positioned at a distance of 100kpc from the host. In most cases they also
retain gas at sufficiently high density to result in further star formation providing the gas is
able to cool and collapse. When the dwarfs are positioned at a distance of 50kpc from the
host galaxy this results in all of the gas being removed from the galaxies, with the exception

of the edge-on dwarf for an outflow velocity of 500kms™!.

From the approximations we
expect to find gas retained in the centre of both the model dwarfs in both orientations for
an outflow velocity of 500kms™" at a distance of 100kpc (see figure 4.1); however, only the
edge-on dwarfs retain gas.

As the pressure is defined as the force per unit area, the total work done on the dwarf
galaxies in our simulations over time is much larger than that implied by the ram pressure
due to the time they are subjected to the passage of the outflow. Another problem with
using this approximation for simulated galaxies is that ¥, and Y4, are time dependant,
as gas is gradually removed causing the surface densities to decrease, the lower restoring
force will result in changes to the defined stripping radius with time.

Our simulations show that is is possible to remove all gas from a halo during one
interaction with a shell of gas resulting from an external AGN outflow, without disrupting
the dynamics of the rest of the galaxy. We do not consider evolution prior to falling into
the halo of the host galaxy, however any processes that act upon the dwarf galaxies would
only act to increase the possibility of removing more gas. If a sustained burst of star

formation transforms the dark matter cusp into a core and produces a more extended gas
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distribution, this would result in the restoring force resisting the removal of the gas to
be lower, making it easier to remove by stripping. Inclusion of the early evolution could
alter the final properties of the dwarf such as the dynamics of the stellar and dark matter
components. In our model dwarfs the potential in the central regions is dominated by the
halo, so removing all the gas has no effect on the existing stellar and halo components,
whereas if the dwarf galaxy hosted a cored halo profile at the time it fell into the halo of
the Milky Way the contribution of the potential from the gas could be larger.

Studies have suggested that simulations exploring the influence of the host galaxy re-
quire the most dark matter dominated dSphs which are devoid of gas (e.g. Ursa minor
and Draco) to fall into the halo of the Milky Way early on. This is necessary to allow
enough time for a number of close passages to the disk of the Milky Way to account for
the gradual loss of gas from ram pressure and tidal stripping, and finally, the cessation of
star formation when the entire gas component is removed (see, e.g. Mayer et al., 2007).

Wheeler et al. (2014) suggest that whatever process is causing the environmental
quenching of satellites around massive hosts is extremely inefficient as they find low
quenched fractions (around 30 percent) for satellites with stellar masses in the range
1085 — 109°Mg. Quenching satellites via an AGN outflow could be a fairly inefficient
process, as the ability of the outflow to quench the galaxies through ram pressure strip-
ping depends on many factors including; the orientation of the satellites relative to the
outflow, the distance of the satellite to the host galaxy, their surface density at the time
they interact with the outflow and their position relative to the outflow, as well as the
time they fell into the Milky Way halo (or other host galaxy). In this work we assume the
outflow is spherical; in reality this outflow could be collimated, or could have started off as
spherical close to the galaxy and gained an asymmetrical shape as it moved through the
halo. An asymmetric outflow would not have the same impact on all satellites around a
host galaxy, and so could possibly be responsible for differing evolutionary histories. This
AGN quenching process could also have implications for the dSphs located much farther
away from the Milky Way, Cetus and Tucana (at distances of 780 and 890kpc respectively),
which are very difficult to explain with current models as it is doubtful their orbits would
have resulted in them being close enough to the Milky Way for processes like ram pressure
and tidal stripping to have had an impact. Although the density of the outflow would be
much smaller at large distances, the velocity could continue to increase (McQuillin and
McLaughlin, 2012), giving a ram pressure large enough to have a significant impact on the

dwarf.
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In general, we find that the impact of an AGN outflow does not trigger star formation
in our model dwarfs, despite the ram pressure of the outflow being larger than the thermal
pressure of the disk (with the exception of the central regions of our model dwarfs with
rs=300pc, see figure 4.1). We do see some low level star formation in the simulations with
the lowest ram pressure outflow (V,,=250kms™" at 100kpc) for the higher density dwarf
with ry=300pc. However, the disk is able to form a comparable number of stars in isolation
and so the outflow is not necessary for this. The presence of the outflow is able to compress
gas and trigger star formation slightly earlier (~ 30Myr) in the edge-on orientation of this
dwarf than for the same dwarf in isolation, however it is a very small effect which will
not impact on the overall evolution of the dwarf. For the same simulations in the face-on
orientation, the presence of the outflow hinders star formation: while it still continues at
a low level, less stars are formed than for the isolated case.

The lower density disk does not form stars in isolation until at least 400Myr have
passed, needing a greater amount of time for the gas to cool and collapse to reach the
required densities. The presence of the outflow does not encourage star formation in either
orientation. In fact it acts to prevent the central densities from increasing during the
simulation and they do not reach those required for star formation.

In general, the outflow prevents star formation in dwarfs where it can occur in isolation,
without any help from external effects. In cases where the densities are too low for star
formation in isolation, it prevents them forming any more stars. For the outflow to compress
gas in dwarf galaxy disks the gas is required to be at reasonably high densities already,
which results in the outflow not being solely responsible for any star formation, since the
high density gas would collapse unaided regardless of the passage of the outflow. We
find that if a dwarf has a density so low that it cannot form stars (or where the cooling
timescales are too long) the outflow will not compress gas to high enough densities to
trigger star formation. It is difficult to see whether dwarfs with different properties could
have star formation triggered in this way, as the requirement Pg,en >Pgiqc would not be
fulfilled for more massive, higher density disks, where the thermal pressure would be much

larger.

