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Abstract

Understanding the formation and evolution of galaxies is ofithe primary research
goals of astronomy today. Galaxies are observed to havege @inmasses, colours
and morphologies, and various processes, including feddbave been proposed to
explain these differences. Some of these processes atedrédathe environment in
which a galaxy resides. In this Thesis | present the restlthree projects | have
undertaken to help increase our understanding of galaxyeton. The first was to
investigate the different methods of structure detectgedun simulations. Placing an
identical subhalo at different radii inside a larger halmdastrated that subhalo mass
recovery is radially dependent. Subhaloes closer to theeah a halo are recov-
ered smaller than haloes near the edge, but their peakaninegiocity is less affected.
The second project set about investigating different wdys@asuring galaxy envi-
ronment. Observationally galaxy environment is most comisnaneasured through
nearest neighbours or fixed apertures, and these haveediffieslationships to the un-
derlying dark matter haloes. Fixed aperture measures asgtige to halo mass and
best probe the ‘large-scale environment’ external to a.hdanwhile nearest neigh-
bour measures are insensitive to halo mass and best probedhkenvironment’
internal to a halo. The final project involved implementihg Accretion Disc Particle
(ADP) model of black hole growth within a cosmological, largplume simulation, in-
cluding cooling, star formation and feedback. Comparing thethod with a modified
Bondi-Hoyle model allows for the investigation of how acaretrates affect feedback
and galaxy properties. ADP suffers from the limited resolubf large-scale simula-
tions and produces unphysically large accretion discs. Bmttlels can reproduce the
local black hole scaling relations, but produce black ho&ssnfunctions that do not

agree with observations.
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Chapter 1

Introduction

Astronomy started as an observational science and stiteidgminately today. When
one mentions astronomy, the first thing people think of iskibautiful Hubble Space
Telescope images that give us intricate details of galdaiemway from our own. One
of the often forgotten beauties of these galaxies is thatfienation and evolution can
be fully described using our knowledge of physics and cosgyllt is this great desire
to understand these structures that has led to a secondan&ify in astronomy, that
of modelling. The idea of modelling is a simple one; if allustiures in the Universe
follow the laws of physics then applying these laws shouloalis to recreate them.
Obviously building a galaxy in the laboratory is an impossitask, but building one

on a computer is not and hence the birth of computational otzsyyg.

Modelling astrophysical problems has come a long way in apaoatively short time.
This evolution can be excellently shown by considering twareples for the study
of galaxy interactions. Holmberg (1941) investigated therfation of tidal features
in interacting galaxies in one of the first modelling papéf® represented a galaxy
with 37 light bulbs, with the luminosity of each bulb represeg the mass in that part
of the body. He then used the measured light to representréivétaional field and
calculated the motion in a timestep. Each bulb was then dickeand placed in its
new position by hand. This can be contrasted with Di Mattgwingel & Hernquist
(2005) 64 years later. In the age of supercomputers, thegsepted each galaxy with
80,000 particles, including dark matter, gas and starsy Bimaulated the merger of

two galaxies usingv-body/Smooth Particle Hydrodynamics including radiatieel-



Introduction 3

ing, star formation, supernovae feedback and black holethrand feedback. Today,
the size of simulations are ever increasing with the largesttophysically usefuly-
body simulation being the ‘Dark Energy Universe Simulatidfull Universe Run’
(DEUS FUR; Alimiet al,, 2012) following the evolution 0§1923 (~ 550 billion) dark

matter particles in a cube of side len@thh~'Gpc.

The increasing complexity of these models has allowed usastidally increase our
understanding of galaxy formation. Froi-body simulations we have been able to
constrain our cosmological model and through hydrodynaraie semi-analytics we
understand how galaxies relate to the underlying dark miggtd. Although there have
been many successes, there are still many unansweredamgedh this Thesis | will
focus on addressing three areas of astronomy that req@ieaneh: structure finding
in simulations, measuring galaxy environment and the draftsupermassive black

holes.

Running a simulation can be broken down into a three stageepso¢irstly, the initial
conditions (ICs) are generated for the type of simulation wigh to run. These are
then read into a code to evolve them towards the present dajlyra structure finder
is run to extract the haloes and subhaloes from which arsatgsi be performed. A lot
of focus has been placed on comparing how different coddsestioe ICs and some
work has also looked at the ICs generation as well (Freindl,, 1999; Scannapieco
et al, 2012; Reecbt al,, 2013). So far very little work has been performed comparing
the results of the structure finding process and this could mportant consequences.
If the haloes found by one code do not agree with another tugldead to the con-
clusion that different science is happening in differembdations when in fact the
difference is numerical. For example, two halo finders tieabver mass differently
could produce different mass functions for the same sinaatwhich would imply
different cosmological parameters were used. This couleMea further complicatied
if the difference in recovery is environment dependent witbhaloes near the centre
of haloes being truncated more than subhaloes near the €dggewould have a pro-
found effect on studies of tidal stripping. While these exbasfare extremes, without
a study into structure recovery it cannot be said for sureathalo finders are finding

the same thing. To try and constrain the differences, infthesis | take two commonly
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used halo finders that use different techniques and apphy tbe well constrained set
of test cases. This will help answer if there are any diffeesrbetween the structures

recovered and help constrain the differences for futuréyaisa

A galaxy’s environment is known to be correlated with a nunddets properties. One
of the earliest examples of this was that morphology andrenmient are linked, with
the fraction of early-type galaxies being higher in denserrenments (Oemler, 1974;
Dressler, 1980). This work has been extended to show thakigal in dense envi-
ronments tend to be more massive, brighter, redder andvpassdhile in less dense
environments galaxies tend to have lower mass, are fabitext and star forming (e.g.
Norberget al, 2002; Zehaveet al., 2005; Shetlret al,, 2006; Liet al., 2006; Tinker
et al, 2008; Ellisoret al,, 2009; Skibba & Sheth, 2009; Skibkaal., 2009; de la Torre
et al, 2011). The effect of environment is often posed as a questionature ver-
sus nurture’. This revolves around whether galaxies hadengone rapid evolution
by being in dense environments and we are seeing the hagtehimernal processes
(nature) or are processes only associated with dense ememts, such as tidal strip-
ping and increased merger, causing the evolution (nurtdietharacterise a galaxy’s
environment its galaxy density is calculated on some predédfscale. The most com-
mon techniques used to calculate the density tend to be eittfenearest neighbour,
where the distance to a fixed nearest neighbour is used, ar diperture, where the
number of galaxies are counted within a fixed radius. Sintdahe structure finding
project, having two methods of calculating the same prgpves not guarantee they
are both giving the same result. Depending on scale, differethods might measure
different things as fixed apertures tend to smooth the Higion while nearest neigh-
bour is highly adaptive to scale. There is also the questidirow each environment
measure relates to the underlying dark matter haloes. faisgling environment in
terms of galaxy density and halo mass might give new solsttonthe question of
‘nature versus nurture’. To investigate the biases in nraaggalaxy environment, in
this Thesis | apply twenty published environment measweasxell constrained mock
galaxy catalogue with the aim of understanding what phygicerties each measure
corresponds to. This will allow for a better understandifigvbat is actually being

measured by current galaxy environment estimators.
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Supermassive black holes reside at the centre of all galsuith a stellar spheroid (Ko-
rmendy & Richstone, 1995; Ferrarese & Merritt, 2000) andrtheass shows strong
correlations with the galaxies bulge stellar mass and glocspersion (e.g. Magor-
rian et al, 1998; Gebhardet al, 2000; McLure & Dunlop, 2002; Tremainet al,,
2002; Marleatet al, 2012). It has also been shown that feedback from black l®les
essential in shaping the high mass end of the galaxy massdariBoweret al., 2006;
Crotonet al,, 2006). With so many properties related to the black hols éssential
that they are modelled accurately in simulations in ordeprduce realistic galax-
ies. Black hole feedback is the release of energy caused lgrialatccreting onto the
black hole. This means that the key to implementing black$oi simulations is the
accretion rate. To investigate the growth of black holesigs Thesis | implement the
Accretion Disc Particle method (ADP; Power, Nayakshin & ¢(i2011) and compare
it to a modified Bondi-Hoyle model (Booth & Schaye, 2009). Tha & to see how
accreting baryonic material onto black holes in differemtys affects the accretion

rates and in turn the galaxies that form.

In the rest of this Chapter | will begin in Section 1.1 by outligy our current under-
standing of how structure forms in the Universe. This willdbsummary of how a
Universe dominated by cold dark matter and a cosmologicastemt \CDM) pro-
duces galaxies and structure, but will also touch on somé&efititations of the
theory. | will then outline in Section 1.2 the different metts used to simulate struc-
ture formation in general and highlight where they are aapin this Thesis. Finally
in Section 1.3 | will give an overview of the different topigsthis Thesis and how

they are structured.

1.1 Overview of Structure Formation

Galaxy formation is very complex and is the result of a corabon of many processes,
some of which will be summarised here. A basic outline of aurent understanding
from Mo, van den Bosch & White (2010) is shown in Figure 1.1. lis tBection |

aim to only give a brief description relevant to this Thesid ghose interested should

refer to Mo, van den Bosch & White (2010). A basic summary of Fegl.1 is that
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cosmological initial and boundary conditions
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gravitational instability

!
dark halo (dark matter + gas) I‘—

cooling effective?

no arge angular further merger yes
momentum? and acecretion?
dissipative gaseous disk hot halo
collapse; I
starburst :
star formation

disk galaxy

yes no .
}'es

starburst : e
tidal tail : .. —— | bar instability
: AGN, tacil[al tail gas inflow
. AGN
= spheroidal system i
central bulge
gas accretion”

elliptical bulge /disk system disk

Figure 1.1: A schematic overview of hierarchical galaxy formation frivio, van den Bosch &
White (2010) (see also Cokt al, 2000; Baugh, 2006).
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cosmology sets the initial conditions from which dark matialoes form and trap
gas. This gas then cools to form stars and mergers, accaatmieedback dictate the

properties of the galaxy that then forms.

Modern Cosmology is built upon two principles, the Cosmolabeinciple and Coper-
nican principle. These state that the Universe is homogenesotropic and that there
exists no special observers. Putting this another way, tieellse on large-scales is
the same everywhere and in every direction. Hubble (1928¢med that the Uni-

verse was expanding and more recently this expansion wasvaukto be accelerating
(Riesset al,, 1998; Schmidet al,, 1998; Perlmutteet al., 1999). This expansion can

be described by Friedmann’s equations:

.\ 2
a 87G k2 A
a 4rG A
== (p+3p) + 5 (1.2)
3 3

whereH is the Hubble constant (which is not constantis the expansion facto€; is
the gravitational constang,is the densityp the pressurek the curvature¢ the speed
of light and A is the cosmological constant. Assuming= 0, there exists a critical

density for the Universe.:

3H?

= 1.
pe= g = (1.3)

For p < p. the Universe will be unbound and expand for ever, whiledgar p. the
Universe will be bound and eventually collapse back in cglfitdt is easier to compare

the density to the critical density:

0, =" (1.4)
Pc

wherezx represents the different constituents of the Universe thatithe overall den-

sity is given by:

Qo = Oy +Qy + Qp (1.5)
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where(2,, is the matter density), is the radiation density and, is the dark energy
density. Dark energy is a poorly understood vacuum eneg@fyditives the acceleration
of the expansion of the Universe. In the current epach~ 0, but would have been

higher at very early times, dominating immediately after Big Bang.

The matter density can be split into two dominant groupsydrac and dark matter.
The baryonic matter represents all the visible ‘ordinargttar in the Universe. Obser-
vational evidence from galaxy clusters suggested this wathe entire mass content.
Applying the Virial Theorem to clusters shows that they arechnmore massive than
just the visible component (Zwicky, 1933, 1937). Furtheidence for dark matter
came from the rotation curves of galaxies which are flat, alréisat cannot be ex-
plained with the visible matter alone (Rubin & Ford, 1970;riBst, Peebles & Yabhil,
1974). It was suggested that the dark matter could be eithssMe Compact Halo Ob-
jects (MACHOSs) or Weakly Interacting Massive Particles (WIBJPMACHOSs cannot
account for the all the missing mass. WIMPs are the favouradidate for dark mat-
ter, but these patrticles have yet to be detected. Dependitigeamass of the particle,
dark matter can be classed as hot, warm or cold. Hot dark natdicts the largest
clusters form first and fragment to form smaller objects,igagreement with observa-
tions, and so has been ruled out (White, Frenk & Davis, 1983)d Gark matter is the
favoured model and reproduces the large-scale structiaeigbt al, 1985; Springel
et al, 2005), although recently it has been suggested that warknrdatter would
better match the Milky Way satellite population while prodg the same large-scale
structure (Lovelket al,, 2012).

Strong evidence for the hot Big Bang Theory came from the obsiervof the Cosmic
Microwave Background (CMB; Penzias & Wilson, 1965). The CMB imnant of
the Big Bang and corresponds to the point where the Universeca@senough for
protons and electrons to combine to form neutral hydrogeawk as recombination.
The CMB is inhomogeneous and displays small fluctuationsmparature of the order
~ 107° K. Although the Big Bang theory was successful in explaining mlmer of
observables, there were still some things it could not ex@ébone. The Universe is
observed to be flat; = 0 and), = 1. This is an unstable solution and any slight

deviation would lead to either the Universe collapsing grasding too fast to form
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stars. The smoothness of the CMB is also a problem. For the CM® wmooth, it

must have been in causal contact which is not the case for thB&ig Theory alone.
Finally, Grand Unified Theories (GUT) predict the existentenagnetic monopoles
which are not observed. To solve these problems, Guth (19&fjosed Inflation,

a period at early times where the Universe expands at an erpiahrate due to a
guantum scalar field becoming trapped in a false vacuum. siiived the outstanding
issues by expanding the Universe fast enough that it used o tausal contact and
diluting the number of magnetic monopoles so they are notmviesl. It smooths the
Universe to keep it flat, and small quantum fluctuations aogvblup to become the

temperature fluctuations in the CMB.

These small fluctuations become the foundations for thexgeldhat form later. As
the Universe expands these overdensities collapse, orendion at a time, forming
sheets, filaments and then haloes. The haloes start off mthmass and merge to
form larger structures, this is referred to as hierarchgcawth. Gas becomes trapped
within these haloes and condenses to form stars (White & R&&8)1The cosmol-
ogy outlined here is referred to as cold dark matter with ammdsgical constant or
ACDM. ACDM has proven highly successful in explaining the growth toficture
in the Universe as shown by Figure 1.2. The predicted powectsypm matches the
observed values from Planck Collaboration (2013) to an éxuetlegree. The latest
cosmological parameters neededA@DM simulations are shown in Table 1.1. These
have evolved from those measured by Planck’s predecekedditkinson Microwave
Anisotropy Probe (WMAP). As the Planck results were onlyaetal at the end of this
Thesis, and to stay consistent with previous work, oldeueslifor these parameters
are used in this Thesis. The values adopted for the work ih €aapter are specified

there.

As gas is accreted into dark matter haloes, it is shock heatdtd virial temperature

and must cool to form stars. The time taken to cool is:

= o2 B 1,
tcool A(n, T, Z, Z) ( 6)

wheren is the densitykg the Boltzmann constani; the temperature antl(n, T, 7, z)

is the cooling function. Depending on the value of the caplime, galaxies will or
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Angular scale
00°  18° 1° 0.2° 0.1° 0.07°

6000
5000 r

— 4000 r

K2

= 3000
2000

1000

> 10 50 500 1000 1500 2000 2500
Multipole moment, ¢

Figure 1.2: The temperature angular power spectrum of the primary CNBfPlanck (points)
and the prediction frorACDM (green line). The shaded region represents cosmicnegia(Fig-
ure from Planck Collaboration, 2013).CDM is in excellent agreement with the observed points.
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Parameter Definition Planck+WP+highL+BAO
Qcpuh? Cold Dark Matter Density 0.1187 £ 0.0017
O, h? Baryon Density 0.02214 £ 0.00024
Qa Dark Energy Density 0.692 4+ 0.010
08 RMS Matter Fluctuations o&Mpc Scales 0.826 +0.012
Ng Scalar Spectrum Power-Law Index 0.9608 4 0.0054
h Hubble Parameter 0.6780 £ 0.0077

Table 1.1: The latest cosmological parameter values¥@DM from Planck temperature data and
lensing, WMAP polarisation at low multipoles, highexperiments and BAO (Planck Collabora-

tion, 2013).
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will not form. Fort.., > ty (ty = 1/H; Hubble time) the gas will not have long
enough to cool so will remain hot and galaxies will not formhisTis typical for
clusters. For.., < ¢y it depends on the dynamical time(, = 1/1/Gp) to whether
cooling is effective. .., > tqy, the gas will cool, but readjust its density distribution
quasistatically. Only fot.., < t4yn Will the gas cloud fragment which will lead to star

formation.

The cooling functionA, is dependent on density, temperature7’, metallicity, 7,
and redshift,z. A typical cooling function, with the contribution from drent el-
ements, as a function of temperature is shown in Figure 1lghoAgh the cooling
function is complex and features contributions from margmednts, it can be split
into three regimes. FdF > 10° K, cooling is dominated through energy lost by ther-
mal Bremsstrahlung, the process of free electrons scajteffratomic nuclei. Below
108K there are also contributions from metals, most notably.Irén intermediate
temperatures]0* < T < 10°K , cooling is dominated by recombination lines and
then for low temperatured; < 10*K, the cooling function drops away drastically.
This is caused by the gas being neutral and so only collisexaatation of molecules

dominates cooling.

In numerical simulations, allowing gas to cool in haloesie#® overcooling, causing
large amounts of star formation resulting in overly masgaéaxies and too many
galaxies forming. This is known as the cooling catastrofiogprevent this, feedback
processes warm the gas or ejects it from the system to hefostaation. For low mass
galaxies supernova feedback releases energy and is eff@ctieducing the number
of small galaxies (Larson, 1974; White & Rees, 1978; White & krd991). For high
mass galaxies energy from the active galactic nuclei, peavBy black hole accretion,
acts to prevent overly massive galaxies forming (Boeeal, 2006; Crotonet al,
2006). These feedback processes have been very effectiredacing galaxy mass

functions in agreement with those observed.
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Figure 1.3: Normalised cooling rates as a function of temperature farssbbundances assuming
collisional ionisation equilibrium. (Figure from Wiersmachaye & Smith, 2009)
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1.2 Modelling Structure Formation

On large-scales, linear theory can be used to calculateepgiep such as the halo mass
function. At small-scales however processes are non#iaad so simulations are
needed to solve the problemv.-body simulations have been highly successful in pre-
dicting the dark matter distribution, but simulating gasl atars is much harder. A
variety of techniques exist to put galaxies into simulagiosome of which are sum-

marised here.

1.2.1 N-body

Dark matter can be modelled as a collisionless fluid whichgerdtised into particles.
These particles do not represent elementary or particlsighyarticles but are reso-
lution elements of the field. The only force that then actshendark matter is gravity

and the potential can be found through Poisson’s equation:

V2(x) = 4nGlp(x) — 7] (1.7)

The gradient on the potential can then be used to find theexretiein on the particles.
There are various ways of determining the gravitationatdowith the most simple
being the Particle-Particle method (PP; Aarseth, 196 dt#, 1964). This involves

summing the gravitational force over all particles with:

GMm
— —(r2+62)3/2r (1.8)
wheree is the gravitational softening added to prevent- oo whenr — 0. PP scales

with N2 making it slow and so is not suitable for large

An alternative to PP is the Particle-Mesh method (PM; Elfétat & Eastwood, 1981;
Klypin & Shandarin, 1983). The discrete particle massessameothed onto a uni-
form grid. Equation 1.7 is then solved for the potential oa ¢inid using Fast Fourier
Transforms (FFT) and this is used to calculate the force empdrticles. This method
is much quicker than PP, but is inaccurate on small scalesadiie resolution of the

grid.
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Another method, that doesn't involve using FFT, is the trethod (Barnes & Hut,
1986; Jernigan & Porter, 1989). Particles are arranged ierarchy of groups. By
calculating the gravitational force using groups this mdtis quicker than PP. There
are various ways of constructing the tree, with the most comiveing the Barnes-
Hut. In this scheme the volume is split up recursively witergvcell that contains
a particle being split into 8 equally sized smaller volum&ke gravitational force is

then calculated by considering the largest node and aggptim criterion:

(1.9)

|~

r>

wherel is the size of the nodéd,is the opening angle ands the distance between the
particle under consideration and the node. If the inequelisatisfied then the node is
used to calculate the force using Equation 1.8, otherwiseojppened and the criterion
is applied to the next level. This method scalesVasg(N) making it quicker than PP,

but slower than PM. However it is more accurate at small sdhlan PM.

