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Abstract

Galaxy clustering encodes information about the values of cosmological parameters

and also about the physical processes behind galaxy formation and evolution. The

GALFORM semi-analytical model is the theoretical approach we used to model

galaxy formation. We start by studying the luminosity dependence of galaxy clus-

tering which is measured accurately in the local Universe. We have compared the

clustering predictions of three publicly available galaxy formation models with clus-

tering measurements from the 2dFGRS and found that two new processes need to be

included in order to understand the observed clustering. We then study the distribu-

tion of cold gas in dark matter haloes central to the processes of galaxy formation.

We present the cold gas mass function and its evolution with redshift. We have

found that the clustering predicted by the semi-analytic models agrees well with the

HIPASS measurements of Meyer et al. (2007). We have calculated effective volume

for redshift surveys planned with Square Kilometre Array (SKA) and compared with

that of the optical Euclid mission. Finally, we study the clustering of faint extra-

galactic sources which are one of the foregrounds in PLANCK maps. We predict the

clustering of faint extragalactic sources using a hybrid GRASIL+GALFORM+N-

body model. We have compared the hybrid scheme with analytic clustering esti-

mates. On large scales the two approaches agree, but for multipoles with l > 500

the results differ significantly, with the hybrid approach being the more accurate.
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Chapter 1

Introduction

Accurate measurements of the acoustic peaks imprinted on the cosmic microwave

background (CMB) power spectrum by COBE and WMAP (Smoot et al. 2002;

Spergel et al. 2006) have shown that the Universe was close to homogeneous on

large scales and isotropic at the level of one part in 105 when it was 380,000 years

old. The CMB observations give tight constraints on the values of fundamental

cosmological parameters. However, degeneracies exist between some fundamental

parameters which cannot be decided by CMB data alone.

To break the degeneracies, we need to combine these CMB data with other ob-

servations, such as type Ia supernovae (Riess et al. 1998, 2004; Perlmutter et al.

1999) and the large scale structure of the Universe as traced by galaxies from the

2dF Galaxy Redshift Survey (2dFGRS, Colless et al. 2001) and the Sloan Digital

Sky Survey (SDSS, York et al. 2000). Furthermore, a pattern of oscillatory features

called the baryonic acoustic oscillations (BAO) imprinted on the matter power spec-

trum can be used to constrain the dark energy equation of state (Percival et al. 2001;

Cole et al. 2005; Einsenstein et al. 2005).

Currently a simple cold dark matter model with a cosmological constant (ΛCDM)

works well to describe the observed Universe. In the ΛCDM framework, the Universe

started from the “Big Bang”. The Universe expanded exponentially through the

inflationary epoch, which produced a scale invariant perturbations which are the

seeds of the structure in today’s Universe. These seeds were gradually amplified by

gravitational instability as the Universe evolved. The Universe has a decelerating

1



1.1. The observed clustering of galaxies 2

expansion after the inflationary epoch before entering into the phase of accelerating

expansion where the cosmological constant Λ dominates the dynamics.

Galaxy surveys have increased in size by order of magnitude since the mid 1990s.

The accurate measurement of the galaxy distribution on large scales by the 2dFGRS

and SDSS constrains cosmological parameters and also gives us a chance to under-

stand galaxy formation model. The surveys are large enough to measure clustering in

sub-samples, split by intrinsic galaxy properties such as colour, morphological type

and luminosity. Also many multiwavelength surveys are underway and scheduled

to find further information about the cosmological parameters and galaxy evolution

and formation; these include SCUBA2 (Scott & White 1999), ASKAP( Johnston et

al. 2008), SKA (Albrecht et al. 2006) and Planck (Planck bluebook 2005).

1.1 The observed clustering of galaxies

The clustering of galaxies encodes important information about the values of the

cosmological parameters, in so for as it can be related to the spatial distribution of

the underlying dark matter, and also about the physical processes behind galaxy

formation. In the cold dark matter (CDM) hierarchical structure formation theory,

the evolution of galaxies takes place inside dark matter haloes (White & Rees 1978).

The formation and evolution of CDM is governed by gravity and can be modelled ac-

curately using N-body simulations. We do not yet have the same level of knowledge

of the fate of the baryons, which depends on the physics of gas accretion, star forma-

tion and feedback processes. Recent improvements in astronomical instrumentation

have led to a wealth of new information becoming available on galaxy clustering,

both locally and at earlier epochs. In particular, the unprecedented size and number

of galaxies in the 2dF Galaxy Redshift Survey (2dFGRS; Colless et al. 2001) and

the SDSS (York et al. 2000) make it possible to quantify how the clustering signal

depends on intrinsic galaxy properties, such as luminosity, stellar mass or colour.

The variation of clustering strength with an intrinsic galaxy property encodes im-

portant information about how galaxies populate haloes. A discrepancy between

observations and theoretical predictions points to the need to revise the model to
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perhaps incorporate new processes. In this thesis, we consider three probes of galaxy

clustering, made at different redshift.

The luminosity dependence of clustering has been measured by 2dFGRS and

SDSS (Norberg et al. 2001, 2002; Zehavi et al. 2002, 2005, 2010). These results

imply that galaxies with a particular luminosity resides in dark matter haloes of a

certain mass. Therefore, such trends in the clustering signed provide a constraint on

models of galaxy formation and evolution. In Chapter 3, we show how to interpret

the observed luminosity dependence of clustering using the GALFORM sem-analytic

model framework.

Cold gas is central to galaxy formation yet little is known about the cold gas

content of galaxies particularly in comparison with observations at optical wave-

lengths. The primary probe of atomic hydrogen, damped Lyman-α and 21cm line

emission, is incredibly weak. It is only in recent years that a robust and compre-

hensive census of atomic hydrogen (HI) in the local universe has been made possible

through the HI Parkes All Sky Survey (HIPASS; Barnes et al. 2001; Zwaan et al.

2003, 2005). So far, the distribution of cold gas in galaxies has been observed only

in the local Universe. The new generation of 21cm line surveys, such as ASKAP

(Johnston et al. 2008), SKA (Albrecht et al. 2006), and Murchison Widefield Array

(MWA, Moralez et al. 2004), will produce a remarkable breakthrough in cosmology

and galaxy formation and evolution. We present predictions for the distribution of

HI in Chapter 4.

The clustering of faint extragalactic sources is one of the important foregrounds

expected in the cosmic microwave background measurements from Planck. Planck

will constrain the cosmological parameters much more accurately than WMAP or

COBE due to the improved angular resolution and broader spectral coverage. To

extract robust information from the Planck CMB maps, we need an accurate model

of the foreground contamination due to galaxies which are fainter than the Planck

detection limit. In Chapter 5, we model the foreground by faint extragalactic sources

using state of art GRASIL+GALFORM+N-body model.

We now briefly review our knowledge of galaxy clustering in these three areas.
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1.1.1 The clustering of optically selected galaxies

The first attempt to quantify the difference between the clustering of early- and

late-type galaxies was made using a shallow angular survey, the Uppsala catalogue,

with morphological types assigned from a visual examination of photographic plates

(Davis & Geller 1976). Elliptical galaxies were found to have a higher-amplitude

angular correlation function than spiral galaxies. In addition, the slope of the corre-

lation function of ellipticals was found to be steeper than that of spiral galaxies at

small angular separations. More recently, the comparison of clustering for different

types has been extended to three dimensions using redshift surveys. Again, simi-

lar conclusions have been reached in these studies, namely that ellipticals display

stronger clustering than spirals (Lahav & Saslaw 1992; Santiago & Strauss 1992;

Iovino et al. 1993; Hermit et al. 1996; Loveday et al. 1995; Guzzo et al. 1997;

Willmer et al. 1998).

Over the past decade, a variety of clustering studies in the local Universe have

established an increasingly refined and quantitative characterization of the depen-

dence of galaxy clustering on luminosity, morphology, colour and spectral type (e.g.,

Brown, Webster & Boyle 2000; Norberg et al. 2001, 2002; Zehavi et al. 2002; Bu-

davari et al. 2003; Madgwick et al. 2003; Zehavi et al. 2005; Li et al. 2006; Swanson

et al. 2008; Loh et al. 2010; Zehavi et al. 2010). The general trends of the clustering

for different intrinsic properties are : (i) Luminous galaxies generally cluster more

strongly than faint galaxies which shows their tendency to reside in higher mass

dark matter haloes or denser environments. (ii) Galaxies with bulge-dominated

morphologies, red colors, or spectral types indicating old stellar populations also

exhibit stronger clustering and a preference for dense environments. Also, at inter-

mediate and high redshifts, significant progress has been made in recent years in

measuring galaxy clustering(e.g., Brown et al. 2003; Daddi et al. 2003; Adelberger

et al. 2005; Lee et al. 2006; Phleps et al. 2006; Coil et al. 2006, 2008; Meneux et

al. 2008, 2009; Abbas et al. 2010).
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1.1.2 The clustering of the HI selected galaxies

We do not yet have a clear picture of how much cold gas there is in the Universe

at different epochs and how this gas is distributed between dark matter haloes of

different mass. The neutral hydrogen content of galaxies has been probed at high

redshifts (z > 2) using the absorption of the Lyman-α line by gas clouds along

the line of sight to distant quasars (e.g. Lanzetta et al. 1991; Wolfe et al. 1995;

Storrie-Lombardi, Irwin & Wolfe 1996; Peroux et al. 2005; Wolfe et al. 2005). A

complementary probe of the atomic hydrogen content of galaxies and the physical

state of the gas is the 21cm line. A blind survey of 21cm line absorption of gas

illuminated by background radio sources has been proposed as an unbiased probe

of damped Lyman-α clouds, which would extend to objects with high dust content,

unlike Lyman-α absoprtion (Kanekar & Briggs 2004; Kanekar et al. 2009).

To date there is only one clustering measurement using HI observations esti-

mated by Meyer et al. (2007), which was made using the HI Parkes All-Sky Survey

(HIPASS) Catalogue (HICAT; Meyer et al. 2004). The clustering strength of HI

galaxies is weaker than that of optical galaxies.

1.1.3 The clustering of faint, dusty galaxies

The discovery of the cosmic infrared background came from the analysis of obser-

vations by the Infrared Astronomical Satellite (IRAS) and COBE (Schlegel et al.

1998; Chen et al. 1999). The first surveys of extragalactic sources using SCUBA

and MAMBO implied that a population of very luminous galaxies at high redshift

made a significant contribution to the energy generated by all galaxies over the

history of the Universe (Blain et al. 1999). Several hundreds of these galaxies are

now known (Smail et al., 1997; Barger et al., 1998; Hughes et al., 1998; Barger et

al., 1999; Eales et al., 1999, 2000; Lilly et al., 1999; Bertoldi et al., 2000; Borys

et al., 2002; Chapman et al., 2002a; Cowie et al., 2002; Dannerbauer et al., 2002;

Fox et al., 2002; Scott et al., 2002; Smail et al., 2002; Webb et al., 2002). The 850

µm sources have a median redshift of z∼2 (Chamman et al. 2005). The results of

these mm/submm extragalactic galaxy surveys provide complementary information
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to deep surveys for galaxies made in the radio (Richards, 2000), far-IR (Puget et

al., 1999), mid-IR (Elbaz et al., 1999) and optical (Steidel et al., 1999) wavebands.

Submm observations are a vital component of the search for a coherent picture of

the formation and evolution of galaxies.

Deep surveys at submm-wavelengths have to date provided relatively little in-

formation about the spatial distribution of the detected galaxies. There is some

indication from the UK 8 mJy SCUBA survey (Almaini et al., 2002; Fox et al.,

2002; Ivison et al., 2002; Scott et al., 2002) and from the widest-field MAMBO sur-

veys (Carilli et al., 2001) that the clustering strength of SCUBA-selected galaxies

is greater than that of faint optically-selected galaxies, yet less than that of K ∼ 20

ERO samples (Daddi et al., 2000). Webb et al. (2002) point out that the angular

clustering signal expected in submm surveys is likely to be suppressed by smearing

in redshift, as the submm galaxies should have a wide range of redshifts, and so

the spatial correlation function might in fact be stronger than that of the EROs.

Studies of the spatial correlations of sub-mm galaxies have typically been limited to

at most 100 sources, leading either to a limit on the clustering amplitude (Blain et

al. 2004) or a marginal detection of clustering in projection (Scott et al. 2006).

1.2 Quantifying the large-scale distribution of galax-

ies

We use the correlation function and halo occupation distribution formalism to un-

derstand the galaxy distribution in the Universe.

The two point correlation function of galaxy clustering is a popular statistic with

which to test galaxy formation models, because it depends on the way that galaxies

populate dark matter haloes and is fairly easy to measure.

A theoretical view of galaxy clustering can be obtained from the Halo Occupation

Distribution (HOD) which is a component of the halo model of galaxy clustering.

The halo model breaks the large scale structure of the universe up into clumps of

dark matter, with the HOD providing the distribution of galaxies within each of the

dark matter clumps. The HOD is used to describe three connected properties of
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Figure 1.1: Luminosity dependence of galaxy clustering measured from SDSS and

the associated HODs. The left panel shows the measured wp(rp) and the right panel

shows the best-fit HOD models for all luminosity-threshold samples. Taken from

Zehavi et al. (2010).

the halo model: the probability distribution relating the mass of a dark matter halo

to the number of galaxies that form within that halo; the distribution in space of

galactic matter within a dark matter halo; the distribution of velocities of galactic

matter relative to dark matter within a dark matter halo.

Fig. 1.1 shows examples of these two methods to quantify and understand the

large-scale distribution of galaxies.

1.2.1 Clustering of galaxies : auto-correlation function

We start from a smooth matter density field ρ(r), we can define a overdensity

δ(r) =
ρ(r) − ρ̄

ρ̄
, (1.1)

which satisfies 〈δ(r)〉=0. Here we introduce the Fourier convention:

δ̂(k) =
1

V

∫

d3r exp[ik · r]δ(r),

δ(r) =
V

(2π)3

∫

d3k exp[−ik · r]δ̂(k), (1.2)
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where V is a finite box of volume with periodic boundary condition. The two-point

autocorrelation function is defined as

ξ(r) = 〈δ(x)δ(x + r)〉. (1.3)

Using Eq. (1.2) and the Hermitian property of Fourier transforms of real fields

δ̂(−k) = δ̂†(k), we can derive

ξ(r) =
V

(2π)3

∫

d3k|δ̂(k)|2 exp[−ik · r]. (1.4)

We also see that the correlation function is the Fourier transform of the power

spectrum defined as

〈δ(k)δ(k′)〉 = δD(k − k′)P (k), (1.5)

where δD(k) is the Dirac-Delta distribution. Therefore the power spectrum is related

to the correlation as

P (k) =
1

V

∫

d3rξ(r) exp[ik · r] =
4π

V

∫

drξ(r)r2j0(kr), (1.6)

where j0(kr) is the spherical Bessel function of order 0, j0(kr) = sin(kr)/kr.

An alternative definition of the correlation function is in terms of the excess prob-

ability, compared to a random distribution, of finding another galaxy at a distance

r from a randomly chosen object,

dP = n̄2[1 + ξ(r)]δV1δV2, (1.7)

where n̄ is the mean number density of the galaxy sample and δV1, δV2 are volume

elements. In the case of a galaxy catalogue from a semi-analytic model combined

with an N-body simulation, since the computational volume is periodic, we can

measure the correlation function using

1 + ξ(r) = DsDs/n̄
2V dV, (1.8)

where DsDs is the number pairs of galaxies with separations in the range r to r+ δr

in the catalogues from semi-analytic models, n̄ is mean density of galaxies, V is

volume of simulation box, and dV is the differential volume.

In practice, to estimate correlation function in a real survey with boundaries,

the expected numbers of pairs is usually estimated by creating a random catalogue
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which is much larger in number than the sample under study, and by counting

pairs both within the two catalogues and between them. A variety of characterized

estimators for 1 + ξ (Hamilton 1993; Landy & Szalay 1993),

1 + ξ1 =< DD > / < RR >

1 + ξ2 =< DD > / < DR >

1 + ξ3 =< DD >< RR > / < DR >2

1 + ξ4 = 1+ < (D − R)2 > / < RR >, (1.9)

where DD, DR, and RR are pairs of galaxies in the data-data, data-random, and

random-random catalogues. The above estimations of the correlation function are

for the 3-dimensional case and the analysis of real observational data. Basically, all

estimators are equivalent for a large volume. However the quadratic estimator, ξ4, is

more robust for a small volume because the expected pair count might be sensitive

to the sample boundary.

Observational data has redshift-space distortions caused by peculiar galaxy veloc-

ities along the line of sight which distort the form of ξ(r). To isolate this distortion,

Hawkins et al. (2003) measured ξ in two dimensions ξ(σ, π), both perpendicular(σ)

and along the line of sight(π). Integration over the π direction for ξ(σ, π) leads to

a projected clustering statistic, Ξ(σ), which is independent of redshift-space distor-

tions,

Ξ(σ) = 2

∫

0

∞
dπξ(σ, π) = 2

∫

0

∞
dyξ

(

σ2 + y2
)1/2

, (1.10)

where y is the separation along the line of sight. Assuming a power law correlation

function, ξ(r) = (r/r0)
−γ , then we can easily obtain r0 and γ from the projected

correlation function, Ξ(σ), using the analytic solution of Eq. (1.10):

Ξ(σ)

σ
=

(r0
σ

)γ Γ(1/2)Γ[(γ − 1)/2]

Γ(γ/2)
= A(γ)

(r0
σ

)γ

, (1.11)

where Γ is the incomplete gamma function.

1.2.2 Halo Occupation Distribution

In the CDM model, galaxies form inside virialized clumps of dark matter called

haloes, the formation and evolution which haloes are governed by gravity. Galaxy
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clustering can be predicted by adopting a halo occupation distribution (HOD), which

describes the statistical relation between galaxies and dark matter haloes.

In the halo model (Seljak 2000; Peacock & Smith 2000; Sheth et al. 2001; Berlind

& Weinberg 2002) the two-point correlation function of the galaxies is a combination

of two terms : the 1-halo (1h) term is caused by galaxy pairs inside a single halo,

small separation, and the 2-halo (2h) term due to galaxy pairs in individual haloes,

large separation (see detail Kravtsov et al. 2004). :

ξgg(r) = ξ1h
gg (r) + ξ2h

gg (r) + 1. (1.12)

The two terms of Eq. (1.12) are given by

1 + ξ1h
gg (r) =

1

2
n̄−2

g

∫

n(M)〈N(N − 1)〉Mλ(r|M)dM, (1.13)

ξ2h
gg (r) = ξlin

mm(r)n̄−2
g

∫

n(M1)bh(M1)〈N〉M1dM1

∫

n(M2)bh(M2)〈N〉M2λ(r|M1,M2)dM2,

(1.14)

where n̄g is the mean number density of galaxies in the sample, n(M) is the halo

mass function described by Press & Schechter

M

ρ̄
n(M)dM = f(ν)dν =

1

ν

√

ν

2π
exp

[

−ν
2

]

, (1.15)

where ν is the peak height which is related with the critical density thresholds, δc,

and the root mean square overdensity within spheres of radius R, σ(M); ν = [ δc

σ(M)
].