4.6 Conclusion

We have performed simulations to explore the impact of ram pressure stripping by an

external AGN outflow, on dSph progentiors at high reshift. We find that outflows are
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unlikely to trigger a burst of star formation in nearby dSphs, and will only do so in dwarfs
that are able to form stars regardless of whether or not the outflow is present. If the gas
density in the dwarf is sufficiently high enough to form stars then the gas will be stripped
away.

Although we are not able to reproduce any detailed properties of the present day dSphs
due to the focus of our simulation, we show that is is possible to remove significant amounts
of gas. Ram pressure stripping from an external AGN outflow can remove the entire gas
component in some scenarios, without the requirement of an early infall into the halo and
several close passages with the Milky Way disk.

Removing gas via this process is more reliable than tidal stripping and ram pressure
stripping by the gaseous halo. There is no need to reduce the size of the potential well by
forming a cored dark matter profile or requiring SNe feedback to make the gas hot and
extended as the magnitude of the ram pressure is high enough to strip the gas unaided.

The diverse SFHs of the dwarfs cannot be explained with AGN outflows, but we are
able to remove all gas from some dSph progenitors, leaving behind dark haloes which still

host an ancient stellar population.
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Chapter 5

Cold mode accretion in dSph

progenitors

5.1 Introduction

Our current understanding of galaxy formation in a ACDM cosmology is that small struc-
tures grow more massive through mergers and accretion of gas. The nature of the cosmic
web leads to the existence of a network of dense intergalactic filaments of gas and dark
matter connecting galaxies, as seen in cosmological simulations (see, e.g. Harford et al.,
2008; Dekel et al., 2009). These filaments transport cold gas directly into the central re-
gions of galaxies at the intersections of filaments. Several authors have found that the
inflow of cold gas along filaments is the dominant mode through which most low-mass
galaxies (< 10 M) gain the bulk of their baryonic mass ('cold mode’ accretion) at high
redshift (Birnboim and Dekel, 2003; Keres et al., 2005, 2009; Dekel et al., 2009; Brooks
et al., 2009).

The supply of gas from the cosmic web has a dependance both on redshift and halo
mass, becoming much less efficient at low redshift, (z < 2) as haloes grow more massive.
Cold gas can only be transported deep inside the virial radius of a halo when it is small
enough to avoid the gas being shock heated, which would then take a long time to cool
and settle into the galaxy disk. These simulations have found that the majority of the
gas accreted on to low-mass haloes is never heated to the virial temperature of the halo,
allowing it to penetrate to the centre. This has significant implications for the evolution
of galaxies at early times as the gas supply will determine the fate of the smallest galaxies
hosted by low-mass haloes at high redshift (z>10).
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Although it is difficult to untangle the origin of the visible gas around large galaxies
there are possible observations of filaments feeding cold, low density gas into galaxies
(detecatable lya emission induced by an external source of ionizing photons e.g. the galaxy
itself Rauch et al. (see, e.g. 2011)). The ability of these filaments to transport cold gas
directly into the disk, making it readily available as fuel for star formation has significant
implications for understanding the star formation histories (SFHs) of the smallest galaxies.
A steady supply of gas enables the possibility of continuous star formation, absent of delays
introduced when gas is expelled to larger radii by supernovae and stellar winds, which
requires additional time to cool and fall back onto the disk.

The z~10 progenitors of dwarf spheroidal galaxies lie in the redshift and halo mass
ranges for which cold mode accretion is expected to be significant (Keres et al., 2005,
2009). The lowest luminosity dSphs host predominantly old stellar populations (>13Gyr),
such as Ursa Minor, Draco and Sextans, and so these dwarfs will have been building the
vast majority of their stellar populations during a time when the cold gas supply rate was
high. The stellar populations of the four least luminous dSphs do not display a metal-
rich cut-off, which implies that external effects from the host galaxy such as ram pressure
stripping are not required to account for the Metallicity distribution functions (MDFs).
This indicates that star formation in these low mass systems may have ceased before they
fell into the halo of the Milky Way, and so other processes are needed to quench the galaxies
of gas.

At redshifts z > 10 the progenitors of the dSphs would have resided in haloes around
two orders of magnitude smaller than present, raising questions as to how they could retain
enough gas after an episode of star formation to fuel a further burst. As we explored in
Cashmore et al. (2017), lower SNe numbers than expected are required for the dwarfs in
our simulations to retain a significant amount of gas for fuel to form the remainder of
their stellar population. These simulations involved isolated dwarfs, neglecting the effect
of the environment on the evolution of the galaxy. Detailed modelling of the metallicity
distribution function (MDF) of Ursa Minor (and other low-mass dSphs) favours models
including gas inflow (Kirby et al., 2013), so it is plausible that dwarfs like Ursa Minor were
undergoing gas accretion while they were building up the bulk of their stellar population,
providing a fresh supply of primordial gas to fuel further SF.

The studies mentioned above focus on larger galaxies at moderate redshifts (z ~ 3).
The importance of gas accretion is greater for the progenitors of dSphs as their shallow

potential wells make it much more likely that a significant amount of gas is lost through
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the process of stellar feedback during the formation of the first stars in the galaxy at
high redshift. Although at these scales, outflowing gas resulting from SNe feedback is
also more significant than that from larger galaxies, as their smaller potential wells allow
large masses of gas to be ejected. This could act to disrupt and/or limit the gas accretion
onto a dSph and is a potential issue for accretion of cold gas. Outflowing gas could limit
the accretion of cold gas in two ways; by disrupting the transport of inflowing gas to
the centre of the galaxy if they are spatially coincident, or by heating the inflowing gas
to higher temperatures, preventing it from cooling and reaching the disk where it can
contribute to star formation. The effect of outflowing winds produced by SNe feedback on
the dense filaments of inflowing gas has been explored by several authors for larger galaxies
(Myir > 101 M) at z~ 3(see, e.g. Theuns et al., 2002; Kollmeier et al., 2006; Kawata and
Rauch, 2007; Oppenheimer et al., 2010; Faucher-Giguere et al., 2011), who found that the
impact is minimal as the enriched gas tends to escape towards the low density regions,
expanding into the voids and leaving the filaments intact.

