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Teach me your mood, 

0 patient stars. 

Who climb each night, 

the ancient sky. 

leaving on space no shade, no scars, 

no trace of age, no fear to die. 

R. W. Emerson 
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Chapter 1 
Introduction to the 

Standard Model of 

Cosmology 

1.1 Background 

According to the modern interpretation of astronomical data, the Universe origi­

nated in a hot, uniform and homogeneous state. The cosmos we see today however, 

is anything but homogeneous lending creed to the idea that tiny density fluctuations 

must have been present in the Universe's nearly uniform origin. As the Universe 

expands, these primordial fluctuations grow according to the laws of gravity to form 

the rich and complicated Universe we see today. 

This theory is known as the hot Big Bang model and much of the past half cen­

tury of cosmological research has been dedicated to testing its implications. One of 

the central problems this theory poses, is how galaxies form in such an expanding 

Universe. Modern ideas of galaxy formation invoke radical forms of energy such 

as non-baryonic dark matter and cosmological dark energy in a bid to balance the 

cosmic budget and to indirectly, provide the right (empirically motivated) environ­

ment in which gas can turn into stars. The sites of galaxy formation are thought 

to be deep within the potential wells of large dark matter halos, strewn across the 

universe in a complex filamentary network known as the cosmic web. 

In this introduction we1 provide a justification for the hot Big Bang model via 

a review of the current status of the theory. We review the central problems of 

1 As dictated by convention, the term "we" will be used throughout this thesis to refer to the 

first person singular. 

~ 
~ 

1 
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galaxy formation and highlight the sophisticated computational achievements that 

have been made in tackling the galaxy formation problem. 

1.1.1 The birth of modern cosmology 

The study of the Universe - cosmology, is perhaps one of the oldest pursuits of 

science. Modern cosmology however, is, relatively speaking, one of the younger 

branches of physics. Its roots were laid less then a century ago, when A. Ein­

stein published Die Allgemeine Relativitatstheorie (the general theory of relativity, 

Einstein 1916), in which he wrote down the field equations: the fundamental rela­

tionship between space-time and matter-energy. The science of cosmology may be 

said to have been born in 1922, when A. Friedmann, G. Lemaitre, H. P. Robertson 

and A. G. Walker all contributed to solving the field equations under the assump­

tion of the Cosmological Principle- that our Universe is isotropic and homogeneous. 

The Cosmological Principle led to the Robertson-Walker metric (or the Friedman­

Lemaitre Robertson-Walker metric) which may be used to solve the Einstein field 

equations. The Friedman equations, which describe the dynamics of such a universe, 

are 

H 2 (~) 2 

= 81rG p+ A_ kc
2 

a 3 3 a 2 
(1.1) 

ii 47rG A 
- = --(p+ 3p) + -. 
a 3 3 

(1.2) 

In this model, matter is described as a fluid with density p, that exerts a pres­

sure p, in a universe with a curvature k and expansion factor a = a(t); c is the 

speed of light. Models where the curvature k = 0, 1,-1 represents flat, closed and 

open geometries, respectively. A represents the cosmological constant, arbitrarily 

added by Einstein to the field equations in order to allow for a static Universe. An 

important cosmological parameter is obtained by setting the global curvature and 

cosmological constant both to zero (k = A = 0). The critical density then needed 

to balance the Hubble expansion, and thus 'close' the universe is defined as: 

3H2 

Pcrit = S1rG · 

We may also define a dimensionless density parameter 

n _ Px 
~Gx- ' 

Pcrit 

(1.3) 

(1.4) 
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where x represents an energy component (e.g. matter, radiation, etc.); note that 

this is an epoch dependent parameter. 

Although ideas about the size and nature of the Universe originated at least 

since I. Kant posited that the spiral nebulae observed through telescopes were in 

fact "island universes" (Kant 1798), the real theoretical necessity to understand 

the behaviour of the Universe began after the advent of General Relativity and the 

Friedman solution. Observations however, lagged behind: evidence for the existence 

of extragalactic sources did not surface until Hubble painstakingly collated 18 years 

of observations of M31 (Hubble 1929b). Using a Period-Luminosity relationship 

for a Cepheid variable star in M31, Hubble inferred that its distance was roughly 

""275 kpc (the distance to M31 is today thought to be "' 770 kpc), and therefore 

that it must be external to our Galaxy, whose diameter, although unknown at the 

time, was not thought to exceed 70-80 kpc. 

In the same year that Hubble published the existence of at least one extra­

galactic source (the implication of which was that all spiral nebulae were extra­

galactic), he also found a linear relationship between a galaxy's distance and its re­

cessional velocity described by the red Doppler shift in its spectra (Hubble 1929a). 

The discovery of what has become known as "the Hubble law" indicated that the 

Universe was expanding, providing evidence for the instability of the cosmos and 

for the Friedman solutions. This milestone paved the way for the birth of mod­

ern cosmology: the study of what the Universe is made out of (galaxies) and how 

galaxies and the Universe evolve in time. 

1.1.2 The Hot Big Bang 

The Einstein field equations, solved by assuming the Cosmological Principle, re­

quires that at some finite time in the past, t 0 , the scale factor, a, must have been 

zero. Thus, any homogeneous and isotropic universe must necessarily originate from 

a singularity of infinite density, known as the Big Bang. Hubble's redshift versus 

distance relation is exactly what one would expect to see if the Universe has been 

expanding since the Big Bang. 

Implicit in Hubble's redshift versus distance relation is the question, "How fast 
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is the Universe expanding?", embodied today by the value of the so-called Hubble 

constant2 , H0 . Hubble himself estimated its value to be 500 km s-1 Mpc-1 (Hubble 

1929a), while modern studies indicate the value is closer to 70 kms-1 Mpc- 1 (e.g. 

Freedman et al. 2001). Measurements of the expansion rate of the Universe generally 

rely on measuring the distances to galaxies via well known empirical relations such as 

the Thlly-Fisher relation, which correlates galactic circular velocity with luminosity 

(e.g. Thlly and Fisher 1977). So-called "standard candles", objects whose absolute 

magnitude may be inferred from well known relations, may also be used as distance 

indicators. 

As the Universe expands, the expansion rate is regulated by the Universe's 

constituent composition: it is decelerated by gravity and accelerated by dark energy. 

The expansion rate at any given epoch (the Hubble constant, Hi= H(ti)) may be 

measured in terms of the scale factor and its first derivative ( H 1 - ad a1 ), as 

defined in equation 1.1. Thus, in order to measure the rate of change of H, we need 

to measure H0 today and compare it with H 1 at some time in the past. Recently, 

observations of the light curves of distant type Ia Supernovae by Perlmutter et al. 

(1997) (z > 0.38) and Riess et al. (1998) (0.16 < z < 0.62) indicate that the 

expansion rate of the Universe was slower at these redshifts and is thus accelerating, 

providing the first detection of the effects of a A dominated universe. 

1.1.3 The Cosmic Microwave background 

Shortly after the Big Bang, the density, pressure and temperature of the Universe 

were all very high. The high temperature allowed matter (composed mainly of 

protons, simple atomic nuclei and free electrons) and radiation to be in thermal 

equilibrium. As the Universe expands adiabatically, the density decreased allowing 

both matter and radiation to cool. When the temperature dropped to rv 3000 K (at 

a redshift of z rv 1000) protons were able to recombine with free electrons making 

the Universe transparent to radiation. The existence of a relic radiation field from 

the epoch of recombination was first predicted by G. Gamow who estimated that 

2Throughout this thesis the Hubble constant shall be parameterised by "little h" in the con­

ventional way: H0 = 100 h kms- 1 Mpc- 1 
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since recombination the light emitted by the dense plasma that permeated the 

early Universe, will have been redshifted to lower energies due to the expansion of 

space. Gamow (1956) calculated that the spectrum of this relic radiation today 

should be that of a black body at a temperature of 6 K from the He to H ratio 

predicted by early calculations of primordial nucleosynthesis (see section 1.1.4). The 

cosmic microwave background (CMB) was serendipitously discovered by Penzias 

and Wilson (1965), who could not find the cause of an excess 3.5 K temperature 

noise, in their horn shaped radiometer. They found the signal to be isotropic and 

therefore most likely of extra-galactic origin. 

The Cosmic Background Explorer (COBE) satellite launched in 1989, confirmed 

the temperature of the background radiation to be 2. 7 K and its spectrum to be 

that of a black body (Smoot et al. 1992). Before the launch of COBE, earlier 

balloon based experiments had discovered that a major anisotropy in the CMB 

signal is a dipole, resulting from the earth's motion through space. Besides the 

dipole, the only departure from isotropy in the CMB is due to the inhomogeneities 

in the primordial density field. COBE found that after the dipole is subtracted, 

the CMB's strength doesn't vary with direction: it found fluctuations, but only to 

one part in 105 (Smoot et al. 1992). The next generation of high precision CMB 

anisotropy research has been conducted by the Wilkinson Microwave Anisotropy 

Probe (WMAP; Spergel et al. 2003; Spergel et al. 2006). 

The acoustic horizon scale, namely the distance an acoustic oscillation can travel 

through the dense plasma at the time of last scattering, determines the character­

istic scale of the CMB temperature fluctuations. The observed angular scale then 

constrains the geometry of the Universe, albeit with a dependence on h. For ac­

cepted values of h = 0. 7, WMAP points to a flat k = 0 universe providing us with 

evidence that the total energy density of the Universe is close to the critical value 

(i.e. fltot = 1). In the case of a flat universe WMAP data in conjunction with 

large scale structure surveys, are able to constrain the parameters (e.g. n, h) of 

the current cosmological model and provide us with the first standard cosmological 

paradigm. 
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1.1.4 Big Bang Nucleosynthesis 

Explaining the relative abundance of the chemical elements has long been a problem 

considered by astrophysicists. If stars are formed out of primeval Hydrogen, their 

dense hot centres may be responsible for the fusion of Hydrogen into Helium, and 

Helium into heavier elements. This mechanism, known as stellar nucleosynthesis, 

was first addressed by Salpeter (1952) and Burbidge et al. (1957). However it was 

soon found to drastically under predict the abundance of Helium, which makes up 

1'.1 25% of the Universe. 

The hot, dense state of the early Universe would have been conducive to nu­

clear fusion. If protons are pushed sufficiently close together, the attractive strong 

nuclear force dominates the repulsive electromagnetic force, and the protons may 

fuse. Since the capture of free neutrons is essential in the fusion process, Deuterium 

and Helium must be produced before the abundance of free neutrons drops due 

to neutron decay3 . The presence of high energy gamma rays at early times will 

have a negative influence and may destroy any newly formed Deuterium. Thus the 

Universe needs to cool to below 1010 K, such that the abundance of photons capa­

ble of photo-dissociating Deuterium is low. This occurs when the universe is 1'.1 2s 

old (e.g. Zeilik and Gregory 1998). The fusion process cannot run rampant and 

elements heavier then 4 He are not produced in large abundances (trace abundances 

of 7Li and 7Be are produced) because of a bottleneck due to the instability of nuclei 

with atomic number 5 and 8. As the Universe cools further, the kinetic energy of 

the nuclei becomes insufficient to overcome the Coulomb barrier ending nucleosyn­

thesis preventing heavier nuclei from being created. N ucleosynthesis lasts a mere 

103 seconds, after which fusion ceases and the relative abundances of primordial 

chemical elements are fixed. 

The first reaction in the chain that leads to the production of 4He doesn't build 

up a lot of D since it is reversible due to the emission of a ')'-ray, capable of pho­

todissociation. The low binding energy of D is thus the first 'bottleneck' in that it 

prevents any Tritium, 3He or 4He from forming until the Universe has cooled and 

3The nuclear reactions needed to produce 4He are: p+n -t 1+D; D+D -t n+3 He; 3He+n -t3H 

+p; 3H + D -t n+4He 
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the chance of photodissociation drops; D + D reactions can then advance at a faster 

rate. Since Deuterium is only produced as a byproduct, its final abundance is very 

sensitive to whether the reactions that follow it are able to come to completion -

that is, its abundance depends on the reaction rates and the density of baryons, 

nb. The fraction of baryons locked up in Deuterium (and 3He) is thus constant 

and provides a mechanism for weighing the baryonic component of the Universe. 

The production of Deuterium freezes out with a certain number density subject 

only to the number of baryons per high energy gamma rays (known as the photon 

per baryon ratio, TJ) capable of photodissociation. The photon per baryon ratio is 

defined as: 
p T.3 

TJ _ ....:J.. <X CMB 

Pb r2bPcrit 
(1.5) 

where the last step follows since the density of a radiation gas p1 <X T8MB· Since 

Pcrit depends on h2 (e.g. see equation 1.3), and we may accurately measure TcMB, 

we find that constraints on TJ may be translated into constraints on nbh2. 

Big Bang nucleosynthesis makes strong predictions for the relative abundances 

of primordial Deuterium, 3He (produced as a byproduct), 4 He, 7Li and 7Be as a 

function of the photon per baryon value. Although complicated by stellar nucleosyn­

thesis, the fraction of 4 He expected from Big Bang nucleosynthesis closely matches 

that which is observed (e.g. Izotov et al. 1994). Furthermore, measurements of the 

D /H ratio have been used by Kurki-Suonio (2002) to constrain the baryon fraction 

of the Universe, nb to 0.005 ~ Obh2 ~ 0.022. Also, Burles and Tytler (1998) mea­

sured the D/H ratio in metal poor, high redshift absorption clouds near quasars 

to estimate that nbh2 = 0.019±0.001. The success of Big Bang nucleosynthesis in 

explaining the abundance of primordial chemical elements cannot be ignored and 

must be credited as a significant contribution to the current cosmological paradigm. 

1.1.5 Inflation 

As successful as the Big Bang model is in explaining the relative abundance of the 

chemical elements, the existence of the CMB, and the recession of galaxies, before 

A. Guth developed the theory of inflation in the 1980s (Guth 1981), at least four 

fundamental problems challenged the Big Bang. These are posed and explained 
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below: 

1. Why is the density of the Universe today so close to the critical value needed 

to (close' the Universe? As mentioned in section 1.1.2, the amount of matter in 

the Universe determines whether its ultimate fate is to collapse under gravity in a 

big crunch (closed), to expand forever (open), or to expand with an ever decreasing 

expansion rate (fiat). As the Universe expands its density quickly evolves away 

from the critical value. Like a pencil standing on its point, any deviation from the 

vertical (critical density) is rapidly exacerbated. From the angular scale of CMB 

anisotropies, we know that the Universe is close to fiat (from WMAP results alone 

Dk = -0.003~8:8g; Spergel et al. 2006), implying that in the past the density pa­

rameter of the Universe must have been even closer to the critical value. In fact 

if the density parameter differed by more then only one part in 1055 at an age of 

10-35s, then by today the Universe would have either already collapsed in a big 

crunch, or the density of galaxies would have dropped to more then a magnitude 

below current observational limits. The fine tuning of the density parameter is a 

highly unlikely result of the Big Bang and is indicative of hidden physics. 

2. Why is the temperature of the CMB so close to being perfectly uniform in every 

direction? If one looks at two regions of the sky that are separated by more then 

f'o..J ct, where c is the speed of light and t is the age of the universe, then these two 

regions are not and never have been in casual contact4
• Two regions that are not in 

casual contact can never have come into thermal equilibrium with each other. At 

the time of recombination, when the CMB was emitted, the horizon within which 

regions were at thermal equilibrium was small, and amounts to f'o..J 1 degree on the 

sky. Since regions separated by more than this were not in thermal equilibrium at 

the time the CMB was emitted, the CMB should exhibit large scale anisotropies 

which are not seen. 

3. Grand Unified Theories predict the existence of topological defects and mas­

sive relic particles, yet why are none observed? In the early universe Grand Unified 

4The horizon scale in a mass dominated universe is 3ct. 
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Theories (GUTs) predict that magnetic monopoles and other relic particles will 

have been created. These relic particles would have been so massive and contribute 

so much to the total density parameter, that they would have dominated the young 

Universe. By today they would have easily caused the universe to collapse. Yet, no 

GUT relic particle particle has ever been observed and, far from being a dominant 

source of mass, their contribution to the density parameter is negligible. 

4. What is the origin of the large scale structure of the Universe? As stated in 

section 1.1.3, the Universe is not homogeneous and the large scale structure we ob­

serve grew out of the existence of density fluctuations present in the early Universe. 

The theory of inflation posits that the Universe underwent a period of rapid expo­

nential growth (a ex eHt) within the first 10-32s. The expansion rate accelerated 

(a> 0), and the Universe doubled in size roughly ""80 times from a size of 10-25m 

to O.lm. This occurred because the inflaton's quantum (scalar) field had a non­

zero vacuum energy density which acted like a cosmological constant. This simple 

picture explains the uniformity of the CMB: regions outside of each others hori­

zon's at the time the CMB was emitted were within casual contact before inflation. 

Inflation also drives the density parameter towards the critical value. This occurs 

because as the Universe inflates, any regions of curvature are necessarily ironed out 

during the inflationary stage. Inflation ends when the scalar field's vacuum energy 

eventually decays. This reheats the Universe and creates the matter that perme­

ates space-time. Inflation dilutes the number of massive relic particles such that the 

number within our horizon today is estimated to be $ 1. As long as Treheat < TauT, 

no additional relic particles are created by GUTs. Finally, quantum fluctuations 

of the inflaton's scalar field in the pre-inflationary Universe are stretched into the 

primordial density fluctuations which, through gravitational instability, grow into 

the large scale structure of galaxies and clusters. 

It is remarkable that by allowing for a period of inflationary expansion in the 

early universe, these four very serious problems are all easily solved. Although it is 

not yet part of the so-called "standard model of particle physics" nor any proposed 

Grand Unified extension, inflation has been heralded as one of the saviours of the 
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Big Bang theory. 

1.1.6 Dark Matter 

The existence of non-luminous dark matter was first hypothesised by F. Zwicky 

(Zwicky 1933) to account for the kinematics of galaxies in the Coma cluster. By 

looking at the motions of the galaxies on the periphery of the Coma cluster, Zwicky 

used Newtonian dynamics to estimate the cluster's dynamical mass assuming that 

the galaxies were all bound to the cluster. When compared to the luminous mass 

estimated using a fiducial value for the mass per unit luminosity, Zwicky found that 

the dynamical mass is roughly 400 times larger then its luminous counterpart. 

This idea gained firm observational support on smaller scales when the rotation 

curves of individual galaxies were measured (e.g. Rubin et al. 1980). Instead of 

falling of as r- 112 as expected from Keplerian dynamics, the velocity of stars orbiting 

at large distances from the centre of galaxies remains constant. The high orbital 

velocity of stars at large radii may be explained either by the existence of a non­

luminous, galaxy encompassing contribution to the mass, or by modifying the laws 

of gravity (e.g. Milgram 1983). 

Although a relativistic theory of Modified Newtonian Dynamics (MOND), in 

which the interaction between light and matter is well described, has been formu­

lated (Bekenstein 2004), it has yet to predict the observed large scale structure 

of the Universe starting from the initial conditions of the CMB. Also, arguments 

against MOND have been made by by looking at the density of Ly-o: absorbers 

(Aguirre et al. 2001) and direct evidence for the necessity of dark matter, even 

within a MONDian framework, exists from weak lensing studies of galaxy clus­

ters (e.g. Gavazzi 2002; Clowe et al. 2004). In light of the hypothetical nature of 

MONDian cosmogonies, in this thesis we focus on CDM. 

To make matters worse, the dark matter inferred from rotation curves and clus­

ter dynamics may be dominated by a non-baryonic component. As mentioned in 

section 1.1.4, Big Bang nucleosynthesis places firm constraints on the baryonic den­

sity of the Universe. Uncertainties and factors of h aside, Big Bang nucleosynthesis 

provides at the most nb ::::: 0.06. The total value of Om as measured dynamically 
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from the motion of clusters is at least 0.2, strongly suggesting that the invisible 

matter dominating the dynamics of galaxies and clusters is non-baryonic. Further­

more, X-ray measurements of intra-cluster gas in the Coma cluster have shown that 

the baryonic component, while making a significant contribution to the cluster, is 

nevertheless limited to Db/Dm ::; 0.09. In combination with estimates of Db from 

nucleosynthesis and assuming that the baryon fraction of the Coma cluster is repre­

sentative of the universal value, White et al. (1993) were able to constrainDm < 0.2. 

Thus this measurement of the baryon fraction in the Coma cluster, when combined 

with both the baryonic component of the density predicted by Big Bang nucleosyn­

thesis and the flat geometry suggested by the CMB, provides a strong indication of 

the existence of dark energy, namely a cosmological constant, A. 

Depending on whether the velocity of the dark matter particle is relativistic or 

not at the time of decoupling (from the radiation dominated early universe), non­

baryonic dark matter may be divided into two flavours: "hot" and "cold". The 

most obvious first candidate for dark matter was the massive neutrino. Neutrinos 

decouple from the primordial photon bath at very high energies, making them a 

potential type of Hot Dark Matter. Since neutrinos were created in great abun­

dance during the Big Bang (109 neutrinos per baryon), assigning them even a small 

mass would help balance the cosmic density budget and raise the global value of 

Dm . While perhaps the most natural explanation for dark matter, one argument 

for dismissing massive neutrinos (or indeed any form of Hot Dark Matter) as the 

dark matter particle is that they they wash away small scale structures due to a 

process known as free streaming (Bond et al. 1980). Free streaming occurs because 

collisionless neutrinos can stream from the high density regions into the low density 

regions uninhibited, thereby smoothing out the density field (i.e. V11 > > Vesc). Thus 

any small scale structures in a universe dominated by Hot Dark Matter must have 

been formed in a top-down way (i.e. fragmentation when a density perturbation 

becomes non-linear) later on in cosmic history. Yet small scale power is observed in 

the high redshift Universe, and Hot Dark Matter can therefore be ruled out by the 

existence of many non-linear structures (e.g. Quasars at z > 4) which would not 

have had the time to fragment if the dominant form of dark matter were relativistic. 

Cold Dark Matter (CDM) is composed of particles massive enough to be moving 
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at non-relativistic speeds when they decouple from the radiation dominating the 

early Universe. Supersymmetry may provide candidates for the CDM particle (e.g. 

the axion), although none of these candidates have ever been observed and their 

motivation is purely theoretical. Yet, the non-relativistic nature of CDM provides 

an attractive model of structure formation. Since CDM is non-relativistic, it is able 

to form clumps at high redshift that are then able to merge in a roughly hierarchical 

fashion. The large scale structure of the Universe as observed in large sky surveys 

such as the 2dFGRS ( Colless et al. 2003; Cole et al. 2005) and SDSS (Abazajian 

et al. and The SDSS collaboration 2005) is well modelled by CDM. Claims that 

CDM does not produce enough large scale power (e.g. filaments and voids) has 

been successfully addressed by White et al. (1987). 

1.1. 7 The Growth of Perturbations and Structure Forma­

tion 

The inhomogeneities visible in the CMB are a result of a primordially inhomoge­

neous density field. Inflation conveniently provides a mechanism for creating these 

density fluctuations. Since inflation does not end everywhere simultaneously and 

since it is during the reheating phase of inflation which comes at the end of the 

inflationary epoch that matter and energy are created, after inflation is over the 

Universe will be clumpy. In the linear regime, these density perturbations are am­

plified during the expansion of the Universe, as regions that are over-dense grow 

slower than the expansion (owing to gravitational effects), while regions that are 

under dense expand more rapidly than the global expansion. 

The perturbations produced during inflation have a power law spectrum 

(1.6) 

where 8k is the Fourier transform of the density fluctuation 8 = /:}.p/ p, and k is 

the wave number which denotes the physical size of the fluctuation. The spectral 

index n ~ 0.95, (Spergel et al. 2006) is thought to be close to unity and power 

is distributed over many scales. As mentioned in section 1.1.6 the shape of the 

power spectrum can constrain the nature of the dark matter which permeates the 

Universe. 
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The growth of the primordial perturbations into the structures we see today, 

is primarily driven by the hierarchical nature of the clustering of CDM, on which 

gravity acts. The first objects to form in a CDM universe are small dark matter 

halo progenitors. These small haloes grow by successive mergers and accretion into 

the large z = 0 haloes that host galaxies and clusters. Some of the first N-body 

calculations made to simulate this process were performed by Davis et al. (1985) 

who found that under the right cosmological assumptions the clustering of galaxies 

may be reproduced. 

Recently, two major redshift surveys (2dFGRS and SDSS) have completed sur­

veying hundreds of thousands of galaxies in a bid to measure the large scale distri­

bution of galaxies. Clustering statistics of the galaxy distribution can be used to 

constrain flmh as well as the baryon fraction flb/flm. These surveys provide strong 

evidence for a low, but non-negligible baryon fraction by detecting the existence 

of so-called "baryon wiggles", oscillations in the galaxy power spectrum resulting 

from the non-zero baryonic contribution to the growth of structure (Cole et al. 

2005, Eisenstein et al. 2005). Also, these surveys have allowed us to measure the 

contribution ton from dark matter which which as mentioned in section 1.1.6, falls 

short of unity. 