Most codes use a hybrid of these methods relying on PM at-segkes for speed
and either PP or Trees at small-scales for accuracy. RaRigiticle Particle-Mesh
(P*M) and Tree-PM are the most common of these. The work in thissiBhwas
conducted usingADGET (Springel, 2005) which is a Tree-PM code. Other methods
exist for performingV-body simulations and more details can be found in Hockney &
Eastwood (1981) and Dehnen & Read (2011).

1.2.2 Hydrodynamics

One possible way of adding galaxies A¢body simulations is to add the gas at the
start of the simulation and follow its evolution, includisgme subgrid density and
temperature requirements for star formation. Star foromais a poorly understood
process and often the resolution is not high enough to attesrgimulate it directly.
The fluid equations can be derived in two different referdnames, moving with the
fluid (Lagrangian) or fixed with respect to the fluid (Eulediaror simulations us-
ing the Lagrangian derivation the fluid is discretised indotigles and their properties

followed using Smooth Particle Hydrodynamics (SPH). Sommamonly used exam-
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ples includeGADGET (Springel, 2005)HYDRA (Couchman, Thomas & Pearce, 1995)
andGASOLINE (Wadsley, Stadel & Quinn, 2004). For the Eulerian formwlatithe
volume is split up into a grid and the properties are caleddor each cell. Using
Adaptive Mesh Refinement (AMR) each cell can be broken downsntaller cells
to gain more resolution and increase the speed of the codse Sommonly used
examples includ®AMSES (Teyssier, 2002)ENzO (O’Sheaet al,, 2004) andFLASH
(Fryxell et al, 2000). A further method is the recently developed Lagramduybrid
codeAREPO(Springel, 2010a)aAREPOSOIves the fluid equations on a moving mesh to
take the advantages of both methods. Using a mesh instedetbfses better treat-
ment of shocks, while having it move gives Galilean invacen For the remainder
of this section | will focus on SPH, as grid codes are not usetthis Thesis. | aim
to outline the key concepts of SPH, but for a more detailedrj@son see the review
Springel (2010b) or the code paper ®@&DGET (Springel, 2005), the code used in this

Thesis.

SPH works by smoothing out properties amongst the partiéleg field, F'(r), can be
smoothly interpolatedt(r), using a smoothing kerndll (r, h):
Fy(r) = /F(r)W(r — ', h)dr’ (1.10)

The smoothing kernel is normalised such that:

/W(r —r' h)dr' =1 (1.12)

Early work used a Gaussian for the kernel (Gingold & Monaghi@@7), but currently

the most commonly used is a cubic spline kernel:

T 2 s 3 T
1-6(g) +6(5) 0<4 <3
Wi(rh)==¢ 2(1-2)° Lot <, (1.12)
0 o > 1

whereh is the smoothing length defined by the distance to a constembar of neigh-
bouring particles or a constant mass under the kernel. Aevaluhe initial mass of

48 neighbouring particles is often used to maximise the shiiog, but prevent small
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scale clumping. Discretising Equation 1.10 gives:

Fr) =Y "EW(r —r;,h) (1.13)

~ P

from which the density, perhaps the most important quardég also be determined:
Z m; W (r; —rj, hy) (1.14)

Starting from the Euler equations in Lagrangian form forrangcid gas, the equation

of motion can be derived as:

dvZ P;
= ij [fz 5V iWii (hi) + fjp_gviwij(hj)l (1.15)
J
where,
=11+ hi 0pi ]~ (1.16)

This gives the acceleration of the particles. The changdeénntal energy can be
calculated by first considering the pressire
Py = Aip] = (v — V)piu; (1.17)

whereu is the thermal energy per unit mass anis$ the adiabatic index. This leads to

a change in thermal energy of:

d i
Wi _ ij v, —v;) - VIV, (h) (1.18)

Simulating the gas alone is not sufficient enough to studgpgaiormation. Cooling is

required to form stars and is therefore added in additiohécabove. As discussed in
Section 1.1 this leads to overcooling in haloes, so feedpanesses need to also be
added. Although simulating the gas directly has many adwpas, adding many sub-

grid models to describe the different processes can leadrtong results in the final



Introduction 18

output (Scannapiecet al, 2012). Furthermore, the resulting model is computatignal
expensive and so attempts have been made to come up with mpidied methods

of adding galaxies to dark matter simulations.

1.2.3 Semi-Analytics

Perhaps the most commonly used method of adding galaxidstiody simulations
is the semi-analytic approach. Using the outline of galaxynfation from White &
Rees (1978), White & Frenk (1991) proposed the first semi-ginatyodel. Today
there are many different implementations built with an @aging number of physical
processes (e.g. Cokt al, 2000; Boweret al, 2006; Crotonet al., 2006; De Lucia
& Blaizot, 2007; Fontet al,, 2008; Guoet al, 2011). The foundation of the semi-
analytic approach is the merger tree fromvabody simulation. This determines the
history of thez = 0 dark matter haloes, with branches representing the pruysmnihat
built that halo. Starting from halo masses and gas cooliagse and effect are then
related to each other through a series of equations. Thes#ieqs are formulated
as proportionality relations between variables and arategithrough a series of free
parameters. The free parameters are then fitted by consgydéine model to reproduce
certainz = 0 properties, such as the luminosity function and cluste(sege Bower
et al, 2010, for more details on fitting parameters). The resulh&f is that a full
galaxy catalogue, containing an array of different prapsrtis produced across all

redshifts. This is very useful for studying how galaxieslego

One of the main criticisms of semi-analytic models is thgéamumber of free param-
eters required to reproduce observables. This viewpoiexégllently summarised in
the review by Baugh (2006), stating that “some in the commyumatve clearly taken
to imply some half-baked witches’ brew of ingredients, frarmich any result can be
coaxed with a suitable incantation.” Although there are yria@e parameters, this is
an unfair criticism. There are many poorly understood psees that go into galaxy
formation and the number of parameters is a consequenceabf Al the parame-
ters have physical meaning, often relating efficienciesrotgsses, we just need to
further understand the process to understand the paranigiergreat advantage of

semi-analytics is the power to test cause and effect. Bydotimg a new model or
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changing the efficiency of a process gives an immediate atidic of what effect it
will have on the galaxy population and properties. Semiyditamodels are also very
quick to run giving a solution much faster than their hydnogyic counterparts. No
semi-analytic modelling was used in this Thesis, but somié@fenvironment mea-
sures in Chapter 3 were tested on the Boetaal. (2006) model, although that has not

been included.

1.2.4 Halo Occupation Distribution

The Halo Occupation Distribution (HOD) is a statistical hmd for adding galaxies to
the haloes of dark mattéy-body simulations. The model is built for a single redshift
and is constrained to match the luminosity function andtelisg. Using the masses
of the dark matter haloes, a statistical relation gives tnalver of galaxies above a
certain magnitude that would be expected to be found in thkt. hThis number of
galaxies is then added following the density of the halo amcihosities are assigned
to reproduce the observed luminosity function. Various HQ@Bdels constrained to
fit different magnitude limits and bands exist (e.g. Jing, &Boerner, 1998; Benson
et al,, 2000; Berlind & Weinberg, 2002; Zehagt al., 2005; Skibba & Sheth, 2009).
While HOD models give better matches than semi-analyticeeéambservations, their
main disadvantage is that they give no information on théutiam of the galaxies or
why they have those properties. HOD modelling was used in th&pof this Thesis
and a description of the Skibba & Sheth (2009) model can beddu Section 3.2.2.

1.2.5 Subhalo Abundance Matching

Subhalo Abundance Matching (SHAM) has become an increlgspapular method

of adding galaxies to dark mattév¥-body simulations due to the increased resolu-
tion allowing subhaloes to be found (e.g. Vale & OstrikerD20Conroy, Wechsler
& Kravtsov, 2006; Gucet al,, 2010; Guo & White, 2013). SHAM works by finding
the subhaloes within a halo and assuming a monotonic re&dtip between the stellar
mass of galaxies and the maximum mass attained by a subhtddiietime. Galaxies

are then added to the subhaloes, constrained by the obsemeubsity function, with
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the minimum galaxy luminosity being related to the smaltgihalo detected. Like
HOD modelling the main disadvantage of these models is &gt give no evolution
information as they are built at a single redshift, although subhalo properties from
higher redshifts. In addition, it is not clear that the bassumption of a monotonic
relationship is accurate (Guo & White, 2013). SHAM modellisghot used in this

Thesis.

1.3 Thesis Structure

This Thesis is structured around three projects:

e The Accuracy of Subhalo Detection Before investigating physical processes
in simulations it is essential to understand how structsirecovered. In Chapter
2 | present a study investigating the differences betwebhaloes found using

SUBFIND andAHE.

e Measures of Galaxy Environment A galaxy’s environment is known to af-
fect its properties. Many different methods are used toweccenvironment, or
galaxy density, and it is not immediately apparent if thdy@tover the same
property. In Chapter 3 | apply twenty published environmeaasures to a well
constrained mock galaxy catalogue to investigate the tiamizn the methods of

measuring environment.

e Growth of Supermassive Black Holes:Supermassive black holes are present
in all galaxies with a stellar bulge and through feedbacl plaimportant role in
shaping the high mass end of the galaxy mass function. In €h4pimplement
the accretion disc particle method of black hole growth iargé cosmological
volume simulation including cooling, star formation anédback and compare
it with a modified Bondi-Hoyle model. This allows for the intiggtion of how

accretion rates onto the black hole effects the growth atakggroperties.

Finally in Chapter 5 I bring together the summary and conolusiof this Thesis and

how they relate to galaxy formation and evolution in general
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The Accuracy of Subhalo Detection

With the ever increasing resolution @f-body simulations, accurate subhalo detec-
tion is becoming essential in the study of the formation nicture, the production of
merger trees and the seeding of semi-analytic models. Esiigate the state of halo
finders, in this Chapter we compare two different approaaheketecting subhaloes;
the first based on overdensities in a halo and the second bdeqgfive mesh refine-
ment. A set of stable mock NFW dark matter haloes were pratiacel a subhalo
was placed at different radii within a larger hakuBFIND (a Friends-of-Friends plus
overdensity based finder) angiF (an adaptive mesh based finder) were employed to
recover the subhalo. As expected, we found that the masg sluibhalo recovered by
SUBFIND has a strong dependence on the radial position and thaenbdlo finder can
accurately recover the subhalo when it is very near the eaftthe halo. This radial
dependence is shown to be related to the subhalo being teshbg the background
density of the halo and originates due to the subhalo beifigetkas an overdensity.
If the subhalo size is instead determined using the peakedfitbular velocity profile,

a much more stable value is recovered. The downside to tthaetighe maximum cir-
cular velocity is a poor measure of stripping and is affedtgdesolution. For future
halo finders to recover all the particles in a subhalo, a seairphase space will need
to be introduced. The entirety of this Chapter was publisimesluldrew, Pearce &
Power (2011).
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2.1 Introduction

It has long been understood that dark matter plays an eaksslg in galaxy forma-
tion. White & Rees (1978) demonstrated that dark matter halokeas potential wells
within which infalling material can be captured and condetasform galaxies. As the
Universe ages, these haloes merge to form larger strucacethis continued process
produces the framework of the Universe that we see todag Sdcalled hierarchical
model of galaxy formation has been put to many tests inctutiwse generated by
N-body simulation. One of the most widely used of these sitrana is the Millen-
nium Simulation (Springeét al., 2005) which accurately reproduced the large-scale

structure of &00 A~ 'Mpc cube region of the Universe.

One of the challenges of studying the results\ebody simulations has been finding
a consistent way of identifying the structures and subgires within them. Detailed
studies of haloes and subhaloes require halo finders, chdesdan the simulation
outputs and identify structures. Many different halo firsdere available and each uses
different techniques and definitions of the haloes they fiBichadly, halo finders fall
into two general categories; those based on the Frienésiefids (FoF) technique and

those based on grids.

FoF was first proposed by Daws al. (1985) and locates haloes based on a predeter-
mined linking length for particles. This is usually a fractiof the mean inter-particle
separation and any two particles closer than this distarecrdked together. Isolated
sets of linked particles are then identified as the haloes.n@amty a value of 0.2 times
the mean inter-particle separation is chosen motivatedtéaydard Cold Dark Matter
(SCDM; Qp = 1.0 & 24 = 0.0) (Daviset al, 1985) and a slightly lower value of
0.16 is sometimes adopted farCold Dark Matter ACDM; Q, = 0.3 & Q25 = 0.7)
(Lacey & Cole, 1993; Eke, Cole & Frenk, 1996). Despite the ddifee, convergence
between cosmologies in the halo mass function can be found 0s2 (see Jenkins
et al, 2001) making this the most widely used. The FoF method wadeimented
in, for example SUBFIND (Springelet al., 2001) andHFoF (Klypin et al,, 1999), with
different techniques being used to find subhala@soF uses hierarchical FoF to lo-
cate the subhaloes by using a shorter linking length indidehtillo, whileSuBFIND

searches the haloes for overdensities in the density profile
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The grids method of halo finding works by placing a grid acrb&ssimulation and
smoothing the discrete particle data onto that grid and kbestting the densest cells.
Refinement can be built onto the grid to obtain improved réswiuand to increase
the speed of the code. The density peaks that are locatea amithcan then be used
as the seeds for potential structures. This technique wed lyg for exampleaHF
(Knollmann & Knebe, 2009) andsoHF (Planelles & Quilis, 2010). The variations
between these codes comes in the definition of halags. uses isodensity contours

on the grid, whileaAsoHF uses spherical overdensities.

FoF and grid based methods are the two main ways for locatiagtsre, but there are
alternatives. More recent finders, suchHss- (Maciejewskiet al., 2009), have tried
using phase space to identify subhaloes. This extends #rehsbased on position
and density to incorporate the velocity of the particles. kBidlocities can then also
be used to help identify structures. Other finders that hagd tifferent techniques
include voBoz (Neyrinck, Gnedin & Hamilton, 2005), which replaced thefarmn
grid with a Voronoi diagram, anglurv (Tormen, Moscardini & Yoshida, 2004; Giocoli
et al, 2010), which uses knowledge of the structures from onesdrago help find
structure in the next. While this summary of halo finders is bynmeans exhaustive,
it does give a flavour for the different techniques employ&dhorough review of the
different types of halo finders available and their effemtigss can be found in Knebe
et al.(2011).

The importance of accurate subhalo detection has incréasecent years with the ad-
vances in high resolution simulations. Various simulagiohMilky Way sized haloes
have been produced including via Lactea (Diemand, Kuhlenagdi, 2007; Diemand
et al, 2008), Aquarius (Springdt al,, 2008) andsHALO (Stadelet al., 2009). As ex-
pected, these haloes contain a wealth of substructure @g®et@l., 2004). However, it
is important to ask how robust the recovered properties lofigioes are to the choice
of subhalo finder. For example, subhaloes are identifiedhllyitas overdensities in
their host haloes. We expect picking out such overdensiiég more difficult in the
innermost parts of the host haloes where the backgroundtgenshe greatest. If
one halo finder is less able to pick out these overdensitasdhother halo finder, we

would expect this halo finder to systematically underpriettie numbers of subhaloes
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in the inner parts of haloes, which would have important ingtions for how we inter-
pret the results of, for example, the radial distributiorsobhaloes and subhalo mass

loss.

In this Chapter we set out to quantify the extent to which owia of halo finder
impacts on the radial distribution of subhaloes that we vecoSpecifically we focus
0N SUBFIND (Springelet al,, 2001) andaHF (Knollmann & Knebe, 2009) and ask how
well these halo finders can recover the properties of a NFViiaol(Navarro, Frenk
& White, 1996, 1997) embedded in a more massive host NFW habe. allvantage
of this approach is that, unlike using haloes and subhalcesrdfrom cosmological
simulations, we know exactly which particles belong to tlestrand to the subhalo
at initial time and we can track their positions and velestat all subsequent times.
This provides a clean test of the halo finders because angegesacies found can be

identified easily.

The rest of this Chapter is setout as follows. In Section 2.2uténe the methods
used, including summaries of the halo finders and the prasfessnstructing a mock
6D (z, v, 2, vs, vy, v.) NFW halo by reproducing the density and velocity profiles.
We then use this construction, in Section 2.3, to model aallinf subhalo. This
is undertaken in two ways, first by considering how well thioHenders recover the
subhalo when simply placed at different radii within the maalo. The second method
is to let the subhalo fall into the main halo under gravity anthpare how the different
halo finders recover the subhalo. Having established theracg of the halo finders,
in Section 2.4 we investigate the effect the trajectory efshbbhalo has on stripping
as it passes through the halo. In Section 2.5 we test théil@lizof recovering the
peak in the circular velocity profile. Finally we summarisg cesults. Throughout this
Chapter, a standart-Cold Dark Matter A\CDM) cosmology has been adopted, taking
Qo = 0.3, 2y = 0.7 andh = 0.73, where appropriate, consistent with observations
from the Wilkinson Microwave Anisotropy Probe first yearuks (WMAP; Spergel

et al,, 2003).
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2.2 Methods

2.2.1 Halo Finders

For the purpose of this Chapter we focus on two halo findersréigaton different

methods to detect haloes and subhaloes.

2.2.1.1 AHF

AHF(Knollmann & Knebe, 2009) is an updated versiomnvofF (Gill, Knebe & Gib-

son, 2004) and works using an adaptive mesh refinement mdthmeins by placing
a user-defined grid across the box and calculates the jgedtcisity in each cell. If this
is greater than a user-specified value, then the cell is cefinh a smaller grid. The
particle density is then recalculated on this finer grid ahcequired, further refine-
ment is carried out. Once all the refinements are carriedeobigrarchical grid tree
of the density distribution has been produced and this camskd to find structure.
Throughout this Chapter, we used a grid of 128 cells with refie@ being carried out

in cells that contain more than 3 particles.

The most refined and isolated cells are used as potentialdealives and these are
linked to the coarser grids to build the structure. If twoased centres join up on a
coarser grid then these are combined into one structure. B3idering these separate,
isolated points in one structure, substructure can be defi@ace the structures are
identified, starting on the lowest level of substructureythre tested for boundness
in isolation. This is conducted by comparing the particlekeity to the local escape
velocity obtained using a spherical potential approxioratif a particle is found to be
unbound it is assigned to the next highest level of struainté it is dispensed with if
not bound to the halo. The haloes are then truncated at tla radius (see Section
2.2.2) to define their size. For the subhaloes, not all haegva&hough overdensity to
satisfy the virial radius due to the background density eftthlo. If this is the case
then they are truncated by a sharp spherical boundary atitee @adius at which their

density profile first shows an upturn and starts to rise withaasing distance.

1Available from http://popia.ft.uam.es/AMIGA
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2.2.1.2 SUBFIND

SUBFIND (Springelet al, 2001) begins by conducting a standard Friends-of-Friends
(FoF) search of the simulation volume to identify haloes.eAth particle the local
density is then calculated using a local SPH-like smoothkimel interpolation over
the nearest neighbours. Any locally overdense region is tensidered as a sub-
halo candidate with its shape being defined by an isodensitioar that traverses the
saddle point in the density profile of the halo. This is fourydidwering the global
density threshold and selecting out the overdense regidngis stage particles can
be members of more than one structure allowing differerdlgeaf substructure to be
determined. For this Chapter, we used a FoF linking length.®fadd 10 particles
for the SPH density calculation allowirgpyBFIND to recover all subhaloes with 10 or
more particles. Tests were also carried out using highelegdor the SPH density cal-
culation, but the number of particles recovered was foungketoelatively insensitive

to this parameter for the size of the subhalo we used.