Large scale cosmological simulations lack the resolution to investigate the accretion of
gas on the smallest scales, therefore they mainly focus on larger galaxies at lower redshifts
than we are interested in. In this chapter we run idealised high resolution simulations of
isolated dSph progenitors interacting with inflowing gas to try and deepen our understand-
ing of the cold accretion processes on these scales. We also explore the effect SNe feedback
has on cold mode accretion. In section 5.2 we describe the models and the code used to

simulate them, in section 5.3 we present the results, followed by a discussion in section 5.4.

5.2 Hydrodynamical simulations

The simulations presented in this chapter are performed with a modified version of the
Nbody plus hydrodynamics code GADGET-2 (Springel, 2005) including prescriptions for
radiative cooling, star formation and thermal stellar feedback (see chapter 2.1 for a full
discussion). In order to properly resolve mixing of the multiphase gas, the SPHS formalism
is used (Read et al., 2010; Read and Hayfield, 2012). This requires a larger number of
neighbours and we therefore use a Wendland C2 kernel with 100 neighbours to suppress the
occurrance of the pairing instability (Wendland, 1995; Dehnen and Aly, 2012). The SPH
particles have a constant number of neighbours which results in adaptive smoothing and
gravitational softening lengths, decreasing as density increases. The collisionless particles

have a constant gravitational softening length of 2pc. In all of our simulations the gas and
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star particles have a mass of 10M and the dark matter particle mass is 100Mg,.
Radiative cooling of the gas is included, assuming ionization equilibrium following the

method of Katz et al. (1996) down to 10*K. Below 10*K cooling is modelled as described

in Mashchenko et al. (2008) via the fine structure and metastable lines of heavy elements.

We assume a metallicity of [Fe/H]=-3. We use a density criterion for star formation:

Perit = Pthresh + PJ, (51)

where piresn=>5.01x10"2gem =3, equivalent to 300 atomsem 3. py is the local Jeans den-

7T/{ZBT 3 _
pJ — (lum G) nngbmspzh, (52)
P

sity, given by:

where n,,;,=100 is the number of SPH neighbours and my,, is the SPH particle mass.
These conditions ensure that stars only form in regions where the gas is both dense enough
to be molecular and unstable to gravitational collapse. Particles that fulfil this criterion
are candidate star particles, and are turned into star particles with a probability P =
1 — e 919t/tss where 8t is the current timestep of the particle and tg is the local free fall
time. Our high mass resolution enables us to form star particles that represent individual
stars, however we are only interested in the possible triggering of star formation and so
do not model any other properties of the stars in these simulations. In particular we form
stars of a constant mass.

Stellar feedback is modelled by injecting thermal energy into 100 neighbouring gas
particles. The contribution of the total energy to each particle is kernel weighted, depending
on their distance from the star particle. We use a total energy of 10°%erg per supernova,

assuming a coupling efficiency of 10 percent.

5.2.1 Initial conditions

We model the dwarf galaxy as a disk, assuming gas was able to settle and cool into low
mass haloes at high redshift. The code 'DiscGO’ (Newton and Kay, 2013) was used to
create a gas disc which is in equilibrium with the collisionless components. The gas and

stellar components follow exponential surface density profiles

M
Sg(R) = 5 e e, (5.3)

= 2
2mry
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and have the same scale length, which for the work in this chapter is r;=200pc. The
scale height of the gas disk is determined assuming the gas is in hydrostatic equilibrium,
and the gas is assumed to have an ideal equation of state. The gas and star particles each
have masses of 10My and the total masses are 4.8x10°Mg and 10*M, respectively. We
used the codes mkgalaxy and mkhalo (McMillan and Dehnen, 2007) within the NEMO
environment (Teuben, 1995) to calculate the initial positions and velocities for the halo
particles, taking into account the potential of both the gas and stellar components. In
all simulations Mygy = 3 x 10"M and ¢ = 10, which is a reasonable value for for halos
at z ~ 10 (Klypin et al., 2011). These values imply an NFW scale length of 0.3 kpc and
Hernquist parameters of a, = 0.5 kpc and r909 = 3 kpc.

We use a live dark matter halo which follows a Hernquist profile (Hernquist, 1990):

o Moo ap

p(r) = (5.4)

2 r(r+ap)?’

where a; is a scale radius, which when assuming the mass within My, is the same as
that for an NFW profile (Navarro et al., 1996b) can be defined by the NFW concentration

parameter, c.

5.2.2 Smooth Inflow

We model the smooth inflow of both gas and dark matter as a smooth, constant density
filament. We chose the radius of the filament to be equal to the outer radii of each
component of the dwarf galaxy. The dark matter and baryonic components have a radius
of 3kpc and 1.7kpc, respectively. Both the gas and dark matter components are cut from
a relaxed, glass-like particle distribution and adjusted to give a density 50p.-;;=6.91 X
10*Mokpe=? where p,.;; is the critical density of the universe at redshift ~ 10, given as
perit = 3H?/8mG. The total dark matter mass is 3xMayp=9 x 10"M, giving a filament
length of 46kpc. We use a cosmic baryon fraction f,=0.16 to obtain the gas mass, which is
1.44 x 10"M,,. The gas particles are given an internal energy which ensures the filament is
in hydrostatic equilibrium.

To calculate the velocity of the filament in the direction of the disk, we use an estimated
accretion rate. We assume that the accretion of gas and dark matter onto the dwarf galaxy
is complete by redshift ~ 3 and that the dwarf has a final total dark matter mass of 10°M.
Therefore allowing for material to be constantly accreted over this time period (~2.17Gyr),
the accretion rate is ~ 4.5 x 10°MyMyr~! and ~ 7 x 10*MoMyr~! for dark matter and
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Table 5.1: Summary of the runs presented in this chapter, column one describes the sim-
ulation, columns two and three list the number of clumps and the velocity of the clumps
of inflowing gas, column four lists the respective accretion rates for each run, and column
five indicates whether or not the simulations include SNe feedback.