The Press & Schechter mass function has been improved by Sheth & Tormen 1999

to give a better fit to the N-body simulation. bh(M) is the large-scale linear bias of

halos described as

bh(M) =

(

1 +
ν − 1

δc(z)
+

2p

δc(z)

1

1 + (qν)p

)

, (1.16)

where parameters have a value q=0.707 and p=0.3 for Sheth & Tormen 1999, q=1

and p=0 for Press & Schechter formula. λ(r|M) is the convolution of the radial

profile of galaxies within halos with itself introduced by Navarro , Frenk & White

(NFW), λ(r|M1,M2) is the convolution of two different radial profiles, and ξlin
mm(r)

is the linear dark matter correlation function (see Sheth et al. 2001; Berlind &

Weinberg 2002).



1.2. Quantifying the large-scale distribution of galaxies 11

The HOD characterizes the probability distribution P (N |M) of finding a mean

number, < N >M , of galaxies in haloes of mass MH . Combined with the spa-

tial distribution of haloes and assumptions about the position and velocity of the

galaxies with the halo, the HOD allows us to make a prediction of galaxy cluster-

ing. Although, < N >M generally refers to all galaxies, we usually separate the

contribution from central and satellite galaxies. The formula for central galaxies,

< N >cen is simplified to a step function proposed by Kravtsov et al. (2004) and a

power-law < N >sat for satellites as:

< N >cen=







1 if MH ≥Mmin

0 else

< N >sat=

(

MH

Mmin

)α

. (1.17)

Starting from this simple formula to describe the form of the HOD, we can produce

a more accurate description of the distribution of galaxies between dark matter

haloes by increasing the number of parameters for satellite and central galaxies or

by modifying the form of the function for central galaxies. Zheng et al. (2007) adopt

the following parameterization for the HOD of central galaxies :

< Ncen(M) >=
1

2

[

1 + erf

(

logM − logMmin

σlogM

)

)]

, (1.18)

where erf is the error function, erf(x) = 2√
π

∫

0

x
e−t2dt, Mmin is the characteristic min-

imum mass of haloes which can host central galaxies above the luminosity threshold,

and σlogM is the width of the cutoff profile. Retaining the same cutoff profile used

for the central galaxies, these authors assumed the HOD for satellite galaxies for

haloes with M > M0 could be written as:

< Nsat(M) >=
1

2

[

1 + erf

(

logM − logMmin

σlogM

)]

×
(

M −M0

M1
′

)α

, (1.19)

where M0 is the mass scale of the drop, M1
′ characterizes the amplitude, and α is

the asymptotic slope at high halo mass. The satellite galaxy HOD is approximately

a power law at the high mass end with a slope close to unity. In contrast to this, at
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lower mass, it drops more steeply than a power law with a shape characterized by

the last term in Eq. (1.19).

1.3 Motivation of thesis

Semi-analytic models predict the luminosity and color dependence of the galaxy

correlation function (e.g., Kang et al. 2005; Croton et al. 2006; De Lucia et al. 2007;

Bower et al. 2006). HOD modeling has been applied to interpret clustering data

from a number of surveys at low and high redshift (e.g.,van den Bosch et al. 2003;

Magliocchetti & Porciani 2003; Yan, Madgwick & White 2003; Zheng 2004; Yang et

al. 2005; Zehavi et al. 2005; Cooray 2006; Blake, Collister & Lahav 2008; Brown et

al. 2008; Quadri et al. 2008; Wake et al. 2008; Kim et al. 2009; Zheng et al. 2009;

Ross, Percival & Brunner 2010). In Chapter 3, we show that semi-analytic models

cannot reproduce the observed luminosity dependence clustering. This discrepancy

between the model predictions and observational measurements indicates that there

are missing physical processes in the semi-analytic galaxy formation model.

Now, we have new generation of HI 21cm line survey, such as ASKAP, SKA,

and MeerKat. A number of possible models of the abundance and clustering of HI

sources have been tried. Empirical models rely on observations of HI in the Universe

(Abdalla & Rawlings 2005; Abdalla, Blake & Rawlings 2010). The fully numerical

approach uses cosmological gas dynamic simulations (Popping et al. 2009, Duffy et

al. 2008). The halo occupation distribution formalism based on the observation

results of HI clustering (Wyithe et al. 2009). In Chapter 4, we use the GALFORM

semi-analytic model to predict the abundance and clustering of HI sources. The

evolution of cold gas mass function was predicted by Power et al. (2010). The main

issues to be tackled by future HI 21cm surveys are how the HI galaxies are dis-

tributed at high redshift and how well these surveys can constrain the cosmological

parameters.

The contribution of clustering by the extragalactic sources is important to cali-

brate the Planck maps to get robust constraints for cosmological parameters. Pre-

dictions for the high redshift sources have made using the GALFORM semi-analytic
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model (Baugh et al. 2005; Le Delliou et al. 2005, 2006; Orsi et al. 2008; Lacey et

al. 2008, 2010) with the model able to reproduce the luminosity function of submm

galaxies, the evolution of the population of Lyman-α emitting galaxies, and their

clustering over the redshift range z ∼ 3 - 6. The contribution of undetected extra-

galactic sources to the angular clustering to be measured by Planck is predicted in

Chapter 5.
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Chapter 2

The semi-analytic galaxy

formation simulation :

GALFORM

In the cold dark matter hierarchical structure formation theory, galaxies grow in-

side dark matter haloes (White & Rees 1978). The formation of structure in the

dark matter is governed by gravity and is well understood. However, the fate of

the baryonic component is much more complicated. In this thesis we try to con-

strain the physics of galaxy formation using galaxy clustering using a theoretical

approach called semi-analytic modelling. Semi-analytic models are an alternative

to hydrodynamic simulation that allow a rapid exploration of the parameter space

of galaxy formation physics, generating large, statistically useful samples of galaxies

with a wide range of predicted properties. So, this approach offers the best way of

modelling the large-scale distribution of galaxies in the Universe.

The number of galaxies in any given halo which should be closely related to its

merger history which can be extracted from an N-body simulation or generated using

a Monte-Carlo method. Once a merger tree has been created, a suite of analytic

prescriptions is used to model the formation and evolution of galaxies in each halo,

starting with the highest redshift progenitors and moving forward in time all the

way to the final halo at z = 0.

The GALFORM semi-analytic galaxy formation model is a synthesis of many

15
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Figure 2.1: A schematic showing the components of the GALFORM semi-analytic

galaxy formation model processing. This shows how different physical processes are

combined to make predictions for the observable properties of galaxies. Adapted

from Baugh (2006).
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physical processes, each of which has been developed to understand a particular

aspect of the complicated nonlinear processes of galaxy formation. The main prop-

erties and processes that we model within the framework include : (1) The grav-

itationally driven assembly of dark matter haloes. (2) The density and angular

momentum profiles of dark matter and hot gas. (3) The radiative cooling of gas and

its collapse to form centrifugally supported disks. (4) Star formation in disks. (5)

Feedback processes, resulting from the injection of energy from supernovae (SNe)

and AGN heating. (6) Chemical enrichment of the interstellar medium (ISM) and

hot halo gas which govern the gas cooling rate and the properties of the stellar popu-

lations in a galaxy. (7) The dynamical friction of galaxy’s orbit within a dark matter

halo and its possible merger with the central galaxy. (8) The formation of galactic

spheroids. (9) The spectrophotometric evolution of stellar populations. (10) The

effect of dust extinction on galaxy luminosities and colours, and its dependence on

the inclination of a galaxy. (11) The generation of emission lines from interstellar

gas ionized by young hot stars. In this section we briefly describe the main physical

processes included in the GALFORM model which are discussed in this thesis. A

comprehensive overview of the GALFORM model can be found in Cole et al. (2000);

see also the review by Baugh (2006).

Figure. 2.1 shows the basic scheme of the GALFORM semi-analytic model. GAL-

FORM combines different physical processes to make predictions for the observa-

tional properties of galaxies, starting from initial conditions specified by the back-

ground cosmology.

2.1 Formation of Dark matter haloes

2.1.1 Cosmology

We compute the formation and evolution of galaxies using GALFORM within the

framework of the ΛCDM model of structure formation. The growth of dark matter

haloes is governed by the background cosmology. The cosmologies in the models used

in this thesis are not identical. The Bower et al. (2006), De Lucia et al. (2007),

Font et al. (2008), and MHIBow06 models all have the Millennium cosmology based
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on the WMAP1 results (Spergel et al. 2003). The background cosmology of the

GpcBow06 model is based on the Sanchez et al. (2009) results. The Baugh et al.

(2005) model uses a spatially flat ΛCDM model with ‘concordance’ parameters. The

different cosmological parameters for the background cosmologies are summarized

in Table. 2.1.
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Table 2.1: The cosmological parameters used in the galaxy formation models used in this thesis. The parameters govern the evolution

of structure in the dark matter. The columns are as follows: (1) The name of the model. (2) The present-day matter density Ω0.

(3) The cosmological costant Λ0. (4) The Hubble constant H0. (5) The primordial scalar spectral index ns. (6) The baryon density

Ωb. (7) The fluctuation amplitude σ8. (8) The source of the dark matter halo merger trees.

Ω0 Λ0 H0[kms−1Mpc−1] ns Ωb σ8 merger tree source

Bower et al. (2006) 0.25 0.75 73 1 0.045 0.9 Millennium Simulation

Font et al. (2006)

MHIBow06

GpcBow06 0.26 0.74 71.5 0.96 0.044 0.8 GigaParsec simulation (GPICC)

Baugh et al. (2005) 0.25 0.75 73 1 0.045 0.9 Monte Carlo (Parkinson et al. 2008)
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2.1.2 Dark matter halo merger trees

The haloes could be associated with peaks in the Gaussian random density field

of dark matter in the early Universe (Press & Schechter 1974). Press & Shechter

have derived the distribution of dark matter halo masses using the relatively simple

statistics of Gaussian random field. The number of haloes per unit volume in the

mass range M to M + δM is δM(dn/dM) where :

dn

dM
(M, t) =

(

2

π

)1/2
ρo

M2

δc(t)

σ(M)

∣

∣

∣

∣

dlnσ

dlnM

∣

∣

∣

∣

exp

[

− δ2
c (t)

2σ2(M)

]

, (2.1)

where ρ0 is the mean number density of the Universe, σ(M) is the fractional variance

in the density field that contains a mass M , and δc(t) is the critical overdensity for

spherical top-hat collapse at time t.

The assembly and merger histories of dark matter haloes are computed using a

Monte Carlo method based on the extended Press-Schechter theory (Bower et al.

1990; Bond et al. 1991; Cole et al. 2000) or using halo merger histories directly

extracted from N-body simulations (Helly et al. 2003). The dark matter halo merger

histories from the revised Monte Carlo approach of Parkinson et al. (2008) agree

well with those from N-body simulations.

In the case of the Monte Carlo trees, the halo merger history is calculated using

an algorithm which randomly generates a formation path for the haloes. Equation.

2.2 describes the progenitor distribution (equation (2.15) of Lacey & Cole 1993) and

is derived from the extension of the Press & Shechter (1974) theory proposed by

Bond et al. (1991) and Bower (1991) :

f12(M1,M2)dM1 =
1√
2π

(δc1 − δc2)

(σ2
1 − σ2

2)
1.5
exp

(

− (δc1 − δ2
c2)

2(σ2
1 − σ2

2)

)

dσ2
1

dM1

dM1, (2.2)

where the quantities σ1 and σ2 are the linear theory rms density fluctuations in

spheres of mass M1 and M2. The δc1 and δc2 are the critical thresholds on the linear

overdensity for collapse at time t1 and t2. The quantities that must be specified in

order to define the merger tree are the density fluctuation power spectrum, which

gives the function σ(M), and the cosmological parameters, Ω0 and Λ0, which enter

through the dependence of δc(t) on the cosmological model. With a zero time-lag

this can be interpreted as a merging rate. Repeated application of this merging rate
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use to build merger tree The GpcBow06 model in Chapter 4 and the Baugh et al.

(2005) model in Chapter 5 use this method to create the merger histories of dark

matter haloes.

The Bower et al (2006), the De Lucia et al. (2007), the Font et al. (2008) models

used in Chapters 3 and 4, and the MHIBow06 model in Chapter 4 use dark matter

halo merger trees extracted directly from the Millennium simulation (Springel et al.

2005).

The main advantage of N-body merger trees is that this method gives direct

information about clustering because the N-body simulation gives the location of

each dark matter halo along with information which can be used to give the spatial

position of galaxies within the halo. The merit of the Monte Carlo method is that

this technique allows us to grow the halo merger trees to lower mass dark matter

haloes than can be resolved by the Millennium simulation.

2.1.3 Halo properties

We model the internal structure of dark matter haloes in order to calculate the

properties of the galaxies which form within them.

Spin distribution

Dark matter haloes obtain angular momentum from the gravitational tidal torques

which operated during their formation. The magnitude of the angular momentum

is quantified by the dimensionless spin parameter :

λH =
JH |EH |2

GM
5/2
H

, (2.3)

where MH , JH , and EH are the total mass, angular momentum, and energy of

the halo, respectively. The distribution of λH has been measured in various N-body

simulation studies (Efstathiou et al. 1988; Cole & Lacey 1996; Lemson & Kauffmann

1999).
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Halo density profile

The standard choice of halo density profile in the GALFORM is the NFW model

(Navarro et al. 1997) :

ρr =
∆virρcrit

f(aNFW )

1

r/rvir(r/rvir + aNFW )2
(r ≤ rvir), (2.4)

where f(aNFW ) = ln(1 + 1/aNFW ) − 1/(1 + aNFW ). ∆vir is the virial over den-

sity which is defined by the spherical collapse model. ρcrit is defined by ρcrit =

3H2/(8πG).

Halo rotation velocity

We model the rotational structure of the halo to compute the angular momentum

of the halo gas that cools and is used in forming a galaxy. Approximately, the mean

rotational velocity, Vrot, can be related to the halo spin parameter, λH , in Eq. 2.3.

Vrot = A(aNFW )λHVH , (2.5)

where the effective circular velocity of the halo at the virial radius is defined by

VH ≡ (GM/rvir)
1/2. The dimensionless coefficient A(aNFW ) is a weak function of

aNFW , varying from A ≈ 3.9 for aNFW=0.01 to A ≈ 4.5 for aNFW=0.3.

2.2 Formation of disks and spheroids

In this section we show how disks and spheroids in galaxies form and how we model

the star formation, feedback and chemical evolution in the models used in this thesis.

2.2.1 Disk formation

Disks form by the radiative cooling of gas which is initially in the hot halo. Tidal

torques distribute angular momentum to all material in the halo, including the gas,

so that when the gas cools and loses its pressure support, it will naturally settle into

a disk.
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Hot gas distribution

Diffuse gas is assumed to be shock-heated during halo collapse and merging events.

We refer to the halo gas as hot gas to distinguish it from the cold gas in galaxies. To

calculate the amount of hot gas in the halo which falls into the disk by cooling, we

model the initial temperature and density profiles of the hot gas in the halo. The

mean temperature of the gas is related to the virial temperature, defined by :

Tvir =
1

2

µmH

k
V 2

H , (2.6)

where mH is the mass of the hydrogen atom and µ is the mean molecular mass.

High-resolution hydrodynamic simulations of the formation of galaxy clusters

(Navarro et al. 2005; Eke, Navarro & Frenk 1998; Frenk et al. 1999) guide the

modelling of the hot gas density profile. We assume that any diffuse gas in the

progenitors of a forming halo is shock-heated during the formation process and then

settles into a spherical distribution with density profile,

ρgas(r) ∝ 1/(r2 + r2
core), (2.7)

where rcore = rNFW/3.

Cooling process

In the GALFORM model we assume that galactic disks form by the cooling of the

diffuse gas in the halo.

Gas can cool via a number of channels. The cooling channels are: (i) inverse

Compton scattering of CMB photons by electrons in the hot gas for the very early

universe (Rees & Ostriker 1977). (ii) The excitation of rotational or vibrational

energy levels in molecular hydrogen through collisions for the haloes with virial

temperature below T ∼ 104K. (iii) Emission of photons following transitions between

energy levels for the haloes with virial temperature between 104K to 106K. (iv)

Bremsstrahlung radiation as electrons are accelerated in an ionized plasma for the

massive clusters (T ∼ 107K).

The cooling time of the gas in the GALFORM is given by

τcool(r) =
3

2

µ̄mpkBTgas

ρgas(r)Λ(Tgas, Zgas)
, (2.8)
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where Tgas is the temperature of the gas and Zgas is its metallicity. Λ(Tgas, Zgas) is

the cooling function tabulated by Sutherland & Dopita (1993). µ̄mp is the mean

particle mass. The cooling radius, rcool(t), is defined by the radius at which we have

τcool = t (age of the halo).

We take into account the free-fall time which determines when the newly cooled

gas can be accreted by the disk.

tff(r) =

∫ r

0

[
∫ y

r

−2GM(x)

x2
dx

]−1/2

dy. (2.9)

The free-fall radius, rff is defined by the radius at which tff = t. To obtain the

total gas mass that cools and is accreted onto the disk during a timestep, ∆t, we

calculate the mass of the hot gas inside the spherical shell defined by the radius,

rmin(t) = min[rcool(t), rff(t)] and rmin(t + ∆t) = min[rcool(t + ∆t), rff(t + ∆t)], and

equate it to Ṁcool∆t. Ṁcool is the cooling rate which is an important quantity for

the star formation rate, metal enrichment and feedback processes.

In the Baugh et al. (2005) model in Chapter 5, the process of cooling of hot gas

is “locked” during the lifetime of the halo. This means that the cooling of additional

gas accreted through infalling haloes or gas that is returned to the halo by feedback

processes is not allowed to cool until the next halo forms in the merger tree.

The Bower et al. (2006) model used in Chapters 3 and 4 has an improved

calculation of cooling, by allowing the cooling of gas reheated by stellar feedback.

The new calculation explicitly transfers reheated gas back to the reservoir of hot gas

on a timescale comparable to the halo’s dynamical timescale. Bower et al define a

time scale for the reincorporation of reheated gas τreheat = τdyn/αreheat and increment

the mass available for cooling over a timestep by ∆m = mreheat∆t/τreheat, where τdyn

is the dynamical timescale of disk and αreheat is a parameter. Also, the cooling

calculation in the MHIBow06 and GpcBow06 models used in this thesis is based on

the prescription using by Bower et al. (2006) model.

The cooling gas is only accreted by the central galaxy in the halo and not by

any satellite galaxies in the same halo. Recently, Font et al. (2008) considered an

alternative model for cooling in satellite galaxies, by adopting rampressure stripping

of the hot gas based on the hydrodynamic simulations of McCarthy et al. (2008).
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The Font et al. (2008) model predicts the bimodal distribution of galaxy colours

seen in SDSS observations and also reproduces the observed dependence of satellite

colours on environment, from small groups to high mass clusters. Font et al. adopt

a partially empirical approach to give the cooling rate in the satellite halo as :

Ṁhot = (1 − ǫstripfstrip)
Mreheat

τreheat

− Ṁcool (2.10)

The effect of ram-pressure stripping is described by the term ǫstripfstrip, where fstrip

is the stripping factor and ǫstrip is a new parameter (representing the time averaged

stripping rate after the initial pericentre of the satellite orbit) which is adjusted to

fit the observations.

Angular momentum

We assume that when the halo gas cools and collapses into a disk, it conserves

its angular momentum. With this assumption, GALFORM is able to match the

observed distribution of disk galaxy scale lengths.