Once subhalo candidates have been identified, an unbindieggure is used to de-
termine iteratively which particles are not gravitatidpddound. This is achieved by
defining the centre of the subhalo as the position of the mashd particle and the
bulk velocity as the mean velocity of the particles in theugro The kinetic and po-
tential energies of the particles are then compared anduwntbparticles are removed.
The gravitational potential energy is obtained using a élgerithm. The final step is
to assign particles that are listed in multiple structucepist one. To solve this, the
particles are assigned to the smallest structure they aredfm. The remaining FoF
particles that have not been assigned to substructuree@mddhted for boundness and
assigned to the background halo. Any particles that arematdto anything are then

classified as FoF ‘fuzz’.

2.2.2 Constructing a Mock Halo

The following outlines the process of constructing a moakdaatter halo. For sim-
plicity we have limited ourselves to the case of a spheried that follows a radial

NFW density profile,
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o pcrit(sc
plr) = r/rs(147/15)% (2.1)

wherep.,;; IS the critical density of the universe, is the scale radius and] is the

characteristic density. Dark matter haloes are charaei@by their virial mass,

4
Mvir - ?ﬂr\?;irAvirpcrita (22)

wherer;, is the virial radius and\,;, is the virial approximation given by Bryan &
Norman (1998) as,

Ay = 1872 +82(2(2) — 1) — 39(Q(z) — 1), (2.3)
where,
Qo(1 + 2)3
) = o (1°i z)37)t o (2.4)

ForQy, =0.3,Q, = 0.7andz = 0.0, A,;, ~ 101. Using the scale radius and the virial

approximation, the characteristic density is given by,

Avir 03
3 In(l+c¢)—c/(1+¢)

5o = (2.5)

wherec = r;, /15 is the concentration.

Using these conditions, a Monte Carlo realisation can betngtsd by defining the
number of particles withim,;., N, and specifying the concentration of the halo re-
quired. The Monte Carlo realisation is produced by drawingredlom enclosed mass
and inverting to find a radius. This is then turned into a setoafrdinates by specify-
ing they produce a smooth distribution on the surface of @ sphrhe mass of a NFW
halo continues to increase with increasing radius and sameiple has infinite mass;
we circumvent this by truncating the halo beyond a cut-afiug, ... This modifies
the density profile so that(r < r.,) follows the NFW profile ang)(r > r.,) = 0.
For this work we set.,; = 2r,;. A smoother truncation could be produced by using

a exponential decay at the edge of the halo.
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Once the halo is constructed, each particle needs to be givelocity that reproduces
the velocity dispersionz(r), of a halo. Dark matter haloes are supported by the random
motion of the particles and to get an accurate representaioneed to reproduce this
in the velocity of the particles. The velocity dispersiom ¢ obtained by considering

the Jeans equation,

1d, , o2
-2 932 — _
pdr(pffr)+ Ehe

dd
— 2.6
d/]n ) ( )
where = 1 — o2(r)/co?(r) and® is the gravitational potential. Assuming isotropy,

oe(r) = o.(r), f = 0 and the velocity dispersion is given by,

2 _L e T,@T,
0Mﬂ—mm[ o) S (2.7)

This integral was solved by tokas & Mamon (2001), and confdrnere, to give,

ag _ ?s(1+cs)? (m® — In(es) — -
VI T (it -/t ) s
1 6 4 2
C(1+es)? 1—|—cs+ (14—@_5_ 1+cs)
x In(1 + ¢s) + 31In*(1 + ¢s) + 6 Liy(—cs)] (2.8)

wheres = r/ry, Vi IS the circular velocity at the virial radius afdd,(z) is the

dilogarithm function given by?

_ ~ [PIn(1—1¢)

The 3D velocity dispersion is then given by the sum of thevillial components.
Since isotropy was assumed this givés(r) = 302(r). To generate a velocity distri-
bution function for a given radius, a Maxwell-Boltzmann disaition can be assumed
(cf. Hernquist, 1993),

1 \*? —?
F(v,r)=4nm (27”;2) v%exp (202) ) (2.10)

2Note that the dilogarithm approximation given in Equatii@)(of tokas & Mamon (2001) is not

accurate enough for this task.
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The functionF (v, r) is normalised such that,

/OO F(v,r)dv = 1. (2.11)
0

The velocity of each particle can then be obtained using tbkgbility distribution of

Equation 2.10. Having obtained the density and velocitfil@®of the halo, the only
thing left is to assign a direction to each velocity. Thisasd by simply requiring that
the directional velocity vectors produce a smooth distrdyuon the surface of a unit

sphere.

To test the stability of this setup, an isolated halo witly, = 10'* M., N, = 10°
andc = 5 was left to evolve oves Gyr usingGADGET-2 (Springel, 2005). The spline
gravitational softening was set ¢c= 3 kpc corresponding roughly to the radius of the
100th particle (see Powet al,, 2003). Figure 2.1 shows that the halo retains the overall
shape of an NFW profile, except at the centre where the prddieflattened similar

to that observed by Kazantzidis, Magorrian & Moore (2004hisTilattening of the
density profile is caused by approximating the distribufiomction with a Maxwell-
Boltzmann. As demonstrated in Kazantzidis, Magorrian & Mo(2004), this will
lead to an over estimate of any stripping that occurs. Despis, it will have no effect

on the ability of halo finders to recover the haloes. This wasiomed by using the
method outlined in Readt al. (2006) to generate haloes with Plummer (1911) and
Hernquist (1990) density profiles based on their 6D distrdoufunctions. When the
same tests were carried out on these haloes, the same p&igtween the halo finders

was found as for the NFW with the Maxwell-Boltzmann approxiomm

2.3 Modelling an Infalling Subhalo

2.3.1 Static Infall

The first method of modelling the infall of a subhalo we addptes to consider how
well different halo finders recovered the subhalo at a giaghus. This was achieved
by placing the same sized subhalp handat different radii within the main halo and

attempting to recover it with each halo finder. A halo was getesl with M/,;, =
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Figure 2.1: The density profile of a/,;, = 10'* M, N,;, = 10 andc = 5 halo left to evolve
over8 Gyr. The black line denotes the theoretical NFW profile, while thock halo is shown
initially (black pluses), afted Gyr (red asterisks) an8Gyr (blue crosses). The arrow represents
the Plummer equivalent softeninfy € 2.8¢ = 8.4 kpc).
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10 Mg, Ny = 10% ande = 5 and a subhalo with/,;, = 102 M, Ny, = 10* and
¢ = 12. The concentration of the subhalo was set to be higher trehdto in order
to reflect the conditions found in cosmological simulatigese Bullocket al., 2001;
Eke, Navarro & Steinmetz, 2001). The subhalo was then platddferent distances

away from the centre of the halo and given a velocity,

v = /%’ (2.12)
Tsep

where M, iS the mass of the halo and,, is the separation of the centres of the
halo and subhalo, towards the centre of the halo. This wgl@drresponds to the
conversion of potential energy to kinetic, for two point m@s, as the subhalo falls in
from infinity. When the subhalo was placed at the centre of #le,lr.., = 0.0 so

v — oo. To overcome this, the subhalo was given a velocity of theipus closest
separation when it was at the centre of the halo. This setagpproduced 100 times
for each separation using different random number seedssi§lent realisations were

found each time.

Figure 2.2 shows the fraction of particles recovered by dwdb finder at different
separations. Neither halo finder can recover the subhala wigenear the centre of the
halo. This corresponds to the densest region of the haloesus lto any overdensity
from the subhalo being hidden. As the separation is inctkase has a steep rise

in the fraction of particles it recovers until it is findingetlcomplete subhalo from

~ 0.5r,; outwards. SUBFIND does not have such a drastic change and continues to

underestimate the size of subhalo all the way outtb.5 r;,.

We can gain some insight into the strong radial dependen@eavered particle num-
ber in SUBFIND by considering the following simple argumendUBFIND identifies
subhaloes as overdensities; it identifies when a subhalo& Hensity equals its host

halo’s local density. This equates to,

Csub — 5Chalo (2 13)

2 20
T ( 1 + T ) Tsep—T <1 + M)
Tssub Tssub "shalo "shalo

whered,, . andé.  are the characteristic densities of the halo and subhapeces
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Figure 2.2: The fraction of particles recovered at a given separatioth@subhalo is placed at
different positions within the halo. Both halo finders reeoeonsistent sizes across the multiple
realisations, resulting in small error bars. The dotted tgpresents the fraction of particles recov-
ered if the subhalo is truncated at the radius where its teisstqual to the background density of
the halo.
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tively (Equation 2.5)r, andr,_, are the scale radii of the halo and subhalo respec-
tively, r, is the separation of the centres of the halo and subhale anithe radius of
the subhalo at which the densities are equal. The numbernrtélpa withinr cannot
exceedN,;, by construction. The shape of the theoretical curve (dditedin Figure
2.2) implied by Equation 2.13 reasonably captures the sbépige curve recovered
by SUBFIND. The agreement is not perfect, Equation 2.13 predicts massshould

be recovered at larger radii than is recovered in practisefhe differences can be
easily understood. First, based on the random nature ofdloeity assignment some
of the particles will have large velocities and will thenefaot be bound. The effect of
this will be to cause the two curves to deviate systemayi¢edim each other with in-
creasing radius. SeconslyBFIND identifies overdensities as saddle points in the mass
density profile rather than by equating subhalo and halo peg8es, as implied by
Equation 2.13. Overall the curve shares the same shapetdsuhd usingSUBFIND,

indicating that the background density is affecting theigtto recover the subhalo.

Implanting a NFW subhalo in a larger halo, defining the viradius using Equation
2.3, is obviously a highly idealised situation. Realistigahe subhalo would be ex-
pected to undergo stripping which would cause it to be séiiighown to its tidal radius
at different points within the halo. This tidal radius woutzlighly correspond to the
radius at which there is a saddle point in the density profiterfen, Diaferio & Syer,
1998). This also corresponds to the size of the overderstgUBFIND is recovering.
Therefore, if the edge of the subhalo is defined as the tidasasuBFIND would give

consistent recovery of the subhalo.

A different method of determining the size of the subhalmisdnsider the peak in
the circular velocity profile (see Ghigra al., 1998, 2000). This will be less affected
by truncation of the subhalo, as the particle with the maxmuircular velocity is
closer to the centre. Figure 2.3 shows the recovered maxiomaoiar velocity for the
subhalo at different separations. This was obtained bytalog the circular velocity
for each particle in the subhalo and taking the largest cfelas the peak. As expected,
both halo finders more accurately recover the subhalo simg tfeis methodsSUBFIND
still displays a slight radial dependence, with a graduate@se towards the centre of

the halo. This is caused by high velocity particles near drdre of the subhalo being
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Figure 2.3: The maximum circular velocity of the recovered subhalo esptaced at different sep-
arations. Both halo finders accurately recover the peak, avgmall radial dependence displayed
in SUBFIND.
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unbound due to the truncation. As the subhalo was not detattthe centre of the

halo, it is not possible to obtain a circular velocity there.

2.3.2 Dynamic Infall

The second method of investigating the infall of a subhale t@aallow the system to

evolve under gravity. The same halo and subhalo properies get up as in Section
2.3.1. The subhalo was then placed so that= 3 r,;, of the halo and it was given a
velocity toward the centre of the halo from Equation 2.12e $hbhalo was then left to
free-fall through the halo fo6 Gyr usingGADGET-2 with gravitational softening =

3 kpc. Snapshots were taken eveérys Gyr. During this run cosmological expansion

was turned off so the haloes were only affected by gravity.

Figure 2.4 shows the fraction of particles recoveredsbgFIND andAHF as the sub-
halo passed through the halo. The subhalo undergoes a tameéof stripping, loos-
ing around 75 percent of its mass. Most of this stripping eeas the subhalo passes
through the very centre of the halo. This corresponds to tbatgst rate of change of
the potential and so would be expected to have the largesitefis predicted in Sec-
tion 2.3.1 both halo finders fail to recover the subhalo ag#sgs through the centre
of the halo and disagree about the size of the subhalo immeddther side of this
region. The largest discrepancy occurs when the subhalghgwhe virial radius of
the halo. As expected due to its definition of a subhalegFIND recovers a smaller
subhalo during the infall phase compared withr. After the subhalo has passed the
centre of haloAHF recovers a much larger number of particles due to its unbgdi
procedure being less efficient and this is discussed funthfeection 2.4. As expected,
the level of stripping observed is consistent with Hayaslal. (2003) and higher than
Kazantzidis, Magorrian & Moore (2004).

2.4 Subhalo Stripping

As seen in Section 2.3.2, an infalling subhalo only undesgsigpping as it passes

through the very centre of the halo. This should mean thatsabyalo that does not
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Figure 2.4: The fraction of particles recovered at a given radius as tivalo is allowed to fall
into a halo from infinity. The subhalo experiences the magying when it passes through the
centre of the halo. Neither halo finder can detect the suldmlbpasses through the centre of the
halo and they yield different sizes for the subhalo eithée sif this region.
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pass through the centre of the halo and is merely deflectechdrbd should undergo
significantly less stripping. To test this hypothesis, thblalo was placed at a sepa-
ration of 3.0 r;, in the x-axis and0.0, 0.5 r,;, and1.0 r;, in the y-axis. In each case
the subhalo was given the same velocity along:tkexis toward the halo as in Sec-
tion 2.3.2. The subhalo that was on th@xis followed the same path as the subhalo
in Section 2.3.2 passing straight through the halo centige dther two subhaloes
were deflected around the halo centre with closest appreaftie2 r.;, and 0.5 r;,

respectively.

Figure 2.5 shows the fraction of particles recovered by dwdb finder for the three
scenarios outlined and also the value of the peak in thelarrgelocity profile. Both
halo finders give consistent values for the the final sizee®tubhalo after stripping.
For the two subhaloes that do not pass through the centreedfato, the amount of
stripping is noticeably less. The subhalo loses around B&epéand 50 percent of its
mass for closest approached)df r;, and0.2 r;, respectively compared with over 75

percent if it passes through the centre.

Comparing the halo finders as the subhalo passes through rih@loegion of the
halo, both show a characteristic dip in the number of pasicecovered. It is also
noticeable that as the subhalo leaves the centre of the Aatoalways finds a larger
subhalo tharsUBFIND. This is also shown very clearly in Figure 2.4 where in the
region0 < re,/rvir < 1 AHF gives much higher recovery of particles compared with
SUBFIND which has flattened off. The cause of this difference can le@ se the
lower left panel of Figure 2.5 by considering the maximuncuwiar velocity. After
the subhalo has passed through the centre of the halo, thenomaxcircular velocity
recovered byaHF spikes meaning that background halo particles are beirigded

in the subhalo. There is no such spike in heBFIND value (lower right panel). This
shows that the unbinding of particles is more efficiensivBFIND than AHF. This
discrepancy is caused HF assuming spherical symmetry for the unbinding when

the subhalo becomes elongated in the centre of halo and agei a spherical shape.

For the subhalo with the closest approach .6fr;,, AHF shows a smooth transition in
the size of the subhalo, whileuBFIND shows the size to decrease and then increase

again. During this transition the subhalo always has a faizte as the subhalo does not



The Accuracy of Subhalo Detection 38

1.2

Nrec/Nvir

SUBFIND

8L
J i
N YUOT
> i
0.4 F + .
0.2  anF SUBFIND
0.0L ‘ ‘ ‘ ‘
1 3 1 3
t/Gyr t/Gyr

Figure 2.5: Fraction of particles recovered (upper panels) and maxircincalar velocity (lower
panels) for the subhalo as a function of time as the subh#fotfaough the halo. For each case
the subhalo is given a velocity along theaxis toward the halo and starts offseth r,;, in the
z-axis and).0 (black line),0.5 r;, (red line) andL.0 r;, (blue line) in they-axis. This corresponds
to a closest radial approach to the centre of the halb®f0.2 r;, and0.5 r;, respectively.
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pass close enough to the halo centre to completely vanish débrease and increase
in the size of the subhalo demonstrates that it is being &tedcat a radius smaller than
its actual size. As the saddle point in the density profileesponds to the tidal radius
(Tormen, Diaferio & Syer, 1998), this in turn shows that alglb not passing through
the centre of a halo will not be completely stripped down sotidlal radius. This is
perhaps not that surprising as the subhalo has not speng @ faugh time in the halo

to undergo the full effects of tidal stripping.

The maximum circular velocity is shown in Figure 2.5 to be a&lmmore stable quan-
tity compared to particle number as expected from SectiBril2.The strong radial
dependence cdUBFIND in particle number is not present in maximum circular veloc-
ity. While this is an advantage in recovering properties efghbhalo, Figure 2.5 also
shows how this quantity can be misleading when considetigping. For the case
where the subhalo passes withif r,;., the subhalo was stripped of around 35 percent
of its mass, but the maximum circular velocity changes by tean 5 percent. This is
caused by the maximum circular velocity being located atdausamuch closer to the
centre of the subhalo and so is less affected by strippingtwiccurs primarily in the

outer regions.

2.5 Circular Velocity

As seen in the previous Sections, the peak in the circulacitgl profile of a subhalo
is a more stable quantity to recover than the total subhalesmahe origin of this
stability is related to the fact that the radius at which thexmmum circular velocity
is reached is located much closer to the centre of the halosand unaffected by
truncation. Figure 2.6 shows how the position of peak chamgth the concentration

of a halo. For a NFW halo this can be obtained numerically ve gi

2.1
Pymax , 2:16 (2.14)

Tvir &

The values determined by Equation 2.14 are based on an id&&llo, but for low
resolution haloes there will be deviations from this cuiver the subhalo used in this

work (¢ = 12) rymax = 0.18 75 Which corresponds to roughbygg (the radius at
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Figure 2.6: The position of the peak of the circular velocity profile ifaton to the concentration
of a halo. Typical halo concentrations from Netal. (2007) and radial densities are also labelled.
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which the enclosed density is 5,000 times the critical dgnasi,i;). Stripping occurs
in the outer regions of the subhalo and so for it to affect tadus a large amount of

material needs to be lost, consistent with Figure 2.5.

One of the main issues with using the maximum circular vé&joai a halo is how its
measurement depends upon resolution. To investigatevikigienerated a halo with
M, = 102 M, andc = 12 in isolation using a different number of particles within
the virial radius each time. For each number of particlesiwithe virial radius, we
constructed 1,000 realisations in order to constrain thhi@twan. Figure 2.7 shows
how the recovered maximum circular velocity varied with tb&al particle number.
For the sparsely populated realisations the average maxioitcular velocity was
higher than the analytic value. As more particles were usedwo values converged.
For the average value to be within 2.5 percent of the analgiige, in excess of 500
particles were required in the halo. The variation of the imadn circular velocity
between different realisations of the same total viriatipl number is strong for the
sparsely populated haloes. At all points the curve is withgtandard deviation of the
analytic value, but the variation is clear where for 10 e the standard deviation
is 0.56 compared with 0.002 for 10,000. To obtain an accwaltes for the maximum

circular velocity of a recovered subhalo, its resolutios twbe taken into account.

2.6 Summary and Conclusions

Halo finders are an important tool for the analysis of cosmickl simulations. They
are pivotal in the construction of merger trees, which upthegalaxy formation mod-
elling, and their results allow us to characterise, for egi@ythe abundance and spatial
distribution of both dark matter haloes and subhaloes. &hex as many techniques
for identifying haloes and subhaloes in cosmological satiohs as there are halo
finders and so it is interesting to ask whether or not (suls)pperties recovered by

different halo finders are consistent.

In this Chapter we have compared and contrasted the resut® d¢falo finderssus-
FIND andAHF, that use fundamentally different approaches to idemifysubhaloes.