Run Netumps  Vetumps (kms™)  Accretion rate (MpMyr—') SN FB
(1) Clumpy accretion 700 200 14x10* Yes
(2) Clumpy accretion 700 100 7x10* Yes
(3) Clumpy accretion 700 50 3.5x101 Yes
(4) Clumpy accretion 1400 50 7x104 Yes
(5) Clumpy accretion 700 100 7x10* No
(6) Isolated disk 0 Yes

gas respectively. This results in a filament velocity of ~ 220kms™!.

5.2.3 Clumpy Inflow

In order to simulate a slightly more realistic method of gas accretion we also consider the
inflow of clumps of gas rather than the smooth filament described above. The number of
clumps is varied according to the mass accretion rate. The clumps have a constant size and
mass, and the internal energy of the gas is defined by assuming hydrostatic equilibrium.
The clumps of gas are set up as constant density spheres with a total mass 10*Mg and
a radius of 50pc. These clumps are simulated in isolation for ~ 100Myr to allow them
to relax and settle into equilibrium, after which time they have a shallow density profile.
The clumps are then placed in random positions above the disk, representing an isotropic
accretion of gas. The magnitude of the velocity is constant for the runs presented in this
paper, the components of velocity are chosen so that each clump hits a random position
on the disk. These simulations do not include accretion of dark matter. Table 5.1 lists the

simulations presented in this chapter.

Table 5.1 lists the simulations presented in this chapter.
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Figure 5.1: Evolution of the density profiles as a function of radius for the gas in runs 1-4
and 6. The profiles for the disk evolved in isolation are shown in panel (a). Panels (b), (c),
and (d) show the results for 700 clumps at velocities of 200kms™", 100kms™! and 50kms™*
respectively, while panel (e) shows the results for 1400 clumps at a velocity of 50kms™!.
Black lines show the initial density profile, and purple and blue lines show the profiles after
50Myr and 100Myr respectively.
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5.3 Results

5.3.1 Clumpy Inflows

The evolution of the density profile for the runs with clumpy inflowing gas are shown in
Figure 5.1. Runs with 700 clumps with velocities 200kms™!, 100kms~! and 50kms™! are
shown in panels (b), (¢) and (d) respectively, and 1400 clumps at a velocity of 50kms™" is
shown in panel (e). Black lines represent the initial profile, and purple and blue lines are
the resulting profiles after 50Myr and 100Myr. In all runs there is a significant increase
in density in the central regions, covering at least two orders of magnitude. Although the
inflowing gas is not solely responsible for this significant increase in density, as the gas in
the disk is able to cool and collapse towards the centre.

Panels (c) and (e) have the same accretion rate but the velocities of the inflowing
gas in the run with 1400 clumps is half that of the run with 700 clumps. The resulting
dwarf from the run with 700 clumps with higher velocities has a central density almost an
order of magnitude higher than the run with 1400 clumps. The increase in the number of
clumps that collide with the disk appears to have a greater impact in the central regions,
despite them having lower velocity. A greater number of impacts results in a larger amount
of gas being displaced from its original position in the midplane, though this does not
necessarily result in gas being completely stripped from the halo, Depending on the size of
the displacement it could still be bound to the halo, and could cool and collapse towards the
centre at later times. The resulting density profiles suggest that a higher central density is
obtained when the number of clumps is lower, and the velocity of inflowing gas for a given
number of clumps is lower, although the velocities used here only result in differences of a
factor ~ 2 in the central density.

The resulting enclosed mass profiles for the same runs are shown in Figure 5.2. As seen
in the evolution of the density profiles, the mass in the central regions increases in all cases.

! (panel (a)) the total mass within 1kpc decreases to

For the highest velocity run, 200kms™
~ 4 x 10°M,), as the fast moving inflowing gas causes the disk to be stripped in the outer
regions at radii > 100pc. As the velocity is decreased, more mass is is retained within
lkpc. An inflow of 700 clumps at 100kms™! (panel (b)) maintains the original gas mass
within lkpc, although the profile shape has changed as the mass in the central regions
increases, and the mass in the outer regions decreases. The two runs with a clump velocity
of 50kms~! have a larger gas mass within 1kpc after 100Myr, 9 x 10M, and ~ 2 x 10"M,

for 700 and 1400 clumps respectively.
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Figure 5.2: Evolution of the enclosed mass profiles as a function of radius for the gas in
runs 1-4 and 6. The profiles for the disk evolved in isolation are shown in panel (a). Panels
(b), (c), and (d) show the results for 700 clumps at velocities of 200kms™", 100kms™" and
50kms™~! respectively, while panel (e) shows the results for 1400 clumps at a velocity of
50kms~!. Black lines show the initial enclosed mass profile, and purple and blue lines show
the profiles after 50Myr and 100Myr respectively.
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Although the central gas density at the end of the run with 700 clumps (run 2) is
higher than that for the run with 1400 clumps at the same accretion rate (run 4), the total
amount of gas left within 1kpc after 100Myr is slightly higher for the latter. Also note that
although the central density is almost an order of magnitude higher for run 2 (panel (b)
figure 5.1) than for run 4 (panel (d) figure 5.1) the mass within 10pc is actually higher for
the run with 1400 clumps at 50kms~!. The impact of the clumps have a different effect
on the central regions of these runs. Although the density is higher for run 2, the mass
is lower, implying that the distribution of gas is still somewhat flattened, similar to that
initially, while the central regions of run 4 have become more extended than the initial
distribution, but the amount of mass has increased. So although gas is displaced from
the centre of the disk when the number of clumps is increased, it is more likely to remain
close to the disk (assuming the accretion rate is the same). It is clear that increasing the
velocity with which the clumps impact the disk makes it more difficult to retain gas in
these systems. It is unclear whether or not the extra gas that is retained would have an
impact on the SFH as it is in the outer regions. Over time this could cool and collapse
back towards the centre. However we have only simulated 100Myr of evolution, so if we
expect more gas to be continuously accreted in this fashion, it is likely it will remain in a
hot, extended state.