Validity of the cooling recipe in the semi-analytic models

There has been considerable discussion regarding the validity of the cooling recipe

used in semi-analytical models (Bsirnboim & Dekel 2003; Keres et al. 2005 ). Keres

et al. suggest that the cooling recipe outlined above requires significant revision in

light of their simulation results, which confirm the expectations of Binney (1977).

Bsirnboim & Dekel and Keres et al. characterize their results in terms of two

cooling regimes. One is a cold mode, which is found to dominate in low mass haloes

(3×1011M⊙) and high redshift (z>3), in which gas is funnelled down filaments onto

galaxies, while the other is a hot mode, which is the “traditional” hot accretion

mode, in which gas cools from a quasi-static halo. Croton et al. (2006) and Benson

& Bower (2010) gives a detail of this cooling recipe in semi-analytic models.

2.2.2 Star formation in disks

Star formation not only converts cold gas into luminous stars, but it also affects the

physical state of the surrounding gas by feedback processes such as supernovae and



2.2. Formation of disks and spheroids 26

stellar winds. The processes of gas cooling from the reservoir of the hot gas in halo

and accretion onto the disk, star formation from the cold gas, and the reheating and

ejection of gas are assumed to occur simultaneously.

Chemical enrichment

We model the chemical enrichment of galaxies. The injected metals enrich both the

cold star-forming gas and the surrounding diffuse hot halo gas. Enrichment of the

halo gas decreases the cooling time while stellar enrichment affects the colour and

luminosity of the stellar populations.

The equations used in GALFORM to describe the transformation of mass and

metals between stars and the hot and cold gas phases are :

Ṁ⋆ = (1 − R)ψ (2.11)

Ṁhot = −Ṁcool + βψ (2.12)

Ṁcold = Ṁcool − (1 − R− β)ψ (2.13)

ṀZ
⋆ = (1 − R)Zcoldψ (2.14)

ṀZ
hot = −ṀcoolZhot + (pe + βZcold)ψ (2.15)

ṀZ
cold = ṀcoolZhot + (p(1 − e) − (1 + β −R)Zcold)ψ, (2.16)

whereMZ
cold is the mass of metal in the cold gas, Zcold = MZ

cold/Mcold is the metallicity

of the cold gas, and Zhot = MZ
hot/Mhot. The values of R, the fraction of mass recycled

by stars, and p, the yield, in these equations are determined by the choice of the

IMF. ψ is the instantaneous star formation rate, e is the fraction of newly produced

metals ejected directly from the stellar disk to the hot gas phase (typically e=0 in

our models assuming that all of the metals produced by supernovae feedback firstly

settle into the cold gas phase.). β is the efficiency of stellar feedback (see later for

definition).

Figure. 2.2 shows the concept which we use in the GALFORM to describe the

transfer of mass and metals between stars and the hot and cold gas phases during

a single timestep.
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Figure 2.2: A schematic diagram showing the transfer of mass and metals between

stars and the hot and cold gas phases during a single timestep, as described by

Eqs. 2.11∼ 2.16. Adapted from Cole et al. (2000).
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Star formation

Once the hot gas cools onto a rotationally supported gas disk, the process of star

formation starts. In the GALFORM model, we assume that the instantaneous star

formation rate, ψ, is :

ψ =
Mcold

τ⋆
, (2.17)

where τ⋆ is the star formation timescale which is related to the circular velocity of

the galaxy disk as shown below. The Bower et al. (2006) and Font et al. (2008)

models in Chapters 3 and 4 follow the same prescription for the star formation time

scale as in Benson et al. (2003). The star formation timescale depends on the

dynamical time of the disk, τdisk :

τ⋆ = ε−1
⋆ τdisk

(

Vdisk

200kms−1

)α⋆

, (2.18)

where ε⋆ and α⋆ are dimensionless parameters and τdisk = rdisk/Vdisk with half-mass

radius of the disk, rdisk, and the circular velocity of the disk, Vdisk. In the Baugh et al.

(2005), MHIBow05, and GpcBow06 models, we use a slightly different prescription

for the star formation timescale :

τ⋆ = τ 0
⋆

(

Vdisk

200kms−1

)α⋆

, (2.19)

where τ 0
⋆ is an adjustable parameter. This change was motivated by the need to

have more gas available at high redshifts to fuel starbursts in Baugh et al. (2005).

SN feedback

The reheating of cold gas from winds from hot stars and SNe is modelled by :

Ṁeject = βψ, (2.20)

where β is the efficiency of the feedback process defined by :

β = (Vdisk/Vhot)
−αhot, (2.21)

where Vhot and αhot are dimensionless adjustable parameters. The SNe feedback

is effective in low mass galaxies and suppresses the formation of low luminosity

galaxies, producing a galaxy luminosity function with a reasonably shallow faint
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end slope, as observed (Norberg et al. 2002; Blanton et al. 2001). The parameter

values adopted to explain the luminosity function at the faint end are different in

the different models. The Baugh et al. (2005) model uses Vhot = 300 kms−1 and

αhot = 2. The Bower et al. (2006), Font et al. (2008) and the MHIBow06 models

use Vhot = 485 kms−1 and αhot = 3.2. The GpcBow06 model uses Vhot = 390 kms−1

and αhot = 3.2.

Feedback processes in high mass dark matter haloes

With current baryon densities, hierarchical galaxy formation models have needed

to invoke additional processes to regulate the formation of bright galaxies. The

Baugh et al. (2005) model invokes a superwind feedback process to prevent the

formation of too many luminous galaxies, as introduced by Benson et al. (2003),

in which cold gas is ejected from the hot halo of a galaxy in proportion to the star

formation rate. The superwind process is supported by evidence of outflows in the

spectra of Lyman break galaxies and in local starburst galaxies (Adelberger et al.

2003; Wilman et al. 2005). In contrast to the SNe feedback in Sec. 2.21, the gas

ejected by this mechanism is not allowed to cool again, even in more massive haloes.

The mass ejection in the superwind is modelled by :

Ṁeject = βswψ, (2.22)

where βsw is an efficiency factor given by :

βsw = fswmin[1, (Vc/Vsw)−2], (2.23)

where fsw and Vsw are adjustable parameters (fsw=2 and Vsw=200kms−1 in Baugh et

al. 2005).

The other models used in this thesis employ AGN feedback to prevent the over-

production of bright galaxies, based on the Bower et al. (2006) model. This model

invokes the suppression of cooling flows in massive haloes, as a result of the energy

released following accretion of matter onto a central supermassive black hole. A

halo is assumed to be in quasi-hydrostatic equilibrium if the time required for gas

to cool at the cooling radius, tcool(rcool), exceeds a multiple of the free-fall time at
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Figure 2.3: Feedback effects for the the bJ luminosity function. Left panel shows

the luminosity function from the semi-analytic model before including any kinds

of feedback processes. Right panel shows the luminosity function from the semi-

analytic model after including a supernova feedback and AGN feedback processes.

The points show the observational luminosity function from the 2dFGRS survey.

Adapted from Croton et al. 2006

this radius, tff(rcool):

tcool(rcool) >
1

αcool

tff(rcool), (2.24)

where αcool is an adjustable parameter whose value controls the sharpness and po-

sition of the break in the optical galaxy luminosity function. The cooling flow in

the halo is then shut down completely if the luminosity released by accretion of

matter onto the supermassive black hole (SMBH) exceeds the cooling luminosity.

The energy released by accretion depends on the mass of the SMBH.

Fig. 2.3 shows the effect of feedback processes to the galaxy luminosity function.

To understand the observational luminosity function from the 2dFGRS survey, we

included the supernovae feedback process to match the faint end of luminosity func-

tion and the AGN process for matching the bright end of luminosity function.
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2.3 The formation of spheroids

We assume that the most massive galaxy automatically becomes the central galaxy

in the new halo when dark matter haloes merge. All the other galaxies become

satellite galaxies orbiting within the dark matter halo. The orbits of these satellite

galaxies gradually decay as energy and angular momentum are lost via dynamical

friction to the halo material. The satellite galaxies eventually merge into the central

galaxy.

2.3.1 Dynamical friction and galaxy merger

When a new halo forms, the GALFORM model assumes that each satellite galaxy

enters the halo on a random orbit. The most massive pre-existing galaxy is assumed

to become the central galaxy in the new halo. Note that these assumptions are

discussed further in Chapter 3 in which the goal is to reproduce the luminosity

dependence of clustering in the 2dFGRS data. The time for a satellite’s orbit to

decay because of the effect of dynamical friction depends on the initial energy and

angular momentum of the orbit. The time for an orbit to decay in an isothermal

halo is based on the standard Chandrasekhar formula for dynamical friction given

by Lacey & Cole (1993) as :

τmrg = fdfΘorbitτdyn
0.3722

ln(ΛCoulomb)

MH

Msat
, (2.25)

where MH is the mass of the main dark matter halo, which includes the central and

satellite galaxies, and Msat is the mass of a dark matter sub-halo which includes the

satellite galaxy. We take the Coulomb logarithm to be ln(ΛCoulomb) = ln(MH/Msat).

The dynamical time in the new halo is defined by τdyn ≡ πrvir/VH . fdf is a dimen-

sionless parameter. Θorbit is an orbital parameter defined as :

Θorbit = [J/Jc(E)]0.78[rc(E)/rvir]
2, (2.26)

where E is the initial energy and J is the initial angular momentum of the satellite’s

orbit. rc(E) and Jc(E) are the radius and angular momentum of a circular orbit

with the same energy as that of the satellite galaxy.
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Figure 2.4: A schematic of a galaxy merger between two dark matter haloes. The

progenitors of the final halo each contain a galaxy. After the two haloes merge, the

more massive galaxy is placed at the centre of the newly formed halo (the size of

circle indicates the mass of dark matter). The orbit of the satellite galaxy decays due

to dynamical friction. The satellite galaxy may eventually merge with the central

galaxy. Adapted from Baugh (2006).
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The basic scheme of a galaxy merger in GALFORM is shown in Fig. 2.4. The

central galaxy in the newly formed halo is the more massive progenitor galaxy. The

less massive galaxy in the progenitors becomes a satellite galaxy in the newly formed

halo and may eventually merge with the central galaxy after losing its energy by

dynamical friction.

2.4 The GRASIL model

Even though GALFORM itself makes an independent calculation of the spectral

energy distribution (SED) of starlight, including a dust extinction model which is

described in Cole et al. (2000). This calculation gives similar results to those ob-

tained with GRASIL at optical wavelengths. We accurately compute SED of model

galaxies using the spectrophotometric code GRASIL (Silva et al. 1998; Granato

et al. 2000). GRASIL computes the emission from the stellar population, the ab-

sorption and emission of radiation by dust, and also radio emission by thermal and

synchrotron processes powered by massive stars (Bressan et al. 2002). GALFORM

calculates the basic ingredients for the GRAISL code to calculate SED for each

galaxy: (i) the star formation and metal enrichment history which including the

contribution from starbursts. (ii) the scale length of the disk and bulge. compo-

nents. (iii) the cold gas mass. The dust is modelled in GALFORM as a two phase

medium, with a diffuse component and dense molec- ular clouds. The mass split

between these components is a model parameter. For example, in the Bau05 model,

25 per cent of the dust is assumed to be in the form of dense clouds.

Based on the local radiation field, GRASIL calculates the radiative transfer of

starlight through the dust and self- consistently solves for the temperature distribu-

tion of the dust grains at each point in the galaxy. The dust emission calculate using

the temperature distribution of the grains. The composition and size of the dust

grains are chosen to match the properties of the local ISM: a mixture of graphite

and silicate grains, as well as polycyclic aromatic hydrocarbon (PAH) molecules.

The effects of temperature fluctuations in very small grains and PAH molecules are

taken into account. Emission from PAHs is calculated using the cross-sections of Li
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& Draine (2001). Radio emission from ionized HII regions and synchrotron radiation

is included as in Bressan et al. (2002). The output from GRASIL is the complete

SED of a galaxy in GALFORM model from the far-UV to the radio (wavelengths

0.1 µm ≤ λ ≤ 1m).

2.5 Summary of models

In this section we show the values of key parameters which are varied in the different

models to reproduce observational results. We present the values of these parameters

in Table. 2.2. For a full description of the DeLucia07 model used in Chapters 3 and

4, see Croton et al. (2006) and De Lucia et al. (2007).
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Table 2.2: The values of selected parameters which are used models in this thesis. The columns are as follows: (1) The name of the

model. (2) The equation used to calculate the star formation timescale, τ⋆. (3) The value of ǫ⋆ (Eq. 2.18) or τ ⋆
0 (Eq. 2.19) used in

the star formation timescale. (4) The feedback processes in high mass halos, specified by αcool (Eq. 2.24) or βsw (Eq. 2.23) . (5)

The supernova feedback parameter, Vhot (Eq. 2.21). (6) The supernova feedback parameter, αhot (Eq. 2.21). (7) The source of halo

merger histories. (8) Comments giving model source or key differences from published models.

τ⋆ ǫ⋆ αcool Vhot[kms−1] αhot Merger tree Comments

or τ 0
⋆ or fsw(Vsw)

Bow06 Eq. 2.18 0.0029 0.58 485 3.2 N-body Bower et al. (2006)

or Bower06

Font08 Eq. 2.18 0.0029 0.70 485 3.2 N-body Font et al. (2008)

Modified cooling recipe

in satellites and yield from Bow06

MHIBow06 Eq. 2.19 8 Gyr 0.62 485 3.2 N-body Modified star formation recipe from Bow06

GpcBow06 Eq. 2.19 4 Gyr 0.72 390 3.2 Monte Carlo Different background cosmology and

modified star formation recipe from Bow06

Baugh05 Eq. 2.19 8 Gyr 2(200km/s) 300 2 Monte Carlo Different background cosmology

superwind prescription in high mass halo
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Chapter 3

Modelling galaxy clustering: Is

new physics needed in galaxy

formation models?

3.1 Introduction

The clustering of galaxies encodes information about the values of the cosmological

parameters and also about the physical processes behind the formation and evolution

of galaxies. In the cold dark matter (CDM) hierarchical structure formation theory,

galaxies grow inside dark matter haloes (White & Frenk 1991; Cole 1991). The

formation of structure in the dark matter is governed by gravity and can be modelled

accurately using N-body simulations (e.g. Springel, Frenk & White 2006). However,

the fate of baryonic material is much more complicated as it involves a range of

often complex and nonlinear physical processes. The efficiency of galaxy formation

is expected to depend on the mass of the host dark matter halo (e.g. Eke et al. 2004;

Baugh 2006). Modelling the dependence of galaxy clustering on intrinsic properties

such as luminosity offers a route to establish how such properties depend upon the

mass of the host halo and hence to improve our understanding of galaxy formation.

Over the past decade, models of galaxy clustering have evolved which allow us to

interpret observational data and learn more about how galaxies are distributed be-

tween dark matter haloes. This development has been led by semi-analytical models,

37
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which can populate large volumes with galaxies in a short time using physically mo-

tivated prescriptions (Kauffman, Nusser & Steinmetz 1997; Kauffmann et al. 1999;

Benson et al. 2000; Benson et al. 2001; Hatton et al. 2003). Such studies also

inspired empirical approaches which involve fitting halo occupation distributions

(HODs; Peacock & Smith 2000; Seljak 2000; Cooray & Sheth 2002) and conditional

luminosity functions (van den Bosch, Mo & Yang 2003), parametric functions which

describe the number of galaxies per halo and the luminosity of galaxies within a

halo, respectively.

Recent advances in astronomical instrumentation have produced a wealth of in-

formation on galaxy clustering. The enormous volume and number of galaxies in

the two-degree field Galaxy Redshift Survey (2dFGRS; Colless et al. 2001) and the

Sloan Digital Sky Survey (SDSS York et al. 2000) have made possible accurate mea-

surements of clustering for samples of galaxies defined by various intrinsic properties

(Norberg et al. 2001, 2002; Zehavi et al. 2002, 2005; Madgwick et al. 2003; Li et al.

2006). The variation of clustering strength with luminosity tells us how galaxies

populate haloes and hence about the physics of galaxy formation. Any discrepancy

between the observational measurements of clustering and theoretical predictions

points to the need to improve the models, either by refining existing ingredients or

adding new ones.

The dependence of galaxy clustering on luminosity has been measured accurately

in the local universe (Norberg et al. 2001, 2002, 2009, in preparation; Zehavi et al.

2002, 2005; Li et al. 2006). Over the period spanned by these studies, galaxy

formation models have evolved significantly, particularly in the treatment of bright

galaxies (see, for example, Benson et al. 2003). The majority of current models

invoke some form of heating of the hot gas atmosphere to prevent gas cooling in

massive haloes, in order to reproduce the bright end of the galaxy luminosity func-

tion. This has implications for the correlation between galaxy luminosity and host

dark matter halo mass, which has, in turn, an impact on the clustering of galaxies.

Li et al. (2007) compared the semi-analytical galaxy formation models of Kang

et al. (2005) and Croton et al. (2006), two early models with AGN feedback, against

measurements of clustering from the SDSS. Qualitatively, the models displayed sim-



3.2. Galaxy formation models 39

ilar behaviour to the real data, but did not match the clustering measurements in

detail. For example, Li et al. show that as the luminosity varies the predictions of

the Croton et al. model change in clustering amplitude by a similar amount to the

observations. The brightest galaxies are the most strongly clustered in the model.

However, the clustering strength displays a minimum around L∗ before increasing

again for fainter galaxies. The luminosity dependence in the SDSS data, on the

other hand, is monotonic. Li et al. speculated that the models predict too many

galaxies in massive haloes. They demonstrated that the clustering predictions could

be improved, but not fully reconciled with the data, by removing satellite galaxies

by hand.

In this chapter, we extend this comparison to the 2dFGRS clustering measure-

ments and test the latest galaxy formation models. By using the blue selected

2dFGRS, we widen the range of physics tested to include the processes which influ-

ence recent star formation. We compare models produced by different groups which

allows us to probe different implementations of the physics. We reach similar con-

clusions to those of Li et al. and investigate physical ways to achieve the required

reduction in the number of satellites.

The structure of this chapter is as follows. We briefly introduce the three semi-

analytic models we discuss in Section 3.2. In Section 3.3, we compare the two point

correlation function results for the 2dFGRS with the theoretical predictions. In

Section 3.4, we explore the mechanisms that drive clustering, particularly the galaxy

luminosity – host halo mass relation and give a step-by-step illustration of how the

number of galaxies as a function of halo mass (the Halo Occupation Distribution)

is connected to the clustering amplitude. We empirically determine the HOD which

reproduces the observed luminosity dependence of clustering in Section 3.5. We

implement simple models for two new physical processes in Section 3.6, to see if

we can modify the existing models to match the observed clustering. Finally, in

Section 3.7, we give a summary and conclusions.
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Figure 3.1: The bJ-band luminosity function of the Bower et al. (2006; black, solid

line), De Lucia & Blaizot (2007; blue, dashed line) and Font et al. (2008; red, dotted

line) models. The green symbols show the estimate of the luminosity function made

from the 2dFGRS (from Norberg et al. 2002).
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3.2 Galaxy formation models

To make predictions for the clustering of galaxies, we need a theoretical tool which

can populate large cosmological volumes with galaxies. Furthermore, it is essential

that we have well developed predictions for the properties of the model galaxies, in

order that we can extract samples which match different observational selection crite-

ria. Gas dynamic simulations currently struggle to meet both of these requirements.