1.1.8 Towards a standard model 

The numerous successes of the Big Bang model have created a cosmological paradigm, 

now being called "The Standard model of Cosmology". The paradigm is built up by 

the convincing measurement of suite a of cosmological numbers (including h, k, nb, 

flm, A), combined with theoretical justification for the values these numbers may 

assume. Measurements of the recessional velocity of distant galaxies have shown 

that the Universe is expanding at a rate of 70 kms- 1 per Mpc (h ~ 0.7, Freedman 

et al. 2001). Highly precise measurements of the anisotropies in the CMB point 

to flat k = 0 Universe (Spergel et al. 2006), implying that the the density of the 

Universe may be expressed as nm + nA = 1. Large scale sky surveys (such as 

2dFGRS and SDSS) allow us to measure the fraction of the Universe made out of 

matter (multiplied by h: i.e. flmh). Since the value of flm = 0.27 measured in this 
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way falls short of unity (e.g. Cole et al. 2005), the value of nA = 0. 73 is needed 

to obtain a flat Universe and be consistent with the geometry measurements of the 

CMB. A positive value for A is also needed to explain the apparent acceleration of 

the expansion rate as mentioned in section 1.1.2. Finally, the theory of Big Bang 

nucleosynthesis allows us to constrain the baryonic contribution to the mass density 

of the Universe (multiplied by the hubble constant squared: nbh2
) by measuring the 

cosmic abundance of Deuterium. The CMB also allows us to measure the baryonic 

mass contribution via the location of the first acoustic peak in its power spectrum. 

Both methods are consistent and indicate that baryonic mass contributes a mere 4% 

to the energy budget of the Universe, implying that 23% of the Universe's matter 

is weakly or non-interacting dark matter. (A minor role is also played by the Ly-a 

forest, many of whose properties are predicted by this model.) 

Although, by no means agreed on by all cosmologists, this model explains many 

features of the observable Universe. Its successes include being able to predict quan­

titative and qualitative aspects of the Universe starting from the initial conditions 

of inflation. Although highly successful in reproducing many attributes of the local 

and high-z universe, the model invokes physically motivated yet at times uncom­

fortable forms of matter and energy that have yet to be directly detected. While 

providing a robust framework within which galaxies may be studied, the ACDM 

model cannot independently predict all the nuances of the galaxy population. Per­

haps now, the most interesting tests of the paradigm are found not on the large 

scales of the Universe, but on the small scales of galaxies. This thesis focuses on 

the predictions the ACDM cosmological model makes on the small scales probed 

by haloes of Milky Way galaxies. In particular we are interested in the sites of 

satellite galaxy formation, their luminosity function, the orientation of Milky Way 

type galaxies with respect to their haloes and the impact the presence of naked 

black holes has on galaxies. In the next section we review the current status of 

galaxy formation in ACDM cosmogonies. 
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1.2 Phenomenological Galaxy Formation 

The baryonic matter of which galaxies are composed and the dark matter that dom­

inates the formation of large scale structure, are likely to behave quite differently 

on the small scales of galaxy formation. Baryonic gas for example, is susceptible to 

radiative cooling and shock heating. These thermodynamic processes influence the 

properties of the baryonic halo material, and are thus instrumental in determining 

the distribution of halo gas. Rees and Ostriker (1977), Silk (1977) and Binney 

(1977) were the first to realise that the atomic processes associated with radiative 

cooling would have a dramatic effect on gas in a halo. In the absence of any form 

of heating (i.e. shock heating due to mergers) the baryonic gas will radiate away its 

thermal energy, lose its pressure support, and collapse to the centre of the halo. The 

density of this cold gas will eventually reach a critical value where star formation 

may occur. 

In section 1.1. 7 we described the hierarchical nature of structure formation in 

a universe dominated by CDM. White and Rees (1978) incorporated the ideas of 

radiative cooling into a hierarchical model wherein gas is able to cool in the centres 

of dark matter haloes. The efficiency of a galaxy to form in a dark halo is dependent 

on the ability of the halo gas to cool. This in turn is sensitive to a number of effects 

including the merger history of its dark matter halo (as mergers are likely to shock 

heat the halo's gas reservoir to the virial temperature) and the presence of energetic 

supernovae. 

The merger history of a particular halo may be quantised by the halo's "merger 

tree". White and Rees (1978) based their galaxy formation calculations on the 

mass functions analytically derived by the Press-Schechter formalism (Press and 

Schechter 1974) and succeeded in predicting properties of the galaxy population in 

a number of ways, including reproducing the observed galaxy luminosity function's 

shape. Despite its successes, the galaxy formation models of White and Rees (1978) 

suffered from producing an over-abundance of faint galaxies, and indicated that 

some additional form of heating was necessary to suppress halo gas from cooling. 

White and Frenk (1991) elaborated on previous ideas and constructed some of 

the first analytic models of galaxy formation, while Cole (1991) used the merger 
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tree formula obtained by Bond et al. (1991) to construct the first semi-analytical 

models of galaxy formation in a CDM universe. Both reached similar conclusions to 

White and Rees (1978) and inferred that galaxy-galaxy mergers were an important 

process needed to help avoid the over abundance of galaxies. Bond et al. (1991) 

produced a phenomenological model where observationally motivated assumptions 

and analytical approximations are used together in order to predict a wide range 

of galaxy properties. As more and more physical effects have been recognised as 

important processes in the galaxy formation puzzle, the phenomenological models 

have become more and more complicated. Other advances include the ramifications 

of satellite-satellite mergers first studied by Somerville and Primack (1999), while 

the effect of dust extinction on morphologies and luminosities of galaxies was first 

addressed by Kauffmann et al. (1999). Quasar activity in the nucleus of a galaxy 

was studied by Kauffmann and Haehnelt (2000) who modelled Quasars using a 

physically motivated recipe for black hole growth. The properties of the Lyman 

break galaxy population (Baugh et al. 1998, Governato et al. 1998), the clustering 

dependence on redshift, luminosity and morphology (Kauffmann et al. 1997, Baugh 

et al. 1999), and the evolution of galaxy clusters (e.g. Kauffmann and Charlot 1998) 

have all been studied in this phenomenological way. 

Models of this type, known as "semi-analytical models", use a combination of 

physically motivated prescriptions with analytical calculations to predict a wide 

variety of galaxy characteristics. Although galaxies are simulated "phenomeno­

logically", the advantage of semi-analytical modelling is that the user can readily 

measure the sensitivity of the galaxy population to one particular parameter. The­

oretical constraints on otherwise free parameters (e.g. feedback) can be set. 

While much of galaxy formation research was focusing on calculations performed 

on a halo's merger tree (known as semi-analytical modelling), the advent of com­

puter simulations was getting underway as well. Aarseth et al. (1979) ran the first 

N-body simulations of cluster formation using 1000 point masses each representing a 

single galaxy. The problem of galaxy formation is best addressed by using these two 

powerful tools (N-body simulations and semi-analytical modelling) in conjunction 

with each other. Below we explain the state of the art of both of these tools. 
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1. 3 Semi-analytical modelling 

Throughout this thesis, we have made extensive use (see Chapters 2 and 4) of the 

GALFORM semi-analytical model. This code, first developed by Cole et al. (1994) and 

subsequently extended by Cole et al. (2000), Benson et al. (2002b) and Bower et al. 

(2005) among others, combines physically motivated prescriptions with analytical 

calculations to give a phenomenological method of predicting a wide variety of 

galaxy characteristics. Below we summarise the physics implemented in the model, 

emphasising those aspects most important for this thesis. 

1.3.1 Dark Matter halo merger trees 

In order to predict certain characteristics of a galaxy at any time during its assembly, 

the GALFORM semi-analytical model starts with a given z = 0 galaxy halo mass. The 

haloes merger history is then calculated by using an analytical extension (Cole 

1989; Cole 1991; Bower 1991; Bond et al. 1991; Lacey and Cole 1993) to the Press­

Schechter formalism (Press and Schechter 1974)5 . Equation 2.15 of Lacey and Cole 

(1993) gives the fraction of mass, fi 2 (M1 , M2 ), in haloes of mass M2 at a time t2 , 

which at a previous time t1 , was in haloes of mass in the range M1 ---t M1 + dM1: 

(1.7) 

The quantities a 1 and a2 are the linear theory root mean square overdensities in 

spheres of mass M1 and M2 . The quantities bc1 and bc2 represent the critical linear 

theory over density thresholds for collapse at times t1 and t2 respectively. a( M) is 

computed from the density fluctuation power spectrum which is well constrained 

by large sky surveys, while be depends on the cosmology and is computed assuming 

a spherical collapse model. 

Equation 1. 7 is used to construct binary merger trees. In order to ensure that 

each halo is composed of only two progenitors and that multiple mergers do not 

occur, we ensure that each time step, dt1 , is sufficiently small. The binary merger 

5 Although in this thesis we have made extensive use of extracting merger trees directly from 

N-body simulations (see sec. 1.4.2) we have also used the analytical method based on Cole et al. 

(2000), and as such its description is included. 
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tree is created by following the procedure described in Cole et al. (2000) on every 

fragment of the halo. The time resolution used to ensure each halo has no more then 

two progenitors is accordingly, very high. Yet, the binary merger tree may be used 

to produce a more realistic merger tree with reduced time resolution by placing each 

node on a pre-defined grid of time steps. A sequence of fast, rapid, binary mergers, 

will thus appear as simultaneous multiple mergers in the new discretzed tree. 

We thus start by specifying a mass M 0 and a time z = z0 at which we wish 

to calculate certain galaxy properties. We construct the merger tree "backwards" 

in time, generation by generation, until we reach Zstart > z0 . The rules of star 

formation, however progress "forwards" in time, starting at the top of the halo 

merger tree and moving down to the bottom. 

1.3.2 Halo properties 

In order to calculate the physical properties of galaxies that form within dark matter 

haloes, we need a detailed model for the internal structure of haloes. Below we 

describe how we model these internal properties which include the distribution of 

spins, the interior density profile and the halo's rotation. Many parameters needed 

to describe the internal structure of haloes are taken from results obtained in N-

body simulations. 

Spin Distribution 

The spin of a dark matter halo is quantified by a dimensionless spin parameter: 

JHIEHI 112 

).H = GM{-/2 (1.8) 

where G is Newton's gravitational constant and where JH, MH, and EH are the 

total angular momentum, mass, and energy of a halo. According to Cole and Lacey 

(1996), we may assign each newly formed halo a spin parameter drawn at random 

from a log-normal distribution of >.H: 

P(>. )d>. 1 ( (ln>. - ln>.med)
2

) d).H 
H H = V2ifa>. exp 2a~ ).H (1.9) 

with the median spin value of >.H = 0.039 and a deviation of a>. = 0.53. These 

fits were obtained for a specific halo mass in a CDM cosmology, however they only 
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weakly depend on mass and power spectrum slope. 

Halo density Profile 

All haloes that form in the merger tree are assumed to be spherically symmetric 

and have a dark mass distribution described by the "NFW" profile (Navarro, Frenk 

& White 1996, 1997): 

( ) D. vir Pcrit 1 p r = . 
f(aNFW) r/rvir(r/rvir + aNFw) 2 

(1.10) 

Here f(aNFW) = ln(1 + 1/aNFW)- 1/(1 + aNFW ). The density profile is valid only 

interior to the virial radius (r :::; rvir) which is defined as the radius at which the 

mean interior density is .D.virPcrit· The value of the virial over density, .D.vir depends 

on both the background cosmological model as well as the geometry of halo collapse 

(e.g. see Eke et al. 1996). The concentration of the halo is described by aNFw, 

and is correlated to the halo mass (e.g. see Navarro et al. 1997) albeit with a 

considerable scatter (e.g. Jing 2000 and Bullock et al. 2001). The scatter in the 

correlation is ignored in our model, but we note that if we introduce some scatter 

by perturbing aNFW about the mean, we find a negligible effect on the statistics of 

galaxy properties. 

Halo Rotation Velocity 

We assume that the mean rotational velocity Vrot, of concentric shells of halo mate­

rial is constant with radius and always aligned in the same direction (motivated by 

N-body studies; see Warren et al. 1992). We relate Vrot to the halo's spin parameter, 

(1.11) 

where VH - jGM/rvir is the halo's circular velocity at the virial radius, and 

A(aNFW) is a dimensionless coefficient, weakly dependent on aNFW (A ~ 3.9 for 

aNFW = 0.01, while A~ 4.5 for aNFW = 0.3; see appendix A of Cole et al. 2000). 

1.3.3 Gas Distribution and Cooling 

In the GALFORM model, gas is assumed to be either "hot" halo gas, or "cold" galactic 

gas. The hot halo gas will cool into the cold galactic gas during the galaxy formation 
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process. During mergers or halo collapse, all diffuse halo gas is assumed to be shock 

heated to the virial temperature given by 

(1.12) 

where kB is Boltzmann's constant, J.L is the mean molecular mass and mH is the mass 

of the Hydrogen atom. This shock heated gas settles into a spherically symmetric 

distribution and is typically less concentrated than the dark matter. Its distribution 

is well approximated by the ,8-model (Cavaliere and Fusco-Femiano 1976) where the 

choice of ,8 (motivated by the simulation results of Navarro et al. 1995 and Eke et al. 

1998) yields a hot gas density profile, 

1 
Pgas ( r) ex 2 2 

r + rcore 
(1.13) 

where the first generation of haloes have an initial core radius Teare -:-:- aNFwrvir/3. 

This value of the core radius is allowed to change as the halo gas cools. The 

analytical work by Evrard and Henry (1991), Kay and Bower (1999), and Wu et al. 

(2000) indicates that increasing the minimum entropy of the gas can increase the 

core radius. The cooling has little effect in the outer areas of the halo as the pressure 

at the virial radius is controlled by shocks from infalling matter. 

When a new halo forms, we determine if any gas has already cooled by looking 

at the fraction of mass in hot gas. If some gas has already cooled (and the hot mass 

fraction is less than the global value Ob/Om) the core radius is increased until we 

recover the same density at the virial radius that we would have found had no gas 

cooled. 

The cooling time for a halo is calculated as: 

(1.14) 

where Pgas ( r) is the gas density a distance r from the halo centre, Tgas is the gas 

temperature and Zgas its the metallicity. The cooling function i\.(Tgas, Zgas) de­

pends on both gas temperature and metallicity and we use the values tabulated by 

Sutherland and Dopita (1993). 

We define a cooling radius rcool(t) which allows us to calculate the amount of gas 

that can cool in the halo within a time t = Tcool· However the gas must also have 
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enough time to be accreted by the disc. We estimate the time needed for accretion 

as the free fall time. We define a free fall radius rff(t) beyond which material does 

not have enough time to fall onto the galaxy. To calculate the amount of mass that 

cools onto the disc during a single time step fl.t, we calculate rmin(t) = min[rco01 , rff] 

at the beginning and end of each time step. The amount of gas that is able to cool 

onto the disc is then set to the mass of hot gas in the shell defined by the two values 

that determine rmin (that is, rff. and rcooi) and is equal to Mcoolfl.t. This process 

defines a cooling rate Mcooh which is important for calculating metal enrichment, 

star formation and feedback (see sec. 1.4.2). 

Disc sizes are calculated assuming angular momentum to be conserved during 

the cooling of hot halo gas. Thus, the specific angular momentum added to a galaxy 

during its formation is equal to that which the gas within rmin(t) = min[rcool, rff] 

originally had. This assumption is non-trivial and has a dramatic effect on sizes of 

discs that form. In Chapter 3 we use hydrodynamic methods to test the reliability 

of this angular momentum assumption. The so-called "angular momentum catas­

trophe" (first identified by Navarro and Benz 1991) indicates that in hydrodynamic 

simulations discs are too small. This occurs in their simulations since the diffuse 

halo gas first cools into clumps. These clumps are very efficient in merging with a 

central galaxy via the loss of angular momentum by dynamical friction against the 

dark matter halo. Angular momentum is more likely to be conserved if feedback 

can prevent halo gas from cooling into small clumps, and instead the gas radiatively 

cools directly on to the disc (see Weil et al. 1998, Sommer-Larsen et al. 1999, Eke 

et al. 2000). 

1.3.4 Star and Disc Formation 

The process of star formation begins with the cooling of hot gas. However as cold 

gas is turned into stars many effects need to be taken into account. The formation 

(and rapid death) oflarge Super Novae (SNe) will inject metals and energy into the 

interstellar medium (ISM). The outflows from SNe are a form of feedback and can 

heat up cold gas and inhibit star formation. Enriching the ISM will also have an 

effect on the cooling times and allow more gas to cool at later times. If powerful 
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enough, SNe can drive material out of the galaxy via strong hot stellar winds. Below 

we summarise how we treat all these effects. 

We assume that the instantaneous star formation rate, '1/J is directly proportional 

to the cold gas mass: 

(1.15) 

where 7* is the star formation time scale. We model feedback by young stars by 

assuming that cold gas mass is reheated and ejected from the disc at a rate of: 

(1.16) 

where (3 is the feedback efficiency whose value, like 7*, depends on the global prop­

erties of the galaxy. The star formation timescale is related to the disc's circular 

velocity by: 

(1.17) 

where 7disk is the dynamical time of the disk defined at its half mass radius as 

7disk = rdisk/Vdisk· The feedback efficiency is defined as 

(1.18) 

where E*, a*, and ahot are all dimensionless parameters while Vhot has the dimensions 

of velocity. In the Cole et al. (2000) model these parameters are set to 0.005, -1.5, 

2.0 and 150 km s-1 respectively. These values were selected in order to reproduced 

physical characteristics of the galaxy population such as the Thlly-Fisher relation 

and the faint end of the galaxy luminosity function. 

1.3.5 Chemical enrichment 

Cooling of hot halo gas, the formation of stars and the ejection and reheating of 

gas due to SNe, are all processes which are assumed to occur instantaneously. We 

therefore use an instantaneous recycling approximation to model these effects. Over 

one time step of the merger tree, the cooling rate Mcool and hot gas metallicity Zhot, 

is assumed to be constant. The differential equations we use to describe the metal 

enrichment due to star formation are: 
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M* = (1- R)7/J 
. . 

Mhot = - Mcool + {37/J 

Mcold = Mcool - (1 - R + {3)7/J 

. z . 
Mcold = Mcoo!Zhot + (p- (1 + f3 ~ R)Zcold)7/J 

where the metallicity of cold gas is 

and likewise, the metallicity of hot gas is given by 
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(1.19) 

(1.20) 

(1.21) 

(1.22) 

(1.23) 

(1.24) 

(1.25) 

(1.26) 

R represents the fraction of mass recycled by stars and p represents the yield: 

the fraction of mass that is converted into stars and then returned to the ISM as 

metals. These differential equations are easily solved (see Appendix B of Cole et al. 

2000) and we can obtain analytical solutions to the time evolution of most of these 

quantities. 

1.3.6 Spheroid formation and Galaxy mergers 

Dynamical Friction 

The spherical bulges of spiral galaxies, as well as large elliptical galaxies are formed 

primarily through galaxy mergers. When two dark haloes merge, the largest of the 

two galaxies becomes the new "central" galaxy, while the rest of the galaxies present 

in each halo fall into orbit around the central galaxy. Their orbits will gradually 

decay as they lose energy and angular momentum to the dark halo via dynamical 

friction. The timescale for merging satellites is based on Chandrasekhar's dynamical 

friction formula (Chandrasekhar 1943), and is calculated as: 

0.3722 MH 
Tmrg = fctr8orbitTdynl (M /M ) M 

n H sat sat 
(1.27) 



1. Introduction 24 

where Mn is the halo mass, Msat is the mass of both the satellite and the halo in 

which it formed, and Tctyn _ nrvir/Vn is the halo's dynamical time. fctr is a free 

parameter which may be adjusted depending on the uncertainties assumed in the 

model (set by Cole et al. 2000 to be unity). 

The orbital parameters of the satellite experiencing dynamical friction are con­

tained in the term 8orbit and defined as 

( 
J ) o. 76 ( r c (E) ) 2 

8orbit = Jc(E) . rvir ' 
(1.28) 

where E, and J are the satellite's initial energy and angular momentum, and rc(E) 

and Jc(E) are the radius and angular momentum of a circular orbit with the same 

energy. The orbital parameters of infalling satellites have been studied by Tormen 

(1997) (see also Benson 2005) who find that the distribution of 8orbit is well fit 

by a log-normal distribution. Thus infalling satellites will merge with the central 

galaxy when their merger timescale is shorter than the age of the halo. Not all 

satellites will merge during the lifetime of a halo: when a new halo forms, each 

satellite is given a random value of 8orbit according to a log-normal distribution. 

T mrg is calculated and the satellite merges with the central galaxy after this period, 

provided that during this time the halo has not itself merged to become part of 

a larger halo. Any satellites that have not already merged are then re-assigned a 

value of 8orbit and T mrg is re-calculated. 

Spheroids: Mergers, Bursts and Disc Instabilities 

The morphology of the product of a merger between a central galaxy and a satellite 

will depend on (among other things such as gas content metallicity, etc.) the mass 

ratio of the merging satellite Msat to the mass of the central galaxy Mcen· We make 

use of the prescription used in Kauffmann et al. (1993) to divide mergers into two 

categories: "major" and "minor". We define a threshold, fellip = 0.3 and term a 

merger as "major" if Msat/ Mcen ~ fellip and "minor" if Msat/ Mcen < fellip· During 

a major merger, a single bulge of stars is produced. All the cold gas in both discs 

is turned into stars in a burst of star formation. If the merger is minor, the stars 

of the satellite are merged onto the bulge of the central galaxy. Any gas present in 

the satellite is added to the gaseous disk of the central galaxy. 
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We also allow spheroids to form via the additional route of disk instabilities. 

Strongly self gravitating discs are likely to be unstable to the formation of a bar 

which will evolve into a bulge (e.g. see Efstathiou et al. 1982, Binney and Themaine 

1987, Mo et al. 1998). This occurs because there is a maximum rotation velocity 

that an axis-symmetric disc can obtain before the disc structure becomes disrupted. 

In order to estimate the stability of a given galactic disc, we calculate the number 

Vmax 
Em -r========= V G Mdisk/ r disk 

(1.29) 

where Vmax is the circular velocity at the half mass radius rdisk· Efstathiou et al. 

(1982) have set Em ~ Ecrit = 1.1 for a disc to be unstable, however we will use a 

value ( Ecrit = 1.05) that reproduces a more realistic distribution of bulge to total 

luminosity ratios (see Sec. 4.3.2). If a given disc satisfies the bar instability criteria, 

we assume that all the disc stars evolve into a bar which is dynamically unstable and 

which subsequently evolves into a bulge (Combes et al. 1990). The bar instability 

also causes any gas present in the disc to be funnelled towards the centre and then 

undergo a burst of star formation. The gas that gets channelled towards the centre 

may provide fuel for the black hole that rests in the centre of the bulge. While some 

of this cold gas will be transformed into stars, some of it may equally be available 

for black hole growth. 

1.3. 7 Galaxy Sizes 

In order to calculate the sizes of the two (disc + bulge) component galaxy we are 

guided by the following two principles: 

a) The size of a stellar disc is determined by the conservation of angular mo­

mentum and centrifugal equilibrium. 

b) The size of a stellar bulge is determined by the conservation of energy and 

virial equilibrium. 

For discs, we idealistically assume an exponential surface density profile (see 

Eqn. 4.3) while for bulges we assume an r 114 deVaucolouers profile in projection 

(see Eqn. 4.7). As discs form by conserving the angular momentum of the halo gas 

that cools, their sizes are relatively straight forward to calculate. Spheroids formed 
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by the merger of two galaxies however, are said to ultimately "merge" when the 

separation of each component equals the sum of their half mass radii. Conservation 

of energy and the virial theorem lead to: 

(M1 + M2)
2 M[ Mi /orbit M1M2 

-'---------'-- = - + - + -- + ---
r new rl r2 c rl + r2 

(1.30) 

where rnew, r 1 and r 2 are the half mass radii of the product and of the merging 

partners whose total mass is M 1 and M 2 . The factor c and !orbit relate to the 

binding and orbital energy of each component: 

Ebind = -c G(MI + M2)2 

r 
(1.31) 

(1.32) 

The value of !orbit = 1 is adopted such that the orbital energy corresponds to that 

of two point masses in a circular orbit. The value of c depends weakly on the 

density profile of the galaxy (c ~ 0.49 for an exponential disc and c ~ 0.45 for a 

deVacolouer's spheroid) and for simplicity we use c = 0.5. 

When a bulge is formed due to a bar instability, its size is computed using a 

slightly different equation. If the mass of the unstable disc and the existing bulge 

(if there is one) before the formation of a bar is Mdisc and Mbulge, and their half 

mass radius are rdisc and rbulge then the final bulge half mass radius will be: 

CB(Mdisc + Mbulge)
2 

- cBM;ulge + cnMJisc +lint MbulgeMdisc 

r new Tbulge r disc Tbulge + r disc 
(1.33) 

The factors en = 0.49 and c8 = 0.45 are adopted for an exponential disc and a 

deVaucolouers spheroid, as mentioned above. The final term represents the grav­

itational interaction energy between the disc and bulge and we use lint = 2 in 

order to approximate the values of the interaction energy over a realistic range of 

1.3.8 Stellar Population Synthesis and Dust Extinction 

As shown above, the GALFORM model is able to produce a range of galaxy char­

acteristics including star formation histories, sizes and masses of bulge and disc 

components, chemical enrichment and metallicities. However in order to compare 
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these properties with observations, we need to model the spectra and photomet­

ric properties of the galaxies as well as including the effects of interstellar dust 

extinction. 