We have taken a simple test problem, the identification of ¥8N\febhalo embedded
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Figure 2.7: The recovered maximum circular velocity compared with nantf particles used to
generate a/,;, = 102 Mg andc = 12 halo. Error bars represent 1 standard deviation and are
distributed symmetrically in log space. For the averageetavtihin 2.5 percent of the maximum
value, in excess of 500 particles are required.
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in a more massive NFW halo, and compared the performanse®fIND andAHF in
recovering the mass of the subhalo at different radii wittsrhost. As shown using
SUBFIND, halo finders that identify subhaloes as overdensitieshawle a strong de-
pendence on the local density. This is demonstrated in tbagtadial dependence
in the fraction of a model subhaleuBFIND recovers. As the subhalo gets closer to
the centre of the halo, the background density from the gatesing. With a higher
background density and the same density for the subhal@vigrelensity will be less
leading to a smaller subhalo being recovered. By the timeubbalo is in the centre
of the halo, which corresponds to the densest point, thedewsity becomes negligi-
ble leading to no saddle point and the subhalo is no longexcted. While the size
of the overdensity recovered roughly corresponds to tted tatlius of the subhalo, it
has been shown that not all subhaloes are stripped downsaite when they pass
through a halo. The authors 8UBFIND are aware of these issues (see Section 4.1 of
Springelet al,, 2008) and post-process, but where this effect is not taki®naiccount

it could have profound consequences on substructure studie

The radial dependence of locating subhaloes as overdenuitil have a large effect
on measures of tidal stripping. As a subhalo plunges intd@ ti@e halo finder will
reduce the size of the subhalo due to the increase in deifsitys is not considered,
then it will appear the subhalo is undergoing a larger amoftistripping as it falls
through the halo than it actually underwent. Stripping Wwél further complicated by
the fact it occurs in the outer region of the subhalo, an anatis not included in
the truncated subhalo that is recovered. This can lead tfusiom when comparing
the recovery oHF andSUBFIND. AHF indicates that most of the stripping occurs as
the subhalo passes through the centre of the halo and noigdine infall, butAHF
has been shown to have inefficient unbinding causing it @inet larger fraction of
particles. MeanwhilesuBFIND indicates a more gradual process, but the effects of
truncation will cause the recovered subhaloes to alwayswerlestimates of the size.
Further studies will need to be made to determine how drarttai effect of stripping

is on an infalling subhalo.

The radial dependence in recovery will also have importaqtications for the sub-

halo mass distribution. Two subhaloes that have identieedscan be recovered with
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different sizes based on position. This will lead to largblaloes being recovered as
smaller ones, in turn, leading to subhalo mass distribatimased towards the low mass
end. Whilst most subhaloes that reside in the inner regioheohtlo will have under-
gone a large amount of stripping and will be smaller anywhag,dffect of truncation
still needs to be considered alongside the underlying pBysihese issues highlight
that the recovered mass identified using the overdensitigades not a good property
to consider when studying subhaloes. This is true even asifas the virial radius of

the halo, where the mass can be underestimated by arounad@mpe

A more stable quantity to consider is the peak in the circuidocity profile. This
is located much closer to the centre of the subhalo and sobeiless affected by
truncation and the particular choice of the definition foregmire subhalo. BotAHF
and SUBFIND recover consistent values for the maximum circular vejoaitall radii
within the halo, except at the very centre of the halo wherparticles are recovered.
This makes the circular velocity peak a useful quantity &zkrsubhaloes and gives
a good indication of initial mass. However, when considgmstripping, the circular
velocity peak is no longer useful. Being located so close ¢ocintre of the subhalo,
a substantial amount of the outer layers can be strippedd#ie peak in the circular

velocity is affected.

Two methods of improving the accuracy of subhalo recoveryld/e halo tracking
and phase space. Halo tracking involves identifying thehaldobefore it falls into
the halo so all the particles that were originally part of streicture are followed and
at each time step they can be tested to see if they are stillopaine substructure.
The disadvantage of this technique is that it requires pielnapshots to identify the
subhalo, not a problem for the second method of phase spheseRpace takes into
account not only the spatial position of the subhalo pasicbut also links particles
based on a common velocity. By considering haloes in phasee sfensity, any sub-
haloes that are present will stand out as overdensitiesselten then be isolated. For
subhaloes in the centre of the halo, the difference in thke welbcity of the particles
would cause them to be separated in phase space. The onlyegraroblem would
be if a subhalo was at rest in the centre of the halo. Thesetstas could not be sepa-

rated in phase space, but itis arguable whether such awgtewebuld be a dynamically
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independent entity.

2.7 Further Published Work

The mock haloes described in this Chapter were used in theé&dajoing MAD’,
halo finder comparison project (Knekeal, 2011). This project led onto a subhalo
finder comparison project, ‘Subhaloes going Notts’ (Oniehsal, 2012). Using the
data from this workshop a number of additional projects weeneducted on subhalo
spin (Onionset al,, 2013), galaxy finding in simulations (Knebkeal., 2013a) and tidal
debris finding (Elahet al,, 2013). A full review of halo finders, including results from
this Chapter, is presented in Kneéieal. (2013b).



Chapter 3

Measuring Galaxy Environment

The influence of a galaxy’s environment on its evolution hasrbstudied and com-
pared extensively in the literature, although differinghieiques are often used to de-
fine environment. Most methods fall into two broad groupsosththat use nearest
neighbours to probe the underlying density field and thoseube fixed apertures. The
differences between the two inhibit a clean comparison eetwanalyses and leave
open the possibility that, even with the same data, diffigpeoperties are actually be-
ing measured. In this Chapter we apply twenty published enmient definitions to a
common mock galaxy catalogue constrained to look like tleall@niverse. We find
that nearest neighbour-based measures best probe theirdensities of high-mass
haloes, while at low masses the inter-halo separation daesnand acts to smooth
out local density variations. The resulting correlatiosoashows that nearest neigh-
bour galaxy environment is largely independent of dark endtalo mass. Conversely,
aperture-based methods that probe super-halo scalesatatgudentify high-density
regions corresponding to high mass haloes. Both methodslstavgalaxies in dense
environments tend to be redder, with the exception of thgektrapertures, but these
are the strongest at recovering the background dark matteoement. We also warn
against using photometric redshifts to define environnrealiibut the densest regions.
When considering environment there are two regimes: thalleavironment’ internal
to a halo best measured with nearest neighbour and ‘la@e-savironment’ external
to a halo best measured with apertures. This leads to théusiore that there is no uni-

versal environment measure and the most suitable methahdsmn the scale being
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probed. The entirety of this Chapter was published in Muldeead. (2012).

3.1 Introduction

In the paradigm of hierarchical structure formation, theletron of the primordial

density field acting under gravitational instability dsvdark matter to cluster and
collapse into virialised objects (haloes). Such haloesigeothe potential wells into
which baryons fall and galaxies subsequently form (White & Rd®78). Haloes,
galaxies and their environments also interact and mergewagige formation unfolds
with time. It therefore follows that the properties of a gglahould be correlated
with the properties of its host halo, and that a galaxy’s mmment, its host halo’s

environment, and the dark matter density field are all rdlatesome measurable way.

Such galaxy/halo/dark matter correlations with environtrieave led to a variety of
work examining the environmental dependence of the physigalaxy formation,
both theoretical and observational. Measurements of thexgadwo-point correla-
tion function and halo occupation distribution functiond@B) have shown that more
massive, brighter, redder, and passive early-type galaeied to be more strongly
clustered and hence presumably located in denser envirdemehile the reverse is
true for galaxies that have lower mass, are fainter, bluérséar forming (e.g. Norberg
et al, 2002; Zehavet al,, 2005; Shetfet al, 2006; Liet al, 2006; Tinkeret al,, 2008;
Ellisonet al, 2009; Skibba & Sheth, 2009; Skibkbaal., 2009; de la Torret al, 2011).

A more direct probe of the influence of environment is the loeasity field of neigh-
bouring galaxies around each galaxy (defined in various Wwaljsese techniques are
better suited to analysing targeted halo and galaxy enviesn correlations and have
proven valuable in the current era of large galaxy surveg dats, where galaxy cat-
alogues can be simultaneously ‘sliced’ in multiple orthiogiadirections to isolate the
dependence of specific galaxy properties on environmentkauffmanret al., 2004,
Blantonet al,, 2005; Crotoret al., 2005; Coopeet al,, 2006; Baldryet al., 2006; Park
etal, 2007; Elbazt al, 2007; Ball, Loveday & Brunner, 2008; Cowan & lvézR008;
O’Mill, Padilla & Garcia Lambas, 2008; Tase&d al,, 2009; Ellisonet al., 2009).

In undertaking any such analysis the choice of environnh@mdicator is important
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and no one standard has yet emerged. Many of the above cipedsp@volve dis-
parate selection criteria, research methods and goalsangidkect comparisons be-
tween them difficult. The definition of environment can vaigr two-point clustering
and marked clustering statistics, to the number or lumigadensity within a fixed
spherical or cylindrical aperture, to the measured demsigfosed by the-th nearest
neighbour. A further complication is that these method@sgan be performed in
either two (projected) or three (redshift space) dimersioks a consequence, some

analyses have yielded irreconcilable results.

All methods that attempt to quantify the environment aroanghlaxy require some
parameter choices. Those that involve a spherical or aytiadaperture must first
choose a fixed smoothing scale within which to measure thal lgalaxy over- or
under-density. On the other hand, when environment messweave then-th nearest
neighbour, the choice of instead becomes important. Oneas fixed, this statistic
adapts its scale to keep the signal-to-noise constant. Butshould one interpret a
statistic that combines the physical processes from widislyarate scales across one
smoothly varying curve? And how should this be compared st#itistics that instead

fix the scale along the same curve?

Further complicating comparison are the selection cadtefia dataset itself, its ge-
ometry and volume, and the redshift and magnitude uncéeaiof the galaxies in
it. In short, the measurement of ‘environment’ used in uasistudies can be com-
pletely different, and environmental correlations shdugdinterpreted and compared
with caution. Some environment measures can have advaraagedisadvantages for
particular research goals. A number of authors have testeéd@mpared a few envi-
ronment measures (e.g. Coomtral, 2005; Wolfet al,, 2009; Gallazzet al., 2009;
Kovat et al., 2010; Wilman, Zibetti & Budaari, 2010; Haas, Schaye & Jeeson-Daniel,
2012). In general, while the environment measures are latetk they often exhibit

considerable scatter between them.

The primary goal of this Chapter is to compare a variety of jshield environment
measures using a single well constrained data set. For tingope, we take a dark
matter halo catalogue and construct a mock galaxy cataldgsigned to have approx-

imately the same global statistical properties as the Singital Sky Survey (SDSS;
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York et al, 2000) main galaxy sample. We then are able to compare tlagygah-
vironment measures to halo mass, dark matter density, apddo other. We also
attempt to answer some important questions, such as: Daoiffeeedt environment
methodologies break nicely into different groups thatmptly sample the underlying
density field in particular ways? Do the statistics of vasigalaxy properties change
dramatically in different environment bins measured ifiedént ways? Can we find a

more fundamental definition of environment that is meaderabservationally?

This Chapter is organised as follows: In Section 3.2 we oaitiire mock galaxy cat-
alogue that was generated, constrained by the SDSS, andaistdly environment
measures. In Section 3.3 we review the range of environmeasuores available in the
literature that are used as part of this study. Having estadd the method, Section
3.4 explores how the different measures relate to the dattemiaalo mass, galaxy
colour and large-scale dark matter environment for eaciixgaM/e also explore how
the measures relate to each other for an individual galaialllf in Section 3.5 we

discuss and summarise our findings.

3.2 Galaxy and Halo Catalogues

3.2.1 The Millennium Dark Matter Simulation

We begin with the Millennium Simulation (Springet al., 2005) which is a largév-
body simulation of dark matter structure in a cosmologicdume. The Millennium
Simulation uses the ADGET-2 code (Springel, 2005) to trace the evolution of 10 bil-
lion dark matter particles across cosmic time in a cubic K006 »~'Mpc on a side,
with a halo mass resolution ef 5 x 10'° A~!M,. It adopts the concordanceCDM
cosmological parameters, chosen to agree with a combiragsisof the Two-Degree
Field Galaxy Redshift Survey (2dFGRS; Colletsl., 2001) and the first-year Wilkin-
son Microwave Anisotropy Probe data (WMAP; Spergelal, 2003): Q, = 0.25,

Qp =0.75,h =0.73,n = 1, andog = 0.9.

The haloes are found by a two-step procedure. First, alapséd haloes with at

least 20 particles are identified using a standard Friefdisiends group-finder with
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linking parameteh = 0.2. Then, post-processing with the substructure algorithm
SUBFIND (Springelet al,, 2001) subdivides each Friends-of-Friends halo into afset o
self-bound subhaloes. We note that comparable halo prepente found using other

structure finders (see Chapter 2 and Knebal.,, 2011).

3.2.2 Embedding Galaxies in Haloes

From the Millennium Simulation halo merger treezat= 0, we construct a mock
galaxy catalogue using the halo occupation method destnb&kibbaet al. (2006,
hereafter S06) and Skibba & Sheth (2009, hereafter SS09gfeethe reader to these
papers for details. Other halo-model descriptions of galdustering—conditional
luminosity functions (e.g. Yang, Mo & van den Bosch, 2003) anldlhalo abundance
matching (e.g. Kravtsoet al, 2004)—would produce similar mock catalogues, al-
though an advantage of the SS09 approach is that it inclugé®magly constrained
model of galaxy colours. S06 describes how the luminosiied real-space and

redshift-space galaxy positions are modelled.

Our model distinguishes between the ‘central’ galaxy inla lhad all the other galax-
ies (‘satellites’). We assume that central galaxies hagestiime positions and ve-
locities as the haloes in the dark matter simulation. In otherds, central galax-
ies are at the centre of the haloes, and the satellites as¢etb@round them. An
important assumption in the model is that all galaxy praps+-their numbers, spa-
tial distributions, velocities, luminosities, and coleurare determined by halo mass
alone. These galaxy properties are constrained by SDS3valisas, including the
luminosity function (Blantoret al, 2003), luminosity-dependent two-point clustering
(Zehaviet al.,, 2005; Skibbaet al,, 2006; Zheng, Coil & Zehavi, 2007), and the colour-
magnitude distribution and colour-dependent clusterigliba, 2009). Note that the
clustering constraints result in a mock catalogue that@pprately reproduces the ob-
served environmental dependence of luminosity and cotmuscales ofl00 4~ tkpc

to 30 h~'Mpe.

The number of satellite galaxies in the model follows a Rmisdistribution with a
mean value that increases with halo mass. The satellitedistrédbuted around the
halo centre so that they follow a Navarro, Frenk & White (198897) profile with the
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mass-concentration relation from MagcDutton & van den Bosch (2008). We assign
redshift-space coordinates to the mock galaxies assurhatgatgalaxy’s velocity is
given by the sum of the velocity of its parent halo plus a Vmation contribution that
is drawn from a Maxwell-Boltzmann distribution with dispiens that depends on halo
mass (S06).

We specify a minimumr-band luminosity for the galaxies in the catalogud, —
Slog(h) = —19, to stay well above the resolution limit of the Millenniunrm8ilation,
avoiding any issues of completeness that may bias our sesMlie generate lumi-
nosities for the central galaxies, while accounting for stechasticity between their
luminosities and host halo mass, and then we generate #lbtedtiminosities so that
the observed luminosity distribution is reproduced fér — 5log(h) < —19 (S06).

We model the observeg-r colour distribution at a given luminosity as the sum of two
Gaussian components, commonly referred to as the ‘bluelcknd ‘red sequence’.
Our colour model has five constraints as a function of lumtgothe mean and scatter
of the red sequence, mean and scatter of the blue cloud, andlub fraction. We
assume that the colour distribution at fixed luminosity isragimately independent of
halo mass, and that the satellite colour distribution \gasigéch that its mean increases
with luminosity (i.e., the satellite red fraction increaseith luminosity in a particular
way). These two assumptions are tested and verified withxgaeup catalogues in
Skibba (2009).

This procedure produces a mock galaxy catalogue contain8®million galaxies, of
which 29 percent are satellites. Galaxies occupy halodsmésses ranging froi*!
to 1053 h~'M,. We also construct a mock light cone from the catalogue bsctiely
galaxies that are within a radial distance50f) »~*Mpc from one corner of the box.
This gives an opening angle 86 x 90 degrees and a depth &0 4~ Mpc, for which
right ascension and declinations are determined. The sisaiySection 3.4 is carried
out using a sample of galaxies that are common to both the hadxhe cone and are
chosen so not to be affected by edges. Figure 3.1 shows the miezber of galaxies
as a function of halo mass, for two luminosity thresholds;{). By construction,
the number of galaxies consists of the number of centrakgadalus the number of

satellites, such that
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Figure 3.1: The mean number of galaxies above a given luminosity presetark matter haloes
of different mass. Error bars denote the 16th and 84th pelegand are plotted for haloes that on
average host at least 1 galaxy. Lines represent the inpuéinaod correspond to Equation 3.1.
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(Nga | M, Lusin) = (Nean| M, Luin) |1+ (Noue| M, Luia)| (3.2)
where,
(Noen| M) = 1[1 X erf(%)] (3.2)
2 OlogM
and

M—M\"
Neat| M) = | ——— | . .
< sat| > ( M{ ) (3 3)
The luminosity of the central galaxy is related to the magskemalo,
1 [log<Lcen/<Lcen‘M>>]2
P(log Leen| M) = ————exp | — : (3.4)
( | ) V 27TU]0gL 2012ogL

(See Appendix A2 of SS09 for details). All of the free paraengtdepend on lumi-
nosity. The slope of the power law, is nearly unity. One may define a parameter
M, which is equal to or slightly larger thai/, (Zheng, Coil & Zehavi, 2007), and
is proportional to the minimum halo mas&l; ~ 20 M,,;,. This determines the mass
above which haloes typically host at least one satelliteogal Therefore, since for
M, < —19 the minimum halo mass s 105 h=1M,, the mean number of galaxies
rises rapidly like a linear power law at masses larger thamtytimes this value, or

~ 1028 h=1 M, as seen in Figure 3.1.

At the high halo mass end, galaxy number shows a near lintdioreship with dark
matter halo mass, which occurs by construction in the hatmation model. This
implies that the number of galaxies per unit dark matter nssnstant, or put an-
other way, each galaxy contributes the same mass of darkemtatthe cluster. This
is in agreement with the findings of Poggiaetial. (2010) and to some degree is the
natural consequence of a structure built hierarchicallizis Blso agrees with Blan-
ton & Berlind (2007) who find that galaxy distributions are yaffected by the host
dark matter halo, and not by the surrounding density fieldiife SDSS galaxy group

catalogue.
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The r—band luminosity function of galaxies in the mock catalogaishown in Fig-
ure 3.2 and is compared to both the observed SDSS luminasittion (Yang, Mo &
van den Bosch, 2009) and a popular semi-analytic galaxy ftomanodel (De Lucia
& Blaizot, 2007). In Figure 3.3 we show the mock two-point etation functions of
all, red, and blue galaxies and compare them with the e@nv&DSS measurements
of Zehaviet al. (2005). Note that the colour-dependent two-point functieeasured
by Zehaviet al. (2011) is slightly different from that constrained in the chplikely
due to the presence of the Sloan Great Wall in the real datanasually massive

supercluster at ~ 0.08.

We have made the mock galaxy catalogue as realistic as pmsailal although the cat-
alogue reproduces the observed environmental dependéhaminosity and colour,
there are nonetheless a few limitations to the model. Fomele we have assumed
virialised (dynamically relaxed) dark matter haloes evesugh some haloes are not,
such as those having recently experienced a merger (e.ccidlecal, 2007). We
have also assumed that central galaxies are always thadsigjalaxy in a halo and
lie at the centre of their potential well, although in a nawziaction of haloes, es-
pecially massive haloes, this assumption is not valid (Skit al, 2011). Finally,
we force satellite galaxy properties to depend only on hadgsnnot on halo-centric
position, although there is evidence of such a dependerftedtmass (e.g. van den
Boschet al,, 2008a; Hanseat al,, 2009). While our mock galaxy catalogue resembles
a spectroscopic catalogue, some environment measuregitbediterature are based
on photometric data (e.g. Gallazi al., 2009); for tests with such measures one can

add scatter to the redshifted mock galaxy positions, fongpta.