Such calculations demand high resolution which limits the accessible computational

volume. Also, the level of sophistication of the model predictions in gas simula-

tions is not always sufficient to make direct contact with observational quantities.

Semi-analytical models, on the other hand, meet both of the above requirements,

whilst inevitably addressing the physics in a more idealised manner than the gas

simulations, and are therefore well suited to clustering studies (for an overview of

this approach see Baugh 2006).

In the first half of this chapter we consider predictions for galaxy clustering from

three semi-analytical models, those of Bower et al. (2006), de Lucia & Blaizot (2007)

and Font et al. (2008). These models are publicly available from the Millennium

Galaxy Archive1. In the second part, we consider modifications to the Bower et al.

model. We shall also refer to the Bower et al. and Font et al. models as the Durham

models (and as Bower06 and Font08 respectively in figure labels) and to the de Lucia

& Blaizot model as the Munich model (and as DeLucia07 in plots).

The three models listed above are set in the context of structure formation in a

cold dark matter universe as modelled by the Millennium Simulation2 of Springel

et al. (2005). The starting point is the merger histories of dark matter haloes, which

are extracted from the simulation (note both groups have independent algorithms

for constructing merger histories; see Springel et al. 2005 and Harker et al. 2006

1http://galaxy-catalogue.dur.ac.uk:8080/Millennium/
2The cosmological parameters of the Millennium Simulation are a matter density parameter

of ΩM = 0.25, cosmological constant of ΩΛ = 0.75, baryon density Ωb = 0.045, a fluctuation

amplitude of σ8 = 0.9, spectral index of perturbations of ns = 1 and present-day Hubble constant

of H0 = 73kms−1Mpc−1. The halo mass resolution limit does not affect the galaxy luminosity

function at the luminosities studied in this chapter.



3.2. Galaxy formation models 42

for further details). The models follow a common range of processes which involve

the baryonic component of the universe: gas cooling, star formation, reheating of

cold gas by supernovae, chemical evolution of gas reservoirs, heating of the hot gas

halo by AGN and galaxy mergers. The implementation of these processes differs in

detail between the models and we refer the reader to the original references for a

full description. Moreover, when setting the model parameters, different emphasis

was placed on the reproduction of particular observational datasets. Here we simply

remark on some key features of the models.

Bower et al. (2006) use the model of Malbon et al. (2007) to describe the growth

of supermassive black holes through galaxy mergers, and the accretion of cold and

hot gas. The latter process is the key to matching the sharpness of the break in

the local optically selected galaxy luminosity function. The energy released by the

accretion of hot gas onto the black hole is assumed to match the luminosity which

would have been released by gas cooling, thereby suppressing the formation of bright

galaxies (see Croton et al. 2006). The Font et al. (2008) model is a development

of the Bower et al. model. Firstly, in the Font et al. model the stellar yield in all

modes of star formation is twice that adopted in the Bower et al. model. This shifts

the locus of the red and blue sequences in the colour magnitude relation into better

agreement with local data from the Sloan survey (see Gonzalez et al. 2008 for a

comparison of the predicted colour distributions with SDSS observations). Secondly,

in the Font et al. model the stripping of the hot gas from newly accreted satellite

galaxies is not assumed to be 100% efficient. This is different from the assumption

commonly made in semi-analytical models and is motivated by the results of recent

gas dynamics simulations carried out by McCarthy et al. (2008). This means that

in the Font et al. model galaxies can continue to accrete cold gas even after they

have been subsumed into a more massive halo. This results in an improved match

to the observed colour distribution of satellite galaxies (Gonzalez et al. 2008). Both

the Bower et al. and Font et al. models give very good matches to the stellar mass

function over the full redshift range for which observational estimates are available.

The De Lucia & Blaizot (2007) model is a development of the semi-analytical

models of Springel et al. (2001), De Lucia et al. (2004) and Croton et al. (2006).
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Luminosity and colour dependent clustering were discussed in Springel et al. (2005)

and Croton et al. (2006); the De Lucia & Blaizot model gives similar clustering

predictions to those from these earlier models.

The parameters of the models are set to give a reasonable reproduction of the

present day galaxy luminosity function, as shown by Fig. 3.1. In this chapter we give

ourselves the freedom to adjust the luminosities of the model galaxies, whilst main-

taining the ranking of galaxy luminosity, to force an exact match to the 2dFGRS

luminosity function measured by Norberg et al. (2002a). This small adjustment al-

lows us to rule out abundance differences as a possible source of variations between

the clustering predictions of different models. Note that we also have checked the

correlation function using the galaxy luminosity bins before forcing to match the

2dFGRS luminosity function. We have nearly identical results between two corre-

lation functions between them. We apply the same methodology to the modified

versions of the Bower et al. model discussed in the second part of the chapter.

3.3 Predictions for luminosity dependent cluster-

ing

In this section we compare the predictions of the three galaxy formation models

(Bower et al. 2006; De Lucia & Blaizot 2007; Font et al. 2008) with measurements of

clustering made from the final two-degree field galaxy redshift survey (Norberg et al.

2009b). The observational data are presented in the form of the projected correlation

function, Ξ(σ)/σ. This statistic is estimated from the two point correlation function

binned in pair separation parallel and perpendicular to the line of sight, ξ(σ, π):

Ξ(σ)

σ
=

2

σ

∫ ∞

0

ξ(σ, π)dπ. (3.1)

When redshift is used to infer the radial distance to a galaxy, gravitationally in-

duced peculiar motions on top of the Hubble flow cause a distortion to the inferred

clustering signal. In principle, the projected correlation function is unaffected by

the contribution from peculiar velocities. In practice, the integration in Eq. 3.1 has

to be truncated at a finite value of π as the clustering signal on larger scales becomes
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Figure 3.2: The projected correlation function of L∗ galaxies measured in the 2dF-

GRS by Norberg et al. (2009; open symbols). The model predictions are shown by

different coloured lines, as indicated by the key. The projected correlation function

of the dark matter in the Millennium simulation is shown by the black solid line.
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Figure 3.3: The projected galaxy correlation functions divided by the projected

correlation function of the dark matter in the Millennium Simulation. The symbols

show the ratios for the 2dFGRS clustering measurements. Different colours and

line types show the different luminosity bins as indicated by the key. The model

predictions are shown by the lines. Each panel shows the predictions for a different

model, as indicated by the label.
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noisy. Norberg et al. (2009a) show that this truncation has a negligible effect on

the form of the projected correlation function on scales below 10h−1Mpc.

The observational measurements we use in this chapter are from the final 2dF-

GRS. Previous results for the luminosity dependence of galaxy clustering were pre-

sented by Norberg et al. (2001,2002). These papers analysed an intermediate version

of the 2dFGRS which consisted of around 160 000 unique, high quality galaxy red-

shifts. In the final version of the dataset used by Norberg et al. (2009) there are more

than 220 000 galaxy redshifts. The solid angle of high spectroscopic completeness

regions has also increased, by a larger factor than the change in the total number of

redshifts. Hence a more accurate measurement of the clustering in different volume

limited samples is now possible. The estimation of errors on the clustering measured

for the different samples has also been revisited (Norberg et al. 2008). An internal

estimate of the error is made using the bootstrap resampling technique. This has the

advantage over the mock catalogues used previously that the change in clustering

strength with luminosity is taken into account. The 2dFGRS is selected in the blue

bJ band. This is more sensitive to recent episodes of star formation in galaxies than

the red r band selection used in the SDSS.

We first examine the clustering of L∗ galaxies. Fig. 3.2 compares the model

predictions and the 2dFGRS measurement for the projected correlation function of

L∗ galaxies, along with the projected correlation function of the dark matter in the

Millennium Simulation. On large scales, σ > 3h−1Mpc, the models have a similar

shape to the observations, but different amplitudes. The Durham models (Bower

et al. and Font et al.) have a higher clustering amplitude than the data, but are

similar to the dark matter. On small scales, σ ≤ 1h−1Mpc, the Durham models are

significantly above the 2dFGRS measurement. The De Lucia & Blaizot prediction

is a remarkably good match to the L∗ clustering data over the full range of scales

plotted. As we will see in the next section, the clustering predictions can be broken

down into contributions from the most massive galaxy in each halo, referred to as

the central galaxy, and satellite galaxies. The form of the projected correlation

function on small scales is driven by the number of satellites in massive haloes. One

interpretation of the comparison in Fig. 3.2 is that massive haloes in the Durham
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models contain more L∗ satellites relative to low mass haloes than in the Munich

model. This would also account for the small difference between the predicted

clustering amplitudes on large scales.

Over a range of just over two decades in projected pair separation, Fig. 3.2 shows

that the clustering amplitude changes by four and a half orders of magnitude. In

order to see more clearly the changes in the clustering amplitude with varying galaxy

luminosity, in Fig. 3.3 we divide the galaxy correlation functions by the dark matter

correlation function. If the Millennium Simulation dark matter was indeed a match

to the real Universe, then the ratio plotted in Fig. 3.3 would be the logarithm of the

square of the bias, albeit quantified in terms of projected clustering. The departure

of this ratio from a constant value would then indicate the presence of a scale-

dependent bias. However, it is of course possible that the Millennium Simulation

is not quite representative of reality, with recent studies suggesting a lower value of

the fluctuation amplitude σ8 (Sanchez et al. 2009; Li & White 2009). Nevertheless,

the Millennium dark matter serves as a useful benchmark, even if these caveats limit

the interpretation of the ratio.

Fig. 3.3 shows that the clustering amplitude between the 2dFGRS galaxy samples

varies by a factor of between 3 and 5 depending on the projected separation. The

two faintest samples plotted have almost the same clustering amplitude. None of

the models is able to reproduce both the overall amplitude of clustering and the

trend with luminosity. The Durham models do a reasonable job of predicting the

order of the clustering strength of the luminosity samples. However, the overall

clustering amplitude in these models is too strong. The Munich model, on the other

hand, gives a better match to the overall clustering amplitude, but fails to reproduce

a dependence of clustering on luminosity. The brightest sample in the DeLucia07

model is more weakly clustered than the corresponding sample in the 2dFGRS and

there is essentially no difference in the clustering displayed by the three fainter bins;

in the 2dFGRS data, the −21 < MbJ −5 log h < −20 sample is clearly more strongly

clustered than the L∗ and fainter galaxies.

The correlation function ratios plotted in Fig. 3.3 show strong scale dependence.

On the largest scales plotted, this could indicate that the clustering of dark matter
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in the Millennium cosmology is not the same as in the real Universe, as we remarked

upon above. However, the 2dFGRS measurements become noisy on the scales on

which one would expect the bias to approach a constant value (e.g. Coles 1993). On

small scales there is a range of shapes and amplitudes, indicating a wide variety of

satellite fractions in the different galaxy samples. Apart from the brightest sample,

the Durham models show a higher clustering amplitude on small scales than the

Munich model and also a higher amplitude than the observations. This suggests that

there are too many satellite galaxies in haloes in the Durham models, a conclusion

which we confirm in the next section.

3.4 What drives galaxy clustering?

In this section, we look at the clustering predictions in more detail to identify which

galaxies determine the shape and amplitude of the correlation function. This will

allow us to identify which model galaxies are responsible for the disagreement found

with observational measurements in the previous section, and hence will motivate

approaches to altering the model predictions for these objects.

The clustering of dark matter haloes depends on their mass. Haloes which are

more massive than the characteristic mass scale at a particular redshift (roughly

the location of the break in the halo mass function) will be much more strongly

clustered than the overall dark matter (Cole & Kaiser 1989; Mo & White 1996). We

start by plotting the relation between galaxy luminosity and the mass of the host

dark matter halo in Fig. 3.4. The main panel in each plot shows the median host

halo mass and 10-90 percentile range of the distribution as a function of luminosity,

for satellite and central galaxies separately. The sub-panel shows the fraction of

galaxies that are satellites at each magnitude.

Overall, the host halo mass – galaxy luminosity relations for the different models

share the same qualitative behaviour. There is a trend of increasing host mass with

increasing central galaxy luminosity which steepens around MbJ − 5 log h ≈ −21. A

magnitude brighter than this, the median host halo mass drops in each case. The

scatter in host mass is small at the faintest luminosities plotted (around a factor of
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Figure 3.4: The host halo mass for galaxies as a function of luminosity. The main

window in each panel shows the predictions for a different galaxy formation model,

with Bower et al. shown in the top panel, Font et al. in the middle panel and de

Lucia & Blaizot in the lower panel. The median mass and 10-90 percentile ranges are

shown separately for central (blue) and satellite (red) galaxies. The small window

in each panel shows the fraction of galaxies that are satellites as a function of

magnitude.
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Figure 3.5: The steps connecting the number of galaxies per halo to the strength of

galaxy clustering in the Bower et al model. Each column corresponds to a different

galaxy sample, as indicated by the label. The blue curves show the contribution from

central galaxies, the red dotted curves show satellite galaxies and the black solid

curves show centrals plus satellites. The top row shows the galaxy halo occupation

distribution. The middle row shows this HOD multiplied by the dark matter halo

mass function and normalized by the total number of galaxies in the luminosity bin.

The bottom row shows the HOD multiplied by the halo mass function and the halo

bias, again normalized by the total number of galaxies in the luminosity bin. In this

case the area under the black solid curve is the effective bias of the sample. The

vertical dot-dashed line in the lower panels indicate the mass which divides the area

under the curve in half.
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Figure 3.6: Top row: A comparison of the modified HOD (thick lines) in which

the slope of the satellite HOD has been adjusted to match the 2dFGRS clustering

measurements with the original HOD of the Bower et al. model. Bottom row: The

contribution to the effective bias as a function of halo mass. The quantity plotted is

the modified HOD weighted by the halo mass function and the halo bias parameter;

the area under the black solid curve gives the effective bias parameter. Each column

corresponds to a different luminosity bin as shown by the label. The blue dashed

curves show the contribution of central galaxies, satellites are shown in red dotted

and the total is shown in black solid. The vertical lines mark the halo mass which

divides the contribution to the effective bias integral into two. The dot-dashed lines

show this mass for the original Bower et al. model and the thick dot-dashed lines

for the modified HOD.
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2 in the de Lucia & Blaizot model), and increases with luminosity. For the brightest

galaxies shown in Fig. 3.4, the 10-90 percentile range covers more than 2 orders of

magnitude in halo mass. The median host mass of satellite galaxies does not increase

with luminosity as quickly as it does for the centrals (an order of magnitude increase

in host mass over the magnitude range −18 > MbJ −5 log10 h > −22, compared with

two orders of magnitude for the centrals). The 10-90 percentile range is very broad

for faint and intermediate luminosity satellites ( ∼ 2 orders of magnitude) and

shrinks only for the brightest satellites.

The quantitative differences between the models in Fig. 3.4 explain the differences

in the predictions for luminosity dependent clustering evident in Fig. 3.3. Firstly,

the median host mass relations for the central and satellite galaxies in the de Lucia

& Blaizot model are lower than those in the Bower et al. and Font et al. models.

This means that the overall amplitude of clustering is lower in the de Lucia & Blaizot

model as seen in Fig. 3.3. Secondly, the scatter in the mass – luminosity relation for

centrals is substantially smaller in the Munich model than it is in the Durham mod-

els, particularly for fainter galaxies. This means that the halo mass – luminosity

relation is better defined in the Munich model compared with the Durham mod-

els, which explains the somewhat stronger trend of luminosity dependent clustering

displayed in the Munich model.

The difference in the width of the distribution for the central galaxies could be

driven by the choice of time over which gas is allowed to cool in a halo. In the Munich

model, gas is allowed to cool over a dynamical time. In the Durham models, the

cooling time depends upon the merger history of the individual trees. For haloes of

a given mass, there will therefore be a range of cooling times in the Durham models,

but a fixed cooling time in the Munich model.

The subpanels in each part of Fig. 3.4 show the fraction of satellite galaxies

as a function of luminosity. For all the models, the fraction declines to brighter

magnitudes. Due to the wide range of halo masses occupied by satellites, and the

strong dependence of bias or clustering strength on halo mass, it is possible for

satellites to make an important contribution to the overall clustering signal, even

if they are outnumbered by centrals. We investigate this point in more detail next
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in this section. The fraction of satellites in the Durham models is somewhat higher

fraction for intermediate luminosities in the Durham model which is not present in

the Munich models. This suggests that we should focus on reducing the number of

satellite galaxies in order to improve the Durham model predictions for luminosity

dependent clustering.

An alternative way to present the information contained in the host mass –

luminosity plot is the halo occupation distribution (HOD; for a review see Cooray

& Sheth 2002). The HOD gives the mean number of galaxies as a function of dark

matter halo mass, divided into the contribution from central and satellite galaxies.

The HOD has the advantage over the host halo mass – galaxy luminosity plot that

it can be more directly related to galaxy clustering (e.g. Benson et al. 2000; Berlind

et al. 2003).

The HOD for the Bower et al. model is shown in the top row of Fig. 3.5,

in which each column shows the HOD for galaxies in a different bin in absolute

magnitude. The bins are one magnitude wide, whereas in the majority of cases in

the literature, cumulative bins are used. The generic form adopted for the HOD is a

step function for central galaxies, which makes the transition from 0 to 1 galaxies per

halo at some halo mass threshold, which is determined by the galaxy selection (e.g.

Zehavi et al. 2002). More gradual forms for the transition from 0 to 1 galaxy per

halo have been discussed (Zheng et al. 2005). The HOD for satellites is assumed

to be a power-law with slope α; the mean number of satellites per halo reaches

unity at a somewhat higher halo mass than that at which the mean number of

central galaxies first approaches unity. The satellite galaxy HOD for the Bower

et al. model agrees with the standard HOD paradigm. The central galaxy HOD,

on the other hand, has a richer structure. The downturn seen at high masses is

due to the adoption of a differential, finite width magnitude bin. With increasing

halo mass, the central galaxies eventually become too bright to be included in a

particular magnitude bin. For all the luminosity bins plotted, the HOD of central

galaxies does not reach unity, in contradiction to one of the primary assumptions in

HOD modelling. The central HOD rises to a peak just below unity, before showing a

dip with increasing halo mass. This feature is due to AGN heating which suppresses
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gas cooling above M ∼ 1012h−1M⊙ at the present day in this model. This spike has

a similar appearance in the Font et al. model, even though the “switch-on” of AGN

heating feedback is handled in a more gradual way in this case.

The HOD does not tell us the full story about galaxy clustering, but is only the

first step. The next relevenat consideration is the abundance of dark matter haloes.

The number density of haloes declines exponentially with increasing mass beyond

the characteristic mass (see for example Jenkins et al. 2001). The HOD weighted

by the halo mass function is shown in the second row of Fig. 3.5. Note that we have

now switched to a linear scale on the y-axis. The contribution of satellite galaxies is

now much less important than the impression gained from the HOD plot. Next, in

the bottom row of Fig. 3.5 we plot, as a function of halo mass, the HOD multiplied

by the halo mass function and the bias factor. Again, a linear scale is used for the

y-axis. The area under the black curve in this case gives the effective bias of the

galaxy sample. The satellites make a larger contribution to the effective bias than

they do to the number density. This is because the satellites are preferentially found

in high mass haloes which have large bias factors.