In order to compute the properties of a stellar population we need to combine 

the star formation history of that population with an assumed initial mass function 

(IMF). The models of Bruzual and Charlot (1993, 2003) provide a spectral energy 

distribution (SED) for a single stellar population, l>.(Z, t), which depends on the 

metallicity Z and age t. The entire galaxy's SED may be obtained by convolving 

this with the galaxy's star formation history: 

L>.(t) = ht h(t- t', Z(t'))'lj;(t')dt' (1.34) 

where Z(t') and 'lj;(t') are the metallicity and star formation rate of the stars which 

formed at a time t'. As stated earlier, an assumption regarding the IMF of the 

stars must be made. We assume that all galaxies have the same IMF at all times. 

The form Cole et al. (2000) adopt for the IMF is known as the "Kennicut" IMF 

(Kennicutt 1983): 

dN -x 

dlnm ex m (1.35) 

where x = 0.4 form < M0 and x = 1.35 form > M 0 . Some of the star forming 

mass will form brown dwarfs (m < 0.1M0 ), which will not contribute to the SED 

of the galaxy. The fraction of brown dwarfs is represented by Y, defined as: 

y = mass in visible stars + brown dwarfs 
mass in visible stars 

(1.36) 

The masses used here are the masses at the moment the stellar population forms, i.e. 

before accounting for the fraction of mass recycled back into the ISM. Brown dwarfs 

reduce all luminosities by a factor of,....., 1/Y. Observational estimates constrain Y 

to fall in the range 1 < Y ';S 2 (Broeils 1992; Mobasher et al. 1999). 

The effect of dust on starlight is treated using the models of Ferrara et al. (1999) 

who include both the absorption and the scattering of starlight by inter-galactic dust 

grains for a realistic three dimensional distribution of stars and dust. 
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1.4 N-body simulations 

As we have seen in the previous section semi-analytical galaxy formation models 

rely on constraining unknown parameters from the results obtained by N-body 

simulations (such as the distribution of AH)· N-body simulations are also a powerful 

tool in the cosmologists arsenal because they provide a spatial context within which 

one may study the assembly of a single galaxy, a group of galaxies or a cluster. N­

body techniques have come a long way since their inception, and there now exists 

a myriad of N-body codes as well as software to interpret the (at times) massive 

data output. In this thesis we have made extensive use of N-body simulations of 

galaxy haloes. Here, we briefly review the codes used and the state-of-the art in 

hydrodynamic and N-body methods. 

1.4.1 N-body codes 

All the simulations used in this thesis were performed with the parallel N-body code 

known as GADGET (Springel et al. 2001b)6 . GADGET evaluates the forces (accelera­

tions) on each individual particle due to all the other particles in the simulation, 

by using a hierarchical tree data structure (Barnes and Hut 1986). A gravitational 

'softening' length is introduced to prevent the force between two neighbouring par­

ticles from becoming infinite, since this would cause an unphysical two-body scat­

tering between closely separated CDM particles. The dark matter particles are thus 

assumed to be collisionless. 

Initial Conditions 

The cosmological simulations we use are performed in periodic boxes. The effect of 

periodicity is that the box must have a total density exactly equal to the mean den­

sity of the universe. Also periodic boundary conditions allow the density field to be 

easily expanded in terms of Fourier transforms, allowing for a simple representation 

in Fourier space. The box however, must be large enough such that perturbations 

on scales comparable to the box size must still be linear by z = 0. 

6Not all the simulations used herein were performed with the exact same version of GADGET, 

and this is explicitly stated where pertinent. 
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The initial conditions (initial positions and velocities) of each particle is gener­

ated in order to recover a Gaussian density field with a specified power spectrum at 

times when linear theory is still a valid approximation. Each particle is displaced 

from its position in an initially smooth distribution. The amount by which each par­

ticle is perturbed is calculated following the Zel'dovich approximation (Zel'Dovich 

1970) for linear theory (see Efstathiou et al. 1985). The peculiar velocity assigned 

to each particle is proportional to its displacement and matched to the growing 

mode of linear perturbation theory. 

Mass refinement 

We are able to achieve a high resolution (low particle mass) region embedded in 

a lower resolution background by a mass refinement technique (e.g. see Katz and 

White 1993; Navarro and White 1994). First, a low resolution simulation in a 

periodic box is run to z = 0. The final out.put is examined and a region of interest 

(where it is believed a galaxy will form) is targeted. Those particles that fall within 

this region ("' 2r vir) of interest are traced back to the initial conditions, where 

their positions and velocities on the original cubic grid are noted. A box is then 

drawn around all these particles. This box is then filled with low mass particles. 

Appropriate small scale power is added to the initial condition's power spectrum. 

The simulation is then re-executed to z = 0 providing us with two different dark 

matter particle resolutions: a high resolution population (concentrated within a 

region of interest) embedded in a low resolution (high mass "boundary" particles) 

region. This process may also be carried out recursively with the highest resolution 

particles concentrated in the centre of an 'onion shell' configuration, while multiple 

species of lower resolution particles are confined, in decreasing resolution, to outer 

concentric shells. 

In this thesis we concentrate on the high resolution regions of galactic halo 

simulations. It is these regions which will have enough small scale power to resolve 

subhalos within which it is believed satellite galaxies may form. How these subhalos 

are identified is explained below. 
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Identifying substructures 

In order to identify small bound substructures within large parent haloes we use 

the algorithm SUBFIND (Springel et al. 2001a). The algorithm starts by identifying 

"Friends-of Friends" (FOF) groups (e.g. Davis et al. 1985) by linking together 

into the same group, particles whose mean inter-particle separation is less than 

some "linking length", b. Particles linked together in this manner form groups 

approximately enclosed by surfaces of constant isodensity (p ex 1/b3 ). By setting b = 

0.2, FOF returns groups whose over density roughly corresponds to that predicted 

by the spherical collapse model, i.e. virialised haloes. However, besides having 

a tendency to link two haloes via "bridges", FOF has no way of selecting bound 

substructures from within a larger halo. If sufficient numerical resolution is used, 

many studies (e.g. Tormen 1997; Ghigna et al. 1998; Moore et al. 1999; Ghigna 

et al. 2000) have shown that the dense cores of small CDM haloes are able to 

survive the mass loss effects (such as tidal stripping) associated with merging (i.e. 

the "over-merging problem"). These dense cores must be identified as they are 

likely to be the sites of satellite galaxy formation. 

SUBFIND demands that a substructure satisfies the following two criteria: that 

it is locally over dense and that it is self bound. The algorithm starts by assigning 

a density p to each particle (by calculating the distance r n to its nth neighbour) as 

p rv 1/r~. Substructures are locally over dense regions that are contained within an 

isodensity contour that traverses a saddle point. In order to find these saddle points, 

imagine ordering the particles by density and (conceptually) replacing them one by 

one in order of decreasing density. When a particle i with density Pi is considered, 

the Nngb nearest neighbours (within the entire simulation) are identified. We call 

this set of Nngb particles 2i. Within 2i we define the subset of particles whose 

density is higher than Pi as wi. We define the set ITi as the subset of wi containing 

the two particles closest to particle i. The set ITi may either contain two particles, 

one particle or be empty. We examine each of these cases: 

i) ITi = 0. If ITi is empty, then none of the Nngb nearest neighbours have a larger 

density than particle i. Particle i is considered to be a local density maximum and 

a new subgroup is grown around it. 



1. Introduction 31 

ii) IIi = 1. If IIi contains a single particle (or two particles belonging to the 

same group) than particle i is also a member of this subgroup. 

iii) IIi = 2. If IIi contains two particles that are members of two different groups, 

than particle i is a saddle point. The two groups defined by the two particles in IIi 

are labelled as "subhalo candidates". The two groups are then joined and particle 

i is added to the new group. 

Using this algorithm provides us with a list of groups and subgroups. In order 

to ensure that each group meets the self-bound criteria, a binding energy calcu­

lation is performed on each subhalo and unbound particles are stripped of group 

membership. We then impose a Nngb = 10 particle limit on each subhalo and reject 

subhalos with fewer particles. 

In this algorithm, a particle may easily be a member of more then one subgroup 

and there is, in effect, no limit to the number of "haloes within haloes" we can 

find. However for our purposes we wish each particle to be a member of only one 

subgroup at any given time. In order to achieve this we only consider the smaller 

of the two groups each time a particle is thought to be a saddle point (case (iii) 

above). This decision is motivated by the fact that we are interested in looking at 

small groups within larger parent haloes, and the mass of the larger halo is assumed 

to be greater than that of the subhalo. 

1.4.2 Extracting Merger trees from N-body simulations 

We use GADGET to run simulations of galactic sized haloes, and apply the algorithm 

SUBFIND in order to identify bound subhalos for each redshift output. We then 

wish to link subgroups of the main halo through the simulation outputs, in order 

to extract the merger history of each subhalo as well as the formation of the main 

halo. 

We begin by looking at subhalo catalogues for two sequential time steps t 1 < t 2 . 

A halo at time t 1 is considered to be the progenitor of any halo at time t 2 which 

contains the largest fraction of its particles. We perform this linking for all adjacent 

simulation snapshot outputs and it is then straight forward to construct a merger 

history for each halo. 
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This process relies on identifying each halo in a given simulation output, and 

being able to trace it forwards in time by assuming it can only increase in mass. In 

an idealised hierarchical universe this idea holds as halos grow via mergers. However 

in practise a halo can lose mass as well (due to, for example, tidal stripping and 

the arbitrary boundary imposed by FOF). Thus in the linking algorithm discussed 

above, we occasionally find haloes that are less massive than the sum of their 

progenitors, corresponding to the unphysical case wherein a halo accretes negative 

mass. The two ways of dealing with these (rare) situations is to either add mass to 

the halo, or subtract mass from its progenitors. Both of these simple methods cause 

similar concerns. Adding mass to the halo may be problematic if the halo itself is a 

progenitor, of a halo which is now less massive then the sum of its progenitors. 

Similarly the problem is propagated throughout early times if the mass of the 

progenitors is reduced as it will become less massive than its progenitors. When we 

reduce the mass of a halo, we do so such that we minimise the effect on early output 

times. This can. be accomplished since each halo has a certain excess mass (mass 

accreted in the form of small unresolved dark matter halos), which when removed 

will have no effect on its progenitors at earlier times. If a halo is found which is 

less massive than the sum of its progenitors, then first the excess mass of its largest 

progenitor is removed. If this is not enough the excess mass of the second largest 

progenitor is removed and so on. If the excess mass from all progenitors has been 

removed, yet the halo in question is still less massive then the sum of its progenitors, 

we scale the masses of all of its progenitors down be a certain factor. Although one 

may be inclined to think that the problem of mass conservation may be serious, in 

practice serious violations rarely occur. Additionally, it has been shown that the 

reassignment of mass in halos has little effect on the galaxy properties (Helly et al. 

2003). 

1.4.3 Smooth Particle Hydrodynamics 

In Chapter 3 we make use of gas dynamical (SPH) simulations. These differ from 

simulations of collisionless CDM in that in addition to the dark matter particles, 

gas is treated by using pseudo particles that are assumed to represent the gas 
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distribution in a fluid cell (Gingold and Monaghan 1977; Lucy 1977; Monaghan 

1992). At every given time step, each SPH particle has a well defined mass, thermal 

energy, and velocity. The properties of the gas that the discrete SPH particles are 

designed to represent (e.g. temperature, density, etc.), are determined by averaging 

(smoothing) over all other particles within a characteristic length scale (known as 

the "smoothing length") using a kernel function, which gives a different weight to 

each particle depending on its distance (e.g. a Gaussian). One of the advantages of 

SPH simulations is that this smoothing length is allowed to vary depending on the 

local conditions, thus optimising computational efficiency. The Lagrangian nature 

of SPH means that in dense regions, the smoothing length is very small and results 

in a high spatial resolution, whereas in regions of low density the smoothing length 

is large and the computational cost in these regions is minimised. 

The thermodynamic properties of the gas and accelerations ('forces') on each 

particle, are calculated by solving smoothed versions of the differential hydrody­

namical equation (these are: the momentum equation, the continuity equation, and 

the thermal energy transfer equation). Star formation is made to occur when a 

gas particle meets a certain (temperature and density) criteria. Gas particles then 

undergo star formation and spawn star particles. The star particle's own properties 

(e.g. metallicity, mass, etc.) are assigned in a self-consistent way. Each star parti­

cle is assumed to represent a star cluster and as such has a pre-defined initial mass 

function (depending on how it was created; see Chapter 3). Unlike dark matter, 

the number of SPH particles is not conserved. Although SPH particles may not be 

created, one gas particle may spawn multiple star particles depending on the pre­

starbursting mass of the gas particle, and the nature of the star burst. Star particles 

differ from their SPH counterparts in that they are assumed to be collisionless. 

1.5 Motivation for this Thesis 

The motivation for this work grew out of three open problems facing the ACDM 

model: the "missing satellite problem", the "satellite orientation problem" and the 

effect of gravitational recoil on black holes forming in a hierarchical universe. Below, 

I will review each of these problems and summarise the work that follows in the 
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succeeding chapters. 

1.5.1 The "Missing satellite" Problem 

N-body simulations of galactic halos forming in a ACDM universe, have consistently 

shown that the number of dark matter haloes that survive (as subhalos) the mass 

loss effects due to merging, is at least an order of magnitude more than the number 

of satellite galaxies seen orbiting the Milky Way (Moore et al. 1999, Klypin et al. 

1999). The discrepancy exists over a large range of satellite masses. Observations 

of Milky Way satellites are however likely to be incomplete. Willman et al. (2004) 

claim that low-latitude observations of satellites will be incomplete due to Galactic 

obscuration. Additionally, observations of dwarf satellites in the outer halo will like­

wise be incomplete due to their inherent dimness. Unfortunately, these biases are 

likely to increase the number of faint satellites in the Milky Way's neighbourhood 

by only a factor of rv 2 and not fully solve the discrepancy between the number of 

predicted subhalos and the number of observed satellites in a galactic halo. Never­

theless, the entire population of satellites of the Milky Way is far from being fully 

observed, and faint new satellites are being identified at an ever increasing rate 

(eight in 2006 alone: Zucker et al. 2006, Belokurov et al. 2006a, Belokurov et al. 

2006b, Willman et al. 2006). However, the discovery of new satellites is only likely 

to affect that faint end of the luminosity function and the problem will persist as 

large bright satellites orbiting the Galaxy are unlikely to be discovered. 

An alternative approach is to prevent galaxies from forming in all subhalos. 

Benson et al. (2002a), used a very detailed model of reionization to calculate the 

flux of UV ionizing photons emitted by hot young OB stars (see also Gnedin 2000). 

While photo-ionization of halo gas can inhibit gas from radiatively cooling and 

forming stars in the central regions of subhalos, Benson et al found that they were 

unable to prevent enough galaxies from forming using only reionization. 

A somewhat related problem is how the Milky Way satellites are distributed 

about the Galaxy. The first observations of the distribution of the Milky Way 

satellites were made by Kunkel and Demers (1976). Later, Lynden-Bell (1982) 

noted that instead of being spherically distributed about the Galaxy, the satellite 
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galaxies appeared anisotropically situated along polar orbits. Kroupa et al. (2005) 

claim that this anisotropy is at odds with the spherical CDM prediction. Indeed N­

body simulations indicate that subhalos are themselves close to being spherically 

distributed inside galactic sized dark matter halos. In Chapter 2 we attempt to 

tackle this problem by examining the distribution of satellites inN-body simulations 

populated by using the semi-analytical model presented in section. 1.3. 

1.5.2 The Alignment and angular momentum problem 

It has been known since the pioneering gas dynamical work of Navarro and Benz 

(1991) that simulations have a hard time reproducing disc galaxies whose size is 

similar to that observed. For the most part, this is due to the fact that most 

discs in their simulations form by gas cooling into small clumps which then merge 

via dynamical friction with a central bulge. The size of a disc is determined by the 

angular momentum of the material which forms it. However if gas is allowed to cool 

at high redshift, then much of the angular momentum will be lost as the clumps 

spiral in due to dynamical friction, and the resulting discs that are formed are too 

small. In this thesis, we make use of the galaxy formation model of Okamoto et al. 

(2005) that successfully prevents excessive gas cooling in small clumps by including 

photoionization, as well as a top-heavy IMF in bursts that injects sufficient energy as 

to regulate cooling. In these simulations, the angular momentum problem is solved 

and realistically sized discs are created. We study the alignment between the discs 

and the satellite distribution as well as the alignments between the angular momenta 

of the dark halo, the galaxy, and the satellite distribution. In Chapter 3 we study 

the shape distribution of satellites and both the spatial and angular momentum 

alignment of various components of the galactic halo. 

1.5.3 Gravitational recoil in a Hierarchical Universe 

Nearly all galactic bulges are thought to harbour a black hole, whose mass correlates 

remarkably very well with the velocity dispersion and mass of the bulge itself. The 

bulges of galaxies are made up by successive mergers of a combination of disc and 

bulge dominated galaxies. If the black holes that reside in the centre of each bulge 
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are assumed to merge as well, some very interesting effects will come into play. 

For example, the merging of two black holes will cause gravitational radiation to be 

emitted from the final inner most stable orbit. If the black holes are of unequal mass, 

this gravitational radiation will be beamed anisotropically and result in changing 

the system's net linear angular momentum. The consequence of such a black hole 

merger is a large linear momentum kick in a direction specified by the final orbit. 

We investigate the effect of this gravitational recoil on galacto-centric black holes. 

Can black holes be ejected from galaxies in this way? What fraction of the total 

black hole mass is in ejected black holes and can we constrain the uncertain physics 

of kicks by looking at the scatter about the empirical Mbh - Mbulge relation? In 

Chapter 4 we address this problem by incorporating the growth of black holes in 

to GALFORM. We also model the kick velocity, and use N-body simulations to track 

the spatial distribution of black hole. 



Chapter 2 

2.1 Introduction 

The Great Pancake of 

Milky Way Satellites 

In the cold dark matter (CDM) cosmology, structure builds up through fragments 

merging together in a roughly hierarchical way. High resolution N-body simulations 

of the formation of dark matter halos in the ACDM cosmology have demonstrated 

that the cores of tightly bound fragments often survive the merging process and 

remain as distinct substructures orbiting inside a parent halo (Klypin et al. 1999, 

Moore et al. 1999). The centre of the main halo and the accompanying substruc­

tures are naturally identified with the formation sites of central and satellite galaxies 

respectively. The N-body simulations suggest that the mass functions of surviving 

substructures in galactic and cluster halos are roughly self-similar. Yet, the lu­

minosity function of galaxies in rich clusters has a very different shape from the 

luminosity function of satellites in smaller systems such as the Milky Way or the 

Local Group (Kauffmann et al. 1993; Mateo 1998; Trentham and Hodgkin 2002; 

Benson et al. 2002b, Eke et al. 2004). Not only is the central galaxy much more 

prominent in Milky-Way systems than in galaxy clusters, but the number of sur­

viving subhalos in simulations of galaxy-sized halos far exceeds the number of the 

known satellites of the Milky Way. 

The discrepancy between the small number of satellites around the Milky Way 

and the large number of surviving substructures, once regarded as a major challenge 

to the cold dark matter cosmology, is now thought to be due to the astrophysical 

processes that regulate the cooling of gas in halos and its subsequent transformation 

into stars. The increase in the entropy of the intergalactic medium brought about 

37 
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by the reionization of the gas at early times has been identified as a possible solution 

to the so-called "satellite problem" (Kauffmann et al. 1993; Bullock 2002; Benson 

et al. 2002a; see also Stoehr et al. 2002). Reionization sharply reduces the efficiency 

of gas cooling in small halos so that galaxies that formed prior to reionization are 

preferentially those that end up as satellites in systems like the Local Group. The 

detailed model calculated by Benson et al. (2002a), which includes the effects of 

early reionization as well as other forms of feedback, reproduces many observed 

properties of the Local Group's satellite system, including the distribution function 

of circular velocity, the luminosity function and the colour distribution. 

While the original satellite problem is no longer deemed a serious challenge, 

another related potential problem for the cosmological paradigm has recently been 

highlighted by Kroupa, Thies & Boily (2005). These authors argue that the strongly 

flattened spatial distribution of the 11 brightest dwarf satellites of the Milky Way, 

a feature known, but not understood, for many years (Lynden-Bell 1976; Kunkel 

and Demers 1976; Kunkel and Demers 1977; Lynden-Bell 1982; Majewski 1994), 

is inconsistent with the ACDM model. According to Kroupa et al. (2005), CDM 

models predict a roughly isotropic distribution of satellites. They based this con­

clusion on the assumption that the spatial distribution of satellites resembles the 

spatial distribution of the halo dark matter which indeed, as N-body simulations 

have demonstrated, is approximately (although not exactly) spherical (e.g. Frenk 

et al. 1988; Jing and Suto 2002; Bullock 2002). 

In this Chapter, we demonstrate that the satellites of systems like the Local 

Group do not trace the distribution of halo mass. On the contrary, the satellites 

in our suite of high resolution N-body simulations are generally arranged in highly 

flattened configurations which have similar properties to those of the Milky Way 

satellite system. This, at first sight surprising, result is a reflection of the anisotropic 

accretion of subhalos which generally stream into the main halo along the filaments 

of the cosmic web. The flattened structure in which the brightest Milky Way 

satellites lie traces a great circle on the sky and is approximately perpendicular to 

the Galactic Plane (throughout this Chapter we use the terms "brightest" and "most 

luminous" satellite galaxies; strictly speaking these satellites were selected according 

to the mass of the stellar component). In our simulations, the satellite structures 
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tend to be aligned with the major axis of the triaxial halo mass distribution, that 

is, the longest axis of the halo is close to lying in the principal plane of the satellite 

distribution. 

As the work in this Chapter was nearing completion, two related papers ap­

peared on astro-ph. Both of them used high-resolution simulations of galaxy halos 

similar to those that we have performed. Kang et al. (2005) identified "satellites" 

in their 4 simulations with randomly chosen dark matter particles taken either from 

the halo as a whole or exclusively from substructures. They were able to find flat­

tened satellite systems similar to that of the Milky Way in the former case but not 

in the latter. Zentner et al. (2005) found satellites in three N-body simulations 

of Milky-Way type systems also in two different ways. In the first, they used the 

semi-analytic model of Kravtsov, Gnedin & Klypin (2004) which is based on similar 

principles as those applied by Benson et al. (2002a). In their second model, they 

identified satellites with the most massive subhalos. Zentner et al. (2005) found 

that in both cases, the satellite systems had a planar distribution similar to that in 

the Milky Way and argued that the degree of central concentration of the satellite 

systems plays an important role in this result. They also showed that the popula­

tion of subhalos as a whole is anisotropic and preferentially aligned with the major 

axis of the triaxial halo. 

Like Zentner et al. (2005), our study employs a semi-analytic model to follow 

the formation of the visible satellites. In this respect, both these studies are quite 

different from that of Kang et al. (2005) who based their conclusions purely on dark 

matter particles. Our model differs from that of Zentner et al. (2005) in several 

important respects. Our simulation codes and methods for identifying substructure 

are different. While they considered three halos specifically chosen to lie on a 

filament, we used 6 simulations randomly chosen from a large cosmological volume. 

The biggest difference, however, concerns the semi-analytic models used in the two 

studies. While both of them give a reasonable match to several observed properties 

of the Milky Way's satellites, our semi-analytic model has been applied and tested 

much more extensively than that of Kravtsov et al. (2004). The model we use is 

based on the GALFORM code of Cole et al. ( 2000) as extended by Benson et al. ( 2002b). 

This model has been shown to give an acceptable account of many properties of the 
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galaxy population as a whole including the luminosity function in various passbands, 

from the UV to the far infrared, and in various environments, distributions of colour, 

size and morphological type, etc. The model is also relatively successful at matching 

the properties of galaxies at high-redshift, as discussed in Baugh et al. (2004). 

Finally, the two studies use somewhat different methods to quantify the distribution 

of Milky Way satellites and to compare the results with the observations. On the 

whole, the conclusions of the two studies are consistent although there remain some 

differences as we discuss in Section 5. 

The remainder of this Chapter is organised as follows: in Section 2.2 we outline 

the methods used; in Section 2.3.1 we present our results which we interpret in 

Section 2.3.2; in Section 5 we discuss the implications of our findings. 

2.2 Simulations and galaxy formation model 

We have analyzed 6 high-resolution N-body simulations of galactic-size dark matter 

halos carried out with the GADGET code (Springel et al. 2001 b). The halos, chosen to 

have a mass rv 1012M0 , were otherwise randomly selected from a large cosmological 

simulation of a cubic region of side 35.325 h-1 Mpc in a flat ACDM universe (with 

Om = 0.3, h = 0.7, a 8 = 0.9). The simulation was executed a second time adding 

"high resolution" (i.e. small mass) particles, and appropriate small scale power in 

the initial conditions, to a region surrounding the halo under consideration. These 

simulations have been studied extensively in previous papers (Power et al. 2003, 

Hayashi et al. 2004, Navarro et al. 2004b) and we refer the reader to those papers 

for specific details of how the simulations were carried out. Table 2.2 summarizes 

the important parameters of the simulations. 