3.3 Environmental Measures

There are many different methods of measuring galaxy emment available in the
literature. Most of these can be categorised into two broadmgs: those which use
neighbour finding and those that use a fixed aperture. An @wf the methods used
in this Chapter are presented in the following subsectiodssammarised in Table 3.1

along with the authors who implemented them.
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Figure 3.2: Ther-band luminosity function for the mock galaxy catalogueatee using the HOD

of Skibba & Sheth (2009) (red line) compared with that of teemsanalytic De Lucia & Blaizot

(2007) model (blue line) and the SDSS observed values (Ydogk van den Bosch, 2009) (black
points with errors).
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Figure 3.3: The two-point correlation function of all, red, and blueagaés in the mock catalogue
(lines), compared with the equivalent observed resultsar8DSS from Zehawt al. (2005) (points
with errors).
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Num Method Author
Neighbours
1 3rd Nearest Neighbour Muldrew
2 Projected Voronoi Podgorzec & Gray
3 Mean 4th & 5th Nearest Neighbour Baldry!
4 5 Neighbour Cylinder Li2
5 7th Projected Nearest Neighbour Ann
6 10 Neighbour Bayesian Metric Cowart
7 20 Neighbour Smooth Density Choi & Park
8 64 Neighbour Smooth Density Pearce
Aperture
9 1 h~1Mpc (21000 km s™1) Griutzbauch & Conselice
10 2 h~'Mpc (£500 kms1) Gallazzf
11 2 h~'Mpc (£1000 kms—1) Gritzbauch & Conselice
12 2 h~!Mpec (£6000 kms—1) Gallazzf
13 5h~1Mpec (£1000 kms—1) Griutzbauch & Conselice
14 8 h~'Mpc Spherical Crotor
Annulus
15 | 0.5 —1.0~h 'Mpec (1000 kms™1) Wilman & Zibetti®
16 | 0.5 —2.0h 'Mpc (1000 kms™1) Wilman & Zibetti®
17 | 0.5—3.0h 'Mpc (£1000kms—1) Wilman & Zibetti®
18 | 1.0 — 2.0~ 'Mpc (£1000 kms™1) Wilman & Zibetti®
19 | 1.0 — 3.0~ *Mpc (£1000km s~ 1) Wilman & Zibetti®
20 | 2.0 — 3.0 'Mpc (1000 kms™1) Wilman & Zibetti®

Table 3.1: List of environment measures used in this study and the aithloo implemented them,
including references where applicable. See Section 3.8iftiter details. References: 1: Baldry
et al. (2006), 2: Liet al. (2011), 3: Cowan & Ived (2008), 4: Parlet al. (2007), 5: Giitzbauch
et al.(2011), 6: Gallazzet al. (2009), 7: Crotoret al. (2005) and 8: Wilman, Zibetti & Budaari
(2010).
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3.3.1 Nearest Neighbour Environment Measures

The principle of nearest neighbour finding is that galaxiéh wloser neighbours are
in denser environments. To create a standard measure $oatkialue of, is chosen
that specifies the number of neighbours around the pointtefast. In its simplest

form, the projected surface density of galaxies,can then be defined as

(3.5)

op=—
2’

wheren is the number of neighbours within the projected distancéhe radius to the
n-th nearest neighbour. One disadvantage of quantifying@mwient using projected
statistics is that two galaxies can appear close togethenviey are in fact just a
chance alignment and are actually separated by a largandestn the third dimension.
While there is no simple way to overcome this observationatig can adopt a velocity
cut about each galaxy, typically of order1000 kms~!, to minimise the number of

such alignments.

For data where a third dimension has been measured for etotyda.g. redshift),

the denominator of Equation 3.5 is replaced by the encloskame:

n

=
(4/3)r3

(3.6)

When using three dimensions careful consideration of réidsistortions are needed
and this often leads to two dimensional projected distabe#sg used. The nearest
neighbour estimator was recently applied to the Galaxy aadsVAssembly catalogue
(GAMA; Driver et al,, 2011) by Brougtet al. (2011) using the distance to the first
nearest neighbour above a given luminosity, although &l{yi8-10 neighbours are

used.

Variations on the:-th nearest neighbour approach have been proposed in arpatte
improve the robustness of statistic as a measure of localtge®ne such method used
by Baldryet al. (2006) was to take the average of two different neighbousties, in
their case the 4th and 5th nearest neighbour projectedcsutnsities. An alternative

proposed by Cowan & lvezi(2008) was to use the distance to every neighbour up to
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the tenth instead of just the distance to the tenth to caketiee density. They adopted

a Bayesian metric such that

1
SRS viN) o0
whereC' = 11.48 is empirically determined so that the meanyahatches the number
density when the density is estimated on a regular grid farifoum field, andd; is the

distance to neighbour

One can also use numerical simulations to guide the neaegghlour calibration.
Calculating densities using neighbours has long been usgthooth Particle Hydro-
dynamics (SPH) and this technique can be applied to galaxissnulations. SPH
calculates the density around a point by weighting eachhieigr based on its dis-

tance from the point, with the smoothed galaxy density ddfase

p=2_ Wl h). (38)

Here,n is the number of neighbours used dmd|r;|, h) is the weighting given by

1=6(;) +6(;)" 0<f<3
8
Wirh) =—5q 2(1-3)° l<r<i, (3.9)
0 F>1

wherer is the distance to each neighbour amnds the distance to the-th nearest
neighbour. This weighting corresponds to the spline kesh&onaghan & Lattanzio
(1985) and is the standard kernel of SPHhis method was used with 20 neighbours

in Parket al. (2007), but values of 32 and 64 are more common in SPH.

Another way to constrain local galaxy density using neighlbavas proposed by Li
et al. (2011) for the Redshift One LDSS-3 Emission line Survey (RSLBilbank

et al, 2010). Liet al. (2011) considered the volume element of the nearest neighbo
found by constructing a three dimensional cylinder usirgfthe nearest neighbours

to define its radius and depth. In other words, this technenatoses the five nearest

lWe have adopted the notation bfcorresponding to the point at which the kernel equals zero as

opposed t@h as is used in traditional SPH literature. This is just a notetl change.
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neighbours in a cylinder that no longer has to be centred @galaxy being sampled,
and leads to a better estimate of the relevant volume whepawad with simply using

a sphere of radius the fifth nearest neighbour.

Further consideration of the volume can be made by calagidkie Voronoi volumes
around each galaxy as a measure of the environment (e.grdéet al., 2002; Cooper

et al, 2005). Voronoi volumes are polyhedrons constructed bgdbisg the distance
vectors to the nearest neighbours. Each galaxy will havéutenearound it, for which

it does not have to be at the centre, defining the points inespiaat are closer to it
than any other galaxy. This gives an estimate of the locasithenUnlike the other
neighbour-based methods, the number of neighbours useefiteedhe shape of the
volume probed is not fixed, which makes the technique fullypdigte. For this study a
projected Voronoi measurement is made by collapsing gedaxito two dimensional
slices of50 A~ 'Mpc in depth. The Voronoi shapes are then constructed on these su

faces to calculate the surface density of each galaxy.

In Section 3.4 we apply a number of the above nearest neigimbeinods to the mock
galaxy catalogue described in Section 3.2 and quantify te&tive strengths, weak-

nesses and optimal applications.

3.3.2 Fixed Aperture Environment Measures

In contrast to nearest neighbour methods, which define @mwient using a varying
scale around each galaxy set by the distance to a pre-dastmumber of galaxy
neighbours, fixed aperture methods instead probe a fixecbaredume around each
galaxy, within which the number of neighbours are countdte more galaxies inside

this area or volume, the denser the environment is assuniss] sond vice versa.

Fixed aperture measures are often expressed as a dengitgston instead of a den-
sity, p. Density contrast rescales the aperture count with regdpetie mean and is

typically defined as

op — u (3.10)

) -
P Ny

whereN, is the number of galaxies found in the aperture, aijds the mean number
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of galaxies that would be expected in the aperture if gatawiere instead distributed

randomly throughout the entire volume.

The fixed aperture technique was used by Crabal. (2005) to investigate the en-
vironments around galaxies in the 2dF Galaxy Redshift Suf@ejlesset al., 2003).
Crotonet al. (2005) used spherical apertures of radius !Mpc, having investigated
a range of sizes from af = Mpc to 12 h~'Mpc (see also Abbas & Sheth, 2006).

When distance information is not of sufficient accuracy (cgeatt), apertures in this
methodology are instead projected on to the sky. Where dessibthors will then
impose a velocity cut of ordet1000 km s~! to minimise interlopers (e.g. Gtzbauch
et al, 2011), for the same reasons discussed in Section 3.3.1mafeitude of this
velocity cut can vary depending on distance uncertaintidgs was investigated by
Gallazziet al. (2009) who found velocity cuts a£6000 kms~! (dz = 0.02) represent
the typical photometric redshift uncertainty afhd00 kms=! (dz = 0.0015) represent
the typical spectroscopic redshift uncertainty. Suchrercan often have a detrimental
effect on the measured density if not appropriately acaifdgr. Note that when a ve-
locity cut is imposed, an otherwise spherical aperturegdtes into a cylinder in three
dimensional space, within which galaxy counts are themtaéhether this distortion
is important for the environment measure depends on thesfoiciine analysis. Typical
scales for the radius of an aperture range fiolm *Mpc to 10 h~*Mpc, probing envi-
ronments spanning individual haloes to large super-strastand voids in the cosmic

web.

A variation on the fixed aperture method was proposed in Wilrdébetti & Budavari
(2010), where counts were taken in annuli of increasingrianel outer radius, rather
than within a single fixed aperture volume. This techniquebées the larger scale en-
vironment to be probed and the influence of local regionsraandividual galaxies to
be removed. In its optimal form different sized annuli arplagal in combination with
apertures to better constrain the halo size and changes/iobement with distance

from the galaxy.

Finally, in addition to environment being defined by galaxasitions within the vol-
ume, we also measure environment as inferred from the bagkdrdark matter dis-

tribution. To obtain the neighbourhood dark matter envinent in the Millennium
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Simulation the full volume is broken into a three dimensiogyad with side-length

2 h~'Mpc. At the centre of each grid element a three dimensional Gausien-
sity is calculated using the local dark matter particlespaiined over three different
scales2.5, 5, and10 h~Mpc. This Gaussian smoothed density is similar to the kernel
smoothed density of Equation 3.8, but with a dark matteriggarmass term in the

sum.

In Section 3.4 we apply a number of fixed aperture methodseortbck galaxy cat-
alogue and measure local density around each galaxy. Towsalis to quantify the
properties that aperture measured densities best prodescampare with the previ-

ously described nearest neighbour estimators.

3.4 Results

To investigate the different properties of each galaxy remment measure, in this
section we consider how they correlate with (1) the host daaker halo mass, (2) the

underlying dark matter environment, and (3) the colour efghlaxies.

To facilitate this we have converted the output of each toeacentage rank’ for each
galaxy. This is computed by listing the galaxies in ordermairéasing density, then
assigning them a percentage based on where they appeat listthaith zero percent
being the least dense and one hundred percent the most dEmseefore, a galaxy
with a percentage rank of ninety-five has five percent of tHexges in the sample
denser than it and ninety-five percent less dense than is Adrimalisation provides
a fairer comparison between environment estimators anidegrtheir relative rather
than absolute distributions across the environment sp@actwhich would otherwise

be definition dependent.

Throughout this Section we present results using a sefeofienvironment measures
that illustrate general trends. For completeness, in Agief we repeat all the Fig-

ures presented here using the complete set of environmeagures listed in Table
3.1
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3.4.1 Dark Matter Halo Mass

By design, the most fundamental property for a galaxy within model is its dark
matter halo mass. Halo mass determines both the spatiabdigin of the galaxy
population and the individual galaxy properties. Therefeach environment measure
should reveal some underlying correlation. Typically halasses of- 1012 h~1M,

correspond to the fieldy 1035 h=tM, to groups and- 10'°> h~M,, to clusters.

3.4.1.1 Nearest neighbour results

Figure 3.4 shows contours of the abundance of galaxies #wa énvironments of a
given percentage rank plotted against the host halo mas$oudo different nearest
neighbour-based techniques, with the number of neighbiogreasing from left to

right. These are: the 3rd nearest neighbour density in tthireensions, the surface
density for the projected 7th nearest neighbour, the thirersional density using a
10 neighbour Bayesian metric, and the smooth kernel threerdimnal density using

64 neighbours.

The most noticeable feature of all panels in Figure 3.4 isgaaxies divide into two
distinct groups, with the top- 20 percent dense environments occupied by galaxies
in haloes more massive than 10'2° h~'M., and the remaining- 80 percent of
environments occupied by galaxies in haloes with massesrlthvan~ 10125 h=1M,,.

This bimodality arises from the assumed association betwakaxies and dark matter
haloes required to fit the observed luminosity function dondtering observations, and

is explored further below.

Looking in more detail, the lowes0 percent of rank-ordered densities in Figure 3.4
shows no trend with halo mass, and as such, the term ‘locabemeent’ no longer ap-
plies. In terms of a characteristic halo mass for a givenrenment, this result leaves

individual galaxies near clusters indistinguishable fisolated galaxies in voids.

In contrast, the behaviour of the high density—halo maseetaiion depends on the
neighbour method employed. In the highg&percent environments, lowneighbour
searches smooth away any density dependence with halo miasscan be seen by

comparing the far left panel in Figure 3.4 (lowy with the far right panel (hight). As
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the number of neighbours used to define environment is isetkayalaxies belonging
to increasingly massive haloes (which host an increasimgoeu of satellites) will be
labelled as increasingly dense. Thus, to more precisely dtd the high density—halo

mass environment correlations using nearest neighbouraadgta high: is desirable.

The first two panels of Figure 3.4 provide an additional téshe importance of pro-
jection effects. Here, the 3rd nearest neighbour count ipeed using three di-
mensional redshift space distances while the 7th nearegilyaur is performed with
projected galaxy positions on the two dimensional sky. Bogéthods show the same
overall trend with halo mass. We find that, in general, prtojecthe galaxy positions

simply blurs the edges of the two clouds with the overall haqgserved.

Another popular neighbour-based method used for measeanwigonment is Voronoi
volumes, as discussed in Section 3.3.1. Figure 3.5 showsahdwonoi defined envi-
ronment estimator also correlates with dark matter halssméfe see a similar trend
to that of the other neighbour-based methods, with the duwesult close to the 7th

nearest projected neighbour method shown in the second pirigure 3.4.

A comparison of Figure 3.1 with Figures 3.4 and 3.5 reveasotiigin of the bimodal-

ity. Galaxies identified to be in the upp20 percent dense environments tend to be
those whose neighbour search stays within the dark matterdo to a large satel-
lite population. Such haloes are almost always more masisare~ 102 5= 1M,

In contrast, the loweB0 percent density environments are identified by neighbour
searches that extend beyond the halo due to a low or zertitsgtepulation of signif-
icance. In general, haloes with few satellites almost aén@gve masses smaller than
~ 10'25 h=1M,,, and neighbour searches will then tend to probe the intier+lagcher

than inter-galaxy separations.

3.4.1.2 Fixed aperture results

Many authors have employed fixed apertures to probe the decedity around galax-
ies, as described in Section 3.3.2. In a similar vein to Fagdi4, Figure 3.6 shows
how various aperture sizes correlate with host dark mattfer tmass when a projected

fixed aperture is employed with a cut in velocity space aroegch galaxy. In addi-
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tion, the central two panels show how the density—halo magslation changes if the
velocity cut is increased for the same sized aperture. Tughly corresponds to the
difference one would expect with data having photometricspgctroscopic redshifts,

as discussed in Gallazet al. (2009).

The projected fixed aperture technique yields both simitat @different trends when
compared with the nearest neighbour technique shown inr&®4. The overall shape
is the same, with galaxies in haloes of mass less tha'?° h=*M,, showing little

correlation of halo mass with environment. At the high mass there is a plume of
increasing density that is much better defined than fount thieé nearest neighbour
method (especially when compared to choices of igwThis suggests that the fixed
aperture methodology is a better probe of halo mass, edlgdoiasmall apertures and
velocity cuts. There is however contamination at a fixed digfrem low mass haloes

due to their close proximity to the high mass halo.

In particular, when there are enough galaxies to define tted large-scale structure,
a fixed-scale environment probe is much more sensitive t@tueer-law nature of
the two-point correlation function, where the abundancel@de pairs falls off rapidly
beyond the halo radius. This leads to the galaxy count in Xleel faperture also falling
off rapidly. In contrast, nearest neighbour environmenthoéds adapt the scale probed
to keep signal-to-noise fixed. Hence, the division betwelsal@'s interior and exterior

becomes much less prominent.

At intermediate to low masses there is no relation betweesdfeperture measured
density and halo mass, and so the environment parametésstulean, as is also the
case for nearest neighbour environment parameters. Froamaronment point-of-
view, such haloes, which usually host galaxy groups, mayitheudt to distinguish

from cluster outskirts and from unassociated lower-makseisa

As the aperture is increased in size, the trend with halo rizales when the aperture
becomes much larger than the structures present. For egamplper-cluster with a
collective mass of 06 h~'M., would have a radifsof ~ 3.5 h~'Mpc, smaller than

the 5 h~*Mpc aperture shown in the far right panel of Figure 3.6. When amtape

2Radius here is determined by finding the scale at which thiesed density is 200 times the critical

density of the Universe.
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becomes large enough the contribution of individual hakes structures blur and
the environment—halo mass trend weakens or disappearseHaperture size should
be chosen carefully from the outset and be appropriate ®isthence questions of

interest.

Finally, the two central panels of Figure 3.6 illustrate timportance of velocity (or
equivalently distance) uncertainties on the environmegdsure. Large velocity cuts,
as is typically required with photometric data, make meaguenvironment with a
fixed aperture ineffective. This occurs for the same reasoasing large apertures.
There, the aperture was wider than the structures of iritereish smoothed out the
signal, while here, the depth of the aperture scatters ierflupus counts from fore-
ground and background objects, diluting any correlatiohisToes not apply to the
highest mass clusters as they dominate the depth reduangffiéect of interlopers.
Furthermore, any use of the angular correlation functioa @gsobe of environment
must first consider the redshift distribution of the galax@ad the uncertainties must
be well understood (e.g. Cat al,, 2004; Quadret al., 2008).

3.4.2 Galaxy Colour

Galaxy colour has been shown to correlate with local galaeysdy, with galaxies in
over-dense environments being redder compared with tloseder-dense environ-
ments (cf. cluster and field) (e.g. Lewes al,, 2002; Kauffmanret al, 2004; Cooper

et al, 2006; Gallazziet al, 2009). The model we employ in this paper has a con-
strained globad — r colour distribution that mimics that of local galaxies iet8DSS
(Skibba & Sheth, 2009). Hence, the degree to which diffeeaaironment metrics can

recover this relation can be tested.

Figure 3.7 shows histograms of the- r colour distribution for the 20 percent most
dense and 20 percent least dense galaxies defined with tlefeanmearest neighbour
methods used in Figure 3.4: the 3rd nearest neighbour giensihree dimensions,
the projected 7th nearest neighbour, density defined fror@ aelghbour Bayesian
metric, and the smooth kernel density using 64 neighbourghe 20 percent most
dense environments, all nearest neighbour-based enwnoinmeasures show a clear

red peak and a more weakly populated blue cloud. In contresste lowesR0 percent
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of environments galaxies are split more evenly betweendtleand blue populations.
As the neighbour number is increased (from left to righ®yéhare only small changes
in the relative colour distributions in environment extesnThe Kolmogorov-Smirnov
probability (Kolmogorov, 1933; Smirnov, 1948) that botmgdes are drawn from the

same distribution is shown in the upper right of each panel.

Figure 3.8 shows histograms of colour for the 20 percent messe and 20 percent
least dense galaxies as probed by fixed apertures of vatiz®jsas used previously in
Figure 3.6. The central two panels show how these distohatchange if the velocity
cut is increased or decreased for the same sized aperture rotighly corresponds
to the difference between photometric and spectroscopishré uncertainties (Gal-
lazzi et al, 2009) (see Section 3.3.2). For small apertures, the camtributions
of both density extremes look remarkably similar to thatfdior the nearest neigh-
bour methods shown in Figure 3.7. However, as the volumeefided aperture is
increased similar trends to that found in the previous Saatimerge. In particular,
as the aperture becomes larger (either in radius or deptnyifferences between the
colour distributions of galaxies in environment extremessen. Here, the individual
properties of galaxies are smoothed over due to the largetyasf local environ-
ments falling within the aperture. For apertures probinglesc much larger than the
typical cluster the distinction between environments shes. This suggests that en-
vironment questions relating to galaxy colour (or progerthat correlate with colour)
should avoid fixed aperture methods with large smoothing cadiepth (e.g. Croton
et al, 2005). Furthermore, the Kolmogorov-Smirnov probal@gtindicate that near-
est neighbour-based methods detect stronger coloureemaent relations than all the

apertures tested here.