3.5 An empirical solution to the problem of lumi-

nosity dependent clustering

In this section we find an empirical solution to the problem of matching the observed

luminosity dependence of clustering. We do this by changing the HOD of the Bower

et al. model by hand. We could equally well have chosen to use the Font et al. model

and would have reached similar conclusions. We saw in the previous section that

the HOD for central galaxies has a complicated shape which is not well described

by the standard HOD parametrizations. This is, in part, due to the physics invoked

in the models and to the use of differential rather than cumulative luminosity bins.

The satellite galaxy HOD, on the other hand, has a more straightforward power

law form, Nsat ∝ Mα
halo, where Mhalo is the host halo mass. Moreover, we saw in

the previous section that the Durham models have more satellite galaxies than the

Munich model and that this could be the reason behind their poorer match to the
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Figure 3.7: The clustering of galaxies after modifying the HOD of the Bower et al.

model (lines) compared to the 2dFGRS data (points). We plot the projected corre-

lation function divided by an analytic estimate of the nonlinear projected correla-

tion function of the dark matter in the Millennium simulation cosmology. Different

colours and lines show the results for different luminosity bins as indicated by the

key.
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observed clustering. Here, we establish how the satellite HOD must be changed in

order to match the 2dFGRS results better. This will help guide an investigation

into changing the physics of the galaxy formation model which is carried out in the

next section.

The satellite HOD for the Bower et al. model plotted in Fig. 3.5 has a power

law form with slope α ∼ 1 in each of the luminosity bins. We note that the same

slope is generally found for other galaxy selections, such as luminous red galaxies

(Almeida et al. 2008; Wake et al. 2008).

The starting point to make a realization of galaxy clustering is the DHalo3 cat-

alogue of dark matter halo masses and positions constructed from the Millennium

simulation (Harker et al. 2006). This is the halo catalogue used in the GALFORM

model and is somewhat different from the list of haloes generated by the friends-of-

friends group finding algorithm. The DHalo catalogue is constructed with reference

to the merger histories of the dark matter haloes. In the case of a friends-of-friends

merger history, it is possible, occasionally, for the mass of a halo to decrease with

increasing time. This happens, for example, when two haloes are either extremely

close or overlap to some extent at one timestep, but move apart and are identified as

separate haloes at a subsequent output time. The DHalo algorithm “looks ahead”

to check if haloes merged by the group finder at one output time stay merged at the

next two outputs.

Keeping the same mass at which the mean number of satellites per halo reaches

unity as predicted by the fiducial Bower et al. model, we allow the slope of the

satellite HOD to vary for each magnitude bin in order to obtain a better match to

the 2dFGRS clustering data. The number of galaxies as a function of halo mass

is assumed to have a Poisson distribution for 〈N〉 > 1. Semianalytic models and

hydrodynamic simulations predict a significantly sub-Poisson P (N |M) distribution

at low 〈N〉 and Poisson distribution at 〈N〉 >1 (Berlind et al. 2003). We check the

distribution of generate galaxies using HOD formalism. The value which indicate

the Poisson distribution, α2
M = 〈N(N − 1)〉/〈N〉2, nearly 1 from higher halo mass

3http://galaxy-catalogue.dur.ac.uk:8080/Millennium/
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than 1011.5h−1M⊙. For halo masses for which the HOD predicts 〈N〉 < 1, a fraction

of haloes is populated with a satellite galaxy at random: i.e. if the random number

chosen from a uniform distribution between zero and one, x < N , then the halo is

assigned a satellite, otherwise it has no satellite. We have tested that this procedure

can reproduce the clustering in the Bower et al. model when the Bower et al. HOD

is used.

The modified HOD derived as described above is shown by the solid lines in

Fig. 3.6. The HOD of the original Bower et al. model is shown by the dashed lines

in this plot. In the three faintest luminosity bins, the slope of the modified satellite

HOD is shallower than the original i.e. α < 1, corresponding to a reduction in the

number of satellites in massive haloes. The change in slope is largest in the faintest

bin. In the brightest luminosity bin, the trend is reversed and there are slightly

more satellites in massive haloes in the modified HOD. By reducing the number of

satellites in high mass haloes, two effects are generated in the correlation function.

The effective asymptotic bias of the sample is reduced, due to a smaller two-halo

clustering term. Also, the one-halo term is suppressed, reducing clustering on small

scales, as there are fewer pairs of galaxies within massive haloes. By contrast with

the modified HOD, as we remarked upon above, the HOD of the Bower et al. model

exhibits the same value of the slope of the satellites in each luminosity bin.

Fig. 3.7 shows that the trend of clustering strength with luminosity displayed by

the modified HOD matches that of the 2dFGRS data. Furthermore, the improved

level of agreement is seen on both large and small scales. The matching of the

asymptotic bias on large scales and the shape of the correlation function on small

scales is convincing evidence in support of the modified HOD having the correct

number of satellite galaxies in haloes of different masses. The challenge now is to

see if the semi-analytical model can reproduce the form of the modified HOD, either

by further exploration of the model parameter space or by adding new physical

processes.
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3.6 Implications for satellite galaxies in galaxy

formation models

In the previous section we demonstrated that the clustering properties of the Bower

et al. model can be significantly improved if the number of satellite galaxies in

massive haloes is reduced. This was achieved by changing the HOD of the Bower

et al. model by hand. The clustering predictions subsequently changed on all scales

(in HOD terminology, both the one and two halo contributions were changed) to

improve the match with the 2dFGRS measurements, which can only be achieved by

changing the number of satellites. In this section we try to reproduce the modified

HOD in a physical, rather than empirical, way by using the GALFORM model.

The first approach we tried was to run variants of the Bower et al. model in which

selected parameters were perturbed from their fiducial values. In particular, we

varied parameters which we thought would have an impact on the relation between

galaxy luminosity and host halo mass, as plotted in Fig. 3.4. These included the

strength of supernova feedback, the degree of suppression of gas cooling in massive

haloes due to AGN heating and the timescale for galaxy mergers. In the case of

each of these variant models, we rescaled the model galaxy luminosities to agree

exactly with the observational estimate of the luminosity function from Norberg

et al. (2009). The clustering predictions in the variants were different to those of

the original Bower et al. model. However, none was able to match the observed

clustering. Intriguingly, the slope of the satellite HOD was α ≈ 1 in all of the

models, that is none of the parameter variations was able to change the slope of the

satellite HOD in the way suggested by the modified HOD.

The second approach we tried was to change the timescale for galaxies to merge

due to dynamical friction. GALFORM uses a modified version of the timescale given by

the dynamical friction formula of Chandrasekhar (1943; see eqn. 4.16 of Cole et al.

2000). We experimented with adjusting this timescale by allowing an extra scaling

based on the ratio of the host halo mass to the mass of the satellite, MH/Msat. To

solve the problem of too many satellites we needed to reduce the merger timescale

for MH/Msat > 1. Recent numerical studies of satellite mergers found that the
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Chandrasekhar formula needs to be revised but in the opposite sense, i.e. with

a somewhat longer merger timescale for objects with MH/Msat > 1 (Jiang et al.

2008, 2009). Hence this approach, although viable, was abandoned as requiring

an unrealistic change to the prescription for calculating the timescale for galaxy

mergers.

In this section, we explore the incorporation of two physical processes into the

GALFORM semi-analytical model: the tidal disruption or stripping of mass from satel-

lite galaxies and mergers between satellites. The implementations presented here

are exploratory and are meant to give an indication of the likely impact of the new

physics on the model predictions. If the changes turn out to be promising, the

intention is that this should motivate future, fully self-consistent revisions to the

GALFORM machinery.

3.6.1 The dissolution of satellite galaxies

Galaxy clusters contain a diffuse background of light, the intracluster light (ICL),

which is not associated with any particular galaxy (e.g. Welch & Sastry 1971). The

ICL is thought to result from the disruption of small galaxies and the stripping

of stars from larger ones. The measurement of the intracluster light is challenging.

Current estimates put the ICL in the range of 5-30% of the total cluster light (Zibetti

et al. 2005; Krick & Bernstein 2007; Zibetti 2008).

A number of physical processes could be responsible for the removal of stars from

satellite galaxies e.g. tides produced by the cluster potential and successive high

speed fly-by encounters between cluster members (Richstone 1976; Aguilar & White

1985). A full treatment of these effects would require a dynamical simulation (e.g.

Moore et al. 1996; Gnedin 2003). Attempts have been made to implement analytic

descriptions of the phenomena modelled in the simulations into galaxy formation

models (e.g. Taylor & Babul 2001; Benson et al. 2004; Yang et al. 2009).

In general, standard semi-analytical galaxy formation codes ignore the tidal dis-

ruption of satellite galaxies. A recent exception is the calculation of Henriques,

Bertone & Thomas (2008). These authors post-processed the output of the Munich

group’s semi-analytical model to remove galaxies that they believed should have
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Figure 3.8: The HOD after applying the satellite disruption model of Eq. 3.2 (thick

lines). The starting point is the HOD of the Bower06-bis model shown by the lines

(normal width). Each panel corresponds to a different luminosity bin as indicated

by the key.
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Figure 3.9: The projected correlation function for galaxy samples of different lumi-

nosity divided by the dark matter projected correlation function for the Millennium

simulation cosmology. The normal width lines show the predictions of the Bower

et al. (re-run) model and the thick lines show this model after applying the satellite

disruption model of Eq. 3.2. The symbols show the clustering data measured from

the 2dFGRS.
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Figure 3.10: The intracluster light as a function of halo mass in the satellite disrup-

tion model. The y-axis shows the fraction of the total cluster light which is attached

to galaxies. The green dotted box shows the observational estimate of the intraclus-

ter light from Zibetti (2008) and the blue dashed box shows the result from Krick &

Bernstein (2007). The red dot-dashed line shows the intracluster light predicted by

the model with satellite disruption alone (as discussed in Section 3.6.1); the black

long dashed line shows a model with satellite-satellite mergers (Section 3.6.2) and

disruption of satellites. This hybrid model is discussed in Section 3.6.3.
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been tidally disrupted. Galaxies are associated with the dark matter halo in which

they first formed as a central galaxy. When this halo merges with a more massive

halo, it becomes a satellite halo or substructure, and is stripped of mass through

dynamical effects. Eventually, the substructure may fall below the resolution limit

of the N-body simulation (in this case the Millennium Simulation). Henriques et al.

removed satellites whose host dark matter substructure had dissolved, and added

these to the ICL. They found that by adopting this procedure, the model predic-

tions agreed better with the slope of the faint end of the luminosity function and the

colour distribution of galaxies. However, this algorithm depends on the resolution of

the N-body simulation, which governs when subhalos are destroyed. Moreover, the

softening length adopted in the simulation exceeds the scale size of all but the very

brightest galaxies. Hence, it is not clear that any of the more condensed baryonic

material would have been stripped from the model galaxies, even when the host

dark matter halo has been shredded.

Here we adopt a simpler approach which is independent of the resolution of the

N-body simulation. We assume that the degree of disruption of a satellite galaxy

depends on the ratio of the mass of the main dark matter halo to the mass of the

satellite halo at infall, MH/Msat:

Lnew

Lorig

= β

(

MH

Msat

)−1

, (3.2)

where Lorig is the original luminosity of the satellite galaxy predicted by the galaxy

formation model, Lnew is the new luminosity intended to take into account stripping

of mass from the satellite and β is an adjustable parameter. We chose this scaling of

disrupted luminosity fraction because the galaxy merger timescale essentially scales

with the mass ratio MH/Msat; objects with large values of MH/Msat will spend longer

orbiting within the host dark matter halo and are therefore more susceptible to

dynamical disruption. Our satellite disruption prescription involves post-processing

the output of the galaxy formation model, to reduce the luminosity of satellite

galaxies according to Eq. 3.2. One clear shortcoming of our approach is that we

do not take into account the time when the satellite galaxy actually fell into the

more massive halo. With our prescription, a satellite could suffer a large luminosity

reduction immediately after falling into a larger structure. On the other hand, we
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ignore any stripping which may have occurred at earlier stages in the merger history.

Hence it is not clear whether our simple model for the disruption of satellites is likely

to be an over or underestimate of the actual effect.

The Millennium Archive does not list the satellite galaxy dark halo mass for

the Bower et al. model. Hence, it was necessary for us to re-run the Bower et al.

model in order to extract the information required to apply the model described

by Eq. 3.2. We present the results of rerunning the Bower et al. model, labelled

Bower06-it bis, without applying any dynamical disruption, in Fig. 3.8 in which we

show the HOD and in Fig. 3.9, where we compare the predicted clustering with

the 2dFGRS measurements. A comparison of the results presented in these plots

with the equivalent results for the version of the Bower et al. model available

from the Millennium Archive (Figs. 3.5 and 3.3 respectively) shows a subtle but

appreciable change in the model predictions. The re-run version of the Bower et al.,

which we refer to as Bower06-bis, is actually in better agreement with the 2dFGRS

clustering results than the Millennium Archive version. The main reason for these

differences are small improvements in the model. There has been substantial code

development in the three years since the Bower et al. model was originally placed

in the Millennium Archive, to incorporate new physical ingredients and to improve

the implementation of other processes. Also, improvements have been made to

the construction of the dark matter halo merger histories from the Millennium (J.

Helly, private communication). The re-run Bower et al. model is available in the

Millennium archive as Bower06-bis. As we shall see, the changes to the clustering

predictions arising from the implementation of new physical processes are, in any

case, larger than those between Bower et al. and Bower06-bis.

The HOD resulting from applying the satellite disruption model of Eq. 3.2 is

compared with the Bower06-bis model in Fig. 3.8. The free parameter β in the

stripping model was set to 0.9 to produce the best match to the clustering mea-

surements, as plotted in Fig. 3.9. As expected, Fig. 3.8 shows that there are fewer

satellites in the model with disrupted satellites. The effect appears largest in the

brightest luminosity bin. This is primarily due to the imposed change in the shape

of the luminosity function, rather than to a shift in the typical value of MH/Msat for
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each galaxy sample. In the brightest bin, since the abundance of galaxies drops ex-

ponentially with luminosity, more galaxies are shifted out of the bin in the faintwards

direction, after applying the disruption recipe, than are shifted into that bin from

brighter luminosities. The change in the HOD generated by applying the satellite

disruption model falls short of the target suggested by the modified HOD derived

in the previous section. In the intracluster light model, the slope of the satellite

HOD is essentially unchanged and the biggest variation in the number of satellites

is found in the brightest luminosity bin rather than the faintest. The resulting clus-

tering predictions do not change in the desried way, as shown by Fig. 3.9. Rather

than altering the luminosity dependence of clustering, the main effect of disrupting

satellites is to reduce the clustering amplitude in all the luminosity bins.

We close this section by showing the model prediction for the fraction of the

total light in a cluster that is in the form of a diffuse intergalactic background.

Fig. 3.10 shows that the satellite disruption model removes at most 20% of the total

cluster light from galaxies, in excellent agreement with the observational estimate

from Zibetti (2008). This agreement is encouraging as the parameter in the satellite

disruption model was set without reference to the constraint on the background

light, but was chosen to improve the match to the observed clustering.

The mass loss on satellites is caused by the tidal forces. The material outside

tidal radius of satellite galaxy will be stripped. Assuming a satellite in a circular

orbit with spherically symmetric mass distribution, the tidal radius can be identified

as the radius in the satellite galaxy beyond which tidal forces become important can

be made by equating the tidal force to the self-gravity of the satellite galaxy (King

1962; Binney & Tremaine 1987). Tayor & Babul (2001) described the tidal radius

rt as

rt ≈
(

Gmsat

ω2
sat − d2φ/dr2

)1/3

, (3.3)

where ωsat is the orbital angular velocity of the satellite and φ is the potential of

the halo. Henriques et al. (2010) calculate the mass loss of satellite galaxy using

a semi-analytic model adding the effect of tidal disruption described by Eq. 3.3.

The median mass loss of satellite galaxies in the 1013h−1M⊙ mass halo is ∼ 20%

in Henriques et al. (2010). This value is similar with our result using simple tidal
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dissolution model Eq. 3.2

3.6.2 Mergers between satellite galaxies

Semi-analytical models typically only consider the merger of satellites with the cen-

tral galaxy in a halo. In general, a timescale is calculated analytically for the orbit

of the satellite to decay due to dynamical friction. If this timescale is shorter than

the lifetime of the host dark matter halo, then the satellite is assumed to merge

with the central galaxy. When a halo merges with a larger structure, the galaxies in

the smaller halo are assumed to become satellite galaxies orbiting the new central

galaxy. The satellites retain no memory of the fact that they were once members of

a common halo. New dynamical friction timescales are calculated for each satellite.

With the advent of ultra-high resolution N-body simulations, there is now con-

vincing evidence that this simple picture is incomplete (Springel et al. 2008; Angulo

et al. 2008; Wetzel, Cohn & White 2009). The simulations reveal that, following a

merger, the subhaloes of the lower mass halo often remain as a distinct unit, orbit-

ing coherently in the new main subhalo. Indeed, several levels of subhalo hierarchy

have been uncovered. By tracing the evolution of the subhaloes in these simulations,

their ultimate fate can be determined. A large fraction of the high mass subhaloes

which undergo a merger coalesce with the main subhalo of the new halo. However,

the probability of a merger with a subhalo other than the main subhalo increases

with decreasing subhalo mass. At z = 0, Angulo et al. (2008) found that subhaloes

with 1% or less of the total mass of the main subhalo were as likely to merge with

another subhalo as with the main subhalo. Rather than merging with a random

subhalo, the merger is with another subhalo which shared a common parent halo.

A merger which started before this parent halo was subsumed by the main halo is

being completed inside the new halo.

We added satellite-satellite mergers to GALFORM by modifying the prescription for

galaxy mergers. Guided by the results obtained by Angulo et al. for the Millennium

Simulation, we modified the calculation of the galaxy merger timescale. Depending

on the mass ratio, MH/Msat, and the redshift, we allowed a fraction of satellite

galaxies to be considered for satellite-satellite mergers (see figure 5 of Angulo et al.).
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Figure 3.11: The HOD of the model including satellite-satellite mergers (thick lines).

For reference, the HOD of the Bower06-bis model is shown by the normal width lines.

The values of the power-law slope α of the satellite HOD are now different in each

luminosity bin.
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Figure 3.12: The projected correlation functions for galaxies divided by the projected

correlation function of the dark matter for the model with satellite-satellite mergers.

The symbols show the 2dFGRS measurements. The different colours and lines show

the different luminosity bins.
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We did this by considering the last but one level of the halo merger history i.e. the

progenitor haloes of the present day halo. For a selected satellite in the progenitor

halo, we asked if there would be sufficient time for this object to have merged with

the central galaxy in the progenitor by the present day, rather than by the end of the

lifetime of the progenitor. This is equivalent to allowing the merger to continue in

the substructure after it becomes part of the larger halo. If there is sufficient time,

then we merge the satellite with the central galaxy of the progenitor at the end of

the progenitor’s lifetime. This means that the merger happens sooner than it would

do in practice. If there is a burst of star formation associated with the merger, then

this burst will also happen earlier than it should have done. However, in the Bower

et al. model there is relatively little star formation in bursts at low redshift. Our

scheme does, however, reproduce the number of satellite-satellite mergers implied

by the subhalo mergers in the Millennium Simulation.