Inflowing gas with 700 clumps at 100kms™! is compared to the same run without SNe
feedback in Figure 5.3, where solid and dashed lines represent the runs with and without
feedback respectively. Surprisingly, neglecting stellar feedback actually results in a decrease
in the value of the central density. SNe feedback from stars near the centre of the galaxy
therefore must result in gas being pushed into the central regions of the dwarf. The impact
of SNe feedback does not therefore limit the amount of mass than can be accreted into the
centre of the dwarf, where the density is already high. Figure 5.3 also shows the evolution
of the density profile for the isolated disk (dotted lines) including SNe feedback. The gas
in the disk is able to cool and collapse to the centre; the presence of SNe feedback does
not prevent this (at least in the first 100Myr).

It is the combination of cooling of the original gas in the disk, SNe feedback and
inflowing clumps that give the highest density increase after 100Myr. Therefore the overall
impact of the inflowing gas results in a higher central density than a dwarf would experience
in isolation, possibly allowing for an increase in the star formation rate in this region. It
is interesting that these three runs result in relatively similar dwarfs, despite the very

different processes that are occurring in each run.
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Figure 5.3: Evolution of the density profiles as a function of radius for the gas in runs
1,5 and 6. The solid black curve shows the initial density profile of the disk (which is the
same for all runs). Other solid curves show the evolution of the density profile for run 1
(700 clumps at 100kms™'). The dashed curves show the evolution of the density profile
for the same run wth no SNe FB (run 5) and the dotted curves show the profile for the
isolated disk (run 6). Purple and blue curves represent the profiles at 50Myr and 100Myr
respectively.
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Table 5.2: The number of stars formed (column four) and accreted gas mass (column five)
for each simulation presented in this chapter after a simulation time of 100Myr.

Run Nclumps Vclumps (kms_l) Nstm“s Mgas,accreted (MQ)
(1) Clumpy accretion 700 200 198 0

(2) Clumpy accretion 700 100 673 6.4x10*

(3) Clumpy accretion 700 50 ey 1.3x10°

(4) Clumpy accretion 1400 50 414 2.15x10°

(5) Clumpy accretion 700 100 549 4.89x10*

(6) Isolated disk 0 925

Figure 5.4 shows maps for the density (top row) temperature (second row) and pressure
(third row) for the run with 700 clumps at a velocity of 100kms™! for a slice through the
y=0 plane. The columns represent times t=0, 25, 50, 75 and 100Myr respectively. The
first row shows that the impact of the clumps on the disk is to strip some of the gas away in
the outer regions where the density is lower. After 100Myr the dwarf no longer resembles
a disk, as the gas distribution becomes much more extended and asymmetric. From the
second row of figure 5.4 we can see that the passage of the clumps through the disk acts to
heat the originally cold gas within the disk up to temperatures of ~ 10* — 10°K. Therefore
rather than acting as a fuel supply for star formation, the accretion of gas clumps actually
may inhibit star formation through the rise in temperature of the gas.

Figure 5.5 shows the equivalent maps for the run with 1400 clumps with a velocity of
50kms~!. As for the case with 700 clumps at a velocity of 100kms™! the density maps in
the top row show that gas is stripped from clumps passing through the outer, less dense
regions of the dwarf. However in this case the lower velocity of the clumps causes less of
a disturbance in the inner regions. The clumps that pass through at larger radii emerge
on the other side of the dwarf with, and are not accreted. The temperature maps in the
second row show that although the temperature of the gas is raised by the impact of the
clumps, is it not as high as for run 2 (figure 5.4), the maximum temperature here is ~ 10K,
compared to T> 10°K for run 2. These two runs have the same accretion rate, but differ in
the number of clumps and the velocity of the clumps. Clumps with a higher velocity cause
a greater disruption to the gas distribution are able to heat the gas to higher temperatures.

The number of stars formed and the mass of accreted gas for each run after 100Myr

is shown in Table 5.2. As the velocity of the clumps are decreased the number of stars
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Figure 5.4: Snapshots showing the evolution of the gas density (top row), temperature
(second row) and pressure (bottom row) at the beginning of the run (first column) and at
25, 50, 75 and 100Myr for the second, third, fourth and fifth rows respectively for a slice
through the y=0 plane, for a run with 700 clumps at a velocity of 100kms™" (run 2).
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Figure 5.5: Snapshots showing the evolution of the gas density (top row), temperature
(second row) and pressure (bottom row) at the beginning of the run (first column) and at
25, 50, 75 and 100Myr for the second, third, fourth and fifth rows respectively for a slice
through the y=0 plane, for a run with 1400 clumps at a velocity of 50kms™! (run 4).

formed increases for the runs with 700 clumps (rows 1-3). Increasing the number of clumps
decreases the number of stars formed by almost a factor of two (runs 3 and 4) for the same
clump velocity. However the accreted gas mass is larger in the case for 1400 clumps.
The isolated disk forms the most stars within 100Myr, however the central densities are
generally higher in the disks experiencing inflowing gas. It’s possible that these disks would
go on to form more stars when the has distribution has settled after being disturbed by

the inflowing clumps.