3.4.3 Dark Matter Environment

Dark matter haloes are known to be biased tracers of the lyitgdark matter distri-

bution, and it is interesting to compare how haloes and theotimbackground mass
field correlate with respect to their environment rankingd &ow this relates to the
galaxy distribution. To this end, the simulation volume bagn divided using a three

dimensional grid of side-lengthh~'Mpc, and the neighbourhood dark matter den-
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probability that both samples are drawn from the same Higidn.

uswuosAug Axeles) Bulinses|y

A4



Measuring Galaxy Environment 73

sity field measured with a Gaussian filter placed at the cesfte;ach grid element,
smoothed on three different scaless, 5.0 and10 2~ 'Mpc (see Section 3.3.2). We
compare this to the environment measured directly fromraégalaxy counts within

a fixed spherical aperture of radigg ~—'Mpc (Crotonet al., 2005).

Figure 3.9 shows how the background dark matter densitys§kan smoothed on var-
ious scales, correlates with the large-scale galaxy dernsip-hat smoothed on an
8 h~'Mpc scale. The correlation is weakest for the smallest Gaussimmthing scale
of 2.5 h~'Mpc, becomes tighter at a scalefof~'Mpc, before becoming weaker again
at10 ~~'Mpc. The point of tightest correlation between dark matter aasldxy mea-
sured density approximately corresponds to the same @lysiale being probed by
each in three—dimensional space. At fixed dark matter detisat scatter in density
measured by galaxies is approximatélypercent. This indicates the degree of preci-
sion with which one can probe the smooth background densithggalaxies as tracers

of the mass distribution.

We have compared the other environment measures used Ghhjger to the back-
ground dark matter density and these can be found in Appehdir short, a similar

trend to Figure 3.9 is found for the 64 neighbour smooth dgresivironment mea-

sure, but with the tightest correlation at a radiu26fh~*Mpc. For the other neigh-

bour and small aperture methods, weak correlations aredfedren plotted against
a dark matter density smoothing scale2df »~*Mpc but which disappear on larger
scales. Environments measured in annuli and projecteduapenethods that impose
a photometric-type redshift velocity cut show no correlaton any scale due to only
the largest clusters dominating the depth cut, while theeihbour Bayesian metric
and 20 neighbour smooth density again show a similar caivakato the dark matter

smoothing scale df.5 h~!Mpc.

3.4.4 Individual Galaxies

In the previous Sections we investigated how different mmrment parameters cor-
relate with different galaxy properties in a statisticahse by considering the whole
sample. As implied by Figures 3.4 and 3.6, when selectingtb&t and least dense en-

vironments different methods will potentially select dint galaxy populations. An
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alternative and complementary way to compare the diffezanironment methodolo-
gies is to consider individual galaxies in the mock catatbbgnd examine how each
measure ranks them relative to the others. By consideringithl galaxies a better
understanding of why these galaxies were chosen can beebtal his also highlights
the consistency (or lack thereof) between different defing of environment. Below
we present one example that is representative of the gemehaliour for high mass

haloes.

The top panel of Figure 3.10 shows how the different envirenimeasures listed in
Table 3.1 compare when one focuses on the central galaxywaoguthe fourth most
massive halo in the simulation, with mags5-% =M. The environment measures
are separated into three groups based on the techniquedbeyeighbours, aperture
and annulus. All environment measures place this galaxiginvihe top 10 percent
of rank ordered densities in the simulation volume, withriiggority placing it within
the top one percent. When considering annuli to define envieon, the top panel of
Figure 3.10 shows that the further one moves from the cerfittkeohalo the lower
the rank density measured. This simply highlights that th&eroregions of a halo
tend to be less dense than the core. When considering aperéiheds there is less
of a trend between different definitions. However, for a fixkgpth, increasing the
aperture size reduces the rank density measured, whilexéat fiperture size, the den-
sity rank appears sensitive to the inclusion of both the hate (smaller velocity cut)
and full extent (larger velocity cut). As mentioned in p@ws sections, the larger ve-
locity cut used to represent photometric redshift uncetiees has a smaller effect on
large clusters as the cluster members dominate the galakigs the depth cut. For
neighbour-based methods there is a general increase iartkedensity as the neigh-
bour number increases. This is due to the increased neigkbant contributing from
within the galaxy halo. Specifically, as the number of nemlins increases galaxies in
smaller haloes are demoted down the rank list, and so th&igslm large haloes are

promoted.

The bottom panel of Figure 3.10 shows how the different dgrsitimators rank the
most distant satellite associated with the central galdxhe samel0'>%*M,, halo

used in the top panel. This is a test of how satellites on ti&kats of cluster environ-
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Figure 3.10: (top) The percentage rank of various density estimatoss Table 3.1) for a single
central galaxy living in the fourth most massive halo in tiraidation. The density methods are
grouped by increasing neighbour number, increasing aesnd increasing inner radius of an
annulus. (bottom) The same as the top panel, but this timpdahmentage density ranking of the
outer most satellite galaxy in the same halo for each method.
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ments would be classified in each density scheme. The rangevobnment ranking
is much larger between the different measures, with thetagsrand annuli mostly
finding higher rank densities than the neighbour estimaleg again comes back to
scale, with neighbour methods probing the internal pragedf the outer halo, and
aperture and annulus methods being sensitive to the largetwe of the halo and its
surrounds. Additionally, the trend of increasing rank dgnwith increasing neigh-
bour number is again seen as the neighbour count reachesrdetpthe halo core

from the boundary.

3.5 Discussion and Summary

The phrase ‘galaxy environment’ is a very general concegithlas been used in the
literature in a variety of ways. Its definition — what it meessiand how it is measured
— can vary from author to author. This creates uncertaintgnanying to compare
results for environmental trends. In practise, galaxy remrment is quantified in one
of two ways: by the distance to theth nearest neighbour or by using a fixed aperture
to probe the surrounds. Over the course of time these twoadsthave evolved in the
literature. However, both methods and their variants pled measure of the density
field surrounding a galaxy and hence can be used to answaelfispgwironment-

related questions.

To fairly compare many different environment measures ooelavideally like to use
a common galaxy catalogue as a starting point. This was\athia this Chapter by
applying a halo occupation distribution model to the- 0 output of the Millennium
dark matter simulation. Our model is designed to accuragyoduce the luminosity,
colour and spatial distribution of galaxies in the SloanifaigSky Survey. The re-
sulting data cube was also used to generate a mock light cotiatsthe environment

measures could be applied in a more realistic geometry.

Comparing neighbour and aperture based environment msagutbe dark matter
halo mass of a galaxy reveals how they measure differenttspéthe halo. In par-
ticular, nearest neighbour methods that use a small enoemgmltour number best

probe the internal properties of the halo. For haloes thatato fewer galaxies than
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the neighbour number, the inter-halo separation domirthgesalculation and galaxy—
environment correlations tend to wash out. In contrastitapemeasures tend to better
probe the halo as a whole and so lead to larger density vatuessponding to larger
haloes, which more accurately reflect their larger massesmaAller aperture than
those studied here could be used to probe cluster envirassrorm scale similar to the
nearest neighbour-based methods, but these would be aivlsuidr the field due to the
distance between neighbours being too large. This is ireageat with the findings of
Haas, Schaye & Jeeson-Daniel (2012).

The galaxy density internal to a halo’s boundary was founbdeondependent of its
mass when probed using the neighbour method. While galakibe &dge of a halo
are always in less dense environments than those at the ctr@mgalaxy environment
at the centre of intermediate mass haloes is approximdtelyame as that at the centre
of very massive ones.By fitting the number of galaxies for a given halo mass, we
find that the number of galaxies per unit dark matter massnsteot and this is in

agreement with the findings of Poggiaatial. (2010).

When comparing how the different environment measuresiaisér galaxy colour, al-
most all methods recover the observed correlation thakigelare redder in denser
environments compared to those in less dense environmEritsrelation only disap-
pears for very large apertures, of ordep 2~ 'Mpc. On scales larger than this the most
dense and least dense galaxies are found to have similarrabtributions. Here, the
aperture is large enough to encompass a statisticallyseptative number of different
haloes, resulting in a smoothing out of the colour diffeesnaver such large volumes.
This behaviour is also expected to extend to any propertycthraelates strongly with

colour.

On the other hand, very large fixed apertures are the mostatecat recovering the
large-scale dark matter environment. For example$ An'Mpc spherical aperture
used to calculate the galaxy density correlates well withdark matter environment

measured using Gaussian smoothingsdim*Mpc scales. Similar results are found

3The concentration and mass of dark matter haloes are amélated, and since the number density
distribution of galaxies follows that of the dark mattertpdes (Yanget al,, 2005), the central concen-
tration of galaxies should also vary slightly with halo masspractice, however, the trend is difficult to

detect observationally.
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with high numbem-th neighbour estimates. The important parameter hereaig,sc

with larger probed scales better correlated than smalidesc

In addition to the environment measures themselves, weealslored the general ef-
fects of photometric and spectroscopic redshift unceresy varying the velocity

cut used to calculate projected environment. For a typibatg@metric redshift uncer-
tainty most trends with environment disappear or becomefgigntly weaker. This

is caused by the depth of the aperture becoming much largerttie objects being
probed, and the scattering of interlopers which contareitte density probe. This ef-
fect decreases for the largest clusters as the members atentive depth cut. We warn
that photometric redshifts may be unsuitable for measucgrgain properties when

using a range of environmental scales, especially at hidghiés.

On a galaxy-by-galaxy basis, most environment methodseagmethe relative envi-
ronment rank of central galaxies in massive haloes (to wihiew percent). There is
less agreement with the satellite population in clustehgre the result becomes more

sensitive to the method employed.

Dark matter haloes are often broadly categorised as regidirfield’, ‘group’ and
‘cluster’ environments based solely on their mass. In Fadlid, for example, haloes
of massM ~ 102 M, 10'35 M, and10'® M., approximately correspond to these
environment bins, respectively. Many environment anaysee this categorisation,
although as we have seen, the distinctions between thenftegmbe blurred in detalil.
Some studies also attempt to explicitly identify galaxiesttare isolated or in groups
or rich clusters, for example using Friends-of-Friendsugréinding algorithms (e.qg.
Berlind et al,, 2006; Yanget al,, 2007). Analyses using group catalogues are comple-
mentary to studies with nearest neighbour or fixed apertwasnres, or with galaxy
clustering (e.g. Weinmanet al, 2006; Martnez & Muriel, 2006; Blanton & Berlind,
2007; van den Boscét al,, 2008a; Baloglet al,, 2009; Skibbaet al., 2011). Work fo-
cused on galaxy clusters has also yielded complementauitsés.g. Poggianet al,,
2008; Rudnicket al, 2009; Bamfordet al, 2009; Wolfet al,, 2009; Gallazzet al,
2009).

Importantly, the way a galaxy forms and evolves is clearlgtesl to its environment.

Some galaxy properties, such as luminosity, colour, arlthsteass, are directly cor-
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related with the large-scale environment through the haxdt ohatter halo (e.g. Zehavi
et al, 2005; Liet al,, 2006). Other galaxy properties, such as structure, arertes
extent only indirectly correlated with the environmentg(eKauffmannet al, 2004;
Blantonet al, 2005; Cassatat al., 2007). Indeed, a number of authors report that, for
many aspects of the galaxy population, environmental d#grese is often weak once
stellar mass is fixed (van den Bosetal,, 2008a,b; Scodeggiet al,, 2009; Bolzonella

et al, 2010; Vulcaniet al,, 2011). In any case, these studies highlight the fact that it
important to carefully determine how a galaxy’s environinsrcharacterised, and to
identify and navigate the potential aspects of the envimmnanalysis that may bias

the results.

The key consideration when picking an environment measuteei scale that is being
probed. The term environment is very general but in factksemwn into two main
regions and we argue that the community should agree on dasthterminology for
clarity and to avoid future confusion. The first region is tleeal environment’ which
corresponds to scales internal to a halo. These are besi¢gpusing nearest neighbour
methods, but the value afis important. Whem is larger than the number of galaxies
likely to reside within the halo the usefulness of this eamiment measure can weaken.
The second region lies external to the halo, the ‘largeeseaVvironment’. The large-
scale environment is best probed using aperture based dsetlmogeneral, there is no
simple way to probe all environments with a single method, @me should consider

carefully the best tool to answer the questions at hand.

This Chapter marks the firstin a series of works exploring teammg and methods of
galaxy environment, as measured in the current literatarihe present work we have
focused on using a clean sample of mock galaxies to quartdifydelected properties
of the galaxy population correlate with different envirogmmmethods, and how these
methods themselves compare. Future work will include itigasng the detrimental
effects of survey geometry, edges and holes (such as thosedhy stars) on environ-
ment and techniques that can be applied to successfullg@ver them. Furthermore,
the relationship between galaxy, halo and dark matter enment warrants additional
exploration, as does the redshift dependence of a galanyisomment (defined in var-

ious ways), what the different environment methods tellamua galaxy evolution, and
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how these can best be applied to the noisy data of the highifedsiverse.

3.6 Further Published Work

The environment data from this Chapter was used by Skétka. (2013) to create

rank-ordered marked correlation functions to investigai® environment measures
relate to clustering. Applying the environment measuresdeed in this Chapter to a
semi-analytic catalogue also, allowed Shattival. (submitted) to investigate the dif-
ficulties in using them to identify proto-clusterszat 2 and how these environments

evolve to the present day.



Chapter 4

Growth of Supermassive Black Holes

There is strong evidence that supermassive black holegerasall galaxies that con-
tain a stellar spheroid and their mass is tightly correlategd properties such as stellar
bulge mass and velocity dispersion. There are also strametical arguments that
feedback from supermassive black holes plays an importdatim shaping the high
mass end of the galaxy mass function, hence to accuratelglgathxies we also need
to model the black holes. We present a comparison of two datk growth models
implemented within a large-scale, cosmological SPH sitiaridncluding star forma-
tion and feedback. One model is a modified Bondi-Hoyle prption that grows black
holes based on the smooth density of local gas, while the @thiee recently proposed
Accretion Disc Particle (ADP) method. This model swallovesymnic particles that
pass within an accretion radius of the black hole and adds tbea subgrid accretion
disc. Black holes are then grown by material from this disc.fW that both models
can reproduce local scaling relations, although the ADPehisdoffset from the ob-
served relations at high black hole masses. The total blatkrhass density agrees
between models to within a factor of three, but both struggleeproduce the black
hole mass function. The simulated mass functions are t@psied underestimate
the number of intermediate and high mass black holes. Irtiaddthe ADP model
swallows excessive amounts of material at the resolutidargé-scale, cosmological
simulations producing unrealistically large accretioacdi Future work needs to be
performed to improve the black hole mass function withinidations. This should be

done through the mass growth and feedback as they are stromgpled and should
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not be treated as separate entities. This Chapter will begaol in Muldrewet al. (in

preparation).

4.1 Introduction

Supermassive Black Holes (SMBHSs) are hosted at the centregzlakies with a stel-
lar spheroid (Kormendy & Richstone, 1995; Ferrarese & Mer2d00) and play an
important role in galaxy evolution. Without the feedbackyttpower through Active
Galactic Nuclei (AGN) it is difficult to reconcile the obsed high mass end of the
galaxy mass function with that predicted by galaxy formatwodels (Boweet al,
2006; Crotonet al, 2006). In addition there is mounting evidence for the caevo
tion of galaxies and SMBHSs through the SMBH Mass—Spheroid éigi®ispersion
relation (Mg — 0. Gebhardet al,, 2000; Tremainet al,, 2002) and the SMBH Mass—
Bulge Stellar Mass relation{gy — Mpuee: Magorrianet al,, 1998; McLure & Dunlop,
2002).

The exact mechanism for the formation of SMBHs remains uaterbut there are
three main theories that predict different seed masses.fifdtés that massive Pop-
ulation Il stars collapse giving black hole seeds16f — 10° M, (Madau & Rees,
2001); alternatively the collapse of atomically coolingl0* K primordial gas in dark
matter haloes may lead to seed masse$)df- 10° M, (Bromm & Loeb, 2003). The
third mechanism is that they may form from the collapse-of03 M, stars created
in runaway collisions in dense stellar clusters (Devecchiofonteri, 2009). Johnson
et al. (2012) suggest that the lower limit on SMBH seeds-i$0° M., which requires
significant rapid growth to produce SMBH &fx 10° M, at z ~ 7 (Mortlock et al,
2011) andL.7 x 10° M, by the present day (van den Bosatal., 2012).

In the context of cosmological simulations, SMBH are initiahany times smaller
than the typical resolution of hydrodynamic particles @gaket al., 2010; Di Matteo
et al, 2012) and the exact details of their physics is too poorlyeustood to simulate
directly. This results in the formation, growth and feedbat SMBHs being added
in a subgrid manner. Sink particles are used to represerBMigH with a subgrid

accretion scheme implemented (Springel, Di Matteo & Heistg2005). The most
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common accretion model used in the literature is the Bondil¢i(Bondi & Hoyle,

1944; Bondi, 1952) method (e.g. Springel, Di Matteo & Hersu2005; Di Matteo,
Springel & Hernquist, 2005; Sijaclat al., 2007; Di Matteoet al,, 2008, 2012; Vo-
gelsbergeet al, 2013). Bondi-Hoyle models the accretion of a sphericaliypsetric

uniform flow of zero angular momentum material captured géonally by a point
source. This results in an accretion rate onto the SMBH;;, that is proportional to
the mass of the SMBH squared, the local density of the giaand inversely propor-

tional to the sound speed, cubed, i.e Mgy o< Mpona; < M2yp/c2.

Although commonly used in simulations, the Bondi-Hoyle noeltlinas a number of
limitations, as discussed in Hobbsal. (2012). The principle assumption is that gas
is at rest at infinity, but SMBHs are embedded within stelldges and dark matter
haloes that are many times larger. If the gas within the halasi hot as the virial
temperature, then it will be in hydrostatic equilibrium ah@& Bondi-Hoyle method
will apply. However, during periods of rapid growth of the 8M, the halo is gas
rich and dense gas is likely to cool faster. This will leadhe gas collapsing to the
centre triggering star formation and feeding the SMBH. Irs ttése, there is a net
radial inflow towards the SMBH and so gas cannot be assumedabrbst at infinity

and violates the Bondi-Hoyle assumption.

Another assumption of Bondi-Hoyle is that the gas accretés thie SMBH with zero
angular momentum, which is known to be not true. As gas cedlapnto the SMBH

it will settle into a circular orbit forming an accretion disvhose radius is set by the
angular momentum of the gas relative to the SMBH. This angutamentum forms a
natural barrier to accretion and only low angular momentas\gill be accreted onto
the SMBH (King, 2010; Hobbst al, 2011). The gas can only lose angular momentum
through collisions, creating a delay before gas can be texthy the SMBH.

Alternative models for SMBH growth have been proposed to ty avercome these
problems. Debuhr, Quataert & Ma (2011) introduced an aicereate that was depen-
dent on the angular momentum of the gas, building on the puewvork of Hopkins
& Quataert (2010). They set the accretion rate proportibmahe mean gas surface
density,> ., the local sound speed squared and inversely proportiotia¢trotational

angular frequency of the gag, i.e. Mgy YgasC /2. While this model accounts for
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the angular momentum of the gas, it is still accreted ontdSiM&H without a delay,

such as it would experience in the accretion disc.

In an attempt to account for both the angular momentum andleteyed accretion
Power, Nayakshin & King (2011, hereafter PNK11) proposeda stage accretion
disc particle model for black hole accretion. As opposedmareximating the accre-
tion rate based on local gas properties, they defined antamtmadius around the
black hole particle and any baryonic material passing asids is swallowed and
added to a subgrid accretion disc. Material is then alloweactrete onto the SMBH

from the accretion disc over a viscous timescale.

Currently the accretion disc particle model has only beenl useédealised disc and
major merger simulations (PNK11; Wurster & Thacker, 2018wtbn & Kay, 2013).
In this Chapter we present the first implementation of this ehau a cosmological,
large-scale simulation including cooling, star formatard feedback. In Section 4.2
we describe our simulation and give detailed descriptidiiseotwo black hole growth
models we have implemented. In Section 4.3 we find the oppa@meters for the ac-
cretion disc particle model to reproduce the local blaclkelt@nsity and then compare
it to a modified Bondi-Hoyle prescription through mass fuoics and local scaling
relations. Finally in Section 4.4 we summarise our findingsnf comparing the two

growth models and state their suitability to cosmologilzate-scale simulations.