By allowing satellite-satellite mergers, we are able qualitatively to reproduce

the changes suggested by the empirically determined modified HOD, as shown in

Fig. 3.11. There are two main reasons for the change in the HOD. Firstly, satellite-

satellite mergers reduce the number of satellite galaxies in the model. Secondly, the

number of low luminosity satellite galaxies in high mass haloes is reduced because

these objects can merge with other satellites; the remnant is also a satellite but

it is, of course, brighter than its progenitors. The HOD for central galaxies also

changes, with the central galaxies in more massive haloes becoming brighter (and

hence moving into a brighter luminosity bin). This is because satellites which have

experienced satellite-satellite mergers are more massive than they would have other-

wise been and therefore have a shorter dynamical friction timescale. The clustering

predictions for the model with satellite-satellite mergers are shown in Fig. 3.12. The

model now matches the sequence of luminosity dependent clustering measured in

the 2dFGRS, albeit with slightly higher clustering amplitudes overall.

3.6.3 The kitchen sink model

In the previous two subsections we have seen that the satellite disruption and

satellite-satellite merger models have appealing features. The satellite disruption
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Figure 3.13: The HOD of the hybrid model with satellite-satellite mergers and

disruption of satellites (thick lines). The Bower et al. model HOD is shown by the

normal width lines.
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Figure 3.14: The projected correlation functions divided by correlation function of

the dark matter. The lines show the predictions for the hybrid satellite-satellite

merger and satellite disruption model. The symbols show the 2dFGRS measure-

ments.
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Figure 3.15: The host halo mass - luminosity relation for the hybrid model. The

upper panel shows the median halo mass and the 10-90 percentile range. The red

points show the relation for satellite galaxies and the blue lines for central galaxies.

The lower panel shows the fraction of galaxies which are satellites as a function of

magnitude. The dotted lines in both panels show the relations for the original Bower

et al. (2006) model.
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model can change the overall amplitude of the clustering for different luminosity

samples, whereas the satellite-satellite merger model can reproduce the observed

trend of clustering strength with luminosity if not the precise amplitude. In isola-

tion, neither model offers a fully satisfactory solution to the problem of matching

the luminosity dependent clustering seen in the 2dFGRS. It seems desirable there-

fore to implement both effects in tandem. We do this by generating a model which

incorporates satellite-satellite mergers and post-processing the resulting satellite lu-

minosities using the disruption model of Eq. 3.2.

Fig. 3.14 shows the projected correlation functions predicted by the hybrid

model. The model predictions are now in remarkably good agreement with the

2dFGRS measurements. The model matches the amplitude of clustering, the trend

and strength of the luminosity dependence of clustering and the shape of the correla-

tion functions. The HOD of this model matches the form of the reference empirical

HOD as shown in Fig. 3.13. The slope of the satellite HOD in the hybrid model

is influenced by satellite-satellite mergers, whereas its amplitude is determined by

satellite disruption.

Fig. 3.10 shows how the predicted intracluster light in the hybrid model with

satellite disruption and satellite-satellite mergers compares with the Bower06-bis

model. Again, the amount by which the plotted halo luminosity ratio deviates from

unity shows the fraction of the total light is not attached to galaxies. The fraction

of intracluster light depends on halo mass and is in very good agreement with the

observational estimates by Zibetti (2008).

Fig. 3.15 shows the relation between host halo mass and galaxy luminosity in

the hybrid model. Compared with the Bower et al. and Font et al. models, there

is relatively little difference in the median halo mass for either satellite or central

galaxies; the changes in the median mass are of the order of 0.1dex. However,

the host halo masses of satellite galaxies are large and thus these haloes are highly

biased. A small change in the typical host mass will therefore produce an appreciable

change in the predicted bias. The key difference is in the fraction of galaxies that

are satellites as a function of magnitude, shown in the lower panel of Fig. 3.15. The

number of satellites in the hybrid model is down by almost a factor of two from that
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in the original Durham models.

3.7 Summary and Conclusions

The dependence of galaxy clustering on luminosity has been measured with high

accuracy in the local Universe by the 2dFGRS and SDSS (Norberg et al. 2001,

2002; Zehavi et al. 2002, 2005; Jing & Borner 2004; Li et al. 2006). We have shown

that the current “best bet” publicly available galaxy formation models only match

the observational results in a qualitative sense. These models fail to match the trend

of clustering strength with luminosity. We have demonstrated that the reason for

the discrepancy is that the models predict too many satellites in massive haloes. Li

et al. (2007) reached a similar conclusion comparing the clustering of galaxies in

the red selected SDSS with the semi-analytical models of Kang et al. (2005) and

Croton et al. (2006).

One potential way to improve the agreement between the model predictions and

the observations, particularly for the Durham models, would be to change the back-

ground cosmology. In particular, a reduction in the amplitude of density fluctuations

to σ8 ∼ 0.75 has been suggested as a means to match the observed clustering (Yang

et al. 2004). We investigated this using a small volume simulation. Whilst the slope

of the correlation function on small scales was less steep than it is for σ8 = 0.9,

this change did not produce luminosity dependent clustering. Moreover, such a low

value of the fluctuation amplitude is now disfavoured by the latest cosmological

constraints (e.g. Sanchez et al. 2009).

Li et al. (2007) showed that the match to the observed clustering could be im-

proved if ≈ 30% of the satellite galaxies were removed from the catalogues generated

from the semi-analytical models. Li et al. did this by hand without any reference to

the mass of the host dark matter halo. This is equivalent to changing the normal-

ization of the halo occupation distribution for satellites, without altering the slope.

In this chapter, we first changed the HOD of satellites by hand and found that the

agreement with the observed clustering could be improved by changing the slope of

the satellite HOD. For galaxy samples close to L∗, satellites have to be preferentially
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removed from more massive dark matter haloes.

Out of the original semi-analytical models we considered in this chapter, the de

Lucia & Blaizot (2007) model came closest to reproducing the 2dFGRS clustering

measurements. This model predicted roughly the correct overall clustering ampli-

tude but failed to show any dependence of clustering strength on luminosity except

for the very brighest galaxies. This was also the model with the smallest number

of satellites. However, the origin of this paucity of satellites is unclear, and it could

well be due to approximations used in the model rather than to different physical

ingredients. For example, one approximation used in the De Lucia & Blaizot model

that is cleary crude is the adoption of a fixed cooling time for all haloes of a given

mass (in the Durham models the cooling time depends on the halo lifetime which is

set by the merger history). This could lead to a difference in the mass distribution

of galaxies between the models, which would in turn alter the time taken for them

to merge due to dynamical friciton after they become satellites in a more massive

halo. In any case there is a clear need to reduce the number of satellites in all the

models in order to improve the match with the 2dFGRS clustering measurements.

We next tried to remove satellite galaxies from massive haloes in the Durham

semi-analytical models by perturbing the values of the parameters which control

certain processes, such as supernova feedback, the suppression of gas cooling by

AGN heating and galaxy mergers. When running a variant model, the predicted

luminosity function often changes. To ensure that changes in the clustering predic-

tions were robust to the requirement that a model should reproduce the observed

galaxy luminosity function, we rescaled the model luminosity functions to agree ex-

actly with the observations. We were unable to find an improved model within the

existing framework, which suggests that additional physical processes which mostly

affect satellite galaxies need to be considered.

The Durham models have recently been revised as regards the treatment of gas

cooling in satellites (Font et al. 2008). Satellite galaxies can now retain some

fraction of the hot halo associated with them at infall. The precise fraction depends

upon the orbit of the satellite. This improvement of the gas cooling treatment alters

the colours of faint satellites in groups and clusters. The galaxies we consider in
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this chapter are brighter by comparison and there is little change in the clustering

predictions of the Font et al. model compared with those from its predecessor, the

Bower et al. (2006) model.

In this chapter, we considered two processes which are not currently included

in most galaxy formation models: mergers between satellite galaxies and the tidal

disruption of satellites. The first of these processes is motivated by recent high

resolution simulations of the formation of dark matter haloes which show that hier-

archies of substructures persist (Diemand et al. 2008; Springel et al. 2008). Mergers

which started in a progenitor halo can run to completion in the descendant halo.

The disruption of satellites has been modelled analytically in the Durham model

in a study of the heating of the Milky Way’s disk (Benson et al. 2004). Here, we

applied a simple prescription to remove luminosity from satellites based on the ratio

of the host halo mass to the mass of the halo in which the satellite formed, which is

related to the timescale for the satellite’s orbit to decay through dynamical friction.

Applying the model for the disruption of satellites changes the overall amplitude

of clustering without improving the trend of clustering strength with luminosity.

Including mergers between satellites, on the other hand, does alter the predictions

for the luminosity dependence of clustering. By applying both extensions together,

we are able to obtain a significantly improved match to the 2dFGRS measurements

(Norberg et al. 2009). The hybrid model matches the observational constraints on

the amount of intracluster light.

The differences between the clustering predictions of current galaxy formation

models and observations are small. However, the differences can be measured ro-

bustly and will become even more apparent when larger surveys become available.

These discrepancies limit the usefulness of the models in the construction of mock

catalogues needed for the exploitation of future galaxy surveys and suggest the need

for new physical processes to be incorporated into the models. The revisions to the

galaxy formation models we propose in this chapter are simplistic and are merely

intended to highlight promising areas where the models need to be developed in the

future, in a self consistent way.
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Chapter 4

The spatial distribution of cold gas

in hierarchical galaxy formation

models

4.1 Introduction

Cold gas is central to galaxy formation yet little is known about how much there is

in the Universe at different epochs and how this gas is distributed in dark matter

haloes of different mass. The neutral hydrogen content of galaxies has been probed

at high redshifts (z > 2) using the absorption of the Lymanα line by gas clouds

along the line of sight to distant quasars (e.g. Lanzetta et al. 1991; Wolfe et al.

1995; Storrie-Lombardi, Irwin & Wolfe 1996; Peroux et al. 2005; Wolfe et al. 2005).

A complementary probe of the atomic hydrogen content of galaxies and the physical

state of the gas is the 21cm line. A blind survey of 21cm line absorption of gas

illuminated by background radio sources has been proposed as an unbiased probe

of damped Lyman-α clouds, which would extend to objects with high dust content,

unlike surveys for damped Lyman-α absorbers (Kanekar & Briggs 2004; Kanekar

et al. 2009). The 21cm absorption line and absorption lines associated with molec-

ular hydrogen have been detected in the same Damped Lyman-α system (Srianand

et al. 2010). The 21cm line is a forbidden transition and the detection of the line

in emission for low gas masses and high redshifts is challenging. It is only in recent

78
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years that a robust and comprehensive census of atomic hydrogen (HI) in the local

universe has been made possible through the HI Parkes All Sky Survey (Barnes

et al. 2001; Zwaan et al. 2003, 2005). This work is being extended to lower mass

systems by the ALFALFA survey (Giovanelli et al. 2005). Despite this progress, the

highest redshift direct detection of HI in emission is very firmly confined to the local

Universe at z = 0.25 (Catinella et al. 2008. Lah et al. 2009 have reached z = 0.34

by stacking a sample of optically selected galaxies; see also Verheijen et al. 2007).

However, over the coming decade, this situation is expected to change dramatically

with the construction of new, more sensitive radio telescopes such as the precursors

of the Square Kilometre Array, MeerKAT (Booth et al. 2009) and ASKAP (John-

ston et al. 2008), and the Square Kilometre Array itself (Schilizzi, Dewdney & Lazio

2008). The Widefield ASKAP L-band Legacy All-sky Blind surveY (Johnston et al.

2008) will reach a median redshift of z ∼ 0.05, compared with z ∼ 0.009 reached

by HIPASS, putting our knowledge of the local HI universe on a par with that in

the optical due to the 2dFGRS and SDSS. MeerKAT will be more sensitive than

ASKAP but with a smaller field of view, pushing HI detections to higher redshifts.

The SKA will revolutionise our understanding of galaxy formation and cosmology,

uncovering the HI Universe out to high redshifts. One of the major science goals

is to better characterise the evolution of dark energy with redshift. The SKA is

expected to provide competitive constraints on the nature of dark energy through

high accuracy measurement of large-scale structure in the galaxy distribution over a

lookback time representing a significant fraction of the age of the Universe (Albrecht

et al. 2006). This conclusion currently rests on very uncertain calculations which

we seek to place on a firmer, more physical footing in this chapter.

Modelling the abundance and clustering of HI sources is challenging. A num-

ber of possible approaches have been tried; empirical modelling, which relies upon

the observations of HI in the Universe, the fully numerical approach, which uses

cosmological gas dynamics simulations to model the HI content of galaxies from

first principles and semi-analytical modelling, which we use in this chapter. Em-

pirical estimates have been attempted despite the paucity of observational results

for guidance (Abdalla & Rawlings 2005; Abdalla, Blake & Rawlings 2010). Such
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calculations require an assumption about the evolution of the HI mass function over

a broad redshift interval. The only constraint on this assumption is the integrated

density of HI, which can be compared with the results inferred from quasar absorp-

tion features, which themselves require corrections for unseen low column density

systems and dust extinction (Storrie-Lombardi et al. 1996). The empirical approach

does not predict the clustering of HI sources. Further assumptions and approxima-

tions are necessary to extend this class of modelling so that predictions can be made

for galaxy clustering. Another layer of approximation in this class of modelling has

been motivated by observations which suggest that HI sources tend to avoid the

centres of clusters and that clusters do not boast an important population of satel-

lites (e.g. Waugh et al. 2002; Verheijen et al. 2007). This led Marin et al. (2009)

to make a one-to-one connection between halo mass and HI mass. However, the

nature of the relation is uncertain and several possibilities are explored by Marin

et al. based on different assumptions about the evolution of the HI mass function.

Ideally, a physically motivated model which follows the sources and sinks of cold

gas is needed. Gas dynamic simulations are computationally expensive and are

typically restricted to small computational volumes, which makes it impossible to

accurately follow the growth of structure to the present day. An example is provided

by Popping et al. (2009), who carry out a smoothed particle hydrodynamics simu-

lation in a 32h−1Mpc box. The HI mass function in the simulation is in very poor

agreement with the observational estimate of Zwaan et al. (2005), underpredicting

the abundance of galaxies of HI mass 1010M⊙ by a factor of 30, which the authors

put down to the small computational volume, and overpredicting low mass systems

by a factor of two. Clustering predictions are limited to scales smaller than a few

Mpc due to the small box size. Furthermore, it is important to be aware that gas dy-

namic simulations do not have the resolution to follow all of the processes in galaxy

formation directly and in all cases resort to what are essentially semi-analytical rules

to treat sub-resolution physics.

Currently the most promising route to making physical and robust predictions

for the HI in the Universe is semi-analytical modelling of galaxy formation (see

Baugh 2006; Benson 2010). This type of model includes a simplified but physi-
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cally motivated treatment of the processes which control the amount of cold gas

in a galaxy: gas cooling, galaxy mergers, star formation and reheating of gas by

supernovae. These calculations are quick and can rapidly cover the haloes in a cos-

mological volume. Baugh et al. (2004) presented predictions for the mass function

of cold gas galaxies in the GALFORM semi-analytical model of Cole et al. (2000) (see

also Rawlings et al. 2004). One issue which must be dealt with is that the models

predict only the total mass of cold gas, which includes helium, and both atomic

and molecular hydrogen. Baugh et al. assumed a fixed ratio of molecular to atomic

hydrogen. Obreschkow & Rawlings (2009a,b) developed an empirical model based

on observations and theoretical arguments by Blitz & Rosolowsky (2006) in which

this ratio could vary from galaxy to galaxy. Obreschkow & Rawlings (2009b) ap-

plied this ansatz to the semi-analytical model of de Lucia & Blaizot (2007; see also

Obreschkow et al. 2009).

In the first paper in this series, we compared the predictions of a range of semi-

analytical models for the mass function of HI and show the global mass density of

cold gas Ωcold=ρcold/ρcrit as a function of redshift for the model predictions have

shown in Fig. 2 (Power et al. 2010). Despite the different implementations of the

physical ingredients used in the models and the different emphasis placed on various

observations when setting the model parameters, the predictions show generic fea-

tures. Power et al. found that there is surprisingly little variation in the predicted

HI mass function with redshift, and that the models make similar predictions for the

rotation speed and size of HI systems. The models predict the mass of cold gas and

so a conversion is required to turn this into a HI mass. Currently the most uncertain

step is the assumption about what fraction of hydrogen is in atomic form and what

fraction is molecular. Power et al. presented predictions for two cases, one in which

all model galaxies are assumed to have a fixed molecular to atomic hydrogen ratio

(H2/HI) and the other in which this ratio varies from galaxy to galaxy, depending

upon the local conditions in the galactic disk (Blitz & Rosolowsky 2006). The as-

sumption of a variable H2/HI ratio results in a dramatic reduction in the number

of HI sources in the tail of the redshift distribution.

In this chapter we look at the distribution of cold gas in galaxies as a function of



4.2. Galaxy formation models and basic predictions 82

halo mass. In particular we look at the halo occupation distribution (HOD) for HI

galaxies, which gives the mean number of galaxies of a given HI mass as a function

of dark matter halo mass, and the clustering of HI galaxies. Using this information,

we assess the potential of the SKA to measure the baryonic acoustic oscillation

(BAO) signal. We briefly review the GALFORM model in Section 4.2, explaining the

differences between the four models that we consider. We then look at the halo

occupation distribution of cold gas galaxies in Section 4.3, in which we also present

predictions for the clustering of cold gas galaxies at different redshifts and compare to

measured clustering at the present day. In Section 4.4 we compare the performance

of future redshift surveys in the optical and using HI emission for measuring the

properties of the dark energy. We present a summary along with our conclusions in

Section 4.5.

4.2 Galaxy formation models and basic predic-

tions
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Figure 4.1: The predicted ratio of neutral hydrogen mass to B-band luminosity

(upper panels) and the cold gas mass function (lower panels) in the Bow06 (left

panels) and MHIBow06 models (right panels). In the upper panels, the magenta

points show observational estimates of the hydrogen mass to luminosity ratio using

data from Huctmeier & Richter (1988) (HI) and Sage (1993) (H2). The black points

show the median ratio predicted by the models and the grey shading shows the 20

- 80 percentile range of the predicted distribution. We assume that 76% by mass of

the cold gas predicted by the models is neutral hydrogen. In the lower panels, the

magenta points show the cold gas mass function derived from the HI mass function

estimated by Zwaan et al (2005). Here, a constant H2/HI ratio of 0.4 has been

assumed to convert the HI measurement into a cold gas mass.
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Table 4.1: The values of selected parameters which differ between the models. The columns are as follows: (1) The name of the

model. (2) The equation used to calculate the star formation timescale, τ⋆. (3) The value of ǫ⋆ or τ ⋆
0 used in the star formation

timescale. (4) The AGN feedback parameter, αcool, (Eq. 4.1) (5) The supernova feedback parameter,Vhot (Eq. 4.2). (6) The source

of halo merger histories. (7) Comments giving model source or key differences from published models.