We identified bound substructures in the simulation using the algorithm SUBFIND 

(Springel et al. 2001a). First, "friends-of-friends" groups (Davis et al. 1985) are 

found by linking together particles whose separation is less than 0.2 times the mean 

interparticle separation, corresponding roughly to particles within the virialized 

region of the halo. SUBFIND then identifies substructures within these halos based 

on an excursion set approach, using the spatial and velocity information for each 

particle in order to define self-bound objects. 
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Figure 2.1: Projections of the positions of the 11 most massive satellites within 

250 kpc of the central galaxy along the principal axes of the inertia tensor in sim­

ulations gh3, gh2 and gh6 (above) and in simulations ghlO, gh7 and ghl (below). 
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Ntot Nhr Rvir Nvir 

(106 ) (106 ) (h-1 kpc) (106 ) 

gh1 14.6 12.9 110 1.07 

gh2 18.1 16.2 131 1.74 

gh3 18.0 16.2 170 3.73 

gh6 25.5 22.2 169 3.76 

gh7 19.2 17.3 156 2.99 

ghlO 13.4 12.1 133 1.86 

Table 2.1: Parameters for the six N-body halo simulations. The columns give: (1) 

halo label; (2) total number of particles in the simulation cube; (3) number of high 

resolution particles; (4) virial radius of the halo in h-1 Mpc defined as the distance 

from the centre to the radius at which the mean interior density is 200 times the 

critical density; (5) number of particles within the virial radius. All halos were 

simulated in a cube of comoving length 35.325 h-1Mpc in a ACDM universe, with 

a particle mass of 2.64 x 105h-1 M0 in the 'high resolution' region. 

For each halo, we generate a complete merger history, identifying all progenitor 

and descendant halos, as described in Helly et al. (2003). The semi-analytic galaxy 

formation model is calculated along each branch of the merger tree. This is based 

on the model described in detail in Cole et al. (2000) and Benson et al. (2002b) and 

summarised in section 1.3. The model includes the following physical processes: (i) 

the shock-heating and virialization of gas within the gravitational potential well of 

each halo; (ii) radiative cooling of gas onto a galactic disk; (iii) the formation of 

stars from the cooled gas; (iv) the effects of photoionization on the thermal state 

and cooling properties of the intergalactic medium; (v) reheating and expulsion of 

cooled gas through feedback processes associated with stellar winds and supernovae 

explosions (see Benson et al. 2003b); (vi) the evolution of the stellar populations; 

(vii) the effects of dust absorption and radiation; (viii) the chemical evolution of the 

stars and gas; (ix) galaxy mergers (which, depending on the violence of the merger, 

may be accompanied by starbursts and the formation of a bulge - see Baugh et al. 

2004); (x) the evolution of the size of the disk and bulge. 
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Our model differs from that of Cole et al. (2000) and Helly et al. (2003) in the 

way in which galaxy mergers are treated. In the current model, the positions of 

satellite galaxies and the time when they merge is determined by using information 

from SUBFIND. Central galaxies are placed on the most bound particle of the most 

massive subgroup in the halo. (SUBFIND identifies the background mass distribution 

of the halo as a separate subgroup, so this is generally a robust way to define the 

centre of the halo.) Satellite galaxies are placed on the descendant subhalo of the 

progenitor halo in which they formed. If the subhalo ceases to be identified by 

SUBFIND at some later output time, we continue to trace its constituent particles 

and place the galaxy at the centre of mass of this group of particles. A galaxy is 

considered to have merged onto the central galaxy if its distance from the central 

galaxy is less than the spatial extent of the set of particles it is associated with. 

An overview of the results of our semi-analytic model as regards the evolution 

of the galaxy population as a whole may be found in Benson et al. (2003a) and 

Baugh et al. (2004) while results relevant to the satellites of the Milky Way may be 

found in Benson et al. ( 2002a). 

2.3 Results 

We begin by quantifying the shapes of dark matter halos in the simulations and 

sub-sytems within them. We then interpret the results in terms of the formation 

histories of the halos and their subsystems. 

2.3.1 The morphology of halos and their subsystems 

The semi-analytic model applied to the N-body simulations provides the position 

and internal properties of the central galaxy in each halo and its satellites. Ac­

cording to the semi-analytic model, three of the central galaxies are spirals and 

three ellipticals. For the purpose of comparing with the analysis of Kroupa et al. 

(2005), we select the 11 most luminous satellites in each halo within a distance of 

250 kpc from the central galaxy. We calculate the moment of inertia tensor of this 

satellite subsample, weighting each object equally, and obtain the principal axes of 
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the distributions. 

Fig. 2.1 shows three orthogonal projections along the principal axes of the satel-

lite systems in our six simulations. The figure reveals, remarkably, that the loci 

of the 11 brightest satellites define a thin, disk-like structure around the central 

galaxy. As we show below, in most cases, the satellite structure is aligned with the 

major axis of its triaxial host dark matter halo. 

The distribution of the luminous satellites differs significantly from the distribu­

tion of the dark matter substructures identified by SUBFIND. Fig. 2.2 is analogous 

to Fig. 2.1 but the points plotted now correspond to the most massive 1000 sub­

structures found within 250 kpc of the central galaxy. The projections are along the 

principal axes of the inertia tensor of the substructure systems. It is evident that 

the distribution of substructures is much less anisotropic than that of the satellites 

in Fig. 2.1. 

The eigenvalues of the diagonalised inertia tensor are proportional to the root 

mean square deviation of the x, y and z coordinates relative to the principal axes. 

Denoting the major, intermediate and minor axes by a, b and c respectively (a > 

b > c), the flattening of the system may be quantified by the ratios cja and b/a. 

The early N-body simulations of Frenk et al. (1988) showed that CDM halos are 

triaxial and recent work indicates that c/a= 0.7 ± 0.17, and b/a> 0.7 (Bullock 

2002). 

The axial ratios, found by diagonalising the moment of inertia tensor, of the dark 

matter halos and various subsystems of objects within them are plotted Fig. 2.3. 

Fig. 2.3a shows that our simulated halos have axial ratios consistent with those 

found in previous simulations and tend to congregate near the top right of the 

panel corresponding to nearly spherical objects. This is also the region populated 

by the systems composed of the 1000 most massive subhalos. 

The axial ratios of the systems consisting of the 11 most luminous satellites 

are plotted in Fig. 2.3b. The triangles correspond to our full semi-analytic model 

(shown in Fig. 2.1) and the squares to a variant in which the early reionization of 

the intergalactic medium is not included. The satellite systems in the two mod­

els have similar flattening because more than 80 % of the subhalos that host the 

brightest satellites in the two cases are the same. However, as discussed by Benson 
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Figure 2.2: Projections of the positions of the 1000 most massive dark matter 

substructures within 250 kpc of the central galaxy along the principal axes of the 

inertia tensor in simulations gh3, gh2, and gh6 
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Figure 2.3: Minor-to-major (cja) versus intermediate-to-major (b/a) axial ratios. 

The numbers inside each symbol identify the simulated halo. The 'x' indicates the 

axial ratios of the Milky Way's satellite system. Only data out to a radius of 250 kpc 

is used in all cases. Panel (a) compares the axial ratios of the dark matter halos 

(triangles) with those of the system consisting of the 1000 most massive dark matter 

substructures (squares). Panel (b) compares the axial ratios of the systems made 

up of the 11 most luminous galaxies in models with and without early reionization 

(triangles and squares respectively). Panel (c) compares the axial ratios of the 

systems of 11 most massive substructures with those of the systems consisting of 

the 11 substructures that had the most massive progenitors. Panel (d) compares 

the axial ratios of the systems made up of the 11 most luminous satellites in our 

full semi-analytic model (triangles) with those of the same systems but with the 

radial distances of each satellite normalised to a common value. 
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et al. (2002a), neglecting the effects of reionization leads to an overprediction of the 

number of faint galaxies, including satellites in the Milky Way. Whether reioniza­

tion is included or not, the satellites in our simulations cluster around the location 

of the Milky Way data marked by a cross in Fig. 2.3. This is the main result of 

our analysis: the flattening of the satellite system in our simulations is in excellent 

agreement with that of the Milky Way satellite system. 

It is clear from Fig. 2.3a and Fig. 2.3b that the brightest satellites inhabit a 

biased subset of subhalos. To explore the origin of this bias, we select two subsets 

of subhalos: the 11 most massive subhalos at z = 0 and the 11 subhalos which had 

the most massive progenitors prior to being incorporated within the virial radius of 

the main halo. The flattening of these two systems is compared in Fig. 2.3c. The 

figure shows that the crucial factor in establishing a highly flattened system is not 

the final mass of the subhalo but the mass of the largest progenitor. It is the latter 

that correlates well with the final stellar mass or luminosity of the visible satellite, 

as shown in Fig. 2.4a. Here we plot the stellar mass of each satellite galaxy against 

the mass of its largest progenitor. This strong correlation is a result of the GALFORM 

model readily making the most luminous galaxies in the most massive progenitor 

halos. In contrast, Fig. 2.4b shows there is no correlation between the stellar mass 

of each satellite and the mass of its host substructure. This is due to the subhalos 

having been subjected to various amounts of tidal stripping. 

Comparison of Fig. 2.3b and Fig. 2.3c indicates that the flattening of the systems 

consisting of the 11 most luminous satellites and the 11 subhalos that had the 

most massive progenitors are very similar. This is an important result because it 

demonstrates that our main conclusion regarding the compatibility of the Kroupa 

et al. (2005) data with the CDM cosmology does not depend on the details of our 

semi-analytic modelling of galaxy formation. So long as the brightest satellites form 

in those subhalos with the most massive progenitors, our conclusions stand. 

With only 11 satellites in our main samples, the possibility that estimates of the 

inertia moments might be unduly affected by the presence of outliers is a concern. 

We investigate the sensitivity of our results to outliers by scaling all radial positions 

to a common value while keeping the angles of each radius vector fixed. The axial 

ratios of the rescaled data are compared to the original axial ratios of the 11 "reion-



2. The Great Pancake 

(a) 
• Most massive galaxies 

Least massive galaxies 

• 
II 

. • .. :· ·•.IIIII 

(b) 

• 

• 
r1 = ••• 

• 11!1 

•• II • • 
• • 

• • • 
• ·'·. • • Iii .• • .. 

. .......... . 
..... . .. . . 

•• 
. . 11. . II II 

• • 
Ill 

5 L-~~~~~i-L-L-~~_L~~~~LL~~~LL~~~LL~~~~ 
8 9 10 11 7 8 9 10 11 

log 10(Mprog halo/h - 1 M0) log 10(Msubhalo/h - 1 M0) 

48 

Figure 2.4: (a) Stellar mass in each satellite galaxy as a function ofthe mass that its 

largest progenitor halo had before becoming incorporated into the main halo. (b) 

Stellar mass in each satellite galaxy as a function of the mass of the substructure 

the galaxy currently resides in. The squares show results for the 11 most massive 

satellites in each of our 6 simulations, while the dots show results for the less massive 

satellites. 
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ization" satellites in Fig. 2.3d. Rescaling the satellite radial distances scatters the 

axial ratios somewhat but does not, on average, lower the overall flattening of the 

systems. As shown in the figure, rescaling the Milky Way data in the same way 

also has a small effect on the axial ratios. 

Another concern is that the small number of satellites may introduce a bias in 

the axial ratio estimates. Indeed, our procedure would consistently give c/ a = 0 

for samples of 3 satellites (as they would lie on a plane), so it is important to check 

that the axial ratios of satellites shown in Fig. 2.3 are not driven by the size of the 

sample. We have compared the satellites with samples of the same size (11 objects) 

drawn from either the dark matter halos or the 1000 subhalo sample. The dark 

matter particles were drawn at random from a smooth, triaxial NFW distribution 

(Navarro, Frenk, and White 1996, 1997) with axial ratios set equal to the mean 

of that of our dark matter halos: (b/a) = 0.86, (c/a) = 0.74. The distribution of 

cj a ratios thus obtained is fairly broad and biased; indeed, the average c/ a of 6000 

random trials is,....., 0.44 with a dispersion of,....., 0.12. Similarly, for the parent sample 

of 1000 subhalos we find that random samples of 11 objects give, for a total of 6000 

trials (1000 per halo), a combined average (c/a) of,....., 0.41, with similar dispersion, 

rv0.12 1. 

Despite the sizeable dispersion, a KS test shows that the likelihood of obtaining 

the values of c/ a for the satellite systems shown in Fig. 2.3b by chance is quite small. 

This is shown in Table 2.2, where we list the probability that the c/ a axial ratio for 

the various samples of satellites shown in Fig. 2.3 is consistent with the shape of the 

distribution of dark matter or of the 1000 subhalo population. The probabilities are 

very low for our satellite galaxies sample (regardless of whether or not reionization 

is included), as well as for subhalos with the most massive progenitors. On the 

other hand, samples of the 11 most massive subhalos are seen to be fully consistent 

with either the dark matter or the 1000 subhalo sample as a whole. 

Finally, we consider the connection between the highly anisotropic distribution 

of satellites and the orientation of their host dark matter halo. Consider the vector 

1Just over 3% of the dark matter trials with 11 particles produce ratios in which both bfa and 

cfa are comparable or smaller than the Milky Way values; the figure is just over 7% for samples 

drawn for the 1000 subhalo system. 
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system dark matter 1000 subhalos 

sub halos w /largest prog. 7.4 X 10-3 3.6 X 10-2 

galaxies ( reionization) 2.4 X 10-3 1.3 X 10-2 

galaxies (no reionization) 2.2 X 10-3 9.7 X 10-3 

largest subhalos 0.95 0.61 

Table 2.2: KS probabilities that the axial ratio c/ a for various samples of satellites 

and subhalos shown in Fig. 2.3 are consistent with those for the dark matter or 

the 1000 subhalo sample. Only the set of the most massive subhalos at present is 

consistent with being randomly drawn from these distributions. 

pointing along the major axis of the distribution (i.e. along asat)· Let () denote the 

angle between this vector and a vector pointing along the major axis of the halo, 

aoM· For our six simulations, we find that cos(B) equals to 0.768, 0.979, 0.702, 

0.747, 0.387, 0.942 for galaxy halos gh1, gh2, gh3, gh6, gh7 and gh10 respectively. 

Thus, apart from gh7, there is a strong alignment between the major axis of the 

disk-like satellite systems and the major axis of the parent dark matter halo. In 

the Milky Way, the major axis of the satellite disk-like structure is perpendicular 

to the galactic disk. Thus, if our galaxy resides in a dark matter halo similar to 

those that we have simulated, then the disk must be aligned such that its normal 

vector points in the direction of the halo major axis. 

2.3.2 Interpretation 

The highly anisotropic distribution of satellite galaxies in Milky Way type systems 

is a somewhat surprising outcome of galaxy formation in a CDM universe. This is 

particularly so in view of the fact that the population of subhalos as a whole is much 

less anisotropic and has axial ratios similar to those of the halo dark matter. The 

key to understanding the origin of the anisotropic satellite distribution lies in the 

connection between halos and the cosmic web and, in particular, in the way in which 

satellites are accreted into the main halo. Fig. 2.5 illustrates the anisotropic nature 

of satellite accretion. The dots show a random 1% of the dark matter particles 

that end up in the main halo at the final time. The circles mark the locations of 
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• 
z-1.5 · z=O 

Figure 2.5: The formation of a galactic halo and its satellites. The points show 

a random 1% of the dark matter particles that end up in the main halo and the 

circles the positions of the 11 most luminous satellites that end up within 250 kpc 

of the main galaxy by the present day. The scale of each plot is indicated by the 

line which has a co-moving length of 400 kpc. The initial collapse produces a 2D 

structure - a large pancake of dark matter. 
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the most massive progenitors of the 11 most luminous satellites at the final time. 

Rather than originating isotropically, those halos destined to become bright visible 

satellites are accreted primarily along one or two of the cosmic web filaments. 

This figure illustrates the highly anisotropic collapse typical of CDM structures 

on galactic scales. Careful inspection of the time evolution of the system shows that 

the collapse occurs first along 2D sheet-like structures which subsequently wrap up 

into filamentary streams of dark matter (Navarro et al. 2004a). By z "" 4.2, these fil­

amentary "highways" along which proto-satellite galaxies form are well established. 

The filaments are generally thicker than the locus of the largest proto-galactic halos 

which tend to concentrate towards the central, densest parts of the filament in a 

near !-dimensional configuration. As the most massive halo progenitors collapse 

to form the main galaxy, this alignment is largely preserved. Smaller halos are 

more widely scattered across the thick filaments, reflecting their weaker clustering 

strength (Cole and Kaiser 1989; Mo, Mao, and White 1999). In addition, they are 

often accreted over a longer period and from a larger range of directions. Their dis­

tribution, now lacking a preferred orientation, ends up being much less anisotropic 

than that of the most massive halos. Whether reionization is included or not, satel­

lite galaxies in the semi-analytic model form preferentially in the subhalos with the 

most massive progenitors and thus inherit their highly flattened configuration. 

2.4 Discussion and conclusions 

We have shown that the, at first sight surprising, flattened distribution of satellites 

in the Milky Way is the natural outcome of the anisotropic accretion of matter 

along a small number of filaments, characteristic of halo formation in the CDM 

cosmology. Kroupa et al. (2005) reached the opposite conclusion, that the observed 

satellite distribution is incompatible with the CDM model, because they neglected 

the fact that the satellites do not trace the distribution of halo dark matter but form 

instead in the most massive halos (prior to accretion) whose spatial distribution is 

biased. 

Our results are not directly comparable to those of Kang et al. (2005) who also 

attempted to interpret the flattened distribution of Milky Way satellites with the 
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aid of high-resolution N-body simulations. Kang et al. (2005) assumed that the 

satellites follow the dark matter distribution in the halo and did not consider the 

formation sites of satellites in detail. Zentner et al. (2005), on the other hand, im­

plemented a semi-analytic model similar to ours inN-body simulations also similar 

to those of Kang et al. ( 2005). 

Our results are broadly consistent with those of Zentner et al. (2005). Unlike 

them, we did not choose halos specifically lying along filaments but selected them 

at random from a large cosmological simulation. In the event, three of our halos 

would, according to our semi-analytic model, host spiral galaxies and the other three 

elliptical galaxies. One difference between the two studies is that Zentner et al. 

(2005) found an acceptable match to the Milky Way satellite distribution both in· 

their semi-analytic model and in a model in which the satellites are identified with 

the most massive subhalos at the final time. We have shown that the distribution of 

the latter is not as flattened as the distribution of Milky Way satellites. The crucial 

factor is not the final mass of the halo, which is affected by tidal stripping, but 

the mass of the largest progenitor before it is accreted into the main halo. Indeed, 

if the satellites are identified with the halos that had the largest progenitors, then 

their flattened distribution is very similar to that of the satellites identified by our 

semi-analytic model. Thus, our conclusions are independent of the details of our 

galaxy formation modelling. 

As was also found by Zentner et al. (2005) and Knebe et al. (2004), the ma­

jor axis of the flattened satellite distribution in our simulations points close to the 

direction of the major axis of the parent halo. This alignment reflects the prefer­

ential accretion of mass onto the halo along the dominant filament. An important 

consequence of this result is that if the Milky Way resembles the systems we have 

simulated, then the Galactic disk should lie in the plane perpendicular to the major 

axis of the halo because the observed satellite system itself is perpendicular to the 

Galactic disk. This inference is consistent with the conclusion reached by Helmi 

(2004) from an analysis of the kinematics of the Sagittarius dwarf streams. 

The satellite alignment that we have found in our simulations is almost cer­

tainly related to the "Holmberg effect," (Holmberg 1969) the observation that the 

satellites of external galaxies within a projected radius of r P rv 50 kpc tend to lie 
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preferentially in a cone along the galaxies' minor axis, avoiding the equatorial re­

gions. To test this observation requires a larger number of simulations than those 

we have performed. Similarly, our current simulations are inadequate to test the 

extension of the Holmberg effect uncovered by Zaritsky et al. (1997) from a study of 

isolated spirals which also revealed an excess of satellites along the minor axis of the 

galaxy, now out to projected distances of rp rv 500 kpc. A similar result was found 

by Sales and Lambas (2004) 2 from a much larger sample of galaxies drawn from the 

2 degree field galaxy redshift survey. They too found an anisotropic distribution 

for r P < 500 kpc, but only for satellites moving with a velocity relative to their 

host of ~v < 160 km s -l. In contrast, Brainerd (2005) found the opposite effect 

in a sample of satellites from the Sloan Digital Sky Survey, an alignment along the 

major axis at small radii (rp < 100 kpc) and an isotropic distribution beyond. 

Although our simulations are not large enough to study the distribution of 

satellites beyond the inner 250 kpc of the galactic centre, it seems likely that the 

anisotropic distribution of satellites will continue out to larger separations. We 

intend to study this problem in a larger set of simulations. 

In summary, we have found that the flattened distribution of the Milky Way 

satellites, first noted by Lynden-Bell (1976), and most recently highlighted by 

Kroupa et al. (2005), turns out to have a simple explanation in the context of 

structure formation in the CDM model. It is merely a reflection of the intimate 

connection between galactic dark matter halos and the cosmic web. 

2 Recently however, private communication with Yang et al. (2006) casts doubt on this result 

and indicates that the sense of the satellite anisotropy may be along the minor axis of the galaxy. 



Chapter 3 

3.1 Introduction 

The Spatial and 

Angular Momenta 

Alignment of Dark 

Matter Halos, Galactic 

Discs and their Satellite 

Distributions 

Any successful theory of galaxy formation will necessarily have to explain a wide 

variety of physical phenomena across many scales. On the Galactic mass scale, the 

problem of how small satellites form around galaxies such as the Milky Way, poses 

two interesting, and as yet not fully answered questions. These are: 

1) What determines the number of Milky Way satellites and the shape of their 

luminosity function? 

2) Why are the Milky Way's satellites aligned on a great circle in the sky and 

why is this great circle nearly perfectly perpendicular to the disc of the Milky Way? 

At present, it is unclear whether the shape of the Milky Way's satellite lumi­

nosity function and their peculiar spatial distribution are unique to the Galaxy, 

or whether these are generic features that arise during the formation of a galactic 

halo. By virtue of their small size, extragalactic satellites are difficult to observe, 

and most studies are hampered by either resolution limits, completeness, or sample 

55 
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size. However, recent advances using large sky surveys have produced large samples 

- albeit with only very few satellites per primary - and have shed some light on 

these questions. 

In a universe in which the gravitationally dominant component consists of cold 

dark matter (CDM), the existence of small-scale power in the initial conditions 

causes the early collapse of matter and cosmological simulations show that small, 

dense, CDM haloes are able to form at early times. These low mass haloes grow 

by successive mergers and smooth accretion giving rise to the large-scale structures 

we see today (e.g Frenk et al. 1985; Wechsler et al. 2002; Zhao et al. 2003). High 

resolution N-body simulations of the growth of CDM halos have shown that the 

dense cores of merging clumps often survive the disruptive effects associated with 

mergers and remain as distinct substructures (or sub halos) embedded within a 

larger, smooth main halo (Klypin et al. 1999; Moore et al. 1999). Although the 

total mass attached to subhalos is only of order ,....., 10% of the total halo mass 

(Ghigna et al. 1998; Gao et al. 2004; Springe! et al. 2001a; Stoehr et al. 2002), both 

N-body simulations and semi-analytical calculations of the assembly of dark matter 

haloes based on the extended Press-Schechter theory (e.g. Bond et al. 1991; Bower 

1991; Lacey and Cole 1993), show that many more embedded substructures survive 

than there are visible satellites in galactic halos (e.g. Kauffmann et al. 1993; Moore 

et al. 1999; Klypin et al. 1999). 

Many authors have argued that this so-called "missing satellite problem" poses 

a severe challenge to the CDM cosmology and encourages the study of alterna­

tive forms of dark matter (Craig and Davis 2001; Moore et al. 2000; Spergel and 

Steinhardt 2000; Yoshida et al. 2000) or of different cosmological initial conditions 

(Kamionkowski and Liddle 2000). Other authors have argued that the paucity of 

satellites in the Local Group is a natural byproduct of the physics of galaxy for­

mation that regulate the cooling of gas in small halos (e.g. Kauffmann et al. 1993; 

Bullock et al. 2000; Benson et al. 2002b) or merely the result of a misidentification 

of substructures in the simulations with satellites in the Milky Way (Stoehr et al. 

2002). The semianalytical model of galaxy formation of Benson et al. (2002a) in­

cluded a detailed treatment of the reionization of hydrogen in the early universe 

which, by altering the thermodynamic state of primordial gas, inhibits the forma-
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tion of small satellite galaxies. In this model, the increase in the entropy of the gas 

has two effects: it inhibits the cooling of new gas into small halos and it delays star 

formation in gas that has already cooled. The end result is a satellite population 

with about the observed numbers seen in the Local Group and with a luminosity 

function that matches the faint end of the observed function but not its bright end 

where the model fails to produce enough large, LMC-like satellites. 

The spatial distribution of satellite galaxies poses another interesting problem 

within the CDM paradigm. Whereas N-body simulations show that the substruc­

tures that survive within halos tend to be nearly spherically distributed, the galactic 

satellites about the Milky Way are confined to a highly flattened structure, a puz­

zling fact first recognised 30 years ago (Lynden-Bell1976; Kunkel and Demers 1976; 

see also Lynden-Bell1982). Kroupa et al. (2005) drew attention to this discrepancy 

and concluded that the anisotropic alignment of the Galaxy's satellites contradicts 

the CDM model. Recent work including Chapter 2 however, has shown that the 

satellite galaxies do not populate a random selection of subhalos but are preferen­

tially found in a biased subset which is arranged in a flattened configuration. This 

bias partly reflects the preferential infall of the most massive dark matter clumps 

along the filaments of the cosmic web. This phenomenon is clearly seen (to vari­

ous degrees) in the N-body simulations analysed in Chapter 2, and by Kang et al. 