5.4 Discussion

In this chapter we have simulated the accretion of gas onto a low-mass halo using simple
models of smooth and clumpy inflows. We find that the impact of inflowing gas in a
clumpy, isotropic fashion can result in the stripping of gas in the outer regions of the
dwarf galaxy disk, and an increase in density in the central regions of several orders of

magnitude. The impact of the bombardment of the disk by clumps from all directions
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drastically changes the morphology of the dwarf, and after only 100Myr it is no longer
posses a disk morphology, but has an extended, asymmetric gas distribution.

The virial temperature of the simulated dwarf galaxies is ~ 2800K, and the inflowing
clumps are colder than this, at T~ 20K. Gas which experiences a strong shock will have its
kinetic energy thermalized and be heated to the order of the virial temperature of the host
galaxy. As the clumps collide with the disk over the whole surface area from all directions,
a significant amount of gas in the dwarf is heated to temperatures higher than the virial
temperature. This could potentially inhibit star formation in the disk rather than aid it,
depending on the time needed for the gas to cool and fall back to the centre of the halo.
As the gas is very low metallicity ([Fe/H]=-3) the cooling times in low density regions
will be long. Higher infall velocities result in the gas in the disk being heated to higher
temperatures.

If the clumps of inflowing gas were preferentially directed towards the centre of haloes,
it is possible that a much smaller gas mass would be stripped. However concentrating
the entire inflow on one region would concentrate the pressure into that region, possibly
removing or heating the gas in the centre, preventing any further star formation from
occuring. The results of these simulations imply that the distribution of inflowing gas has
a large influence on the resulting morphology of the dwarf.

We do not include a gaseous halo in our simulations, and although generally gas is not
expected to shock until it reaches the centre of the halo, this could possibly act to slow
down the incoming clumps, reducing their impact on the gas disk. This component will
ideally be included in future work.

Over the time period of these idealized simulations SNe feedback does not appear to
affect the inflowing gas, though this may not be the case for a higher SN rate. In this work
we assume there are 100SNe in this system over the period of 1Gyr for reasons described
in chapter 3. This number is almost an order of magnitude lower than expected when
considering the present day stellar populations for dwarfs like Ursa Minor and Draco. If
the rate of SN were increased however, it is unlikely that bubbles of outflowing gas would
disturb any inflowing clumps, as some clumps are able to punch through the midplane
of the disk, where the density is highest and emerge on the other side. The density of a
bubble produced by supernova feedback would need to be significantly higher to destroy
the inflowing clumps. However, a more noticeable difference which may occur in the case
of a larger number of SNe is the heating of inflowing gas as the bubbles expand outwards,

causing the clumps to expand and diminish their impact when they later collide with the
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gas disk, deeper inside the dwarf.

If star formation is primarily driven by the accretion of cold gas, this could explain
how the dSph progenitors were able to continuously form stars over ~3Gyr, despite gas
easily being lost to the IGM due to their low masses. We find that although the inflowing
clumps do strip some gas from the midplane at large radii, the gas density in the central
regions increases by several orders of magnitude, which will encourage star formation.
Star formation could have then ceased when the the supply of infalling gas was halted,
either through a close encounter, a merger, or falling into the halo of a massive galaxy.
Alternatively, the change in morphology from a dense disk into an extended, asymmetric
distribution also enables gas to easily be removed by stellar feedback (see chapter 3).

As is it still unclear exactly how gas is accreted at high redshift, it is difficult to design
a simple model to approximate the process. Unfortunately, even cosmological simulations
which are zoomed in to a single group of galaxies are limited by resolution due to the large
scales required at early times to follow the evolution of each galaxy for billions of years
before it falls into the halo of their host galaxy, to the present epoch. These simulations
have demonstrated the the process of accreting gas from the cosmic web is far from straight-
forward for very low mass systems as they are easily disturbed. In order for the total mass
to increase to that estimated for the present day dSphs (~ 10°Mg,) over the period z~ 10—3
high inflow velocities are required which risk removing the gas supply rather than adding
to it. For galaxies on these mass scales higher accretion rates do not necessarily imply a
larger accreted gas mass.

Gabor and Bournaud (2014) find that star formation is delayed in galaxies accreting
gas with high inflow rates at high redshift as the star formation efficiency is reduced due
to the inflowing gas causing turbulence and heating in the disk. Once the inflow rate
decreases star formation can proceed efficiently. We note that after the simulations have
been running for 100Myr, the resulting density profiles for all runs show central densities
several orders of magnitude larger than that of the initial disk. If dSph progenitors at high
redshift reside in different environments, or experience different levels of accretion, then
gas accretion could be one of the processes that sets dwarfs on different evolutionary paths
at early times, contributing to their present day diversity. To investigate this further,
it would be useful to vary several parameters (for example the initial disk density, the
number of SNe and the sizes and velocities of the clumps within a single run) to constrain

the parameter space where accretion is most effective.
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5.5 Conclusion

In this chapter I have shown that the accretion of gas in a clumpy isotropic fashion results
in a build of up gas in the central regions and the stripping of gas in the outer regions of
the disk. Although the central gas densities are higher in the simulations including gas
inflow compared to the isolated disk, the number of stars formed is always lower when
inflowing gas is present compared to the isolated disk. This is due to the heating of gas
when the clumps collide with the disk and disturb the gas distribution. As the disks in
the runs including inflowing gas do accrete a significant amount of gas in this time period,
this will be available for further star formation at some point after the gas distribution has
settled and cooled.