4.2 Methods

The simulations performed in this Chapter were carried oungua modified version

of the N-body/SPH codeADGET-3 (last described in Springel, 2005). The code was
modified to include star formation, supernova feedbackiatee cooling, chemody-
namics, black hole accretion and AGN feedback. These wepéemented as part
of the OverWhelmingly Large Simulation project (OWLS; Schayel, 2010) and
are described fully in Booth & Schaye (2009, hereafter BS0®9) summarised in
Section 4.2.1. We adopted a flatCold Dark Matter A\CDM) cosmology with pa-
rameters: {Q,,, Qy, Qp, 08, n5, b} = {0.238,0.0418,0.762,0.74,0.951,0.73} as de-
termined from the Wilkinson Microwave Anisotropy Probe &ay results (WMAP-3;
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Spergeket al, 2007) and identical to that used by BS09.

The analysis performed in this Chapter was conducted on alaiom of a cubical
volume of the Universe of side leng »~'Mpc comoving, realised usingp6® dark
matter particles and56® gas particles giving a dark matter particle masg.66 x
108 h~'M, and a gas particle mass &f4 x 10" h~*M,. The gravitational softening
was set to be 0.04 times the mean comoving inter-particlaraépn down toz =
2.91, below which a fixed proper scale o, 'kpc was used. Initial conditions were
generated at = 127 using the Zel'dovich approximation to linearly evolve pgasis
from an initially glass-like state. Haloes were found ussupFIND (Springelet al,
2001) which produces similar overall results to other halddrs (Chapter 2; Knebe
etal, 2011).

4.2.1 Physics Models

In addition to the standard SPH treatment, a number of sdibgodels were introduced
to represent various physical processes. A full descnpifdhese models can be found

in BSO9 and references therein, but a summary is given here.

Star formation within the simulation is governed by the noetldescribed in Schaye
& Dalla Vecchia (2008). Due to the lack of resolution and pbgsunderstanding to
simulate star formation directly, an effective equatiorstaite is applied for densities
nu > nj Whereny is the hydrogen number density anf] = 0.1cm™3. The gas is
then considered star forming and follovi’s < p” with v = 4/3 and normalised to
P/k = 10°cm™ K where P is the pressure andis the density. The gas is then al-
lowed to form stars at a pressure-dependent rate that nepeedhe Schmidt-Kennicutt
law (Kennicutt, 1998) renormalised to a Chabrier (2003)atehitial mass function
(IMF).

Supernovae feedback is then modelled kinetically follgMDalla Vecchia & Schaye
(2008), a variation on the model previously described iririgy@ & Hernquist (2003).
Energy is injected locally by kicking gas particles into dénand is described by two
parameters. The first is the initial mass-loadings M., /M., which is the ratio of the

initial amount of gas put into the wind\/,,, compared with the local star formation
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rate, M., and the second is the wind velocity,,q. Values ofn = 2 andvyma =
600 km s~* were used in this work which corresponds to 40 percent ofdtz¢ amount

of supernova energy.

Radiative cooling was implemented following Wiersma, S&&ySmith (2009). The
timed release of 11 different elements (hydrogen, helivanhan, nitrogen, oxygen,
neon, magnesium, silicon, sulphur, calcium and iron) fromssive stars (Type Il
supernovae and stellar winds) and intermediate-mass (Jigpe la supernovae and
asymptotic giant branch stars), assuming a Chabrier (20@B)ih the range 0.1 to
100 M, were followed using the method described in Wiersshal. (2009). The
net cooling rates were calculated element-by-elementenptiesence of the cosmic
microwave background and a Haardt & Madau (2001) model fettk/X-ray back-
ground radiation from quasars and galaxies. The contdhatof the 11 elements were
interpolated as a function of density, temperature anchittddsom tables precomputed
by cLouDy (last described in Ferlanet al, 1998), assuming the gas to be optically

thin and in (photo-)ionisation equilibrium.

4.2.2 Black Hole Models

The modelling of black holes within the simulation can beegatised into three sec-
tions: seeding, growth and feedback. As part of this ingasion we have looked at
two different growth models, that of BS09 (Section 4.2.2149 &hat of PNK11 (Sec-
tion 4.2.2.2). Beyond this, the rest of the model has stayeddme to allow for a fair

comparison.

Black holes were seeded, following the method of Sijatlal. (2007), using a recur-
sive Friends-of-Friends algorithm (FoF; Daetsal., 1985) on the dark matter particles.
FoF was run evenly in log expansion factey,such thatAa = 0.02 a, which corre-
sponds to~ 250 Myr (~ 70 Myr) at redshift zero (three). Dark matter haloes found
containing at least 100 particled/( .o min = 4.06 x 10'° h~'M,) were seeded with a
black hole sink particle (Springel, Di Matteo & Hernquisb®) if they did not already
contain one. The most gravitationally bound baryonic phetin the halo is converted
into a black hole particle with seed malss M, (Mseea = 8.64 x 10* h~'Mg).
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Black holes were then left to grow through accretion and nrsrfgglowing either the

BS09 or PNK11 model. In both cases the accretion rate was guabdinimited:

47TGMBHmp
€-0TC

Mypaq = (4.1)

where( is the gravitational constamt/gy is the SMBH massy,, is the proton mass,
€, Is the radiative efficiency of a black hole (taken as 0.1 tghmut; Shakura & Sun-
yaev, 1973)¢g 1 is the Thomson cross-section for the scattering of freereles and:

is the speed of light. Black holes are allowed to merge in botinetion models when
they pass within a smoothing lengthgzy, of each other and have a relative velocity
smaller than the circular velocity at that distancg (= /G Mgy /hpy).-

Feedback from the SMBH is implemented thermally (rise inrtre@renergy), as op-
posed to kinetically (rise in kinetic energy) for supernoVhis is the same as the BS09
feedback model, but different to PNK11. They adopted theehotiNayakshin, Cha
& Hobbs (2009) where virtual particles are emitted by the SMiBF Monte-Carlo
fashion that interact directly with the SPH density field a@egosit their momentum in
a region dictated by the optical depth. The amount of enezlpased is independent
of the environment and no attempt is made to separate theaqumaode’ and ‘radio

mode’ feedback. For each timesteyy, the amount of energy released is:

Efeed = GfEYMBHC2At (42)

wheree; is the efficiency with which a black hole couples the radiatedrgy into
its surroundings. A value of 0.15 is adopted to produce a goatth with observa-
tions (BS09). To ensure that the feedback energy is not imatedgliradiated away, a
minimum heating temperature is imposed and black holes @iase energy when
they have obtained enough to raise the temperaturg f particles byAT,,;,. This

corresponds to:

o Nheat Mgas kB A7—1min

Eeit = 4.3

wherekg is the Boltzmann constant, = 4/3, u is the mean molecular weight (0.58

for a fully ionised gas of primordial composition) and; is the mass of Hydrogen.
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BS09 found that adopting7,,;, = 10® K andn,... = 1 was sufficient to balance the
change in temperature being too small and the timescaleeketieating being too
long. The energy released by the black hole is then equatyilolited into a random

fractionnuear /Nngp Of the black hole’s neighbouring gas particles.

An additional change is made to star forming particles keagifeedback energy. Par-
ticles undergoing star formation are constrained by arcefe equation of state, fol-
lowing the Schaye & Dalla Vecchia (2008) model outlined irct8® 4.2.1, but this

is not suitable if they undergo strong heating from the blagle. Particles that are
heated).5 dex above the equation of state in a single timestep are remawved the
equation of state and are no longer considered star forrfitigeir temperature drops

at a later time to less thdn5 dex above the equation of state, they are returned to the

eqguation of state and are considered star forming once more.

4.2.2.1 Modified Bondi-Hoyle (BS09)

The BS09 model for black hole growth uses a modified Bondi-H¢{Btandi & Hoyle,
1944; Bondi, 1952) prescription to describe the accretido bfack holes that builds
upon Springel, Di Matteo & Hernquist (2005). Initially blaboles are seeded as de-
scribed in Section 4.2.2. The new black hole particle has B8Nhass corresponding
to the seed mass, but the particle mass used in the gravitylaabns remains the
same as the total mass of the baryonic particle before ceioverThe accretion rate is

then calculated as:

: 4G My p
Mace = a(c? 2y (4.4)

wherec, and p are the sound speed and gas density of the local mediusthe

velocity of the black hole relative to the ambient medium ani$ a dimensionless

efficiency parameter given by:

1 if ng < ny

o = 3
(Z—H) otherwise

H

(4.5)

wheres = 2 (see BS09 for reasoning). In Springel, Di Matteo & Hernqua§iQb),
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and other works using that method, a valuexof 100 is adopted. BS09 argue that
for low-density gas such a boost is not justified, as Bondilel@man be accurately
modelled, and so introduce a variaklethat does not increase the number of free
parameters. The accretion rate is Eddington limited megihiat it cannot exceed that

given by Equation 4.1. The accretion rate onto the black isdaieen given by:

MBH = Macc(l — Er) (46)

To account for the accreted mass onto the SMBH, baryonicgbestare stochastically

swallowed by the black hole particle with probability:

(Mpu — Mpart)P_IW(TBH — 13, hgu) i My > Mpar
pi = . 4.7)
0 otherwise

whereW (rgg — 7;, hgn) IS the SPH kernel evaluated between the black hole and gas
particle:. The baryonic particle mass is added to the the black holecfgamass, but

no change is made to the SMBH mass.

4.2.2.2 Accretion Disc Particle (PNK11)

The Accretion Disc Particle (ADP) model of PNK11 relies orotikee parameters to
control the accretion onto the black hole. An accretionuad®,.., around the black
hole particle is defined and any baryonic particle that @esgithin it is swallowed

and added to an accretion disc. The SMBH then accretes thendiss over a viscous

timescalet,i., giving an accretion rate of:

: M isc  q°
MBH = min ( ; d 7MEdd) (48)

where Mg, IS the mass in the accretion disc. The overall black holagannass is

then given by:

Mpart = Mpyn + Mdisc (49)
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Initially, when seeded, the SMBH is assigned the seed masshantbtal baryonic
mass minus the SMBH seed is assigned to the accretion diss. |8dues the total

mass of the black hole particle the same as the baryonicleaittivas seeded from.

Although designed to be a subgrid model representing a SMBHtarightly bound
accretion disc, it will be shown in Section 4.3 that for cosmgecal simulations the
accretion discs produced are too massive to be physicatefidre, from here on in we

will avoid referring to this model as ADP.

4.3 Results

The PNK11 model of black hole growth works using two free pseters, the accretion
radius, R..., and the viscous timescalg,,.. To accurately model the growth, these
parameters need to be set within the model to reproduce the) black hole mass
density as closely as possible. In PNK11 it is suggestedhkaiccretion radius should
be set to the smallest resolvable scale of the simulatiotheobrder the gravitational
softening, and the viscous timescale should satisfy > tayn(Racc) Wheret gy, (Racc)

is the dynamical time at the accretion radius. Using the&gegaas an initial starting
point, Figure 4.1 shows the = 0 black hole mass function for various values of
the accretion radius with a fixed viscous timescale (leftghaand various values of
viscous timescale with a fixed accretion radius (right panghe mass function from

BS09 is also shown as an illustration.

Itis immediately apparent that an accretion radius of tideothe gravitation softening
(2 h~'kpc) is much too large in low resolution cosmological volumesisTresults in
a large number of baryonic particles being swallowed, pcoduoverly massive black
holes. This also affects the number of black holes at a givassmwith too many
being produced at all values. This is caused by strong feddivhich is triggered by
the amount of energy released being related to the accretieEquation 4.2). For the
large number of baryonic particles swallowed, the blaclelaaicretion rate is very high
causing large amounts of energy to be released disruptengttbhctures. Decreasing
the accretion radius by factors of ten shows convergenceataes of20 A~ !pc (102

of the gravitational softening) or less. Within this distarall baryonic particles are
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Figure 4.1: A study of the two free parameters in the PNK11 model. Lefiart8ig with the
accretion radius equal to the gravitational softening &ed tlecreasing by factors of ten for a fixed
viscous timescale of00¢q,. Right: Starting with the viscous timescale equal to theadyical
time and then increasing by factors of ten for a fixed aconat@alius of2 pc. The black solid line
in both panels corresponds to the BS09 model, while thecatttiack dotted line is the mass of a

single gas patrticle.
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accreted by the black hole, regardless of the accretionsagiize.

Adopting a value o2 h~pc, which is of the order the physical value used in PNK11
and within the converged values, we then vary the viscousdaale. Initially a value
equal to the dynamical time at the gravitational softenawjus is used. This radius is
larger than the accretion radius. Using such a short visttam@scale causes very rapid
accretion that not only produces too massive and too maigk biales as seen for large
accretion radii, but also produces the wrong shape to thehiison. Increasing the
viscous timescale to 100 times this value produces a bldekrhass function similar to

BS09 while continuing to increase it produces black holesat@not massive enough.

From studying the two free parameters of the PNK11 modeliesgabfR,.. = 2 h 'pc
andtis. = 100 tayn(Rsofe) give the closest black hole mass function to the BS09 model
atz = 0, which was modelled to reproduce the local black hole massitye These
two mass functions are plotted in Figure 4.2 along with th&eobed uncertainty based
on the different methods used to measure it (Shankar, WejnbéVliralda-Escu@,
2009; Kelly & Merloni, 2012). Attempting to measure the masgsction observation-
ally is an indirect process. The mass is inferred througdticals with velocity disper-
sion, stellar mass and spheroid luminosity, and using tb#sgent methods leads to
the scatter represented by the grey band. In addition t@thles fundamental plane
and Srsic index can also be used to measure black hole massebetrtrethods under-
estimate the low mass end relative to the other methods k&haneinberg & Miralda-
Escuda, 2009). Both models fail to reproduce the observed massifumainderesti-
mating the number of black holes at masses greaterltigh/py/(h~'My)] ~ 6.5.
Below masses dbg[Mpu/(h~'My)] ~ 6.0 the simulated mass functions continue to
rise down to the seed mass, but observational data from &hankinberg & Miralda-
Escuc (2009) is not available in this range. Assuming that thestasction stays flat,
this would suggest an over production of black holes in théssrange. Overall the
two simulated mass functions do not follow the expected 8utee function shape and
are much more linear. It should be noted that the adoptec \@lug is lower in the
simulations compared with current observations (PlanckaBotation, 2013). How-
ever, this should not effect the shape of the mass functishhe position, and it will

be shown in Figure 4.6 that, despite this, there is no dissgeat in the position of the
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Figure 4.2: z = 0 black hole mass function for BS09 (black solid line) and PNIKfed dashed
line) using the best fit parameters from Figure 4.1. The dheelgion represents the observed mass
function taking into account uncertainty from the differ@methods used to measure it (Shankar,
Weinberg & Miralda-Escué, 2009; Kelly & Merloni, 2012). The vertical black dotteddi is the
mass of a single gas particle. Both models produce masdduaribat are too steep and do not tend
to follow the Schechter function shape.
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high mass end of the galaxy stellar mass function.

One of the most difficult problems to overcome in modellingdil hole growth in
simulations of cosmological volumes is that of resolutiomFigures 4.1 and 4.2 the
vertical dotted line represents the mass of a single gaglea(s.64 x 107 h=1M,).
This is approximately three orders of magnitude larger tharseed mass of the black
hole, while at the same time two orders of magnitude smdikan the observed largest
SMBHSs. Modelling such a large range of masses is a difficuk wdsen the resolution
is roughly in the centre of the mass range, especially foPiN&11 model. PNK11
was designed to relate the accretion rate more directlyagdsition of the baryonic
particles as opposed to the smoothed density. This allommgeivods of no accretion
that is not possible in BS09. Seeding, let alone accreti@iseo an accretion disc
that is massive relative to the SMBH giving a huge fuel supfply once the black
holes have grown significantly do they become comparableassito the gas particles

and these two stages are difficult to combine together.

As mentioned, at early times the accretion disc will be mwadr than the SMBH
and Figure 4.3 shows that this persists:te= 0 for all masses of black hole. The
solid red line represents the 1:1 line which illustrates mwuch larger the accretion
discs are. Accretion discs of this size would be unstabley@isally they should be
significantly less massive than the black hole (Thompsomat&art & Murray, 2005).
Even adopting the two smaller accretion radii from Figure does not change this
result. Accreting gas particles that are three orders ofrmibade larger than the seed
black hole on a scale that is three orders of magnitude snihb@ the gravitational
softening leads to too much material being added and thewsstmescale dictating

the growth, as opposed to the mass accretion.

A common test of black hole models is their ability to reproeliocal scaling relations.
Figure 4.4 shows the black hole mass—stellar velocity dsspe (Mg — o) relation for
BSO09 (left panel) and PNK11 (right panel). The red line in epahel represents the
best fit to the observational data from Tremagtel. (2002), with the shaded region
representing the uncertainty on this fit. The actual scattehis relation is larger
than the shaded region which just represents the range e thmt could be fitted.

Black hole masses correspond to the total black hole mas®dfalo as determined
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Figure 4.3: The accretion disc mass4;s.) against the black hole masa/y) for the PNK11
model. The red line denotes the 1:1 relation. Black holesi@nRNK11 model have accretion
discs that are significantly more massive than the black, helech would lead to instabilities
(Thompson, Quataert & Murray, 2005).
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Figure 4.4: The Mgy — o relation for BS09 (left) and PNK11 (right). The red line artding
represents the observed best fit and the uncertainty onttfrisrfi Tremaineet al. (2002). This is
different to the scatter on the data which is larger. BS096H fit by the observations, but PNK11
tends to produce larger velocity dispersions for high méasdholes.



Growth of Supermassive Black Holes 98

by suBFIND. BSO09 reproduces thé&/zy — o relation well, although is marginally
steeper than the observed relation. PNK11 fits the relatielh far low mass black

holes, but for higher masses follows a relation that is ofiséigher values of.

Another well known scaling relation is that of black hole sestellar bulge mass.
Marleauet al. (2012) argue that this relation is actually independent ofghology
and is really a relation with total stellar mas®&/§y — M,). In Figure 4.5 we plot
the Mgy — M, relation for BS09 (left panel) and PNK11 (right panel). Ttasnore
accurate than comparisons with bulge mass, as the resolotiour simulations is
too low to define bulges or morphology. The red line in eachepanthe best fit to
the observational data from Marleatial. (2012) and, again, the shaded region is the
uncertainty on this fit, with the scatter of the data beingéarin general BS09, while
close to the relation, is slightly steeper than the obsedetd. At higher masses BS09
lies on the observed line, but for low mass black holes théastemasses tend to be
larger than expected. PNK11 better fits the data for low mésskkholes, but still
produces galaxies with a slightly higher stellar mass. kgin imass black holes there
is again an offset similar to Figure 4.4 with the galaxiesihgwa higher stellar mass

and following a linear relation.

To better understand the cause of these deviations idthe — o and Mgy — M.,
relations, we plot the stellar mass function for the galaie-igure 4.6 and compare it
to the observed stellar mass function from the Sloan Di§kgi Survey (SDSS; Yang,
Mo & van den Bosch, 2009). For low mass galaxies the two steikss functions are
the same, and this is expected as supernova feedback playsiaasht role in shaping
the function in this range. At the high mass end, the PNK11ehpdoduces much
more massive galaxies than that of BS09 or that observed.igmsagreement with
Figures 4.4 and 4.5 which show that galaxies with high maaskidholes have higher
than observed stellar masses and velocity dispersions iliown to the feedback
proving ineffective from these black holes. The amount @rgy released by the black
hole is related to the accretion rate (Equation 4.2) and detnates that the accretion
rates in PNK11 are lower than those of BS09. A secondary effiattmight weaken
the feedback is that the energy released is placed into tghlyeaurs of the black hole

particle, which are the closest patrticles to the black hobtkare at risk of accretion.
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Figure 4.5: The My — M., relation for BS09 (left) and PNK11 (right). The red line arhding
represents the observed best fit and the uncertainty onftffierfi Marleauet al. (2012). This is
different to the scatter on the data which is larger. BS09a# fit by the observations, but tends
to produce higher stellar mass galaxies for low mass blatdsh@NK11 tends to produce larger
stellar mass galaxies for high mass black holes.
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Figure 4.6: z = 0 stellar mass function for BS09 (black solid line) and PNKied(dashed line).
Points correspond to the SDSS mass function from Yang, Mo&den Bosch (2009). PNK11
has a lower black hole accretion rate to BS09, which weakemgetedback leading to high mass
galaxies becoming too massive.
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Finally we consider the evolution of the black hole mass uems Figure 4.7. The
grey band represents the observed 0 density from Shankar, Weinberg & Miralda-
Escuc (2009) and BSO09 slightly overestimates this value. The hafd@NK11 pro-
duces a density that is a factor of three smaller than BS@9-at0 and also outside
the observed value. Overall, PNK11 has a smooth evolutidghefiensity with red-
shift. BS09 has a less smooth distribution and grows in thtages. Firstly there is
a smooth growth that is steeper than PNK11, before a sudgb paase that then
flattens out. This period of small change in the density at dedshift is consistent
with downsizing. Although the mass functions looked simifaFigure 4.2, the den-
sity appears very different. This is down to the growth of sagy massive black hole
(2.47 x 101 A=1M,, atz = 0) that is not present for the PNK11 model, and is discon-
nected by over an order of magnitude from the second largeissa is not shown in
Figure 4.2. Subtracting this black hole from the volume awhlculating the density
yields a smoother evolution that agrees with PNK1% at 0. The steeper growth in
BSO09 before flattening means that the accretion rates willigheeh at high redshift
making feedback more effective in this regime compared RXHK11, preventing the

over production of massive galaxies (Figure 4.6).