(2005), and Zentner et al. (2005) (and in the cluster mass simulations of Knebe 

et al. 2004). These studies differ in the precise way in which subhalos are identified 

with satellites but they all agree that flattened satellite configurations such as that 

seen in the Milky Way are not uncommon. In particular, Chapter 2 and Zentner 

et al. followed the formation of satellites by applying a semi-analytic galaxy for­

mation model to high-resolution N-body simulations. Both studies found not only 

flattenings consistent with that seen in the Local Group but also that the long axis 

of the flattened satellite distribution tends to be aligned with the long axis of the 

parent dark matter halo. 

Beyond the Local Group, a number of studies have claimed correlations be­

tween the orientation of central galaxies and the distribution of their satellites. 

Holmberg (1969) first identified a lack of satellites in the plane of a coadded sam­

ple of central galaxies out to a projected radius of r P $ 50 kpc. Zaritsky et al. 
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(1997) found evidence for this "Holmberg effect" but only on much larger scales 

(300 ~ rp ~ 500 kpc). The reality of the Holmberg effect remains controversial. 

Early authors claimed that if an anisotropy exists at all, it is, if even significant, at 

best small (Hawley and Peebles 1975; Sharp et al. 1979; MacGillivray et al. 1982). 

An anisotropy perpendicular to the disc was recently inferred in the distribution 

of satellites identified in the 2dFGRS by Sales and Lambas (2004) but a private 

communication quoted in Yang et al. (2006) indicates that the original analysis was 

incorrect and that the anisotropy is, in fact, along the disc, not perpendicular to it. 

Brainerd (2005) and Yang et al. (2006) have claimed to see an alignment of satellites 

in the SDSS1 in the opposite direction to Holmberg's, that is along the plane of the 

galaxy disc rather than orthogonal to it. Yang et al. (2006) found that the planar 

distribution is detectable only in red satellites but the blue population is consistent 

with an isotropic distribution. These apparently conflicting observational studies 

all seem to suggest anisotropic distributions of satellites but they disagree on how 

the plane of satellites is oriented relative to the central galaxy. 

In principle, simulations are an ideal way to investigate the sort of issues just dis­

cussed. Since their introduction to cosmology in the 1970s (Peebles 1971; Aarseth 

et al. 1979), N-body simulations have been extremely useful in revealing how cosmic 

structures emerge out of small primordial perturbations (e.g. Springe! et al. 2006 

and references therein). To investigate questions such as the alignment between 

satellites and central galaxies, however, it is necessary to follow not only the evolu­

tion of dark matter, but the coupled evolution of the baryonic component as well. 

Until recently, progress in this area was hampered by the inability of hydrodynamic 

simulations to produce realistic discs from CDM initial conditions. Without some 

form of feedback to prevent most of the gas from cooling into subgalactic fragments, 

the outward transfer of orbital angular momentum to the dark halo as these frag­

ments merge results in discs that are much too small (Navarro and Benz 1991; Weil 

et al. 1998; Sommer-Larsen et al. 1999; Eke et al. 2000) 

The "disc angular momentum problem" has recently been overcome, at least 

partially, in a number of simulations which include plausible forms of feedback and 

are able to produce relatively realistic galactic discs (e.g. Governato et al. 2004; 

1http:/ jwww.sdss.org/ 
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Robertson et al. 2004; Bailin et al. 2005; Okamoto et al. 2005). In this Chapter, 

we analyse the simulations carried out by Okamoto et al. (2005). Specifically, 

we investigate the properties of satellite galaxies orbiting central galaxies of mass 

similar to that of the Milky Way. We derive the satellite luminosity function over 

a limited, but still interesting, range of luminosity. We search for anisotropy in the 

satellite galaxy distribution, and study the alignment of satellite systems with their 

central baryonic discs, as well as the alignment of the disc with the its dark matter 

halo. 

This Chapter is organized as follows: in Section 3.2.1 we describe the simulations 

we have used as well as our method for selecting a complete satellite samples. In 

Section 3.3 we derive the satellite galaxy luminosity function as well as look at the 

gas fraction of the largest satellites. We show our results concerning the relative 

alignments in Section 3.4. In Section 3.5 we show our results regarding the angular 

momenta of the various components. We conclude in Section 3.6. 

3.2 Identifying galaxies and satellites 

In this section, we briefly describe the simulations that we have analysed and the 

methods that we have developed in order to identify central and satellite galaxies. 

3.2.1 The simulations 

We have analysed two simulations of galaxy formation, both carried out using the 

parallel PM-TreeSPH code GADGET2 (Springel 2005), as modified by Okamoto et al. 

(2005). GADGET2 calculates the evolution of dark matter using N-body techniques 

and the evolution of gas using smooth particle hydrodynamics (SPH). 

Initially, the two simulations followed the evolution of dark matter in a cos­

mological cubical volume of length Lbox = 35.325h-1Mpc in a ACDM model with 

cosmological parameters A=0.7, 0m=0.3, H0 = 70 km s-1 and cr8 =0.9. For the 

first simulation (hereafter SD), a region around a suitably chosen dark matter halo 

was identified at the final time and the simulation was run again, this time adding 

many more dark matter particles and SPH particles in the region of the halo and 
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perturbing these with additional high frequency power drawn from the same power 

spectrum of the original simulation following the general method outlined by Frenk 

et al. (1996). Since the goal of this simulation was to investigate the formation of 

a galactic disk, the halo chosen for resimulation was selected to have a quiet recent 

merger history, with no major mergers since z ::::::: 1. A preliminary semi-analytical 

calculation applied to the merger tree of this halo, using the methods of Helly et al. 

(2003), indicated that a disk galaxy was likely to form in this halo. The high res­

olution region enclosed a spherical volume of radius 0.9 Mpc around the halo at 

z = 0. 

Simulation SD did indeed form a reasonably realistic disk, as discussed by 

Okamoto et al. (2005) (in their "shock-burst" model). Encouraged by this success, 

we ran a second simulation (hereafter SR) with the same code, this time populat­

ing several regions of the same volume with high resolution dark matter and gas 

particles. The high resolution regions consisted of a large sphere of radius 5h-1 Mpc 

and four smaller overlapping spheres each of radius r = 1h-1Mpc. This arrange­

ment ensured coverage of all the large galaxies that formed out to the virial radii 

of their halos. The same cosmological parameters were used in both simulations, 

except that the baryon density in SD was taken to be r2b=0.040 and slightly larger, 

r2b=0.044, in SR. In both simulations, the mass per particle was "" 2.6 x 106h- 1 

M0 for gas and"" 1.7 x 107h-1 M0 for dark matter. 

The various physical processes included in our simulations are described in detail 

in Okamoto et al. (2005). Here, we summarise the salient points. The interstellar 

medium (ISM) is modelled, following Springel and Hernquist (2003), as a two phase 

medium composed of hot ambient gas and cold gas clouds in pressure equilibrium. 

Gas heating and cooling rates are computed assuming collisional ionization equi­

librium, in the presence of a uniform and evolving ultra-violet (UV) background, 

which is assumed to be generated by hot OB stars and is switched on at z = 6 

(Haardt and Madau 1996). The cooling rates, which depend on the metallicity 

of the gas, are computed from the tables given by Sutherland and Dopita (1993); 

molecular cooling and other forms of cooling below T ::::::: 104 K are ignored. 

Star formation can occur in a "quiescent" and a "burst" mode. In the quiescent 

mode, gas particles that meet a specified density criteria, are turned into stars 
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according to a pre-determined probability. These stars form with a standard initial 

mass function (IMF; Kennicutt 1983). Bursts of star formation are triggered by 

major mergers which are identified by tracking large changes in the entropy of the 

gas. In a burst, stars form on a shorter timescale than in the quiescent mode and 

with a top-heavy IMF. This model of star formation is motivated by the semi­

analytical work of Baugh et al. (2005) who argue that only a top-heavy IMF in 

bursts can explain the number density of sub-millimetre and Lyman-break galaxies 

at high redshift. Nagashima et al. (2005b,a) argue, similarly, that this model is 

also required to explain the metallicity of the intracluster medium and of elliptical 

galaxies. 

In the Okamoto et al. (2005) model, the evolution of the stellar populations 

that form is followed in detail, tracking both type-II and type-I a supernovae. This 

requires abandoning the instantaneous recycling approximation (IRA) assumed by 

Springe! and Hernquist (2003), whereby star formation, cold gas cloud formation 

by thermal instability, the evaporation of gas clouds and the heating of ambient 

gas by supernovae explosions all occur simultaneously. Instead, following each star 

formation event, supernovae energy and metals are injected back into the ISM on 

a timescale which is computed from the mass-dependent stellar lifetime (Portinari 

et al. 1998; Marigo 2001) and the assumed IMF. 

A top heavy IMF in bursts increases the number of supernovae that explode per 

unit of mass turned into stars, thereby generating stronger feedback. This, in turn, 

inhibits the early collapse of cold gas clouds in small subgalactic halos, helping to 

maintain an abundant reservoir of hot halo gas. Following the last major merger 

and accompanying starburst, radiative cooling of hot gas from the reservoir flows 

inwards and settles into a centrifugally supported disc which becomes unstable to 

star formation. This is the key to the formation of a realistic disc galaxy in the 

simulations of Okamoto et al. (2005). 

3.2.2 Identifying central and satellite galaxies 

We begin the process of finding central and satellite galaxies by identifying "friends­

of-friends" (FOF) groups in the dark matter, linking together particles whose sep-
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aration is less than 0.2 times the mean interparticle separation, corresponding 

roughly to particles within the virialised halo (Davis et al. 1985). We then identify 

bound substructures ( "subhalos") in the simulation with the algorithm SUBFIND 

(Springe! et al. 2001a). Using particle positions and velocities, SUBFIND calculates 

the binding energy of each FOF group (stripping unbound particles of group mem­

bership) and then identifies bound substructures inside the parent halo. We consider 

only halos with ten or more dark matter particles, corresponding to a subhalo mass 

resolution of Mres,sub = 1.7 x 108h-1M0 . For each subhalo, we calculate the centre 

of mass, as well the size, rsub, defined as the rms distance of its particles from the 

centre. 

Substructures within the parent halo are thus identified as locally overdense, self­

bound, regions in the dark matter density field that fall within the high resolution 

region of the simulation. In order to identify clumps of star particles as individual 

galaxies, we associate each star particle with a unique dark matter substructure. 

For each gas and star particle, we find the substructure whose centre of mass is 

closest and assign the SPH particle to that substructure if it is within rsub· As star 

clumps tend to be dense and centrally concentrated, our results are robust to the 

choice of subhalo radius (for example, increasing rsub by 50% has a negligible effect 

on our results). We also impose a ten star particle lower limit, corresponding to 

Mres,gal "'2.6 x 107h-1M0 , on the stellar mass of any galaxy. With this resolution 

limit, our galaxy samples become incomplete at magnitudes fainter than Mv "' -12. 

We identify "central" galaxies of luminosity similar to the Milky Way with 

galaxies brighter then -20.4 in the V band. We calculate their virial radius by 

growing concentric spheres around the galaxy and noting where the mean internal 

density falls below 200Pcrit, where Pcrit is the critical density. Galaxies that fall 

within this radius are considered satellite galaxies. In order to obtain isolated 

systems similar to the Milky Way, we ensure that no two central galaxy candidates 

are within each other's virial radius. 

Fig. 3.1 shows an illustrative example of how our algorithm selects central and 

satellite galaxies. We plot all the star particles within the virial radius projected 

onto the principal planes of the central galaxy, i.e. the planes on which the galaxy 

is face-on and edge-on. In red, we plot the star particles that are associated with 
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Figure 3.1 : A central galaxy and its satellite system. The black dots denote all the 

star particles associated with the galaxy, while the red dots denote the star particles 

associated with satellites located within the virial radius of the central galaxy. The 

top two and the bottom left panels show a zoomed-in projection of the distribution 

of stars near the central galaxy, in the three principal planes, i. e. in the planes in 

which the galaxy is face-on and edge-on. The bottom right panel shows a face-on 

projection out to 250 kpc. The virial radius, defined by p( < r vir) = 200Pcrit , is 

marked by the green circle. 
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Table 3.1: Properties of the 9 galaxy haloes (gh). We show the virial radius (rvir), 

the dark halo mass internal to this radius ( Mdm), the stellar mass of the galaxy 

(M*), the gas mass of the galaxy (Mgas), the V band magnitude (Mv), the number 

of satellites orbiting within the virial radius (Nsat), and the bulge (Mbulge) and disc 

(Mdisc) mass of the galaxy. 

gh1 gh2 gh3 gh4 gh5 gh6 gh7 gh8 gh9 

rvir (h- 1Mpc) 0.244 0.243 0.242 0.209 0.152 0.190 0.171 0.152 0.215 

Mdm(1012 M0) 1.672 1.648 1.136 1.045 0.402 0.783 0.567 0.400 1.610 

M*(1010M0 ) 6.63 9.61 6.49 5.19 2.31 3.26 2.42 1.73 5.54 

Mgas(l010 M0) 3.13 5.02 5.40 2.66 0.77 2.66 1.75 1.27 3.43 

Mv -21.3 -22.1 -21.2 -20.9 -20.4 -20.5 -20.4 -20.4 -21.6 

Nsats 20 13 16 4 5 5 8 5 2 

Mbulge(1010 M0) 3.77 2.46 2.51 2.56 1.01 1.86 1.49 1.44 2.87 

Mdisk(1010 M0) 2.86 7.15 3.98 2.63 1.31 1.42 0.95 0.29 2.67 

satellite galaxies. There are different numbers of satellites in each projection because 

we are plotting all the star particles in projection through the virial radius, which 

is larger than the plotted box. In the bottom right panel, we show the face-on 

projection of the system out to the virial radius. The central galaxy has a very 

extended stellar halo (black points in the figure) made up of stars that lie within 

the rsub of the central galaxy' subhalo and not within the rsub of any satellite 

subhalo. This extended halo makes up only a small fraction of the stellar mass of 

the central galaxy. Below, when we calculate the shape of the central galaxy we 

remove the extended halo by considering only the innermost 98% of the stars. 

3.3 The luminosity function of satellite galaxies 

Our simulations produced a sample of 9 central galaxies with Mv < -20.4, 8 

from simulation SR and one from simulation SD. In Table 3.1 we present various 
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properties of these nine systems. 

The V-band luminosity function of the satellites in this sample is shown in 

Fig. 3.2. The luminosity function is nearly flat in the range -13.5 > Mv > -16.5 

and drops off sharply at fainter and brighter magnitudes. The nominal resolution 

limit of our simulations corresponds to a satellite absolute magnitude Mv "' -12 

and it is important to check whether the decline in the luminosity function in the 

range -12 > Mv > -13.5 is the result of feedback processes, such a photoionization 

or supernova feedback, which affect the number of faint galaxies in the simulations 

or whether it is affected by resolution effects. 

To investigate the likely effects of resolution in our estimate of the satellite 

luminosity function we have used the semi-analytic model GALFORM described in 

Cole et al. (2000) and Benson et al. (2002b). The semi-analytic model includes 

all the standard physical effects present in the simulation: gas cooling according 

to a metallicity-dependent cooling function, star formation, feedback due to super­

novae explosions, the injection of metals ejected in supernovae into the interstellar 

medium, etc. Photoionization is included in an approximate way by assuming that 

gas cannot cool in halos with circular velocity Vcirc < 60 km s-1 after the assumed 

epoch of recombination, z < 6. Baugh et al. (2005) have shown that this simple 

approximation gives an excellent match to a detailed calculation based on the idea 

of a filtering mass. 

We proceed as follows. In the semi-analytic model, it is possible to specify 

the mass of the smallest halo to be considered and this allows us to model the 

effects ofresolution in the SPH simulation (Helly et al. 2003). We recall that in the 

simulation itself we only considered halos with at least ten particles, corresponding 

to Mres,sub = 1.7 x 108h- 1 M0 . We ran a series of semi-analytic models with 

resolution varying by 4 orders of magnitude, from '"'-' 10-2 Mres,sub to 102 Mres,sub· 

In all cases, we found that the shape of the luminosity function brightwards of 

Mv = -12 was essentially unaffected. If the resolution is degraded further, then 

the faint end of the luminosity function becomes truncated at increasingly bright 

magnitudes. We conclude from this test that our satellite sample is likely to be 

complete for magnitudes brighter Mv = -12 and that our estimate of the satellite 

luminosity function in this regime is unlikely to be affected by resolution. 
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In Fig. 3.2, we compare our estimated luminosity function with data for satellites 

in the Local Group obtained from the sample compiled by Mateo (1998), supple­

mented with data from Irwin2 . Unlike Mateo (1998), we include the SMC, the LMC 

and M33 in our sample. Brighter than our estimated resolution limit of Mv < -12, 

we find that the luminosity function in our simulations is in excellent agreement 

with the data over a range of 7 magnitudes, down to Mv = -19. Of course, in the 

Local Groups, the statistics at the bright end are rather poor: the last two data 

points (centred on -18 and -19.75) contain only one galaxy each (the LMC and 

M33, respectively). However, within the errors, the simulations are consistent with 

the data. 

We also compare our results in Fig. 3.2 with those in the semi-analytic model 

of Benson et al. (2002a). The simulations and the semi-analytic model are broadly 

in agreement over most of the luminosity range, from the resolution limit of the 

simulations to the brightest two bins. However, there is a significant difference at 

the bright end: while we find a satellite as bright as the LMC one third of the time, 

Benson et al. only find one 5% of the time. In the simulations, satellites as bright as 

M33 are produced in about 5% of systems, while the frequency in the Benson et al. 

model is less than 1%. The reasons for the disagreement between the semi-analytic 

model and the simulations (and Local Group data) are probably a reflection of 

the different treatment of various physical processes in the methods. However, the 

fact that our simulations match the observed satellite luminosity function over a 

large range of magnitudes indicates that the relatively small observed number of 

satellites in the Local Group is not, in principle, difficult to explain within the 

CDM model. The much publicised "satellite problem" exists, as other authors have 

remarked (e.g. Bullock et al. 2000; Benson et al. 2002a), only when the astrophysical 

processes involved in the formation of visible galaxies are neglected. 

In order to investigate how realistic the satellites in our simulations are, par­

ticularly the bright ones, we compare, in Fig. 3.3, their gas fractions with those 

of real satellites. Panel (a) shows the gas fractions as a function of the magnitude 

difference between the satellite and the parent galaxy in the V-band. Only satellites 

with Mv < -12 in the simulations, the Milky Way and M31 are shown and, for the 

2http:/ jwww.ast.cam.ac.uk/rvmike/local...members.html 
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Figure 3.2: The differential V-band luminosity function of satellites per central 

galaxy in our simulations. The blue errorbars are 1a Poisson errors per magnitude 

bin. (For bins with more than one count the errors are simply VN, but for bins 

with only one count, we take +VN as the upper errorbar and determine the lower 

errorbar by finding the mean of a Poisson distribution whose integral from 1 to in­

finity corresponds to 16% of the distribution.) The Local Group satellite luminosity 

function, obtained from the compilation of Mateo (1998), supplemented with data 

from Irwin, is shown as red circles. The dashed line shows the median luminosity 

function of 70 realisations of Milky Way type halos calculated using a semi-analytic 

model by Benson et al (2002b) with the dotted lines indicating the 5 - 95 percentile 

width of their distribution. 
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Figure 3.3: Gas fraction in satellites as a function of V-band luminosity. The 

satellites in the simulation are shown as squares and the brightest satellite in each 

system is surrounded by a red circle. The Local Group satellites are shown as filled 

cyan circles and the LMC and SMC are indicated by crosses and labelled. Panel 

(a). Gas fraction as a function of the magnitude difference between the satellite and 

its central galaxy. For both simulations and data, only satellites with Mv < -12 

that lie within the virial radius of the central galaxy (the Milky way or M31 in the 

case of the real data) are plotted; in addition, for the real data a reliable gas fraction 

measurements is required. Panel (b). Gas fraction as a function of absolute V band 

magnitude. Here all Local Group members with reliable gas fraction measurements 

or upper limits are plotted. Local Group data are from Mateo (1998); SMC data 

is from Stanimorovi, Staveley-Smith & Jones (2003) , LMC data is from Staveley­

Smith et al. (2003) , and M33 data is from McGaugh (2005) 
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latter, we require also a reliable measurement of or upper limit for the gas fraction. 

The simulations show a trend of increasing gas fraction with decreasing luminosity 

which, as far as the scant data for the real satellites permit, seems consistent with 

the measurements. In particular, the brightest satellites in the simulations bracket 

the values measured for the LMC, the SMC, and M33 with 3 out of 9 simulated 

satellites having a larger gas fraction. In panel (b) we extend the comparison by 

including not only satellites within the virial radius, but all the satellites in the 

Local Group that have reliable gas fraction measurements. In this case, we plot the 

gas fraction against the V-band magnitude of the satellite. The trend of increasing 

gas fraction with decreasing luminosity is now clearer in the data and the locus they 

define agrees well with the locus traced by the simulated satellite galaxies (although 

note that not all the points plotted are strictly speaking satellites, according to our 

definition, which requires satellites to lie within the virial radius.) 

3.4 The spatial distribution of satellite galaxies 

In Fig. 3.4, we show the radial density profile of the dark matter and the radial 

number density profile of satellites averaged over the 9 central galaxies in our sim­

ulations. Both profiles have been normalised to their respective values at the virial 

radius. The dark matter density profile, shown as the dashed line, closely follows 

the NFW form (Navarro et al. 1996; Navarro et al. 1997). As found in previous 

studies (Stoehr et al. 2002; Gao et al. 2004; Chapter 4), the satellite galaxy profile, 

shown as the solid line in the figure, is flatter than the dark matter profile, as a 

result of dynamical effects in the inner region of the halo. 

To characterise our simulations further, we investigate the flattening of the dis­

tributions of dark matter, satellites and stars in the central galaxy. We define the 

tensor of second moments, 

Ijk = l:xjx~, (3.1) 
fl. 

where xj is the j coordinate of 11th particle in a reference frame centred on the centre 

of mass of the central galaxy. To determine the flattening of the central galaxy, we 

consider only the innermost 98% of the stars and exclude the outermost 2% that 

make up the diffuse stellar halo. (Our results are insensitive to the exact fraction 
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Figure 3.4: Density profiles averaged over the 9 central galaxies in our simulations. 

The halo dark matter profile is shown with a dashed line while the number density 

profile of satellites is shown with the solid line. The radial coordinate is in units 

of the virial radius, r vir and both profiles have been normalised to their respective 

values at the virial radius. 
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of excluded stars, provided this is small.) To determine the principal axes of each 

distribution, we diagonalise the tensor Ijk. Its eigenvalues, a2 , b2 , c2 , give the mean 

square deviation of the x, y and z coordinates along the principle axes. We define 

a > b > c as the major, intermediate and minor axes of the system, and use the 

notation {adm, bdm 1 Cdm,}, {asat 1 bsat 1 Csat}, {agah bgal, Cgat} to refer to the distributions 

of dark matter, satellite galaxies and stars in the central galaxy respectively. 

It is important to keep in mind that estimates of a, b and c using small numbers 

of objects are generally biased towards higher anisotropy. For example, if a system 

has only three members (e.g. satellite galaxies), our method would always return 

c = 0 since three objects will always lie on a plane. Tests of the statistical robustness 

of our results are performed below. 

The Milky Way has 11 satellite galaxies within its virial radius with reliably 

measured positions and magnitudes. Of our sample of nine simulated central galax­

ies, three have 11 or more satellites and can be compared with the Milky Way. The 

axial ratios of each central galaxy in our simulations, its dark matter halo and, for 

systems with 11 or more members within the virial radius, its satellite distribution 

are shown in Fig. 3.5. 

It is immediately apparent that, in the three sufficiently rich systems, the dis­

tribution of the 11 most massive satellites is considerably flatter than the dark 

matter halo, although the signal is stronger in systems 1 and 3. This is consistent 

with previous studies (Chapter 2, Kang et al. 2005; Zentner et al. 2005) which 

also found large fiattenings in simulated satellite systems, although in those stud­

ies, the satellites were identified in dark matter simulations using a semi-analytic 

galaxy formation model rather than the full hydrodynamic calculations that we are 

analysing here. In Chapter 2 we ascribed this anisotropy to the preferential infall 

of substructures along the spines of filaments as they collapse to make a galaxy. 