τ⋆ ǫ⋆ or τ 0
⋆ [Gyr] αcool Vhot[kms−1] Merger Comments

tree

Bow06 Eq. 4.3 0.0029 0.58 485 N-body Bower et al. (2006)

Font08 Eq. 4.3 0.0029 0.70 485 N-body Font et al. (2008)

Modified cooling recipe in satellites from Bow06

MHIBow06 Eq. 4.4 8 0.62 485 N-body Modified star formation recipe from Bow06

GpcBow06 Eq. 4.4 4 0.72 390 Monte Carlo Different background cosmology and

modified star formation recipe from Bow06
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Semi-analytical models of galaxy formation invoke simple, physically motivated

recipes to follow the fate of the baryons in a universe in which structure in the dark

matter grows hierarchically (White & Rees 1978; White & Frenk 1991; Kauffmann

et al. 1993; Cole et al. 1994; for a review of this approach see Baugh 2006). The

current generation of models include a wide range of phenomena, ranging from the

heating of the intergalactic medium, which affects the cooling of gas in low mass

haloes, to the suppression of cooling flows in massive haloes due to heating by

accretion of matter onto supermassive black holes (e.g. Bower et al. 2006; Croton

et al. 2006; Cattaneo et al. 2007; Monaco et al. 2007; Lagos, Cora & Padilla 2008).

In this chapter, we use the Durham semi-analytical galaxy formation code GALFORM

to make predictions for the amount of cold gas in dark matter haloes of different

masses. This code was introduced by Cole et al. (2000) and has been developed in

a series of papers (Benson et al. 2003; Baugh et al. 2005; Bower et al. 2006; Font

et al. 2008). The code predicts a wide range of properties for the galaxy population

in the context of a spatially flat cold dark matter cosmology with a cosmological

constant.

In this chapter we consider four different models run using GALFORM. Two of

these are available from the Millennium Archive1; these are the Bower et al. (2006;

hereafter Bow06) and Font et al. (2008) models (hereafter Font08). The third model

is a modified version of the Bow06 model (which we label as MHIBow06), which is

discussed in more detail below. In this model a small number of parameters have

been adjusted from the values used in Bow06 in order to produce a better match

to the cold gas mass function estimated by Zwaan et al. (2005). The fourth model

(denoted by GpcBow06) is set in a different background cosmology from the other

three, which adopt the cosmology of the Millennium simulation (Springel et al.

2005). The cosmology of the GpcBow06 model is in better agreement with recent

measurements of the cosmic microwave background and the large-scale structure of

the Universe (Sanchez et al. 2009).2 The Bow06, Font08 and MHIBow06 models

1http://galaxy-catalogue.dur.ac.uk:8080/Millennium/
2The cosmological parameters used in the Millennium simulation are a matter density Ω0 =

0.25, a cosmological constant Λ0 = 0.75, a Hubble constant H0 = 73 kms−1Mpc−1, a primordial
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use merger histories extracted from the Millennium Simulation. The GpcBow06

model uses Monte Carlo generated merger trees as described below. When we make

predictions for the spatial distribution of galaxies in the GpcBow06 model, we use the

GigaParsec simulation run at the Institute for Computational Cosmology (GPICC;

Baugh et al. in preparation), which uses 10 billion particles to model the hierarchical

clustering of mass in a simulation cube 1000h−1 Mpc on a side. To keep the number

of models manageable, we do not consider the Baugh et al. (2005) model in this

chapter. This model was included in the study by Power et al. (2010). The star

formation recipe used in the MHIBow06 model is based on that used in Baugh et al.

(2005).

scalar spectral index ns = 1, baryon density Ωb = 0.045 and fluctuation amplitude σ8 = 0.9.

In the Sanchez et al. (2009) best fitting model these parameters become Ω0 = 0.26, Λ0 = 0.74,

H0 = 71.5 kms−1Mpc−1, ns = 0.96, Ωb = 0.044, and σ8 = 0.8.
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Figure 4.2: The cold gas mass function predicted in the four models at z=0 (left), z = 1 (middle) and z=2 (right). Different colours

and line types correspond to different models as indicated by the legend. The points show the local (z = 0) observational estimate

of the cold gas mass function inferred from the HI mass function of Zwaan et al. (2005) (see text in Section 4.3.2 for details of the

conversion). These data are reproduced without error bars in the z=1 and z=2 panels as a reference from which to illustrate the

evolution of the mass function.
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The MHIBow06 and GpcBow models use the same basic physical ingredients as

the Bow06 model but with a change in the assumed star formation timescale. The

Font08 model is based on Bow06, with a modification to the cooling prescription.

We discuss these differences in more detail below. We first discuss some of the

ingredients which are varied between the models, in order to introduce some of the

parameter definitions used in GALFORM.

All of the models we consider in this chapter include the suppression of cooling

flows in massive haloes, as a result of the energy released following accretion of mat-

ter onto a central supermassive black hole (Bower et al. 2006; Malbon et al. 2007;

Fanidakis et al. 2009). A halo is assumed to be in quasi-hydrostatic equilibrium if

the time required for gas to cool at the cooling radius, tcool(rcool), exceeds a multiple

of the free-fall time at this radius, tff(rcool):

tcool(rcool) >
1

αcool
tff(rcool), (4.1)

where αcool is an adjustable parameter, whose value controls the sharpness and

position of the break in the optical luminosity function. The cooling flow in the

halo is then shut down completely if the luminosity released by accretion of matter

onto the supermassive black hole (SMBH) exceeds the cooling luminosity. The

energy released by accretion depends on the mass of the SMBH (see, for example,

Fanidakis et al. 2009).

The models also include the ejection of cooled gas into the hot halo due to heating

by supernovae. The strength of supernovae feedback is defined by the factor β:

β = (Vhot/Vdisk)
αhot . (4.2)

The rate at which gas is reheated is β times the star formation rate. Here Vdisk

is the circular velocity of the disk at its half mass radius, and Vhot and αhot are

parameters. A similar equation holds for supernova feedback in the galactic bulge.

In GALFORM, the parameters Vhot and αhot are set without reference to the number

of supernovae. The primary constraints on these parameters are the shape of the

luminosity function, the slope of the disk rotation speed - luminosity relation and

the scale size of disks (see Cole et al. 2000).
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The Bow06 and Font08 models use a star formation timescale in disks, τ⋆, which

is proportional to the galactic dynamical time, τdyn, and is given by :

τ⋆ = ǫ−1
⋆ τdyn(Vdisk/200 kms−1)α⋆ , (4.3)

where α⋆ and ǫ⋆ are adjustable parameters (α⋆ = −1.5 in both cases). The dynamical

time is defined as τdyn = rdisk/Vdisk. In contrast, the MHIBow06 and the GpcBow08

models adopt a star formation timescale which does not depend on the galactic

dynamical time. Instead, in these cases, the timescale is given by :

τ⋆ = τ 0
⋆ (Vdisk/200 kms−1)α⋆ , (4.4)

where τ 0
⋆ and α⋆ are adjustable parameters (again, in both cases, α⋆ = −1.5); this

parameterization was used in Baugh et al. (2005).

The Font08 model includes an improved treatment of the ram-pressure stripping

of hot-gas atmospheres of satellite galaxies, motivated by the hydrodynamic simula-

tions of McCarthy et al (2008). Also in this model, the yield of metals per solar mass

of stars formed is increased by a factor of two over the default but rather uncer-

tain value expected for a standard solar neighbourhood stellar initial mass function.

These changes are motivated in part by the desire to improve the predictions of the

Bow06 model for the colour magnitude relation of central and satellite galaxies in

groups. The revision to the stellar yield reddens the colour of all galaxies in the

Font08 model compared with Bow06. The change in the cooling model changes the

relative abundance of galaxies in the red and blue populations at low luminosities.

In the Font08 model, there are more faint blue satellite galaxies than in the Bow06

model. These galaxies are starved of freshly cooled gas in Bow06 and so had redder

stellar populations. The predicted colours in the Font08 model are in much bet-

ter agreement with the observed colour magnitude relation measured by Weinmann

et al. (2006).

The motivation for the MHIBow06 model is clear from Fig. 4.1. This plot shows

the galactic neutral hydrogen mass to optical luminosity ratio and the cold gas mass

function at the present day. Note that when we plot the mass function (lower panels

of Fig. 4.1, cold gas masses are plotted in units of h−2M⊙ rather than h−1M⊙, which

is the unit used in the simulation. This ensures that the observational units (which
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depend upon the square of the luminosity distance) are matched. The Bow06 model

predicts a gas mass to luminosity ratio with the wrong zeropoint and slope. Since

this model gives an excellent match to the local optical luminosity function, the

discrepancy in the gas to luminosity ratio results in a poor match to the cold gas

mass function. The MHIBow06 model uses the star formation timescale given by

Eq. 4.4 and also adopts a different value for the AGN feedback free parameter, αcool

(Eq. 4.1; see Table 4.1). The right hand panels of Fig. 4.1 show that the MHIBow06

model is in much better agreement with the observed gas to luminosity ratio and

cold gas mass function for cold gas masses in excess of ∼ 3× 108h−2M⊙. Note that

the models predict the mass of cold gas, which includes helium, atomic hydrogen

and molecular hydrogen. The observed mass function in the lower panels of Fig. 4.1

is measured in terms of the atomic hydrogen (HI) content of galaxies. To convert

this into a cold gas mass, we have assumed a fixed ratio of molecular to atomic

hydrogen and corrected for the mass fraction of helium (see Power et al. 2010).

We have also tried applying a variable H2/HI conversion, as advocated by Blitz &

Rosolowsky (2006) and Obreschkow & Rawlings (2009a). Whilst this improves the

comparison of the Bow06 HI mass function with the observational estimate of Zwaan

et al. (2005), to obtain a satisfactory match it is still necessary to change the model

parameters, as in the MHIBow06 model. We shall return to this point in Section

4.5. Note that while the cold gas mass function of the MHIBow06 model differs from

the Bow06 model by changing the star formation time scale, the expected optical

luminosity functions from the Bow06 model and MHIBow06 model are very similar

and fairly well describe the observation luminosity function. Because the cold gas

mass reduces by changing star formation time scale from Eq. 4.3 to Eq. 4.4 and the

instantaneous star formation rate increase. However, the increasing instantaneous

of star formation rate leads more active supernovae feedback process which suppress

the star formation. Therefore, the changing star formation time scale not affects on

the optical luminosity function, but on the cold gas mass function.

The GpcBow06 model starts from the Bow06 model, with small adjustments

made to the galaxy formation parameters to obtain a good match to the optical

luminosity function (this is required because the cosmological model has changed
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from that used in Bow06) and also to reproduce the observed HI mass function.

The GpcBow06 model uses Monte-Carlo merger trees generated using the improved

algorithm devised by Parkinson et al. (2008).

Fig. 4.2 shows the cold gas mass function predicted by the four models at z=0, 1

and 2. The Bow06 and Font08 models overpredict the abundance of galaxies with

a given cold gas mass at z = 0 compared with the observational estimate by Zwaan

et al. (2005). On the other hand, the cold gas mass functions of the MHIBow06

and GpcBow06 models agree well with the local observational estimate for masses

in excess of 108.5h−2M⊙. The discrepancy between the predictions and observations

at lower masses is not due to the finite resolution of the N-body halo merger trees.

The turnover can be traced back to the modelling of the photoionisation of the in-

tergalactic medium and the impact this has on the cooling of gas in low mass haloes.

In all cases a particularly simple approach is taken to model this effect, whereby

cooling in low circular velocity haloes (vc < vcut) is suppressed below the redshift

at which the universe is assumed to have been reionised (zcut). The parameters

adopted (vcut = 50 km s−1 and zcut = 6) may overestimate the impact of this effect

according to recent simulations by Okamoto, Gao & Theuns (2008). The form of

the observed HI mass function at low masses could give interesting contraints on the

modelling of photoionisation and supernova feedback (Kim et al, in preparation).

Here we focus on the more massive galaxies which dominate the overall HI content

of the Universe.

4.3 The spatial distribution of cold gas

We now compare the predictions of the four galaxy formation models for the spatial

distribution of cold gas with one another and with observations. To understand

the spatial distribution of cold gas, we first look at the halo occupation distribution

(HOD; Benson et al. 2000; Peacock & Smith 2000; Seljak 2000; Berlind & Weinberg

2002). This quantifies the number of galaxies above a given cold gas mass, as

a function of dark matter halo mass (Sec 4.3.1). We present predictions for the

correlation function of galaxies selected by their cold gas mass in Sec 4.3.2.
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4.3.1 The halo occupation distribution

Variation of Cold Gas Mass with Halo Mass

Before considering the halo occupation distribution directly, it is instructive to first

look at how the cold gas mass of galaxies varies with the mass of their host dark

matter halo, which we plot in Fig. 4.3 for the Bow06 model. The median cold gas

mass as a function of host halo mass is plotted separately for central and satellite

galaxies. There is a tight correlation between the mass of cold gas of a central galaxy

and its host halo mass for galaxies in haloes less massive than ∼ 3× 1011h−1M⊙. In

haloes more massive than this, AGN feedback suppresses gas cooling and there is a

dramatic break in the galaxy cold gas mass - halo mass relation, with an accompa-

nying increase in the scatter. The galaxies with the largest mass of cold gas do not

lie in the most massive dark matter haloes, but reside instead in haloes with masses

∼ 1012h−1M⊙. The predicted cold gas mass - halo mass relation is remarkably sim-

ilar to that inferred observationally (Wyithe et al. 2009a). Another conclusion that

is readily apparent from Fig. 4.3 is that the bulk of the baryons associated with a

dark matter halo are not in the form of cold gas. The solid line in this plot shows

the mass a galaxy would have if all of the available baryons in the halo were in the

form of cold gas in one object, assuming the universal baryon fraction. The points

are some way below this line for two reasons: 1) in most haloes, the bulk of the

baryons are in the hot phase and 2) there is more than one galaxy in most haloes.

Cold Gas Halo Occupation Distributions

We now examine the predictions for the halo occupation distribution (HOD) of

galaxy samples constructed according to cold gas mass. The HOD gives the mean

number of galaxies which satisfy a given selection criterion as a function of halo

mass, and can be broken down into the contribution from the central galaxy in a

halo and its satellite galaxies. In the case of optically selected galaxy samples, the

HOD is commonly described by a step function for central galaxies and a power

law for satellite galaxies (Peacock & Smith 2000; Seljak 2000; Berlind & Weinberg

2002; Zheng 2004). Many attempts have been made to interpret the clustering of
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Figure 4.3: The cold gas mass of galaxies in the Bow06 model as a function of the

mass of their host dark matter halo. The black points show individual galaxies. The

symbols joined by lines show the median cold gas mass as a function of halo mass,

for central galaxies (blue), satellite galaxies (red) and all galaxies (black). The bars

show the 10-90 percentile range of the distribution of cold gas masses. All galaxies,

including those with zero cold gas mass are included when computing the median

and percentile range. The solid black line shows the cold gas mass a galaxy would

have if all the available baryons in its halo were in the form of cold gas in one object.
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Figure 4.4: The predicted halo occupation distribution (HOD) of galaxies with cold

gas mass in excess of 109.5h−2M⊙, chosen to match the sample of galaxies for which

Wyithe et al. (2009) estimated the HOD for in HIPASS. The left panel shows the

HOD predicted in the Bow06 model (solid lines: blue shows the central galaxy HOD,

red shows satellites and black shows the overall HOD). The dashed blue line shows

a step function designed to reproduce the number of central galaxies in Bow06.

The dashed black line shows this step function combined with the model HOD for

satellites. The central panel shows the impact on the HOD of changing the halo

mass above which AGN feedback stops the cooling flow. The fiducial Bow06 model

corresponds to αcool = 0.58. In a model with a larger value of αcool, the onset of

cooling suppression can shift to lower mass haloes; reducing αcool means that cooling

is only switched off in more massive haloes. The right hand panel compares the HOD

predicted by Bow06 (solid lines) with that in the model of DeLucia & Blaizot (2007),

for the same cold gas mass threshold (dashed lines). The colour coding is the same

in each panel.
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optically selected galaxy samples using the HOD formalism (van den Bosch et al.

2003; Magliocchetti & Porciani 2003; Zehavi et al. 2005; Yang et al. 2005; Tinker

et al. 2007; Wake et al. 2008; Kim et al. 2009). In contrast, there are few studies of

the clustering of galaxies selected on the basis of their atomic hydrogen mass using

the HOD formalism (Wyithe et al 2009a, 2009b; Marin et al. 2009).

Fig. 4.4 shows the typical form predicted by the models for the HOD of galaxies

selected by their cold gas mass. The left panel shows the HOD for galaxies in the

Bow06 model which have cold gas masses in excess of 3 × 109h−2M⊙, chosen to

have the same HI mass cut as HIPASS. For this mass threshold, the abundance of

central galaxies is sharply peaked around a halo mass of ∼ 2 × 1011h−1M⊙. The

HOD of satellite galaxies reaches unity in haloes which are a hundred times more

massive. In these haloes, the central galaxy has a cold gas mass below the cut-off;

there is essentially zero chance of finding a halo which contains a central galaxy and

a satellite galaxy above this cold gas mass threshold. However, this does not imply

that it is impossible to find more than one galaxy per halo with cold gas masses

above the threshold, simply that when this occurs (i.e. once a sufficiently massive

halo is considered), both galaxies will be satellites.

For comparison, we also plot in the left hand panel of Fig. 4.4 the traditional

form adopted for the HOD of central galaxies (i.e. a step function). The minimum

halo mass in this case is set by the requirement that the step function reproduces the

number of central galaxies in the Bow06 model. The step function HOD is markedly

different to the predicted HOD, which is closer to a Gaussian. A similar conclusion

about the peaked form of the central galaxy HOD was postulated by Zehavi et al.

(2005) for blue central galaxies. Wyithe et al. (2009a) model the clustering of

galaxies in the HIPASS survey by adopting a step function for the central galaxy

HOD and a truncated power law for satellite galaxies, such that haloes above some

mass cut contain no satellites. The truncation point lies in the halo mass range 1014-

1015h−1M⊙, depending on the slope of the satellite HOD. As we shall see later on,

whilst this truncation is not predicted by any of the models, this has little impact

on the abundance or clustering of the galaxies.

In Fig. 4.4, the HOD of central galaxies in the Bow06 model drops far below
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unity above a halo mass of ∼1012h−1M⊙. In this model there is very little cold gas

in haloes more massive than this due to the shut down of the cooling flow by AGN

heating. To illustrate this, in the middle panel of Fig. 4.4 we vary the halo mass

which marks the onset of AGN heating by changing the value of the αcool parameter

(see Eq. 4.1). Reducing the value of αcool results in the halo mass in which cooling

stops being shifted to higher masses. In the absence of AGN heating (i.e. αcool=0),

the central galaxy HOD still drops below the unity in the most massive haloes

(Mhalo>1013h−1M⊙) due to the longer cooling time of the gas in these haloes. These

haloes typically have a lower formation redshift and thus a lower gas density and

are also hotter; hence they have a longer cooling time. Cold gas is depleted by star

formation in such massive haloes.

We shall see later that the peaked HOD for central galaxies is common to all

of the GALFORM models considered, particularly at low redshift. We now examine

whether or not this feature is peculiar to the way AGN feedback is implemented

in GALFORM by comparing the Bow06 predictions with those of De Lucia & Blaizot

(2007; hereafter the DeLucia07 model). The right hand panel of Fig. 4.4 shows that

the central galaxy HOD in the DeLucia07 model is somewhat broader than that

predicted in Bow06, and even increases beyond a halo mass of ∼ 2 × 1013h−1M⊙.