Outflowing gas driven by SNe feedback does not disrupt the inflowing gas in the case
of clumpy accretion, despite the star formation and feedback being very centrally concen-
trated. It is still unclear exactly how cold gas accretion occurs in these small systems at
high redshift as shown in this chapter, they are easily disrupted by the impact of inflowing
gas in both the smooth and clumpy cases. More simulations are essential to further this
work, cosmological simulations may provide a more realistic approach to modelling the
inflowing gas, however this would compromise the high resolution required to resolve the

processes occurring in these systems.
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Chapter 6
Conclusions

The purpose of the thesis was to explore the processes which influence the evolution of
dSph progenitors at early times and to further our understanding of how star formation
and gas loss result in the population of dSphs we presently observe in the Local Group. The
diverse range of properties presented by the Local Group dSphs is surprising considering
the fact that they are all hosted by similar mass dark matter haloes. The ultra faint dwarfs
are even more puzzling as they are hosted in even smaller dark matter haloes, making them
the smallest galaxies in the present Universe, yet most host extended stellar populations.
The details of how star formation would have proceeded in the very early universe, and
whether the first galaxies formed stars out of purely primordial gas, or whether it was
slightly enriched by even earlier star formation, is still unclear

It is not well understood how the small haloes that hosted dSphs progenitors retained
enough gas during an initial burst of star formation to fuel an extended burst over 3Gyr.
Simulating isolated dwarfs is beneficial as it allows a high mass resolution, sufficient to
resolve SNe and mixing of the multiphase gas which results from stellar feedback. As
mentioned above, the ability of low mass haloes at high redshift with escape velocities
of tens of kms™! to retain gas throughout an extended episode of star formation is not
well understood. An initial burst of star formation results in many SNe explosions, the
combined energy of which exceeds that of the binding energy of the dwarf. We find that
in order to retain enough gas for an extended period of star formation, the number of SNe
must be reduced compared to that expected from using a standard IMF.

The interaction of an external AGN outflow and a possible dSph progenitor was explored
for different values of the ram pressure. An external AGN outflow is an efficient way to

remove the bulk of the gas from dSph progenitors at early times, cutting off their gas
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supply and preventing any further star formation.

The conclusions from chapter 3 could be explained if there is a supply of inflowing
gas at early times when the dSph progenitors were building up the bulk of their stellar
populations. The idealized simulations presented in chapter 5 show that although clumpy
inflowing gas can potentially strip gas from these galaxies in the lower density regions,
it is possible to build up a reservoir of high density gas in the central regions with the
accreted material. This gas can then contribute to further star formation to enable a dSph
progenitor to continue forming stars despite experiencing episodes of SNe feedback.

In order to gain a deeper understanding of the processes that shape the evolution of
dSph progenitors at high redshift, more high resolution simulations need to be performed
at these scales rather than in cosmological simulations where these important processes
are not resolved sufficiently to understand the details of low mass galaxy formation and

evolution.

6.1 Final comments

This thesis has approached the issues around of our vague understanding of the physical
processes that shape the evolution of dwarf galaxies by singling out and simplifying different
processes. Although the dwarfs are not able to be compared with observations of the
present day dSphs, it opens a window to the relative significance of different processes that
occur over the lifetime of the dwarf.

To gain the full picture of how evolution proceeds in the systems at high redshift all
relevant processes need to be included (UVB, SN feedback, gas accretion, presence of the
host galaxy). However as we cannot do this with current cosmological simulations we can
learn more from breaking it up into simple processes and investigating each one in turn.
It is likely that a very complex evolution produced the diverse properties we presently
observe. A possible more realistic solution would be to cosmologically simulate a portion
of the very early universe at high resolution to investigate the process of gas accretion,
however the galaxies could not then be compared to those we presently observe as the
simulation would need to be halted at higher redshifts to remain feasible.

The dwarfs are perhaps the galaxies we most need to resolve in cosmological simulations
in order to unlock the mysteries of the high redshift universe, however they are the ones

that are the most difficult to study in this way.
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Appendix A

Convergence test

To explore the impact of mass resolution on our conclusions , we re-run the fiducial sim-
ulation (see table 1) at mass resolutions ten times higher and ten times lower for both
the sphere and the disk. We keep the mass of gas into which the SN energy is injected
constant (1000 M) by changing the number of particles receiving energy according to the
new mass resolution. Figures A.1 and A.2 show the evolution of the profiles for the gas
and halo densities in the spherical and disk cases, respectively.

In the spherical case, reducing the mass resolution to 100 M, significantly increases the
mass of gas which remains after 1.25 Gyr. This emphasises the need for high resolution
simulations to capture SNa feedback in dSph progenitors in a realistic way. We note
that with 100 My resolution, only 10 neighbouring particles receive energy from a SNa
which results in too much of the energy being radiated away before it can be deposited
in the remaining gas. As is well-known from previous simulations, this means that at low
resolution, various numerical tricks (e.g. delayed cooling etc) are required to mimic the
impact of SNa feedback.

It is reassuring to note, however, that increasing the resolution by a factor 10 relative to
our fiducial run has a limited impact on the evolution of the dSph in the spherical case. In
particular, the SNa feedback moves almost all the gas to beyond 1kpc in both the fiducial
and higher resolution runs.

In the case of a dSph model with a gas disk, increasing the resolution has an impact on
the gas distribution in the inner 100 pc. This is because the higher resolution model has
longer gas cooling times in the inner regions, and the SNe are therefore more effective at
removing gas from the inner parts of the dSph. However, Figure A.2 shows that beyond

~ 100 pc the profiles of both gas and dark matter are indistinguishable between the fiducial
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Figure A.1: Evolution of the density (top) and enclosed mass (bottom) profiles for gas
(left) and dark matter (right) for simulated dSphs with an initially spherical gas distribu-
tion. In all panels, the solid curves show the initial profiles, and the blue, black and red
dashed lines show the resulting profiles after 1.25 Gyr of evolution for simulations with gas
particles masses of 1 My, 10 Mg and 100 Mg, respectively.
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Figure A.2: Evolution of the density (top) and enclosed mass (bottom) profiles for gas
(left) and dark matter (right) for simulated dSphs with gas initially distributed in a disk.
In all panels, the solid curves show the initial profiles, and the blue, black and red dashed
lines show the resulting profiles after 1.25 Gyr of evolution for simulations with gas particles
masses of 1My, 10Mg and 100Mg, respectively.
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and high resolution runs. The inner 100pc contain less than 10 per cent of the gas mass in
the dSph and therefore we consider that we have correctly captured the evolution of the
bulk of the gas in the dSph.