In order to test the statistical robustness of our results, we perform three tests 

whose results are displayed in Table 3.2. For the first test, we constructed a spher­

ically symmetric NFW halo with 106 particles. We then selected 11 particles at 

random from the halo 1000 times, and calculated the cumulative distributions of 

minor-to-major and intermediate-to-major axis ratios. The probability of drawing 

more extreme values that those measured for the satellite distributions in the simu-
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Figure 3.5: Minor-to-major (cja) versus intermediate-to-major (bja) axial ratios for 

all the galaxy halos in our simulations. Since a > b > c, the upper left triangular half 

of this plot cannot contain any points. Prolate objects lie along the diagonal while 

oblate objects lie along the right vertical axis. The numbers inside each symbol 

identify the galaxy. Axial ratios for stellar discs and for dark matter halos are 

shown for all nine systems by red triangles and black squares respectively. For the 

three systems with 11 or more members, the axial ratios of the satellite distribution 

of the 11 most massive satellites is shown by the black circles. 
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Table 3.2: The probability of randomly drawing values of the minor-to-major (c/a) 

and intermediate-to-major (b/a) axis ratio which are more extreme than those mea­

sured for the satellite sytems in the simulations according to the three test described 

in the text. The three halos with 11 or more satellites within the virial radius are 

labelled gh1, gh2 and gh3 respectively. 

gh1 gh2 gh3 

Isotropic NFW sphere 0.1% 47.6% 5.4% 

Squashed NFW profile 0.4% 51.5% 6.4% 

Simulated dark halo 0.6% 66.2% 10.5% 

lations is given in the first row of Table 3.2, for each of the three galaxy haloes with 

11 or more satellites (labelled gh1, gh2 and gh3 respectively). For the second test, 

we construct flattened NFW halos by squashing a sphere according to the values 

of adm, bdm, and cdm for each of the three simulated halos. We then performed 

the same test as before; the results are displayed in the second row in Table. 3.2. 

Finally, we selected 11 dark matter particles directly from each of the three halos 

(again 1000 times) and performed the same test with results given in the third row 

of the table. 

With the exception of galaxy gh2, whose satellite system is the least flattened of 

the three (see Fig.3.5), the numbers in Table 3.2 rule out with high confidence the 

null-hypothesis that the satellite systems in the simulations were randomly drawn 

from either a spherical or a squashed NFW halo or from the dark matter distribution 

of the halo itself. This result agrees well with those obtained in Chapter 2 and 

Zentner et al. ( 2005). 

The flattening and relative orientations of the disk, halo and satellite system 

of each of our three well populated simulations are shown schematically in cross 

section in Fig. 3.6. While the relative flattening and orientation of each component 

has been rendered according to the measured values, for clarity the relative sizes 

have been chosen arbitrarily. The central galaxy is represented by a yellow ellipsoid 
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embedded within two larger ellipsoids, a blue one representing the satellite system 

and a red one representing the dark halo. The poles (i.e. direction of the c axis) are 

visible as the point at which the lines of "longitude" converge. The various systems 

display a variety of orientations which we quantify below. 

The central galaxy orientations displayed in Fig. 3.6 were calculated simply 

from the innermost 98% of stars. To refine our estimate of orientation and for other 

purposes, we have performed a dynamical bulge-disc decomposition for each of the 

nine central galaxies in our simulations. We apply the method proposed by Abadi 

et al. (2003) and used also by Okamoto et al. (2005). The net angular momentum, 

relative to the centre of mass of the galaxy, of the material in the inner lOh-1 kpc is 

used to define a "z" axis. The angular momentum, Jz, about this axis is computed 

for each star particle and compared to the angular momentum of a circular orbit 

with the same energy, lc(E). All stars with lz/ lc(E) 2:: 0.75 are assigned to a 

disc component whose orientation is taken to be the direction of the nett angular 

momentum of the disc stars. This method tends to overestimate the amount of 

material in the disc, as some bulge stars whose orbits are similar to disc star orbits, 

will be counted as part of the disc. Generally, this direction coincides with that of 

the short axis of the overall stellar distribution, except in two case (galaxies gh8 and 

gh9) which are bulge-dominated galaxies with very small disks whose orientation is 

ill-defined. In what follows, we take the orientation of the galaxy to be that of the 

disk except for gh8 and gh9 for which we take the direction of their minor axis. 

The angles between the different components of each of the three galaxies with 

11 or more satellites are plotted in Fig. 3. 7. The top panel shows that in two of 

the galaxies, the disk is inclined about rv 45° relative to the minor axis of the dark 

halo. Surprisingly, in the third galaxy, the disk is orthogonal to the minor axis of 

the halo. The middle panel shows that in two cases (including the one with the 

orthogonal disk), the satellite systems are, within 20°, perpendicular to the galactic 

disk. This is also surprising but it is exactly the alignment seen in the Milky Way 

galaxy, where the satellites lie approximately along a great circle on the sky whose 

pole is in the galactic plane (e.g. Kroupa et al. 2005). In the third system (gh3), 

the satellite system is almost perfectly aligned with the galactic disk. Finally, the 

bottom panel shows that in two of the three systems, the long axis of the satellite 
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Figure 3.6: The three simulated galaxies with 11 or more satellites. Clockwise, 

from the top-left , the plots shows galaxies gh1, gh2 and gh3 respectively. The 

central galaxy, the satellite system and the dark matter halo are represented by the 

yellow, blue and red ellipsoids respectively. While each ellipsoid has been flattened 

and oriented according to the measured parameters, their relative sizes have been 

arbitrarily chosen for clarity. Note that the long, medium and short axes of the 

central galaxy are always aligned with the x, y , and z axis. 

y 
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system is well aligned with the long axis of the dark halo. This is consistent with 

the conclusions reached in Chapter 2 from our (diskless) dark matter simulations. 

The lack of alignment in system gh2 is probably due to the fact that this has the 

least aspherical dark halo whose long axis is consequently poorly determined. The 

alignments of the short axes of the dark halos and satellite systems tell the same 

story as the alignments of the long axes. 

3.5 Alignment of the angular momenta 

In this section, we extend our study of alignments to include the possible correlations 

between the angular momenta of the dark matter halo, km, the satellite galaxy 

population, .lat' and the stars of the central galaxy, lgal· Unless otherwise noted, 

we consider a number-weighted mean angular momentum, .J. = (r. x 12.). For the 

dark matter halo and the central galaxy for which all the particles have roughly 

the same mass, this "specific" angular momentum is very close to the standard, 

mass-weighted angular momentum ( (r. x p) ). For the satellite system, however, 

this definition gives equal weight to each satellite, preventing the statistics from 

becoming dominated by one or two very large satellites. 

The angle between km and lgal (obtained by computing cos(O) =Lm · Jga1), 

evaluated for all the material within the virial radius, is plotted in Fig. 3.8. Since 

the number of satellites is immaterial in this case, we expand our sample to include 

the six other galaxy halos (identified according to the criteria outlined in Sec. 3.2.2) 

that were excluded from the satellite analysis in the preceding section. The angular 

momentum of the galaxy and the dark matter within the virial radius are aligned 

to within '"" 30°, i.e. the galaxy spins in essentially the same direction as the dark 

matter halo. The single exception is system gh9 in which the galaxy and the dark 

matter are counter-rotating. A KS test shows that the probability of obtaining the 

distribution of cosO shown in the figure from nine objects drawn at random from 

a larger sample of randomly oriented galaxies is only '""0.016%. We conclude that 

there is a significant alignment between the angular momenta of the galaxy and 

that of the dark halo it inhabits. This is consistent with the acquisition of angular 

momentum prior to the collapse of the system, when dark matter and gas were well 
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Figure 3.7: Alignments between the long (L) and short (S) axes of the different 

components of the three galaxies with 11 or more satellites. Panel (a): The cosine 

of the angle between the orientation of the dark halo and of the galaxy. Since 

galaxies tend to be axis-symmetric the distinction between the intermediate and 

long axes is poorly defined. Therefore, only the angle between the short axes is 

shown in this panel. Panel (b): The cosine of the angle between the orientation 

of the galaxy and of the satellite distribution. Panel (c): The cosine of the angle 

between the orientation of the dark halo and of the satellite distribution. The right­

hand coordinates are labelled with the value of the angle. The most interesting 

relation are highlighted with stars. 
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systems. The right-hand axis gives the value of the angle. Each galactic system 

has been assigned a colour that will be retained throughout the remainder of this 

paper. 
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mixed, as expected in tidal torque theory (e.g. White 1984) and as usually assumed 

in semi-analytic models of galaxy formation (e.g. Cole et al. 2000). 

The radial dependence of the galaxy-halo spin alignment is shown in Fig. 3.9 

where we plot the cosine of the angle between Jgal and km ( < r) for our nine 

systems. In 7 out of 9 cases, the alignment persists out to the virial radius of the 

halo, never straying beyond rv 30°. The two exceptions are systems gh9 and gh8. In 

the first of these, a tight alignment persists for r < 0. 7r vin but it rapidly disappears 

beyond this radius. A visual inspection of this system shows that the reason for 

the rapid change in spin direction is simply the presence of a large counter-rotating 

fragment of dark matter in the outer parts of the halo which has recently been 

accreted, causing the halo angular momentum to flip in the outer parts. The other 

anomalous system owes its strange behaviour to the fact that the galaxy is almost 

a pure spheroid with very little angular momentum. In this case, the direction of 

Jgal is poorly defined. 

Previous studies (e.g. Warren et al. 1992; Bailin and Steinmetz 2005) have 

found that the halo angular momentum, km, tends to be aligned with the halo 

minor axis, tJm· The simulations of Warren et al. (1992) clearly show such an 

alignment in the inner parts of the dark halo. Bailin & Steinmetz (2005; see their 

Fig. 16) demonstrate that the alignment becomes weaker with radius but is still 

significant ( rv 30°) at the virial radius. By contrast, Bailin et al. (2005) report an 

absence of alignment between tJm and Jgal at the virial radius in seven hydrodynamic 

simulations. We now consider the angle subtended by km and tJm in our own 

simulations. 

In Fig. 3.10 we plot the angle between km and tJm for all the material within 

the virial radius and, in Fig. 3.11, the run of this angle with radius. We also plot 

the KS probability that the distribution of angles for the nine systems at each 

radius is consistent with a uniform distribution. Our results are qualitatively in 

good agreement with both Warren et al. (1992) and Bailin and Steinmetz (2005). 

The radial dependence of km . tJm, displayed in Fig. 3.11, shows that, apart from 

one anomalous system gh9 (discussed below), there is a good alignment between 

these two vectors in the inner parts of the halo, within a few tenths of r vir· In the 

outer parts this correlation becomes much weaker, which is perhaps not surprising 
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dark matter halo (_1m . ttm, pentagons) and of the galaxies (~a! . ~ab squares) 

for the nine galaxy halos. The angular momentum vector in most of the galaxies 

points in the direction of the shortest galactic axis. For the halos, however, no such 

correlation exists. 
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for systems whose shape is supported by an anisotropic velocity dispersion tensor 

rather than by rotation (Frenk et al. 1985; Warren et al. 1992). While Warren 

et al. (1992) and Bailin and Steinmetz (2005) find a weak correlation at the virial 

radius our small sample of 9 halos is consistent with no correlation. Thus the KS 

probability that the cosine of the angle for these 9 halos is consistent with a uniform 

distribution jumps from ,....., 15% at > 0. 7r vir to ,....., 80% at r vir· 

Turning to the galaxies, Fig. 3.10 shows that in all but two of the galaxies, the 

angular momentum vector points in the direction of the shortest galactic axis, as 

expected for systems flattened by rotation. Of the two discrepant galaxies, gh8 is 

a nearly perfect spheroid with very little rotation while gh9 is a rapidly rotating 

spheroid, whose angular momentum is dominated by the bulge's bulk rotation. 

Fig. 3.12 where we plot the angle between ~m and lgal as a function of radius. 

Since lgal is always parallel to Cgah this is equivalent to plotting the angle between 

~m and Cgal· Apart, again from the anomalous gh9, the angular momentum vector 

of the galaxy points along the short axis of the halo in the inner parts of the 

system. This alignment begins to weaken beyond,....., 0.5rvir, but even at rvir the KS 

probability is consistent with a uniform distribution only at the ,....., 15% level. Our 

results agree well with those of Bailin et al. (2005) in the inner parts of the halo, but 

they are marginally inconsistent at the virial radius where with their small sample 

Bailin et al. (2005) find adistribution of cosines consistent with uniform and having 

a median of 0.5, 

We now turn to the alignment of the angular momentum of the satellite system 

with those of the galaxy and the dark matter halo. In this case, we can use only the 

three systems with a large satellite population. The results are plotted Fig. 3.13(a) 

as filled and empty squares. 

For all three systems, there is some alignment (within ,....., 40°) between the spin 

vectors of the satellite systems and the dark halo. However, in only one case (gh3) 

is the spin of the satellites aligned with that of the galaxy. 

Finally, we ask whether the net angular momentum of the satellite system is 

related to the shape of the system, i.e. whether the satellites tend to orbit in the 

approximate plane that they define. If this were the case, we would expect .lat to 

point along the short axis of their distribution, ~at· In fact, this is not what we find. 
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squares). Bottom Panel (b): The cosine of the angle (kat) and the long axes of 
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Isat tends to point in a direction which, while often approximately at right angles to 

~at' the long axis of the satellite system (Fig. 3.13(b)), it is nevertheless not along 

the short axis of the system, t.at. This arrangement is illustrated schematically in 

Fig. 3.14 where the blue ellipsoid demarks the structure defined by the anisotropic 

satellite distribution, while the spin axis, Lat' is shown as a red line and its three 

projections along the three principal axes of the satellite structure are shown as 

black lines. From Fig. 3.13(b) we find that in all three cases the angular momentum 

of the satellite distribution never falls to within '"'"' 60° of its spatial distribution's 

long axis. The misalignment between Lat and ~at indicates that the satellites 

are never orbiting in the plane defined by .b.sat and t.at· The three systems show 

different behaviours but in no case is there an indication that the satellites orbit 

in the apparent plane of their distribution. However we note that there is little 

consistency throughout our 3 galaxy halos and we find ample evidence for a variety 

of orientations and alignments. 

3.6 Conclusion and discussion 

We have analysed two N-body /SPH simulations of galaxy formation in a ACDM 

universe, one of a single bright galaxy and the other of a small region. Our sim­

ulations include the main physical processes thought to be important in galaxy 

formation: metal-dependent gas cooling, heating by photoionizing the primordial 

hydrogen gas, star formation, metal production and feedback due to supernovae 

energy injection. In total, we obtained a sample of 9 bright galaxies comparable 

in luminosity to the Milky Way, containing a total of 78 satellites. Three of the 

central galaxies had a population of satellites numbering at least eleven, similar 

to the Milky Way. We have used these samples to investigate several interelated 

properties of the satellite population. 

We first investigated the luminosity function of satellites, a property often re­

garded as a challenge to the cold dark matter model (e.g. Moore et al. 1999). We 

find, however, that our simulations produce an excellent match to the observed 

luminosity function of satellites in the Local Group, at least to the resolution limit 

of the calculation which corresponds to Mv rv 12, close to the luminosity of the 
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Figure 3.14: Schematic diagram showing the satellite system angular momentum 

vector, Lat' in three dimension (red line) calculated as (r. x Q). The blue ellipsoids 

illustrate the shape of the satellite distribution. The black lines are the projections 

of the vector Lat along the three principal axes of the satellite distribution. From 

top to bottom we show galaxy halos ghl, gh2 and gh3 . 
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faintest observed satellites. The gas fractions in these satellites agree well with 

observations, suggesting that their formation paths may be similar to those of real 

satellites. Many of the small subhalos resolved in the simulations fail to make a 

substantially bright satellite. As Benson et al. (2002a) have argued star forma­

tion is inefficient in small subhalos due to the combined effects of reionization and 

supernovae feedback which limit the supply of cool gas to the subhalo. 

The match of our simulations to the satellite data over most of the observed 

range suggests that the relative paucity of satellites in the Local Group (the "satel­

lite problem") reflects, not the much larger abundance of subhalos, but rather feed­

back effects that limit the growth of small galaxies. Furthermore, Benson et al. 

(2002a) and Stoehr et al. (2002) have argued that the internal dynamics of CDM 

satellites are also consistent with the data. Overall, our results agree well with the 

semi-analytic model of Benson et al. (2002a). In the semi-analytic model, however, 

bright satellites, of luminosity similar to the LMC or M33, were rather rare. This 

is not the case in our simulations which match the bright end of the satellite lu­

minosity function quite well. The differences between the two treatments are no 

doubt due to the rather different ways in which the physics of galaxy formation are 

modelled, including differences in the treatment of feedback and star formation and 

in the satellite merger rates. 

We next considered the spatial distribution of the satellites. In the outer half of 

the system, the density profile of the satellites tracks the dark matter well but, in 

the inner parts, it falls below the dark matter profile. We find no resolved satellites 

in the inner f'o..J 10% of the halo. These results are consistent with previous purely 

N-body studies (e.g. Gao et al. 2004; Chapter 4; Shaw et al. 2006). 

We can study the distribution of individual satellite systems, particularly their 

alignments with the halo and disk, for the three systems that formed more than 11 

satellites. In agreement with previous purely N-body studies (Chapter 2, Zentner 

et al. 2005), we find that the satellites tend to be distributed in highly flattened 

configurations whose major axis is aligned with the major axis of the (generally 

triaxial) dark halo. In Chapter 2 we argued that this arrangement reflects the 

preferential infall of satellites along the spine of the filaments of the cosmic web. 

Our gas dynamic simulations allow us to go further than previous N-body work and 
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investigate the alignment of satellite systems with galactic disks and the alignment 

of the latter with dark matter halo. We find that in 2 out or 3 systems, the satellite 

system is nearly perpendicular (to within 20°) to the plane of the galactic disk. 

This surprising configuration is exactly what is seen in the Milky Way. The third 

satellite system ended up well aligned with the disk. 

To investigate these alignments further, we calculated the relationship between 

the disk and the halo, this time using the 9 bright galaxies in our simulations. 

Previous hydrodynamic simulations have found a good alignment between the disk 

and the principal plane of the halo (i.e. a good correlation between the directions 

of the disk axis and the halo minor axis), but only in the inner"' 0.2rvir of the halo 

(Kazantzidis et al. 2004; Bailin et al. 2005). Beyond this, these studies find little 

or no correlation. We also find a good alignment in our simulations between the 

disk and the halo at small radii but, unlike in the previous studies, the correlation 

persists, albeit much weakened, out to the virial radius. This sort of alignment 

is perhaps not unexpected in the simplest interpretation of the tidal torque theory 

since both the dark halo and the baryon component experience similar tidal torques. 

The relatively small differences between our results and those of Kazantzidis et al. 

2004 and Bailin et al. (2005) are most likely the result of different treatments of 

star formation and feedback. For example, the strong feedback in our simulations 

at early times which leads later to a prolonged period of gas accretion and the 

formation of a large disk in a relatively quiet halo favours the persistence of a 

relationship between the properties of the halo and the disk. 

Of the two cases in which the satellite systems are nearly perpendicular to the 

disk, in the one which exhibits the strongest alignment (ghl) the disk is also nearly 

perpendicular to the minor axis of the halo. In the other case, the alignment 

between the disk and the halo is weaker. In the third system (gh3), in which the 

satellite system lies in the plane of the disk, the disk is only roughly aligned with 

the halo. Although our sample is small, it suggests that it should not be surprising 

that similar kinds of alignments are found in observational studies of satellites in 

the SDSS and 2dFGRS (Brainerd 2005; Yang et al. 2006; Sales and Lambas 2004). 

Finally, we investigated the connection between the angular momenta of the 

disk and the dark halo. For most systems, the two vectors are very well aligned as 
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a function of radius, out to the edge of the system. The halo spin tends to be point 

along the short axis of the halo. However, since the shape of the halo varies with 

redshift, the spin axis of the disk or of the halo can often loose its alignment with 

the short halo axis. Thus, care should be taken when interpreting the alignment 

statistics, either in simulations or in observational data. 

In conclusion, our simulations have revealed a number of interesting connections 

between the properties of central galaxies, their satellite systems and their dark 

matter halos. They also point to a good overall match between predictions of 

the ACDM model and the observations of galaxy satellite systems that we have 

considered here such as the luminosity function and the peculiar spatial arrangement 

of the satellites of the Milky Way. However, due to their high computational cost, 

our simulations are still too small to provide good statistics. Larger simulations of 

this kind are required to test the validity of the trends that we have found. 



Chapter 4 

4.1 Introduction 

The effect of 

gravitational recoil in a 

Hierarchical universe 

The discovery that galactic bulges harbour supermassive black holes whose masses 

are correlated with the properties of the bulge suggests a close connection between 

the formation of galaxies and the formation of black holes. The mass of the galac­

tocentric black hole varies approximately linearly with the stellar mass of the bulge 

(Kormendy and Richstone 1995; Magorrian et al. 1998; Merritt and Ferrarese 2001; 

McLure and Dunlop 2002) and roughly as the fourth power of the bulge veloc­

ity dispersion (Ferrarese and Merritt 2000, Gebhardt et al. 2000, Tremaine et al. 

2002). Correlations with the near infrared bulge luminosity (Marconi and Hunt 

2003) and with the bulge light concentration (Graham et al. 2001) have also been 

found. These correlations are remarkable because they link phenomena on widely 

different scales - from the parsec scale of the black hole's sphere of influence to the 

kiloparsec scale of bulges - and thus point to a connection between the physics of 

bulge formation and the physics of black hole accretion and growth (Milosavljevic 

and Merritt 2001). The simplest interpretation is that both, black hole and bulge 

growth, are driven by the same process whose nature, however, remains unclear. 

Various models for the growth of black holes in galaxies have been studied (e.g. 

Haehnelt and Rees 1993; Silk and Rees 1998; Cattaneo et al. 1999; Kauffmann 

and Haehnelt 2000; Ostriker 2000; Volonteri et al. 2003; Di Matteo et al. 2005, 

and others). In the context of the hierarchical cold dark matter model of structure 
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formation, a plausible explanation for the tight correlation between bulge and black 

hole properties is that the galaxy mergers or disc instabilities that induce bulge 

growth via bursts of star formation also feed the central black hole (Kauffmann and 

Haehnelt 2000; Croton et al. 2006; Bower et al. 2005.) A simple implementation of 

this model follows from assuming that, as cold gas condenses into stars, a certain 

percentage of the gas is forced into the centre of the galaxy and accreted by the 

black hole. Models based on this and related prescriptions successfully reproduce 

the relation, m 8 H - mb, between black hole mass and stellar bulge mass (Croton 

et al. 2006; Bower et al. 2005; Mal bon in prep). 

If a simple model of the kind just mentioned for the simultaneous growth of 

black holes and bulges is correct, then there are two direct consequences which we 

explore in this Chapter. The first is that black holes should be expected to exist 

in bulges of all luminosities including dwarf ellipticals and satellites of brighter 

galaxies like the Milky Way. Secure measurements of black hole mass to date only 

span three orders of magnitude, above msH "' 106 M 0 for the Milky Way (Merritt 

and Ferrarese 2001; Tremaine et al. 2002; Schadel et al. 2002). There are claims, 

however, that the correlation between black hole mass and spheroid properties may 

extend downwards over three further orders of magnitude in black hole mass mass 

(Gebhardt et al. 2002; Gerssen et al. 2002). 

The second consequence of simple hierarchical models of black hole growth is 

that central black holes will coalesce as their hosts bulges collide and merge. Binary 

black holes orbiting each other emit gravitational waves (Peters and Mathews 1963). 

Using quasi-Newtonian methods to study the orbital decay due to gravitational 

wave emission, Fitchett (1983) found that the system will eventually enter a plunge 

phase, causing the black holes to coalesce emitting a burst of gravitational waves. 

Peres (1962) found that, in addition to transferring energy out of the emitting 

system, gravitational radiation can also take with it linear momentum. As a result, 

the centre of mass of the system recoils in a direction specified by the boundary 

conditions of the last stable orbit. 

The astrophysical implication of this linear momentum kick (the "rocket effect" 

or "gravitational recoil") is that black holes may be ejected from galactic bulges if 

the potential is shallow and the kick is large enough (Madau and Quataert 2004; 
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Merritt et al. 2004; Enoki et al. 2004). In theory, this could lead to a sizable 

population of extragalactic black holes which could, in principle, dominate the black 

hole mass function. Our aim in this work is to examine the importance of such kicks 

for the galactic black hole population. In particular, we consider the scatter on the 

m 8 H - mb relation in an attempt to constrain the relatively uncertain kick velocity, 

as well as the nature and spatial distribution of a possible extragalactic population 

of ejected black holes. We model the growth of black holes using the semi-analytic 

galaxy formation model of Cole et al. (2000), using two methods for obtaining 

merger trees: Monte Carlo techniques and high resolution N-body simulations (in 

which the trajectories of recoiling black holes can be tracked.) 

The statistical properties of the population of galactic and intragalactic black 

holes were recently studied by Volonteri and Perna (2005) who calculated the growth 

of black holes in a cold dark matter universe taking into account the rocket effect 

as well as the less common ejection of black holes by 3-body interactions. Like us, 

they followed the growth of black holes as their host halos merge but they used 

simplified assumptions for the mass accreted by black holes during mergers instead 

of the full semi-analytic model of galaxy formation that we employ. Volonteri & 

Perna also used a simplified model to calculate the spatial distribution of black 

holes whereas we analyse high-resolution N-body simulations. Their study focused 

on possible observable signatures of intermediate mass black holes and their relation 

to observed ultraluminous X-ray sources. In spite of the different methodologies 

employed in their work and ours, the mass functions and spatial distributions of 

intermediate mass black holes derived in the two studies are in broad agreement. 