4.4 Summary and Conclusions

SMBHSs are known to play an important role in galaxy evolutio & number of
properties are strongly correlated with their mass. To pecedhe most realistic models
of galaxies, the black hole growth also needs to be modeltedrately. We have
implemented the PNK11 accretion disc model of black holevtfionto a large-scale,
cosmological simulation including star formation and fieack, and compared it with
a modified Bondi-Hoyle model of BS09. Whereas BS09 relates theethac rate to
the local density and sound speed of the gégy o< Mponai X MZyp/c3, PNK11
uses two free parameters to govern accretion. Baryoniccpestthat pass within a
given radius are swallowed by the black hole and added to grisliaccretion disc.

The black hole then accretes this material over a given tiales

Setting these parameters is an important and non-tris&lttamake sure that the= 0
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Figure 4.7: The evolution of the black hole mass density with redshift5809 (black solid line),
PNK11 (red dashed line) and BS09 less the mass of the larigest tole in the volume (blue dot-
dashed line). The shaded region corresponds to the obdaaadhole mass density at= 0 from
Shankar, Weinberg & Miralda-Escad2009). The PNK11 model predicts a smooth growth in the
black hole mass density, while BS09 undergoes three diffeegimes dominated by the growth of
the largest black hole in the volume. Subtracting this Weldmoother growth distribution steeper

than PNK11.
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black hole masses reflect those observed. Taking the amtratilius to be equal to the
gravitational softening, the smallest resolvable scalegdpces black holes that are too
massive by the present day. This is down to the low resolldéige-scale, cosmologi-
cal simulations are currently run at, due to the limitatiohsomputing power. Below
0.01 times the gravitational softening, the mass functammerge on the same value.
This result is unexpected, as decreasing the radius funtbeld ndvely suggest less
material would be accreted. Beneath the gravitational simitethere is a radius at
which all particles will be accreted by the black hole pagticThe conclusions from
this is that the accretion radius must be set to a physical aszopposed to relating
it to properties of the simulation. A value of a few parsecaasistent with PNK11,
Waurster & Thacker (2013) and this work.

The viscous timescale is a harder parameter to set, as dwange in its value produces
a different result. Here we have modified it from previousdstsa by introducing a
black hole mass dependence through the dynamical timer @tirés have stuck to a
fixed value. While the viscous timescale is designed to datayetion onto the black
hole, in this work it has principally been used to buffer txeessive accretion. One
of the advantages of the PNK11 model is that it includes amsdlagcretion disc, but
these are too massive to be realistic even for the smallesgtaan radii. The excessive
accretion observed has been prevented from reaching ttletidde by using very long

viscous timescales.

Within this Chapter we have implemented the model of PNK1fsisimplest form, but

further extensions are required for the current resolutiocosmological simulations.
Accretion discs of the scale produced here would fragmexitey to star formation,

which in turn would lead to further feedback. This would affthe amount of material
available to the black hole, lowering the accretion ratefoies have been made by
Newton & Kay (2013) to improve the subgrid modelling of PNKhyL adding a two

stage process. They accrete gas on the scale of the gmavéhsoftening, but then
delay its addition to the accretion disc representing tlgsd behaviour between the
gravitational softening and the black hole accretion radithe primary advantage of
using the PNK11 model is that accretion is measured dirastlgpposed to being ap-

proximated as in the Bondi-Hoyle model. One possible routefimoving the PNK11
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model in cosmological simulations is to study the model g$iigh resolution zooms
where it has been shown to be effective. By measuring the ameia high resolution,
using a physically motivated model, an improved subgrid ehddr low resolution

runs can be developed.

Common tests to check the effectiveness of black hole modeisde comparing with
the local mass density and local scaling relations, sucheak Ihole mass—stellar ve-
locity dispersion Mgy — o, and black hole mass—total stellar makgy — M.,. Both
models came close to reproducing these, with only smallatievis at the high mass
end related to ineffective feedback in the case of PNK11tl®tocal black hole den-
sity, PNK11 produces a value that is three times smaller B&00, although for BS09
the total mass is dominated by one very massive black hele('° »~'M.). Re-
moving this produces a density similar to PNK11. Testingklaole models against
these relations can be misleading, as deviations from tasbe small compared with
observational scatter and reproducing these relations loieguarantee that the right

mass distribution of black holes is being produced.

An additional test of black hole mass models is to compark thi¢ black hole mass
function. This has been measured in a number of differensvadngervationally and
the uncertainty on it is now well constrained. Although batbdels produce mass
functions that are similar to each other, and reproducengcetlations, neither agree
with the observed values. The modelled mass functions ddofiotv the Schechter
function shape, producing steep lines that overestimaetimber of black holes at
the low mass end, while underestimating the intermediadehagh mass end. Booth &
Schaye (2010) demonstrate thidky  €; ', which means decreasirgwill increase
the masses of the black holes. However, making this chasgeaffects thé\/gy — o
relation, altering the normalisation, and so no longer egwth observations. Chang-
ing the value ofe; also does not improve the shape of the black hole mass fumctio
The continued rise at low masses may be the result of seedidglieading to black
holes tracing the dark matter halo mass function closer thargalaxy stellar mass
function. Meanwhile the deficit shown at intermediate massay correspond to the
same deficit shown in the galaxy stellar mass function (leigu6). Further work is

needed on black hole modelling to address this discrepanaeyake sure that the dis-
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tribution is correct, which in turn will help improve the galy stellar mass function.

The most important function of black holes in galaxy formatisimulations is the
feedback they provide to prevent the formation of overly shasgalaxies. Using the
same thermal feedback model of BS09 on PNK11 proves inefteeind the black
holes cannot prevent this happening. Combining this withietrgee amount of material
that is swallowed into the accretion disc suggests thaiagér feedback mechanism
is need. A kinetic regime has the advantage of being ableive das particles away
from the black hole, preventing this over accretion and nealyice the risk of a particle
that receives feedback energy being accreted. In futurk wemill look to implement
this, as it is apparent that the growth of the black hole aed¢ledback are strongly
coupled and should be treated as one process. Ideally,ea phitsical understanding
of how the feedback energy from the black hole couples witstirrounding gas needs

to be determined in order to improve the implementation withodels.

The ability to reproduce local scaling relations has beesdus show the success
of black hole modelling, but recently van den Bosethal. (2012) have presented a
number of galaxies that do not obey these, containing velssiva black holes. One
such example is NGC1277, which has a stellar mags2of 10! M, and a black hole
mass ofl.7 x 10 M. These galaxies are not constrained by environment and can
be found in and out of clusters. Possible formation chaninelsde some run away
process that allows the black hole to accrete gas heavillghtradshift or the possible
accretion of star clusters might accelerate growth. FoBtB89 model, we have one
case of a very massive black hole and another that is largésfetellar mass. Until
the space density of these objects is better understo@djitalear at the present time
whether these objects fit in with our current models of blacle lgrowth or whether

further consideration is needed.



Chapter 5

Summary and Conclusions

In this Thesis | have presented three projects focused @stigating galaxy formation
and evolution. In Chapter 2 | compared two halo findetst and SUBFIND, by ap-
plying them to a set of mock idealised haloes. Using mockdsaguarantees a known
result in what should be recovered, making it possible testrain the limitations of
each finder. This will have important consequences for thalt® of simulations. In
Chapter 3 | coordinated the application of twenty galaxy emment measures to a
well constrained mock galaxy catalogue. This allowed feritivestigation of what en-
vironment measures actually recover with the aim of undadihg why galaxy prop-
erties correlate with environment. Finally in Chapter 4 | iempented the Accretion
Disc Particle (ADP) model of black hole growth in a largetsedaydrodynamic simu-
lation including cooling, star formation and feedback. dieseck from the black hole
is related to its accretion rate and has an important effeagadaxy properties and
star formation rate. Implementing a different growth mazfednges the accretion rate

resulting in a different feedback effect on the galaxy.

5.1 Discussion

From analysing mock subhaloes placed within a larger ha®clear that mass recov-
ery has a strong radial dependence within the halst®FIND, and to a lesser extent
AHF. The origin of this relates to the subhalo being truncatethibybackground den-

sity of the halo. To some extent the validity of this resulpeleds on the definition of a
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subhalo being used. If one defines subhaloes as being mezgadns of haloes, then
the outer regions of the subhalo will have lower density ttienhalo and so the struc-
tures should not be truncated. However, if one defines sabbals being overdensities
within a halo, then the low density outer regions of the silibhae not overdense and
So it is right to truncate. It is very important when compgrsubhalo properties that
are sensitive to edges that the definition is taken into atdcewBFIND subhaloes are
defined as overdensities and so are on average the size afahetius ¢; Springel
et al, 2008). This is the radius at which the differential tidalde of the background
halo is equal to the gravitational attraction of the satel{Tormen, Diaferio & Syer,
1998):

Msub 1/3
A ([2 — dInM /dInr| M (< 7‘)) " ®1

where M, is the subhalo mass ard (< r) the mass of the main halo internal to the
radial position of the subhale, While subhaloes will be stripped to this radius, it is
not an instantaneous process as shown through the dyndohialelexamples in Chap-
ter 2. Therefore this truncation can have an effect whenstiyating the amount of
stripping that has occurred. This is shown in Figure 15 of &al. (2004) where the
recovered fraction of particles for a subhalo is shown waithius as evidence of strip-
ping, but the results are the same as those presented hehe femme sized subhalo
at different radii. Any stripping beyond the tidal radiusist described by UBFIND.
For hydrodynamic simulations this truncation will not havmajor impact as galaxies
are embedded deep inside the subhalo and so are unlikelyttortmated. Alternative
properties that characterise subhaloes more stably amadks at infall and peak cir-
cular velocity. The mass at infall is still a quantity thatede some consideration, as
truncation can start witBUBFIND at 1.5 r,;, which means the position that ‘infall’ hap-
pens needs to be careful chosen. The peak circular velgdtyery stable quantity as
it occurs close to the centre of the subhalo and so is nottafidry the truncation. This
may prove a more reliable property to define the subhalo bySEbhalo Abundance
Matching (SHAM; see Section 1.2.5), matching subhaloesitoylar velocity as op-
posed to mass offers the potential of yielding better mattlyeavoiding the effects of

truncation as well as retaining the history of the subhalogser mass.
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The most commonly used method of determining galaxy enwent is to estimate
the local galaxy density. This is principally done eitheings:-th nearest neighbour,
where the number of galaxies is fixed and the distance vandied aperture, where
the distance is fixed and the number of galaxies varies. Ubgge two methods does
not yield the same result. Both methods have a resolution, lathismall scales they
can no longer describe the local environment. &dh nearest neighbour this occurs
whenn or more neighbouring galaxies are outside the halo comigitiie galaxy in
guestion. For fixed aperture this occurs when the halo isl@nalgh to fit entirely in
the aperture. Fixed apertures also exhibit a dependencalomtass that is not seen
using nearest neighbour-based methods. Galaxies in tisestegnvironments tend to
be the galaxies occupying the largest halo for fixed apestuvkile they are the central
galaxies for a range of halo masses using nearest neighbloigrleads to the conclu-
sion that there is no universal environment measure, anantist suitable method
depends on the scale being probed. ‘Local environmengrmat to a halo, is best
measured using nearest neighbour as it is adaptable to tiesrales, while ‘large-
scale environment’, external to a halo, is best measured)usied apertures as it is
mass dependent and gives proximity to larger structures. b@ong both measures
offers the possibility of determining relations with hal@ass, as galaxy properties that
correlate stronger to fixed aperture environment than seaeighbour environment
are likely to be correlated with halo mass. Meanwhile envinent measures may also
be used to detect clusters, as the densest nearest neighbasures give potential

centres, while fixed aperture measures give a relativeatidic of mass.

Implementing the Accretion Disc Particle model (ADP) of RoywNayakshin & King
(2011, PNK11) for black hole growth in a large volume cosmgatal simulation is a
difficult task. The primary difficulty is that the resolutiaf the simulation is too low
to be implemented in the form described in PNK11. The barkyqairticle mass is
many times larger than the seed black hole mass, causingeadmigunt of accretion
to occur if only one particle is swallowed. In addition, theximum resolvable scale,
the gravitational softening, is much larger than a physicsgnsible accretion scale
resulting in too much material being accreted. In order twpce realistic black hole
masses, the accretion radius needs to be a sensible phsigealf a few parsecs and

the viscous timescale needs to be large enough to preveattheted material making
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the black hole too massive. This is not a desirable critagdhe accretion discs end up
being too massive and the high viscous timescale just smeootfthe accretion process
over time. Overall the model of PNK11, in its existing fornffess no improvement
over the current modified Bondi-Hoyle model of Booth & Schay@0@) for large
volume cosmological simulations. An outstanding issudn\wiith models is that they
fail to reproduce the observed black hole mass functionspitkematching the local
scaling relations. The mass functions tend to underestithatblack hole masses and
produce profiles that are too steep. This steepness may beltakthe seeding model,

with the black hole mass function tracing the dark matteo nahss function.

5.2 Future Work

The most natural progression from the subhalo recovery vgt& apply more halo
finders to the mock haloes to test their ability to detect thEhaloes. This was done in
Knebeet al. (2011) and it was found th&uBFIND andAHF span the range of results,
with SUBFIND being one of the most conservative halo finders in mass assign
This was further tested in Onioes al. (2012) using a ‘live’ halo as opposed to mocks.
All the finders were applied to the Aquarius simulation (8gelet al., 2008), a dark
matter zoomed Milky Way-like halo, which confirmed the véioa between finders in
radial recovery. All these initial tests were focused oroHadding in dark matter only
simulations, and so this naturally led onto hydrodynamiasations including gas and
stars. Knebet al. (2013a) applied a range of finders to the SPH ‘ConstrainedlLoca
UniverskE Simulation’ (CLUES; Libeskindt al., 2010) and found that the recovered
gas content of haloes is much more varied than that of theatter or stars. With
the added property of temperature, future work is neededdoess how gas should
be treated. In addition, current work on finding structurbydrodynamic simulations

has focused on SPH and so further investigation is needegtitbcodes.

Following on from the galaxy environment project descriliedhis Thesis, Skibba
et al. (2013) constructed rank-ordered marked correlation fanstto investigate en-
vironment clustering. Galaxies were weighted by their emment for different mea-

sures and this further confirmed that nearest neighbouradsttend to probe ‘local
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environment’, while fixed apertures probe ‘large-scaleiramment’. Further work
using the environment measures described here was alsedcauat in Shattowet al.
(submitted), but this time applied to a semi-analytic cajak to investigate how proto-
clusters evolve. They found that the densest environménts-a2 do not correspond
to the densest environmentszat= 0. One area of observational uncertainty not taken
into account in this work was that of holes and edges. Galaryeys will have a de-
fined edge and not contain periodic boundaries like sintati In addition there will
be various masked regions where foreground stars have be@ved creating holes.
Some treatment is need to account for these regions whemtr®mment is calcu-
lated. This can easily be studied using the HOD catalogualting masks and edges
with the knowledge of what is underneath them. The envirartmmeasures, with their

corrections, can then be reapplied and any bias investigate

Two areas of future work on black hole modelling is modifythg PNK11 model and
improving the black hole mass function. Instead of decrep#iie accretion radius
below the gravitational softening, as is done here and ins®u& Thacker (2013),
Newton & Kay (2013) propose having an additional stage imtloelel. They accrete
particles at the gravitational softening and add them tar thaebgrid model. They
then accrete these particles onto the accretion disc bastu dree-fall time and then
accrete onto the black hole from the accretion disc as desstin PNK11. Adding
this extra stage allows for the viscous timescale to rentareind not become a buffer
to prevent over accretion. Implementing this model mayegslyme of the resolution
issues, but as discussed in Newton & Kay (2013), a strongptbfeck prescription
will also be needed. Improving the black hole mass functiomes down to two
discrepancies, the alignment and shape. Booth & Schaye J2@fonstrate that
Mgy o € ' and so adopting a smaller value @fwill increase the black hole mass.
This may have other effects though on the normalisation @fsttaling relations and
SO needs to be investigated. The steepness of the masofundly be a result of the
tight relationship between black hole mass and dark matter inass, also discussed
in Booth & Schaye (2010). This relation is implicitly builttmthe model as black
holes are always seeded with the same mass in the same siz&&3ling the seeding

mechanism may result in a mass function that traces theyalass function better.
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5.3 Conclusions

The principle conclusion of this Thesis is that definitiom®d to be carefully consid-
ered when comparing correlations in astronomy. Often tesonsh as environment and
mass, are simply plotted without consideration for how thieyactually measured. As
shown in this Thesis, different measures of galaxy enviremnyield different results,
and so it is not sufficient enough to merely state a propertyetaies with environ-
ment. Depending how the environment is defined can concedittle correlation. A
similar issue arises in the definition of subhalo mass. Haldefis such asuBFIND
are very clear that they define subhaloes as overdensigspamsers should consider
the truncation in their work. Careful consideration of deifomis will allow for clearer

comparisons and differentiate between numerical and palsifects.

With the many advances in numerical simulations withinasimy, the forefront of
modelling today is the implementation of physical proces&ark matter, at least for
a cold dark matter Universe, is now well understood from d@rmasmical prospec-
tive, and simulations exist for microhaloes up to the suageye-scale structure. How
the baryons behave within these structures remains unteespecially due to the
number of physical processes, such as supernovae and &claetic Nuclei (AGN),
that influence them. Within this Thesis | have investigat€alNAby implementing a
different growth mechanism for black holes. TraditionaNybody/SPH simulations
have been refered to as ‘direct’ simulation, but with theéasing amount of subgrid
physics the boundary with semi-analytics has been bluid=hlly one would like to
create subgrid models that are resolution independengsisihown through the ADP
model this is increasingly difficult. As resolution increaslimitations of models are
exposed and increasing complexity is added. Our best hopedsrstanding the Uni-
verse is to increase our understanding of the physical psesethat shape the baryons

in galaxies, especially as it is the baryons that we observe.
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Appendix A

All Environment Measures

In Chapter 3 the trends with different galaxy environment sneas are discussed and
are grouped by:-th nearest neighbour and fixed aperture. Examples are gjnagn
illustrate the effect of increasing size for each measunethis Appendix, for com-
pleteness, we repeat those figures including all the enviesrh measures listed in

Table 3.1. This further illustrates the results discusbedet
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Figure A.2: Histograms of galaxy colour for the 20 percent most denskqodéid) and 20 percent
least dense (blue dashed) galaxies, as in Figures 3.7 arffoi3al environment measures in Table
3.1. The number in the upper right of each panel is the Kolmmg&mirnov probability that both
samples are drawn from the same distribution.
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Figure A.3: The percentage rank of central galaxy environment usingralironment measures
in Table 3.1 plotted against the percentage rank of backgtdark matter environment measured
using a smooth Gaussian filter of radis 4~ 'Mpc, as in the left panel of Figure 3.9. Contours
are linearly spaced showing regions of constant galaxy meumb
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