More importantly, we note that our conclusions based on simulations at our fiducial
resolution are conservative in the sense that, if anything, we have underestimated the mass
of gas that SNa feedback will remove. Our conclusion that it is difficult for a low-mass
dSph progenitor halo to retain the gas needed to sustain extended star formation, and
hence that the observed dSphs must have been unusual in their initial properties (gas

morphology and/or concentration, halo concentration), remains valid at higher resolution.
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Appendix B

Stability test

In this Appendix, we consider the long term evolution of both the spherical and disk gas
distributions in order to test the stability of our initial conditions. The initial conditions
were set up as in section 3.2, and the simulations were run without cooling or SN feedback
for 1.25Gyr. The density profiles for the gas and halo in each distribution are shown in
figures B.1 and B.2 for the sphere and disk respectively. There is some initial settling to
an equilibrium configuration due to the fact that the gas and halo components are set up
separately, this is complete after ~250Myr, so for all the runs in the paper we allow the

initial conditions to settle for 300Myr before switching on cooling and feedback.
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Figure B.1: Evolution of the (a) gas and (b) halo density profiles over time for gas set up
in a spherical distribution with no feedback.
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Figure B.2: Evolution of the gas (a) and halo (b) density profiles over time for gas dis-
tributed in a disk with no feedback.
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Appendix C

Feedback implementations

Modelling the evolution of a SNR is computationally demanding due to the large dynamic
range needed to capture physical evolution on a wide range of length scales. Large scale
cosmological simulations lack the resolution needed to resolve each SN individually due
to numerical over-cooling (see, e.g, Dalla Vecchia and Schaye, 2012) as the high-mass gas
particles result in most of the injected energy being radiated away before it can impact the
ISM .

In this appendix, we show that we can model individual SNa events with a mass res-
olution of 10 Mg by injecting the nearest 100 gas particles with 10°%erg of thermal en-
ergy, kernel-weighted according to their distance from the star particle. At a density of
5 x 10® Mgkpe ™, this corresponds to a spherical radius of ~ 70pc.

Although we are unable to resolve the initial 'free expansion’ phase of a SNR, (when the
ejecta expand freely while the mass swept up by the forward shock is smaller than the mass
ejected) due to the number of particles that are given energy, we can resolve the Sedov
Taylor phase. In this phase, an adiabatic blast wave expands into the ISM with rg,en o< 2/,
and total energy is conserved, consisting of 73 per cent thermal and 27 per cent kinetic
energy (Durier and Dalla Vecchia, 2012). The movement of the shell is still pressure-driven
while the gas interior is hot. When the cooling time of the gas in the shell becomes shorter
than the age of the remnant, the shock wave starts to slow. When the interior pressure is
exhausted the remnant then enters the snowplough phase with rg,a o< t'/4 and is driven
by momentum (momentum is conserved).

The evolution of the shell radius with time is shown in Figure C.1. The shell is defined
by taking the maximum density averaged radially in bins of 1pc. The dense shell starts

to form at 0.04Myr. As the Figure shows, after this time, the shell expands according to
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Figure C.1: Evolution of the radius of the SN-driven shell with time where the shell-
radius is defined by the peak of the radial density distribution around the SNa. The
dense shell forms at 0.04Myr, and subsequently follows the Sedov-Taylor solution. The
black line shows the Sedov-Taylor solution for the growth of the shock front resulting
from the injection of 10%° ergs of purely thermal energy into a medium of uniform density
5 x 108 My kpc=3. The red line shows the time evolution for the momentum-driven phase
of shell growth. At later times, the evolution of the SN remnant would follow this line, in
the absence of external perturbations from other SNe.
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Figure C.2: Evolution of the radial velocity of the SN-driven shell with time where the
shell velocity is defined by taking the peak of the average radial velocity in radial bins of
width 1pc (blue). The black line shows the Sedov-Taylor solution for the velocity of the
shell resulting from the injection of 10°° ergs of purely thermal energy into a medium of
uniform density 5 x 10% Mg kpc=3.
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the Sedov-Taylor expectation until at least 1 Myr. The initial evolution is due to the fact
that we have injected thermal energy only and it therefore takes some time for this energy
to be converted into radial momentum and for a well-defined shell to form. Similarly, the
evolution of the radial velocity of the shell with time is shown in Figure C.2. Here the shell
is defined by taking the average radial velocity in radial bins of width 1pc; the particles in
the velocity peak are at slightly larger radii than those with in the density peak. Initially,
the velocity is low as the energy injected is thermal; this is gradually converted to kinetic
energy and after ~ 6 x 10* years the resulting radial velocity is within a factor of two of
the velocity predicted by the Sedov-Taylor solution.

Figure C.3 shows the evolution of total momentum (blue) and the radial component of
momentum (red) in boxes of size 33pc and 50pc around the SNa. We chose the radius 33pc
for the smaller box as this corresponds to our estimated radius of the shell at approximately
0.5Myr. As the plot clearly shows, all the momentum in the gas is radial and therefore
due to the energy input from the SNa event - the drop in radial momentum within 33pc
at around 1Myr corresponds to the time when the majority of the shell leaves the 33pc
box but is still included in the 50pc box. The growth of the radial momentum follows the
Sedov solution, albeit with an amplitude that is about a factor of two lower. We therefore
conclude that at the resolution of our simulations, the representation of SNa explosions
by thermal energy injections of ~ 10°° ergs results in approximately the correct amount of
radial momentum being injected into the gas on a length scale of tens of parsecs. As the
radial momentum injected is the key factor in determining the evolution of the ISM, our

simulations capture all the essential physics of SNa feedback.
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