This Chapter is organised as follows. In section 4.2, we review the physics of 

the gravitational recoil. In section 4.3, we describe how we model the formation 

and ejection of black holes in our semi-analytic model. In section 4.4, we determine 

the effect of black holes ejected from the progenitors of present day galaxies on 

the m 8 H - mb relation. In section 4.5, we use a set of high resolution N-body 

simulations of galactic halos to track the location of ejected black holes. We conclude 

in Section 4.6 where we discuss the possible consequences of an extragalactic black 

hole population. 
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4.2 The Physics of Kicks 

The emission of gravitational radiation is a generic feature of any massive asym­

metrically collapsing system (Peres 1962). In order to be accompanied by a linear 

momentum kick, the gravitational radiation must be asymmetric (Fitchett 1983). 

For two coalescing black holes of unequal mass this occurs as the gravitational ra­

diation from the lighter, more rapidly moving partner is more strongly beamed. 

As two black holes orbit each other, gravitational radiation causes their orbits to 

shrink and circularise until the last stable circular orbit is reached. Using pertur­

bation theory in the weak field approximation, Fitchett (1983) calculated the kick 

velocity from this final orbit to be: 

Vkick = 1480 (ff(q)) (2G(ml ~ m2)/c2)4 kms-1 
max risco 

(4.1) 

where risco is the radius of the innermost stable circular orbit, q - mtfm2 is the 

mass ratio with the convention m2 > m11 and f(q) = q2(1-q)/(1 +q)5 which reaches 

a maximum, !max = 0.0179, for a mass ratio of Qmax ~ 0.382. Unfortunately, the 

weak field approximation used by Fitchett becomes invalid as the binary approaches 

the plunge phase and it is here that the contribution to the recoil velocity becomes 

largest. 

Two decades later, Favata, Hughes & Holz (2004) used perturbation theory to 

show that, in the presence of strong fields, gravitational kicks are not expected to 

exceed 600km s-1 . In a companion paper, Merritt et al. (2004) included the effect of 

the larger partner's spin and obtained an upper limit of"" 500km s-1. More recently, 

Blanchet, Qusailah & Will (2005) performed a higher order calculation of the recoil 

for the special case of the coalescence of two non-rotating black holes, obtaining an 

upper limit of 300km s-1 . However, none these calculations apply to all mass and 

spin ratios and kick velocities as large as lOOOkm s-1 cannot be definitively ruled 

out. 

In light of the uncertainty in the recoil velocity, we simply assume that the 

kick is directly proportional to Fitchett's scaling function f(q) and write the recoil 

velocity in terms of a prefactor velocity Vpr, 

f(q) 
Vkick = Vpf -

1 
· 

max 
( 4.2) 
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We then allow Vpf to vary between 0 km s-1 (i.e. no kick) to 1000 km s-1 with the 

aim of constraining this parameter empirically. 

4.3 The GALFORM semi-analytic model 

In this section, we briefly explain how we use the semi-analytic galaxy formation 

model GALFORM described in detail by Cole et al. (2000) and Benson et al. (2002a) 

(and in section 1.3) to model the growth and evolution of galaxies. The growth 

of dark matter halos by mergers is encoded in a merger tree. Along each branch 

of the tree, the following physical processes are calculated: (i) shock-heating and 

virialization of gas within the gravitational potential well of each halo; (ii) radiative 

cooling of gas onto a galactic disc; (iii) the formation of stars from the cooled 

gas; (iv) the effects of photoionization on the thermal state and cooling properties 

of the intergalactic medium; (v) reheating and expulsion of cooled gas through 

feedback processes associated with stellar winds and supernovae explosions (see 

Benson et al. 2003b); (vi) the evolution of the stellar populations; (vii) the effects 

of dust absorption and radiation; (viii) the chemical evolution of the stars and 

gas; (ix) galaxy mergers (which, depending on the violence of the merger, may be 

accompanied by starbursts and the formation of a bulge- see Baugh et al. 1998); 

(x) the evolution of the size of the disc and bulge. 

We used two different methods for obtaining dark matter halo merger trees. 

In the first instance, we constructed the trees using a Monte-Carlo algorithm to 

determine merger rates (e.g. Lacey and Cole 1993, Cole et al. 2000). In the second 

instance, we explicitly extracted the merger trees by following the merging of dark 

matter halos in N-body simulations (Helly et al. 2003). The latter method allows 

us to apply the semi-analytic formalism directly to the simulations. More details 

are given in Section 4.5.2. 
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4.3.1 Discs 

Stellar discs are formed as rotating diffuse halo gas cools and settles in a halo. In the 

GALFORM model, discs are assumed to have an exponential surface density profile, 

(4.3) 

where r 0 is a characteristic disc length and Eo is the central surface density. The 

potential of such a mass distribution as a function of just radius (i.e. in the plane 

of the disc) is 

¢(r, z = 0) = -7rGEor[Io(y)KI(Y)- h(y)Ko(Y)] (4.4) 

where y = r/2r0 . The functions In(Y) and Kn(Y) are modified Bessel functions 

of the first and second kind (e.g. Binney and Tremaine 1987). Differencing the 

potential at r = 0 and r = oo, we find that the escape velocity from the centre of 

the disc is 

2 GMo 
v0 esc= 3.36--, 

' TO,l/2 
(4.5) 

where r 0 ,1; 2 is the half-mass radius of the disc. 

4.3.2 Bulges 

In the GALFORM model, the principal mechanism for forming both elliptical galaxies 

and the bulges of luminous spirals is mergers. A merger is termed "major" if the 

ratio of the mass of the smaller to the larger galaxy exceeds !merge; otherwise the 

merger is termed "minor." In a major merger, all the stars from both merging 

partners are assumed to form a single spheroid while any gas present is consumed 

in a burst of star formation. In a minor merger there is no burst of star formation; 

only the stars from the smaller galaxy are added to the bulge of the larger galaxy, 

while the gas is added to the disc of the larger galaxy. We adopt !merge = 0.3, as 

recommended by Cole et al. (2000). 

In the context of the GALFORM model, Cole et al. (2000) also considered the 

possibility that dynamical instability in self-gravitating discs could result in the 

formation of galactic bulges (see also Mo et al. 1999). They found that this mech­

anism was unlikely to contribute significantly to the formation of large bulges, but 
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could be important in creating the bulges of lower luminosity galaxies. The crite­

rion they used to determine whether a cold disc was unstable was Em ;S ~:~it = 1.1, 

where 
Vmax 

tm = ~----~--~~ 
( G Mdisc/ rD,l/2) l/2 (4.6) 

(Efstathiou et al., 1982). Here Vmax is the circular velocity at the disc half-mass 

radius, r 0 ,1; 2. We adopt the slightly lower value of f~it = 1.05 in order to obtain 

a distribution of bulge to total luminosities similar to that found in the Sloan 

Digital Sky Survey by Tasca and White (2005). For such unstable discs it was 

assumed that all the disc stars would be transformed into bulge stars and any cold 

disc gas would undergo a burst of star formation. The assumption that bulges, 

and as we discuss later, black holes grow as a result of discs becoming unstable is 

also assumed in the AGN feedback models incorporated in the latest semi-analytic 

models of Croton et al. (2006) and Bower et al. (2005). To illustrate the importance 

of this mechanism, we present models both with and without this secondary route 

for generating galactic bulges. 

The density profile we adopt for bulges is the Hernquist (1990) model, 

MBa 1 
p(r) = 271' ;: (r + a)3' (4.7) 

where a is a scale length and MB is the total bulge mass. The potential of such a 

profile is found by integrating the Poisson equation and the escape velocity from 

the centre of such a spheroid is given by 

2 GMB 
VB esc= 4.83---, 

' rB,l/2 
(4.8) 

where rB,l/2 is the bulge's half-mass radius. 

4.3.3 Black Holes 

We assume that the growth of black holes is proportional to the growth of galactic 

bulges. Whenever an event that adds stellar mass to the bulge occurs, we assume 

that a fraction, !BH, of that mass is accreted by the central black hole. This 

assumption is motivated in part by models of black hole growth such as that of 

Kauffmann and Haehnelt (2000), wherein black holes accrete a proportion of the 
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cold gas being consumed in a burst of star formation. In our model, black holes grow 

both as a result of such star formation bursts and also by the accretion of stars in 

mergers or as the result of disc instabilities. We assume that in each case the same 

mass fraction, !BH, is channelled onto the black hole. This simplifying assumption 

has the virtue that, in the absence of black hole ejection, all bulges will have black 

holes that sit precisely on the mBH - mb relation and so we can, in principle, use 

the scatter induced by black hole ejections to set a firm upper limit on the kick 

velocities. Our model does not require specifying a minimum black hole mass, only 

the fraction, !BH. The precise value of !BH needed to match the data has changed 

in the literature (e.g. see Magorrian et al. 1998; Merritt and Ferrarese 2001; Merritt 

et al. 2004) and we choose !BH = 0.001, the value published by McLure and Dunlop 

(2002) from estimates of black hole masses for 72 active galaxies. 

During a merger, we assume that a fraction of any new stellar bulge mass is 

added to the existing black hole, 

MBH, new = MBH, old + JBH .6.Mbulge· (4.9) 

If the black hole is ejected during the merger, we assume that a new black hole is 

born whose mass is equal to the mass fraction that would have been added to the 

preexisting black hole had it not been ejected, that is: 

MBH, new = fBH .6.Mbulge· (4.10) 

This black hole then becomes the focus of mass accretion during subsequent episodes 

of bulge growth. In this way, we ensure that all bulges contain a black hole at 

all times and that, in the absence of gravitational recoil, all black holes at all 

times have masses directly proportional to their bulges and hence lie on a perfect 

mBH- mb relation with zero scatter. The implicit assumption that black holes exist 

only in bulges and not in discs, and that black holes grow during mergers rather 

than during quiescent star formation is motivated simply by the desire to reproduce 

the empirical mBH - mb relation. 

We assume that once two galaxies have merged, their central black holes coalesce 

instantaneously. This should be a good approximation as the black holes will merge 

on a timescale shorter than the time between galaxy mergers, which is determined 
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by the hierarchical growth of structure (Berczik et al. 2006; Mayer et al. 2006). Note 

that even when the merger rate of dark matter halos is relatively high, the galaxies 

orbiting inside the dark halos will only merge once their orbits decay due to energy 

loss by dynamical friction against the halo material (Lacey and Cole 1993). The 

assumption of instantaneous black hole coalescence implies that 3-body interactions 

and associated slingshots (e.g. Saslaw et al. 1974) leading to black ejection are rare 

(see Volonteri and Perna 2005). 

The mass ratio of the merging black holes determines the recoil velocity, Vkick, 

according to equation (4.2). Thus, to determine whether the recoiling black hole 

escapes from the galaxy we add the bulge and disc potentials and require 

2 2 _ GMo GM8 
Vkick > Vesc = 3.36-- + 4.83 --. 

TD,l/2 TB,l/2 
( 4.11) 

Note that we neglect the contribution of the dark matter halo. This is a good ap­

proximation over the length scale of the galaxy because the dark matter potential 

has a very shallow gradient. However, the dark matter potential becomes increas­

ingly important for black holes that escape the galaxy and, in Section 4.5.2, we 

use an alternative method to follow their orbits. If the recoil velocity, Vkick, is less 

then Vesc we assume that the black hole will not escape but rapidly return to the 

centre of the galaxy. This simplifying assumption is motivated by the calculations 

of Merritt et al. (2004) and Madau and Quataert (2004) who found that if the 

kinetic energy imparted by the recoil is sufficiently small, then the recoiling black 

hole undergoes damped oscillations about the galactic nucleus which decay in a few 

dynamical times. 

Our modelling of black hole growth thus automatically reproduces an empirical 

m 8H- mb relation. If the prefactor velocity, Vpr, in equation ( 4.2) is zero, the black 

hole masses are all directly proportional to the bulge mass of their host galaxies. If 

Vpf is not zero, gravitational kicks introduce scatter in the m 8 H - mb relation which 

we now investigate and compare with observations. 
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4.4 The effect of velocity kicks on the m 8H-mb relation 

In order to investigate how the m 8 H - mb relation is affected by the ejection of 

recoiling black hole merger remnants we have studied a sample of 1000 halos of 

final mass 1012 M 0 . Merger trees for each halo were generated using the Monte­

Carlo method described by Cole et al. (2000) and the GALFORM rules of galaxy 

formation were applied to each branch of the tree. The growth of each central 

black hole (which tracks the growth of the bulge) was calculated as described in 

Section 4.3.3. Our fiducial model includes the process of bulge formation by disc 

instability discussed in Section 4.3.2. For every black hole merger we consider kick 

velocities corresponding to values of the prefactor, Vpr, in equation 4.2 in the range 

0- 1000km s-1 . 

The ejection of a black hole from the bulge is a source of scatter in the m 8 H -

mb relation. Fig. 4.1 shows the z = 0 m 8 H - mb relation for 1000 halos assuming a 

moderate prefactor kick velocity of 300 km s- 1
. Note that black hole mass may only 

be scattered downwards by ejections. Galactic bulges that have never experienced 

an ejection lie exactly on the diagonal line. 

In the absence of kicks, the model, by definition, gives a perfect m 8 H -mb relation 

with no scatter. As the kick velocity increases, a tail of bulges that host black holes 

of reduced mass appears, while the remaining galaxies whose progenitors never lost 

their black hole still lie precisely on the relation. The form of the scatter about the 

m 8 H - mb relation and its dependence on the prefactor Vpr are shown in Fig. 4.2. 

The upper two panels show how deviations from the ideal relation depend on bulge 

mass for both Vpr = 300 km s-1 and 500 km s-1 , while the lower two panels show 

histograms of these deviations averaged over all bulge masses. We see in these 

lower panels that the distribution of deviations from the ideal relation is very non­

Gaussian, with a tail extending to very low values of log10 (MBH/ Mideal,BH)· For 

Vpr = 300 km s-1 , 2.6% of bulges have black holes with mass smaller than 20% of 

the ideal m 8 H - mb value. For Vpf = 500 km s-1 this fraction jumps to 18.9%. The 

rms width of this distribution is not a good statistical description of the scatter in 

the m 8 H - mb relation since the rms is dominated by the noisy tail. We use instead 

a more robust measure of width. We calculate the widths that contain 68% and 
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Figure 4.1: The z = 0 msH- mb relation for the case in which black hole merger 

remnants have the kick velocity given by equation ( 4.2) with Vpf = 300 km s-1. 

The diagonal line represents the 'ideal' msH - mb relation for which MsH/ Mbulge = 

fBH = 10-3 . 
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Figure 4.2: Top: residuals from the ffiBH - mt relation. Plotted here is the 

dependence on bulge mass of the ratio of the black hole mass to the value for 

the 'ideal' ffiBH - mt relation. Bottom: histogram of deviations from the ideal 

mBH - mt relation. 
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86% of the distribution, and then define a68 and a86 to be half and one third of 

these widths respectively. For a Gaussian distribution both of these measures would 

equal a, the usual rms width. Fig. 4.3 shows how these measures of scatter vary 

as a function of Vpf and compares them to published observational determinations. 

The non-Gaussian nature of the scatter results in the two curves being significantly 

different. 

We immediately see that the contribution to the scatter in the mBH-mb relation 

from ejected black holes is very sensitive to assumptions concerning disc stability. 

For the case where unstable discs are assumed to form bulges, large values of Vpf 

are strongly ruled out as they would produce more scatter in the mBH - mt relation 

than is observed. Fig. 4.3 shows that to be consistent with the tightest observational 

limits (Tremaine et al. 2002; Marconi and Hunt 2003; Haring and Rix 2004) requires 

Vpr < 450-650km s-1. This constraint is consistent with the kick velocities predicted 

by the general relativistic analysis of Favata et al. (2004) and Blanchet et al. (2005). 

Even so, if the prefactor velocity lies in the range Vpr = 300 - 500km s-1, as these 

calculations suggest, then gravitational recoil provides a substantial contribution to 

the scatter in the mBH - mt relation. 

In models where discs are assumed to be stable to the formation of a bulge, 

all the observational estimates of the scatter lie well above the values that result 

from recoiling black hole ejections. In this case, we conclude that even kicks with 

velocities exceeding the range expected from current calculations do not produce 

a significant contribution to the scatter in the mBH - mt relation. There are two 

reasons for such a large difference between the two models. Firstly, when discs are 

assumed to be stable there are far fewer ("' 10%) bulge-bulge mergers and far more 

disc-bulge and disc-disc mergers involved in the formation of the galaxy. While the 

total number of mergers is the same in both models, the effect of the gravitational 

recoil depends only on the number of bulge-bulge mergers because, in our model, 

black holes only grow if there is a stellar spheroid. 

The second reason for the difference between the two cases is that when discs 

are assumed to be stable, most ejections occur at early times (z ~ 2) when the 

bulges were smaller. The bulge then has enough time to regrow a black hole of 

the appropriate mass by subsequent galaxy mergers from which black hole ejection 
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becomes increasingly difficult. When unstable discs are assumed to form bulges, 

the majority of the ejections occur much later (z ';S 1) and subsequent mergers are 

unable to grow a large black hole. Note that no black holes are ejected at z < 0.7 

and z < 0.3 for disc-stable and disc-unstable models respectively. 

4.5 The black hole distribution from N-body sim­

ulations 

In this section, we use high resolution N-body simulations of galactic halos to track 

the location of subgalactic and galactic black holes as the halo grows by mergers. 

The simulations provide spatial information that is not available in Monte-Carlo 

merger trees. We first describe the simulations and the way in which we model 

black hole escapees. 

4.5.1 Galaxies in the N-body simulations 

We have used six N-body simulations of galactic-size dark matter halos of final 

mass rv 1012 M 0 to study the demographics and spatial distribution of their black 

hole population, including black hole ejections. The simulations were performed 

using the GADGET code (Springel et al. 2001b) in a fiat ACDM universe with Om= 

0.3, h = 0.7, a8 = 0.9. These simulations have been previously studied by other 

authors (Power et al. 2003; Hayashi et al. 2004; Navarro et al. 2004b) and we refer 

the reader to these papers for technical details1 . Briefly, each simulation· follows the 

formation of structure in a cube of comoving side 35.325 h-1 Mpc with a Lagrangian 

'high resolution' region around the halo of interest in which the particle mass is 

2.64 x 105h-1 M 0 and 'low resolution' particles elsewhere. Table 2.2 summarises the 

parameters of our six simulations. 

Halos and their substructures were identified using the algorithm SUBFIND (Springe! 

et al. 2001a). The algorithm first identifies "friends-of-friends" groups using a link­

ing length of 0.2 times the mean interparticle separation which approximately selects 

particles lying within the virialized region of the halo (Davis et al. 1985). Only ha-

1These simulations are the same simulations as used in Chapter 2. 
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Figure 4.3: The scatter in the m 8 H - mb relation as a function of the kick velocity 

prefactor, Vpf. The curves show our estimates of the width of the distribution 

of M 8 H/ Mideal,BH induced by black hole ejections as discussed in the text. The 

solid and dashed curves represent a68 and a86 respectively. The thick lines show 

the estimates when disc instability produces bulges, while the thin lines represent 

models when this route for bulge formation is ignored. The horizontal lines show 

estimates of the scatter from various observational studies. Note that Tremaine 

et al. (2002) give only an upper limit, while Marconi & Hunt (2003) present two 

estimates to which they refer as conservative and nonconservative. 
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Figure 4.4: The mean interior radial dark matter density profiles for six simulated 

halos plotted against radius in units of the virial radius, and normalised to the 

value of the mean interior density at the virial radius (long dashed curve). The 

solid curves show the mean interior number density of satellites as a function of 

radius, normalised to the value at the virial radius. The dotted curve shows the 

mean interior density of all black holes (both those residing in satellites as well as 

the wandering ones), normalised to the value at the virial radius, assuming a kick 

velocity, Vpf = 300 kms- 1. 
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los with more than 10 particles, corresponding to a mass of 2.64 x 106h-1 M0 , are 

considered. Then, using an excursion set approach, SUBFIND identifies self-bound 

subgroups within each friends-of-friends halo. 

We use the method described by Harker et al. (2006) to construct full merger 

histories for the dark matter halos. Progenitor and descendant halos are identified 

at every timestep and tracked throughout the simulation in order to build the 

merger tree. The semi-analytic galaxy formation code GALFORM (e.g see Cole et al. 

2000; Benson et al. 2002a; Baugh et al. 1998) is then applied along each branch of 

each merger tree to obtain the properties of the central galaxy in each halo and its 

orbiting satellites. If the subhalo that hosts a satellite survives inside the parent 

halo, the position of the satellite is identified with the most bound subhalo particle. 

Some sub halos, however, are disrupted by tidal forces as they sink by dynamical 

friction and can no longer be identified by SUBFIND. In this case, the satellite is 

placed at the centre of mass of the particles that made up the subhalo at the last 

time it was identified. If the harmonic radius of these particles becomes greater than 

the distance between the satellite and the centre of the parent halo, the satellite is 

deemed to have merged into the central galaxy. 

Fig. 4.4 shows the spherically averaged dark matter density profile of our six 

halos normalised to the mean dark matter density within the virial radius. The 

galactrocentric distance is plotted in units of the virial radius (see Table 2.2). We 

also plot the corresponding number density profile of satellite galaxies with a V band 

magnitude Mv < -7. The dark matter profile follows the NFW form (Navarro et al. 

1996, 1997) quite closely (see Navarro et al. 2004b). The radial distribution of the 

satellites is shallower than that of the dark matter in the inner parts of the halo. 

This result is broadly in agreement with the density distributions of substructures 

previously obtained from high resolution N-body simulations (see e.g Ghigna et al. 

1998; Ghigna et al. 2000; Gao et al. 2004). Note, however, that the profiles in 

Fig. 4.4 refer to satellite galaxies, not substructures and that 19.3% of the satellites 

are not attached to a subhalo. Nevertheless, the radial profile of the satellites is 

similar to that of subhalos. 
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Figure 4.5: The spatial distribution of mass and black holes in simulation gh2. The 

top two panels correspond to the model in which unstable discs produce bulges, 

while the lower two panels correspond to the model in which this bulge formation 

channel is ignored. The left-hand and right-hand panels correspond to kick velocity 

prefactors of Vpf = 300 km s- 1 and Vpf = 500 km s-1 respectively. Black holes are 

represented by symbols whose area is proportional to their mass. The open circles 

denote black holes that lie at the centre of a satellite galaxy, while open squares de­

note wandering black holes that were ejected during a merger. The central galactic 

supermassive black hole is in the middle of each panel. The virial radius of the halo 

is indicated by the dashed circle. The subset of intergalactic black holes (i.e. black 

holes ejected from the halo) that are tagged with simulation particles (75.0% in the 

left-hand panels and 45.7% in the right-hand panels) are plotted. 
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4.5.2 The black hole population 

The growth of galactic bulges and their associated black holes is calculated along 

each branch of the merger tree as described in Section 4.3.3. At the final time, 

each central galaxy contains a black hole typically of mass 107h- 1 M 0 for models 

where unstable discs form bulges and 106h- 1 M0 for models where disc instability 

is ignored. There are, in addition, two other populations of black holes. Firstly, 

there are "galactic black holes" that reside in the bulges of satellites in the halo; 

secondly, there are black holes that have been ejected from their host galaxy and 

which we term "wandering" black holes (Volonteri and Perna 2005). The population 

of wandering black holes, in turn, is made up of "intrahalo black holes" that are 

still inside the host halo's virial radius at z = 0, and "intergalactic black holes" 

which have been ejected from the halo and lie outside the virial radius at z = 0. 

Tracking black holes 

Black holes that remain within their host bulge are always assumed to be located 

at the centre of the galaxy. When a black hole is ejected from its galaxy as a result 

of a recoil, we search for a particle in the simulation in the neighbourhood of the 

galaxy with appropriate velocity which, we assume, tracks the orbit of the black 

hole. To find as close a match as possible, we define a cost function and attach the 

escaping black hole to the particle that minimises the cost. The cost function we 

adopt is: 

( 4.12) 

where f:lri and vi,f are the position and radial velocity of the ith particle relative to 

the initial black hole position and velocity, Vej = (v~ick- v!J 112 is the velocity the 

black hole has when it escapes from the galaxy and r * = 0.33 Mpc. 

For modest kick velocities, Vpf $ 300 km s-1, a suitable particle is usually found 

and 75% of the ejected black holes are identified with particles with Ci < 0.5. As 

Vpf is increased, the identification becomes increasingly difficult. Black holes with 

such large kick velocities, however, are likely to be ejected from the halo in any 

case. Thus, if no particle with Ci < 0.5 is found, we assume that the black hole has 

been lost from the halo to become part of a population of intergalactic black holes. 
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Stable discs Unstable discs 

Nsat with bulges 17.3 52.5 

Median Mblg 2.42 X 106h- 1 M0 6.5 X 105h- 1 M0 

Smallest Mblg 1.68 X 105h- 1 M0 1.4 X 105h- 1 M0 

300kms-1 500kms-1 300kms-1 500kms-1 

N BH 17.3 17.0 64.5 59.3 

Nsat BH 15.2 15.2 44.0 43.3 

N intrahalo BH 2.2 1.8 20.5 16.0 

Nintergalactic BH 3.2 4.0 15.0 23.5 

Table 4.1: The mean number of satellite galaxies and black holes for both the fiducial 

model in which unstable discs form bulges and the model in which disc instability is 

ignored. In all cases we only consider satellites within r vir with Mv < -7 and black 

holes with M 8 H > 102h-1 M0 . The first section of the table lists the mean number 

of satellites with bulges and their median and minimum total stellar masses. The 

second section lists, for both Vpf = 300 km s-1 and Vpf = 500 km s-1
, the mean total 

number of black holes within the virial radius, N 8 H, of which NsatBH are galactic 

black holes residing in satellite galaxies, and NintrahaloBH are wandering black holes 

within the main galaxy halo. The last row gives Nintergalactic BH, the mean number 

of wandering black holes that have escaped beyond the virial radius of the main 

halo. 
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The general properties (number density, luminosity function) and spatial distri­

bution of the satellite population depend somewhat on whether or not we assume 

that unstable discs generate galactic bulges. The statistics of the associated black 

holes, on the other hand, depend strongly on this assumption since many more 

bulges and black holes are formed when disc instability is taken into account. As 

above, in what follows, we take the unstable disc case as our fiducial model, but 

summarise also results when only mergers are assumed to give rise to bulges. 

The distribution of black holes 

The spatial distribution of black holes and dark matter in one of our simulations is 

illustrated in Fig. 4.5. The top two panels correspond to the model with unstable 

discs and the lower two to the model without unstable discs. In both cases, the 

left-hand column shows results for a kick velocity prefactor of Vpf = 300 km s-1 and 

the right-hand column for a kick velocity prefactor of Vpc = 500 km s- 1
. The greater 

efficiency of bulge formation in the unstable disc case is reflected in the larger 

number of black holes in this model. Those black holes that are still associated 

with a satellite galaxy are indicated by circles while those that have been ejected 

(the "wandering" black holes) are indicate by squares. 

Tests of the mass resolution of our calculation in which we artificially increased 

the minimum halo mass used in the merger trees indicate that our catalogues are 

essentially complete for satellite galaxies with V-band luminosity brighter than -

7 (corresponding to a mass larger than 1.4 x 105h-1 M0 ). To this limit we find 

that, for the unstable disc model, each simulated galaxy halo at z = 0 contains, 

on average, 52 satellites within its virial radius. The median bulge stellar mass 

of this population is 6.5 x 106h- 1 M 0 with a corresponding black hole mass of 

6.5 x 103h-1 M0 in the ideal maH - mb relation. The fraction of these satellites 

that retain a central black hole at the final time depends weakly on the assumed 

prefactor for the kick velocities. For Vpf :S 300 km s- 1 85.4% of satellites retain 

a central black hole at the final time, but this fraction is reduced to 84.2% for 

Vpf :S 500 km s- 1. 

The number density profiles of the black hole populations of each of our sim­

ulations, assuming our fiducial Vpf = 300 km s-1, are shown by the dotted lines in 



4. Gravitational Recoil 112 

Fig. 4.4. These can be compared with the dark matter density profiles and the cor­

responding number density profiles of satellite galaxies with a V band magnitude 

Mv < -7. In order to compare wandering and satellite black hole populations of 

similar masses, for this plot we selected only black holes with mass greater than 

that of the black hole in the lowest mass bulge of the satellite sample. The density 

profile of black holes is seen to be intermediate between that of the dark matter and 

that of the satellites and, in a couple of cases, wandering black holes are found as 

far in as rvir/30. Our understanding of this behaviour is that these black holes are 

ejected from the progenitors of both present day satellite galaxies and the progeni­

tors of galaxies which by the present have merged with the central galaxy. As the 

ejection velocities are not large, these wandering black holes initially have orbits 

similar to the galaxies that ejected them but, being lighter, they are not subject 

to dynamical friction and so, unlike the satellite galaxies, those near the centre are 

not removed by merging with the central galaxy. 

The black hole mass function 

In the case of the fiducial model (in which unstable discs form bulges), each Milky­

Way mass halo generated on average 80 black holes of mass greater than 102h-1 M 0 

for 300 ;S Vpf ;S 500 km s-1 during the course of its formation. Of these, at z = 0 

approximately half were wandering black holes and the other half were galactic 

black holes retained by their host satellite galaxies. Of the wandering black holes, 

the fraction that are ejected with sufficient velocity to completely escape the halo 

depends more sensitively on Vpf· For Vpf = 300kms-1, 42% become intergalactic 

wandering black holes while for Vpf = 500km s-1 this fraction increases to 60%. 

These numbers and the corresponding ones for the model in which disc instability 

is ignored are given in Table 4.1. 

At the present day, there are only 50 black holes more massive than 102h- 1 M 0 

within the centrallOO h- 1kpc of the halo. Black hole passages through the disc are 

therefore rare and unlikely to have affected the structure of the disc substantially. 

A large population of intergalactic black holes exists beyond the virial radius of 

the halo. Some of these are attached to small galaxies that will eventually become 

satellites, but others are black holes that were ejected from the halo altogether. 
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Figure 4.6: The total mass functions for halo black holes. The left-hand panels show 

the average number of black holes per halo for Vpf = 300 km s-1 while the right­

hand panels show the same quantity for Vpf = 500 km s- 1. The upper two panels 

show histograms for models where discs are unstable to bulge formation while the 

bottom two panels show data for models where disc instability is ignored. The red 

dashed histogram represents the mass function of black holes that reside in satellite 

galaxies; the blue solid histrogram represents the mass function of wandering black 

holes that have been ejected from their host bulges. The black histogram is the 

combined mass function. 



4. Gravitational Recoil 

0.8 

0.6 

rn 0.4 Q) 

:<::::: 

Q) ...., 
0.2 <1) 

rn 

.S - 0 -:.;:::; 
rn 
rn 

::r:: 1 
o:l 
..... 
0 

~ 0.8 
0 

:.;:::; 
(.) 
<1) 

0.6 s.... ..... 

0.4 

0.2 

0 

2 

v.,= 300 kms-•. unstable disk 

4 6 2 

log!O (MBH/h-1M0) 

114 

v.,= 500 kms-•, unstable disk 

4 6 
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4. Gravitational Recoil 115 

(Only the fraction of these that were tagged with a particle are shown in Fig. 4.5.) 

Fig. 4.6 shows the mass function of halo black holes, averaged over all six sim­

ulations, for two assumed values of Vpf in the models with and without unstable 

discs. Black holes in satellites within the virial radius whose host galaxy is brighter 

then Mv < -7 and all wandering black holes are included. In all cases, the central 

supermassive black hole of mass ,....., 106 - 107 M0 has been omitted from the sam­

ple. In the unstable disc case, the medians of the distribution are 102
·52h-1 M0 and 

102·56h- 1 M0 for Vpf = 300 and 500 km s-1 respectively. In both cases, we expect a 

typical halo to have,....., 3 black holes of mass M > 105h-1 M0 . The mass distribution 

is slightly wider for the larger value of Vpf, reflecting the larger efficiency of black 

hole ejection in this case. In the case where disc instabilities are ignored, there are 

fewer black holes (note the difference in the scales of the y-axes in the upper and 

lower panels of this figure), but the distributions are shifted to slightly higher black 

hole masses with a median of,....., 103·0h-1 M0 and virtually no black holes of mass 

M > 105h-1 M0 . The reason why the median is shifted to slightly higher masses in 

the stable disc case is because in this case there are fewer ejections, thus allowing 

satellite galaxy black holes to grow larger. 

Also shown in Fig. 4.6 is the result of splitting the black hole mass function 

into the two populations: the satellite galaxy black holes and wandering black holes 

(red dashed and blue solid line respectively). The bimodal nature of the total mass 

function is visible as the result of these two distinct populations. The median of the 

satellite black hole mass distribution is ,....., 102·24h-1 M0 while the wandering black 

hole population peaks at ,....., 103·25h- 1 M0 for unstable disc modes. In the stable 

disc models, the bimodality is also visible although slightly less pronounced. This 

tendency for the wandering black holes to be more massive than those retained in the 

satellites is shown clearly in Fig. 4. 7, which plots the fraction of black holes of each 

mass that are associated with satellite galaxies as a function of black hole mass. We 

see that below 105 M0 the fraction associated with satellite galaxies is a decreasing 

function of black hole mass. For low masses (M < 102·5h-1 M0 ), more than 90% of 

black holes are in satellites. However, at higher masses (103·5 < M < 105h-1 M0 ), 

the majority of black holes are found to be wandering. The reason for this bias in 

the masses of wandering black holes compared to satellite black holes is the fact 
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that larger satellites are more likely to merge and experience a kick then smaller 

ones. Since the dynamical friction timescale is inversely dependent on satellite mass 

(eq. 4.16 in Cole et al. 2000), we expect the physics of kicks to have a larger effect 

on the higher mass satellites and bulges than on the lower mass ones. The lower 

mass satellites will have experienced few if any ejections and their central black 

holes will be unaffected by velocity kicks. 

In principle, a large population of wandering black holes could affect the match 

between the total mass in black holes at the present day and the mass in quasar 

remnants inferred from energy considerations (Soltan 1982). In our calculations, 

however, wandering black holes make up, on average, only 2.6% and 3.9% of the total 

black hole mass in our simulated galactic halos for Vpf = 300km s-1 and 500km s-1 

respectively. Wandering black holes do, however, make up a large fraction of the 

intrahalo black hole population (ie. all halo black holes excluding the central one). 

For these two values of Vpr, unattached wandering intrahalo black holes make up 

31.8% and 48.4% of the total intrahalo satellite black hole mass. 

Another noteworthy feature of the black hole mass functions of Fig. 4.6 is the 

presence of a small population of very massive black holes with M8 H > 105h-1 M0 . 

This population is primarily composed of wandering black holes, although a portion 

of it in the unstable disc model consists of black holes in massive satellites whose 

bulge masses are ""' 108·24h- 1 M0 , as evidenced by the high mass peak in the upper 

panels of Fig. 4. 7. In stable disc models, this population is composed entirely of 

wandering black holes. These massive wandering black holes originate from ejections 

from the central galaxy that occurred when the central galaxies bulge had a mass of 

""' 109h- 1 M0 . The central galaxy has since undergone subsequent phases of bulge 

formation to bring its mass to ""' 1010h- 1 M0 and, in the process, has regrown a 

central black hole of mass ~ 107h-1 M0 . 

4.6 Discussion and conclusions 

The gravitational recoil of merging black holes is an important physical effect in 

a universe built up hierarchically through the repeated merging of galactic units. 

Whenever galaxies that host black holes merge, the black holes themselves will 
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coalesce and there exists the potential for the remnant black hole to be ejected from 

the galaxy, provided the recoil velocity is high enough and the galactic potential 

shallow enough. 

We have examined the role that gravitational recoil plays on the demographics 

of black holes. We find that the process of ejecting black holes from galaxies is 

efficient if bulges and black holes grow both in galaxy mergers and as a result of 

discs becoming unstable, because in this case nearly all bulges contain a black hole. 

In models where disc instability is ignored, this process is not as efficient because 

fewer bulges and associated black holes exist and because black hole - black hole 

mergers tend to occur late when the galactic potential wells are deeper. In the 

former case, black hole ejections produce a significant contribution to the scatter 

in the m 8 H - mb relation. In fact, conservative estimates of the scatter in the 

observed relation constrain the recoil prefactor velocity to Vpf < 500 km s- 1
, which 

is consistent with the general relativistic calculations of Favata et al. (2004) and 

Blanchet et al. ( 2005). 

Our results regarding the demographics and spatial distribution of black holes 

are in broad agreement with those of Volonteri and Perna (2005) in spite of the 

different assumptions and methodologies employed in the two studies. For example, 

the respective radial profiles of intrahalo satellites are similar and Volonteri & Perna 

find that the population of ejected intrahalo black holes extends further into the 

centre of the halo than that of satellite-resident black holes, just as in three of our 

six N-body simulations. Our predicted black hole mass function in the disc-unstable 

model is similar to the Volonteri & Perna mass function although this agreement 

is, in part, a coincidence since in their model black holes grow only during merger 

events. 

Is there any empirical evidence for the kind of black hole processes present in our 

model? Coccato et al. (2006) have recently reported the discovery of a black hole 

in NGC 4435 whose mass is smaller than about 20% of the value expected from the 

m 8 H - mb relation. Black holes with a smaller than expected mass arise naturally 

in our model, although masses as extreme as this could be rare. For example, in our 

model with Vpf = 300 km s- 1, only 2 - 3% of black holes have a mass that deviates 

as much or more from the mean relation as that of the black hole in NGC 4435. 
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However' if Vpf = 500 km s- 1 this fraction raises to rv 20%. 

Indirect evidence for black holes with masses below those expected from the 

m 8 H - mb relation has been presented by Colbert and Mushotzky (1999). They 

argue that the compact X-ray sources often seen near the centre of elliptical and 

spiral galaxies could be black holes of mass rv 102 - 104 M0 . Interestingly, these 

sources are often displaced from the centre by a few hundred parsecs. Similarly, 

Neff et al. (2003) have discovered a group of off-centre compact X-ray sources in the 

merger remnant NGC 3256 which, they argue, could be intermediate-mass black 

holes. In our model, these objects might be identified with the black holes of 

infalling satellites or with recently merged black holes that have been kicked out of 

the galactic centre, their growth stunted as a result. 

To investigate the spatial distribution of black holes in Milky-Way like galactic 

halos we used a set of N-body simulations to track both the satellite galaxies that 

host black holes and also the black holes that are ejected from their host galax­

ies. We find that the black hole mass function is bimodal, being composed of two 

overlapping populations. The lower mass population consists of black holes at the 

centre of orbiting low mass satellites that have not undergone recent mergers, while 

the slightly higher mass population is composed of wandering black holes that have 

been ejected from mergers that formed the central galaxies and the more massive 

satellites. Among the latter population, we find a few supermassive ( < 106h- 1 M0 ) 

black holes that were ejected from the main progenitor of the central galaxy suf­

ficiently early such that the bulge of the central galaxy has had enough time to 

regrow a sizable black hole. There is also an intergalactic population consisting of 

black holes whose recoil velocity was large enough not only to unbind them from 

their host galaxy but also from its halo. 

In the future it may be possible to detect the formation of wandering black holes 

directly using instruments such as LISA 2 that can directly measure the gravitational 

radiation emitted in the black hole - black hole merger that ejects the remnant. 

In the meantime, detecting these black holes presents an interesting challenge. In 

practise, an ejected intergalactic or intrahalo black hole is likely to bring along a 

small cusp of stars tightly bound to it as it escapes the halo's potential. These 

2http://lisa.jpl.nasa.gov/ 
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stars would provide the only measurable way of detecting such black holes. Most 

likely, there would not be any gas that could be accreted and hence the black 

holes would not be observable in the conventional way. However, if the orbits 

of the stars that are bound to the black hole are gravitationally perturbed, some 

of them may be accreted by the black hole. In addition to emitting a burst of 

gravitational radiation, this type of infall would tidally disrupt the star and create 

a small accretion disc which would radiate according to the standard physics of 

accretion discs. The gravitational radiation signature and accretion disc emission 

would provide the best way to identify these black holes. 

Magain et al. (2005) have recently discovered a quasar, HE0450-2958, which has 

no visible host galaxy and, at first sight, is a good candidate for an escaped black 

hole. Haehnelt et al. (2006) have indeed suggested that the quasar may have been 

ejected from a nearby ultraluminous infrared galaxy (ULIRG) either through the 

gravitational recoil process we are considering here or through a gravitational sling­

shot associated with three or more black holes involved in the merger responsible 

for the ULIRG. Hoffman and Loeb (2006) have argued that the quasar is much too 

far from the companion galaxy, ""' 7 kpc, to have been ejected with a velocity of 

300 km s-1 and favour the slingshot mechanism. From kinematic information de­

rived from the spectra of the quasar and companion galaxy, Merritt et al. (2005) 

also derive a large putative kick velocity ""' 500 kms-1 . They further argue that the 

presence of a narrow emission line region at a distance of ""' 1.5 kpc is incompatible 

with such a large ejection velocity. Hoffman and Loeb (2006), however, point out 

that the emission line region could plausibly be generated by cold gas clouds left 

over from an active "feedback" AGN phase and which lie in the vicinity of the 

quasar. Clearly, further observations of this interesting object are required in order 

to establish whether or not an ejected black hole is involved. 

Ultraluminous X-ray sources (ULXs) or micro-quasars have long been regarded 

as candidates for intermediate-mass black holes, M8 H ""' 100- 1000M0 , radiating 

near the Eddington limit (see e.g. Fabbiano 1989; Mushotzky 2004 and references 

therein). This is exactly the kind of object that would be naturally identified with 

the orbiting intrahalo black holes predicted by our model. This interpretation, 

however, has two difficulties. Firstly, ULXs tend to be associated with star-forming 
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regions and their frequency seems to be correlated with the galactic star formation 

rate (see e.g. Kaaret et al. 2004 and references therein). These facts lend support 

to the view that ULXs are stellar mass black holes emitting beamed radiation at 

highly super-Eddington rates or perhaps intermediate mass black holes formed in 

a young star cluster (Portegies Zwart et al. 2004). The second argument against 

identifying ULXs with the intrahalo black holes in our model is the difficulty of 

finding a suitable source of material for the black hole to accrete (Volonteri and 

Perna 2005). There are, however, some examples of ULXs, most notably the ULX 

in M82 (Kaaret et al. 2001) and that in the interacting galaxy NGC 7714 (Smith 

et al. 2005), that are probably much too bright to be explained even as exotic super­

Eddington luminosity stellar mass black holes (King et al. 2001). King and Dehnen 

(2005) call objects like this "Hyperluminous X-ray sources" (HLX) and argue that 

these objects are precisely the intrahalo black holes associated with satellites in our 

model which switch on when they come close to the galactic centre. Since the exact 

mechanism by which these black holes would be activated is uncertain, we cannot 

predict how common this phenomenon should be. However, our model contains, in 

principle, a plentiful supply of intermediate mass black holes orbiting in the halo of 

every galaxy which is sufficient to account for the presence of a few ULXs or HLXs 

in most galaxies. 



Chapter 5 
Conclusions and Future 

Work 

5.1 Conclusions and Future Work: Satellites 

In this thesis we have posited and attempted to answer two questions, likely to be 

important in understanding the galaxy formation puzzle. The first concerns the fact 

that the 11 known satellite galaxies within 250 kpc of the Milky Way lie close to a 

great circle on the sky. Kroupa et al. (2005) noted that this anisotrpoic alignment 

is a highly unlikely outcome in the CDM model. In Chapter 2 we used six high 

resolution N-body simulations of galactic dark matter halos to investigate whether 

this remarkable property can be understood within the context of the cold dark 

matter cosmology. We constructed halo merger trees from the simulations and used 

a semi-analytic model to follow the formation of satellite galaxies. We found that 

in all 6 of our simulations, the 11 brightest satellites are indeed distributed along 

thin, disk-like structures analogous to that traced by the Milky Way's satellites. 

This feature was also seen in simulations executed with a different prescription for 

star formation and gas cooling (see Chapter 3). This is in sharp contrast to the 

overall distributions of dark matter in the halo and of subhalos within it which, 

although triaxial, are not highly aspherical. We found that the spatial distribution 

of satellites is significantly different from that of the most massive subhalos, but 

is similar to that of the subset of subhalos that had the most massive progenitors 

at earlier times. We also found that the elongated disk-like structure delineated 

by the satellites has its long axis aligned with the major axis of the dark matter 

halo. In the dark matter only runs we verified our results were robust by changing 

some of the physics (e.g. reionization) modelled by the semi-analytics. However in 
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principle, our work in Chapter 2 was still limited by having only six simulations at 

our disposal. 

With the advent of the Sloan Digital Sky Survey, many new Milky Way satellites 

have been discovered in rapid succession. This has occured because the survey is 

able to, for the first time, observe very low surface brightness objects. The discovery 

of eight such objects over the summer of 2006 (Zucker et al. 2006, Belokurov et al. 

2006a, Belokurov et al. 2006b, Willman et al. 2006), increases the number of known 

Milky Way satellites by nearly a factor of 2. However, all the newly discovered 

satellites are much fainter than the previously know 11 and have very low absolute 

magnitudes (Mv ;::: -7.8). Hence the sample of the 11 brightest satellites we use 

(which is identical to the sample used by Kroupa et al. 2005), is uneffected by the 

discovery of additional low surface brightness satellites. 

The lack of a statistically large sample was also present in Chapter 3 where 

we used two cosmological hydrodynamic simulations to study the alignments of 

the angular momenta and the spatial distribution of satellite galaxies, dark matter 

haloes and the central galaxies. In Chapter 3 we were able to resolve slightly more 

galactic systems (nine) than in Chapter 2, however the same small sample size 

problem meant only three of these had enough satellites to make a comparison 

with the Milky Way meaningful. Since we used the galaxy formation simulations of 

Okamoto et al. (2005) (which are able to produce realistically sized galaxy discs), 

we were able to study not only the sense of the satellite galaxy anisotropy (i.e. 

whether it is perpendicular to the galactic disc) but also the alignment between 

the angular momentum of the galactic disc and various components of the halo. 

We found that for galaxies with a significant disc component, the disc and the 

dark halo's angular momenta are aligned out to the virial radius. We also found 

that the total angular momentum of the satellite distribution is within 30° of being 

perpendicular to the long axis of its spatial distribution. As in Chapter 2 we found 

that the anisotropic satellite galaxy distribution tends to align itself with the long 

axis of the dark matter halo. We also found that the short axis of two of our satellite 

systems were perpendicular to the short axis of their central galaxies, implying that 

two out of three of our systems had a similar configuration to the Milky Way and 

its satellite system. 
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Since these simulations were gas-dynamical we were also able to investigate the 

luminosity function and gas content of the satellite galaxies. We found that unlike 

the semi-analytic models, the hydrodynamic simulations are more efficient in mak­

ing large gas rich satellites and come close to matching the observed distribution. 

The bright end of the luminosity function is well matched, but at the faint end our 

simulations do not produce enough objects. This is due to our resolution limit, and 

any results at the very faint end are unlikely to be complete. 

In order to make a statistically substantiated statement about the co-evolution 

of galaxies and their satellites, a larger sample is clearly needed. Indeed, if we wish 

to compare our theoretical work with, for example, observational studies made 

with the SDSS, we will need to simulate on the order of 104 central galaxies (the 

SDSS analysis by Yang et al. (2006) contained rv 4 x 104 unique central galactic 

systems). At present this seems unlikely, however as our computational ability 

to simulate large cosmological regions increases, new faster codes will be able to 

achieve this level of precision within the next few years. The largest dark matter 

simulation conducted to date, the Millennium Simulation (Springe! et al. 2005), 

produces an order of magnitude more galaxies in Milky Way sized haloes than the 

observational work of Yang et al. (2006) ( rv 8 x 105 central galaxies in haloes of mass 

5 x lOu M0 < MH < 1 x 1013 M0 ; Helly, private communication). However, the 

Millennium simulation's resolution is far too low to reliably resolve satellites much 

dimmer then the LMC (the particle resolution is rv 109 M0 ). Likewise, in order to 

make definitive predictions on the alignment between satellites and central galaxies, 

or the alignment between the angular momenta of halo and central galaxies, many 

more well resolved galactic discs are needed. This is likely to be achieved with the 

advent of large hydrodynamic simulations of cosmological regions. 

5.2 Conclusions and Future Work: Black Holes 

The second question we have attempted to address concerns the role of gravitational 

radiation in expelling black holes from galaxies. Galactic bulges are known to 

harbour central black holes whose mass is tightly correlated with the stellar mass 

and velocity dispersion of the bulge. In a hierarchical universe, galaxies are built up 
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through successive mergers of subgalactic units, a process that is accompanied by 

the amalgamation of bulges and the likely coalescence of galactocentric black holes. 

In these mergers, the beaming of gravitational radiation during the plunge phase 

of the black hole collision can impart a linear momentum kick or "gravitational 

recoil" to the remnant. If large enough, this kick will eject the remnant from 

the galaxy entirely and populate intergalactic space with wandering black holes. 

In Chapter 4 we used a semi-analytic model of galaxy formation to iilVestigate 

the effect of black hole ejections on the scatter of the relation between black hole 

and bulge mass. We found that while not the dominant source of the measured 

scatter, this mechanism does provide a significant contribution and may be used 

to set a constraint, Vkick '$ 500km s-1 , on the typical kick velocity, in agreement 

with values found from general relativistic calculations. Even for the more modest 

kick velocities implied by these calculations, we found that a substantial number of 

central black holes are ejected from the progenitors of present day galaxies, giving 

rise to a population of wandering intrahalo and intergalactic black holes whose 

distribution we were able to qualify. Although we found that intergalactic black 

holes make up only "" 2 - 3% of the total galactic black hole mass within a halo, 

wandering black holes can contribute up to about half of the total black hole mass 

orbiting the central galaxy. 

In our black hole work in Chapter 4, we used a cost function to tag particles 

which had the same velocity and position as our ejected black holes. For the limited 

set of properties we investigated, this proved to be accurate enough for a quanti­

tative study. To study more details of the ejected black hole population, it would 

be beneficial if one could introduce a "new" particle into the simulation with the 

exact mass, position and velocity of the ejected black hole. To do this would require 

re-running the simulation at each time step, after inserting the requisite black hole. 

The computational cost of such a technique is at the moment, far too expensive. 

However, it might be possible to incorporate such ideas into the simulation code 

itself, and calculate the dynamics of ejected black holes on-the-fly, as the simula­

tion advances. Such work has yet to be attempted mostly due to the uncertainty 

regarding the gravitational recoil velocity kick. However, as progress in minimising 

the uncertainties in the recoil calculation, as well as an extension in understanding 
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the influence, this calculation may in the future be possible. 
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