However, as we shall demonstrate further on in this section, this upturn has little

impact on the predicted clustering. The suppression of gas cooling in the DeLucia07

semi-analytical model is smoother than in GALFORM (see Croton et al. 2006 for a

description of the implementation of radio mode feedback). Some gas is permitted

to cool in haloes with hot gas atmospheres in the DeLucia07 model, with the cooling

rate modified by accretion onto the central SMBH. In GALFORM, the cooling flow and

heating rate are assumed to balance exactly whenever there is a quasi-hydrostatic hot

halo and the Eddington luminosity of the black hole exceeds the cooling luminosity.

Figs. 4.5, 4.6 and 4.7 show the HOD in the four Durham models at z = 0, 1 and

2. Each column shows the HOD predicted for a different cold gas mass threshold,

with the mass cut increasing to the right. The rows show the different models

introduced in Sec. 4.2. For the most massive cold gas mass threshold plotted in

Fig. 4.5, the mean occupation number in the MHIBow06 and GpcBow06 models
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Figure 4.5: The halo occupation distribution, i.e. the mean number of galaxies

passing the selection labelled per halo, at z = 0 for galaxy samples defined by cold

gas mass thresholds. The blue dashed curves show the contribution from central

galaxies, the red dotted curves show satellite galaxies and the black solid curves

show the overall HOD. Each row corresponds to a different model, and each column

to a different cold gas mass threshold, as labelled.
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Figure 4.6: The halo occupation distribution at z = 1 for samples defined by a

threshold cold gas mass. The blue dashed curves show the contribution from central

galaxies, the red dotted curves show satellite galaxies and the black solid curves

show all galaxies. Each row shows a different model as labelled, using the notation

set up in Section 4.2.
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Figure 4.7: The halo occupation distribution at z = 2. As before, the blue dashed

curves show the contribution from central galaxies, the red dotted curves show

satellite galaxies and the black solid curves show all galaxies. Each row shows a

different model as described in Section 4.2. Each column corresponds to a different

cold gas mass threshold as labelled.
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is less than 1 galaxy per 100 haloes. In the Bow06 model, the HOD peaks at a

halo mass just under 1012h−1M⊙, with around 1 in 10 such haloes hosting a central

galaxy with cold gas mass above the threshold.

The size of the departure from the traditionally assumed step function HOD for

central galaxies at z = 0 in Fig. 4.5 varies in proportion to the “strength” of AGN

feedback for the Bow06, Font08 and MHIBow06 models (see Table 4.1). Although

the GpcBow06 model has the weakest AGN feedback, the deviation from a step

function is largest in this case since this model adopts weaker supernovae feedback

than the other models (as a result of being set in a different cosmology, with a lower

density fluctuation amplitude). The departure of the central galaxy from a step

function form is less pronounced at z = 1 (Fig. 4.6). This is because fewer haloes

have hot gas haloes and those which do host lower mass SMBH (see Fanidakis et al.

2009 for plots showing how the mass of SMBH is built up over time in the models).

These trends continue in Fig. 4.7, which shows the HOD for the GALFORM models at

z = 2. The HOD of central galaxies is now better approximated by a step function.

The HODs become noisy for massive haloes as such objects are extremely rare at

this redshift. The central galaxy HOD in the Font08 model has a Gaussian form

centered on halo masses of a few times 1011h−1M⊙. The HOD displays an upturn

for more massive haloes which is reminiscent of the HOD in the DeLucia07 model.

In Font08, this mass could be brought in by merging satellites, which will have a

higher cold gas mass than in the other Durham models. The central galaxy HOD

becomes closer to the canonical step function form with increasing redshift.

Fig. 4.5 shows that the amplitude of the HOD for satellite galaxies in the Bow06

model is higher than in the MHIBow06 and GpcBow06 models. This is due in part

to the Bow06 model predicting a higher abundance of galaxies by cold gas mass

than is observed (see Fig. 4.2). The Font08 model predicts many more satellite

galaxies than the other models (∼10 times more for the two lowest cold gas mass

thresholds). This can be traced back to the modified cooling model in Font08,

which means that satellites accrete gas that cools from their incompletely stripped

hot haloes. Also some of the gas which is reheated by supernovae in the satellite

is allowed to recool onto the satellite rather than being incorporated into the main
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hot halo. The amplitude of the HOD for satellite galaxies at z = 1 (Fig. 4.6 in the

Bow06, MHIBow06, and GpcBow06 models is higher than predicted at z = 0. Star

formation depletes the cold gas by z = 0. The power law slope of the satellite HOD

is remarkably constant regardless of cold gas mass threshold, redshift or galaxy

formation model, with Nsat ∝ M0.8
halo. The predicted slope is in good agreement

with the best fitting value determined from clustering in the HIPASS sample, with

Wyithe et al. (2009a) reporting a slope of 0.7 ± 0.4.

Comparing HODs for optical and cold gas mass selection

We next compare the model predictions for the HOD of an optically selected galaxy

sample with those of cold gas mass selected samples. Fig. 4.8 shows the HOD for

samples defined by a cold gas mass threshold of 1010h−2M⊙ in the first four columns,

with each column showing the predictions for a different model. In the right hand

column, we plot the HOD for a sample in which galaxies are selected on the basis

of their r-band luminosity in the GpcBow06 model. The optical luminosity cut is

chosen such that the galaxies brighter than the limit (Mr − 5 log h < −21.06) have

the same number density as the sample selected by cold gas mass in the GpcBow06

model. As we have already remarked, the HODs for the cold gas samples have

similar properties, with a peaked HOD for central galaxies which declines rapidly

with increasing halo mass, and a power law HOD for satellites. The HOD for

central galaxies in the optical sample shows a local bump for haloes masses just

below 1012h−1M⊙, but overall rises gradually, reaching unity at a halo mass of

∼ 3 × 1014h−1M⊙. The bump is due to the implementation of AGN feedback. The

central galaxy HOD drops after the bump as AGN feedback “switches on” in these

haloes. Central galaxies hosted by massive haloes are bright in the r-band, whilst

possessing too little gas to be included in the cold gas sample.

The remaining rows of Fig. 4.8 show the steps which connect the HOD predictions

to the effective bias of the galaxy samples, which tells us the clustering amplitude.

In the lower two rows of this plot we have switched to plotting quantities on a linear

scale. In the second row of Fig. 4.8, the HOD is multiplied by the abundance of the

host dark matter haloes, giving the contribution to the number density of galaxies as
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Figure 4.8: The steps relating the number of galaxies per halo to the strength of

galaxy clustering in the GALFORM models. The first row shows the HOD as a function

of halo mass. The second row shows the HOD multiplied by the abundance of dark

matter haloes as a function of halo mass, dn/d lnMhalo, (as computed using the

prescription of Sheth, Mo & Tormen 2001) with the y-axis plotted on a linear scale.

n̄tot is the number density of galaxies which satisfy the selection criteria (i.e. in

cold gas mass or r-band luminosity). The integral of these curves is proportional

to the number density of galaxies. The bottom row shows the HOD times the halo

mass function times the bias factor as a function of halo mass . The area under

the curves in this case gives the effective bias of the galaxy sample. The first four

columns show the model predictions for galaxies with cold gas mass in excess of

Mcold > 1010h−2M⊙. The fifth column shows an r-band selected sample in the

GpcBow06 model, with the magnitude limit (Mr − 5 log h < −21.06) chosen such

that the number of galaxies matches that in the cold gas sample in this model. As

before, the contribution of central galaxies is shown by blue dashed lines, satellite

galaxies by red dotted lines and all galaxies by black solid lines.
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a function of halo mass. The abundance of the host dark matter haloes is computed

using the prescription of Sheth, Mo & Tormen (2001), which gives a good match to

simulation results. Beyond the break in the mass function, the number of haloes per

unit volume drops exponentially. This means that satellite galaxies, whose HOD is

described by a moderate power law, do not contribute significantly to the number

of galaxies per unit volume. This is true for samples defined either by cold gas

mass or r-band luminosity. The abundance of galaxies is sharply peaked for the

cold gas samples. For the optical sample, the galaxy number density has a sharp

peak just below a halo mass of 1012h−1M⊙ and then shows a broad distribution

and an appreciable contribution from more massive haloes. In the bottom row of

Fig. 4.8, we plot the number density of galaxies multiplied by the bias factor as a

function of halo mass (as computed using the prescription of Sheth, Mo & Tormen

2001). The square of the bias gives the factor by which the auto-correlation function

of haloes is boosted on large scales relative to the correlation function of the dark

matter. The halo bias increases rapidly beyond the break in the mass function,

which increases the influence of satellite galaxies on the effective bias (e.g. Angulo

et al. 2008b). Nevertheless, for the cold gas mass samples satellite galaxies still make

a negligible contribution to the clustering amplitude on large scales, as quantified

by the effective bias. Satellite galaxies make a modest contribution to the effective

bias in the r-band sample. This contribution increases if the luminosity cut is made

fainter. In summary, the models predict that galaxies with cold gas mass in excess

of 1010h−2M⊙ are predominately central galaxies hosted by dark matter haloes of

mass 1012h−1M⊙. These haloes are less massive than the characteristic halo mass at

z = 0 in the cosmologies used and so the bias factor of these samples is below unity;

they are sub-clustered compared to the dark matter. In contrast, the r-band sample

has an effective bias with a significant contribution from more massive haloes which

have a larger bias factor. The bias factor for the r-band selected samples is therefore

greater than unity and clustering length is larger than it is for cold gas sample (see

Fig. 4.10 later).

Finally, in Fig. 4.9 we compare the spatial distribution of r-band selected galaxies

with that of galaxies chosen on the basis of their cold gas mass (Mcold > 1010h−2M⊙
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in the GpcBow06 model). Again the r-band magnitude limit (Mr−5 log h < −21.06)

is chosen to match the abundance of galaxies in the cold gas sample. The grey circles

represent dark matter haloes. The circle radius and darkness are proportional to

halo mass. The cold gas selected galaxies follow the filamentary structure and tend

to avoid high density regions. The difference in the number of satellite galaxies (red

circles) is obvious between the cold gas and optical samples. The satellites are found

in more massive haloes. This difference in the spatial distributions provides a visual

impression of the differences in the HODs plotted in Fig. 4.8. The stronger cluster-

ing of the optical samples in principle means that it should be easier to measure the

power spectrum of galaxy clustering using these tracers. However, the key consid-

eration, as we shall see in Section 4.4, is how the product of the number density of

galaxies and their power spectrum amplitude changes with redshift. This quantity

controls the “contrast” of the power spectrum signal against the noise which arises

from having discrete tracers of the density field.

4.3.2 Predictions for the clustering of cold gas

In this section we present the predictions of the galaxy formation models introduced

in Section 4.2 for the two point correlation function. To predict the galaxy dis-

tribution of the GpcBow06 model, we generated galaxy samples using the GPICC

simulation.

We start in Fig. 4.10 by comparing the spatial two point autocorrelation function

of a galaxy sample defined by a threshold cold gas mass (Mcold > 1010h−2M⊙) in real

(solid black line) and redshift space (dashed black line). The correlation function

is computed in redshift space using the distant observer approximation. In this

approximation, one of the coordinate axes is chosen as the line of sight and the

peculiar velocity of the galaxy in that direction is added to the real space position,

after applying a suitable scaling to convert from velocity units to distance units. For

the largest pair separations plotted, the correlation function in redshift space has

the same shape as the real space correlation function, but a larger amplitude. The

magnitude of the shift in amplitude agrees very closely with the expectation of Kaiser

(1987). This effect is caused by coherent bulk flows towards overdense regions. On
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Figure 4.9: The spatial distribution of galaxies and dark matter haloes in the

GpcBow06 model at z = 0. Dark matter is shown in grey and the size and

darkness of the circle used to plot the dark matter halo increase with mass.

Galaxies selected by cold gas mass (Mcold > 1010h−2M⊙) and r-band luminosity

(Mr − 5 log h < −21.06) are plotted in the left and right hand panels respectively.

The top row shows a slice of 100 h−1Mpc on a side and 10h−1Mpc thick. The bottom

row shows a zoom into a region of 30h−1Mpc on a side and 10h−1Mpc thick, which

corresponds to the blue square in the top row. The green circles represent central

galaxies and the red circles show satellite galaxies.
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Figure 4.10: The real space (solid) and redshift space (dashed) correlation function

predicted for galaxies in the GpcBow06 model at z = 0. The black lines show the

correlation function of galaxies with cold gas mass Mcold > 1010h−2M⊙ and the red

lines show the clustering of galaxies selected to be brighter than a threshold r-band

luminosity, with the limit chosen to match the abundance of galaxies in the cold gas

sample. The errorbars show the Poisson error on the pair count in each bin of radial

separation.
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Figure 4.11: The projected correlation function for cold gas mass selected samples

at z = 0 (top), 1 (middle) and 2 (bottom). Each column shows the predictions for

a different cold gas mass threshold, as indicated by the label. The predictions of

the models are distinguished by different line types and colours, as shown by the

key in the upper left panel. The solid black lines in each panel show the projected

correlation function of the dark matter measured in the Millennium simulation (note

that the GpcBow06 model uses a different cosmology and has different dark matter

correlation functions).
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Figure 4.12: The projected galaxy correlation function at z = 0. The points with

errorbars show an observational estimate made from the HIPASS catalogue by Meyer

et al. (2007). The lines show the model predictions for galaxies more massive than

Mcold > 109.5h−2M⊙, a threshold chosen to match the selection of galaxies in the

HIPASS sample. The results for different models are shown by lines with different

colours and line types, as indicated by the key.
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pair separations between 0.3 and 1h−1Mpc, the real and reshift space correlation

functions are very similar. They diverge on smaller scales, where the predictions are

noisy simply because there are few galaxies pairs at these separations.

This behaviour can be contrasted with the clustering in the optically selected

sample, which is shown by the red lines in Fig. 4.10. As with the cold gas sample,

there is a shift in the clustering amplitude when measured in redshift space for pair

separations r > 3h−1Mpc. However, the size of the shift is smaller for the optically

selected sample, which is consistent with the bias of this sample being greater than

unity and larger than the bias of the cold gas selected sample. The real-space

correlation function of the optical sample is steep on small scales, reflecting the

contribution of satellite galaxies within common dark matter haloes. There is a

substantial reduction in the clustering amplitude in redshift space on these scales in

the optical sample, again driven by satellite galaxies. This is the so-called “fingers

of God” redshift space distortion, whereby randomised peculiar velocities of the

satellites within the gravitational potential of the cluster make the cluster appear

elongated.

The real space correlation function cannot be estimated directly from a galaxy

redshift survey. A related quantity is the projected correlation function which can be

estimated from the two point correlation function measured in bins of pair separation

parallel (π) and perpendicular (σ) to the line of sight, ξ(σ, π) (e.g. Norberg et al.

2001):
Ξ(σ)

σ
=

2

σ

∫ ∞

0

ξ(σ, π)dπ. (4.5)

In the limit that the integral over the radial pair separation can be taken to infinity,

this quantity is free from redshift space distortions (see Norberg et al. 2009 for an

illustration of the impact of imposing a finite upper limit on the integral).

Fig. 4.11 shows the projected correlation function predicted in the four models

for a range of cold gas mass samples at z = 0, 1 and 2. The columns show the results

for different cold gas mass thresholds, and the rows correspond to different models.

The solid black lines in each panel show the projected correlation function measured

for the dark matter in the Millennium Simulation (recall that the GpcBow06 model

has a different cosmology and so should be compared to a consistent dark matter
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correlation function which will be slightly different from that in the Millennium

simulation on these scales). Overall, the three lowest mass samples at z = 0 are less

clustered than the dark matter. The most massive threshold sample we consider at

this redshift has a similar clustering amplitude to the dark matter. At z = 1, the

bias of the three lowest mass samples is close to unity, with the projected clustering

of galaxies being very close to that of the dark matter. At z = 2, the cold gas

samples are more clustered than the dark matter and correspondingly have effective

biases greater than unity. This evolution in the bias is due to the adoption of a fixed

cold gas mass threshold. At high redshift, galaxies with a large cold gas mass will

tend to be found in more massive haloes.

Across the different models there is a small spread in clustering amplitude for

a given cold gas mass sample, with remarkably similar predictions made for the

projected correlation function. Fig. 4.11 shows that the differences start to appear

at z = 1 and become larger by z = 0. The model which shows the largest difference

from the others is Font08. On small scales in the two lowest mass threshold samples,

this model has an appreciably higher amplitude projected correlation function than

the other models. This feature can be traced back to the HODs plotted in Fig. 4.5.

Due to the revised cooling model used in Font08, there are more satellite galaxies in

the low mass samples in this model, which boosts the one halo term in the correlation

function.

Finally, we compare the predicted correlation functions with an observational

estimate from Meyer et al. (2007), which was made using the HI Parkes All-Sky

Survey (HIPASS) Catalogue (HICAT; Meyer et al. 2004). In order to make this

comparison, we need to convert the cold gas mass output by the models into an

atomic hydrogen mass. We assume that 76% by mass of the cold gas is hydrogen.

Here we adopt a fixed ratio of molecular (H2) to atomic (HI) hydrogen of H2/HI=0.4

(see Power et al. 2010 for a discussion). The HI mass, MHI, is therefore obtained

from the cold gas mass Mcold by applying the conversion:

MHI = 0.76Mcold/(1 + 0.4). (4.6)

With this relation, the sample analyzed by Meyer et al. is equivalent to a cold gas

mass threshold of Mcold > 109.5h−2M⊙. The comparison between the model pre-
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dictions and the observational estimate is presented in Fig. 4.12. The correlation

function predicted by the MHIBow06 model agrees remarkably well with the obser-

vational estimate. The GpcBow06 and Bow06 models predict too low a clustering

amplitude. The Font08 model gives a reasonable match on intermediate and large

scales, but somewhat overpredicts the clustering amplitude on small scales, hinting

that this model has too many gas rich satellites in massive haloes.

A model for variable H2/HI ratio in a galaxy is derived by Obreschkow et al.

(2009) :

MHI = 0.76Mcold/(1 +Rgal
mol), (4.7)

where Rgal
mol = MH2/MHI :

Rgal
mol =

(

3.44Rc
mol

−0.806 + 4.82Rc
mol

−1.084
)−1

, (4.8)

where Rc
mol is the H2/HI ratio at the centre of the disk, given by

Rc
mol = [Kr−4

diskMgal(Mgas + 〈fσ〉M⋆
disk)]

0.8, (4.9)

where M⋆ and Mgas are the masses of stars and gas in the disk, and rdisk is the

exponential scale length of the gas. The adopted values of K is 11.3m4kg−2 and

〈fσ〉 is 0.4.

4.4 Measuring dark energy with future HI red-

shift surveys

In this section we show how redshift surveys of HI selected galaxies can be used to de-

tect baryonic acoustic oscillations (BAO) in the galaxy power spectrum (Sec 4.4.1),

and we assess the relative performance of HI and optical surveys in measuring the

large scale structure of the Universe, first by contrasting the effective volumes sam-

pled by different survey configurations (Sec 4.4.2) and then by applying a Fisher

matrix calculation to compare the error forecast on the equation of state parameter

for different surveys (Sec 4.4.3).
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Figure 4.13: The baryonic acoustic oscillations in the galaxy power spectrum. To

display the BAO more clearly, we have divided the predicted spectra by smooth

fits, as described in the text. The points show the power spectra predicted by the

GpcBow06 model at z = 2 (bottom), z = 1 (middle) and z = 0 (top). The left

hand column shows the power spectra measured for galaxies with cold gas mass

(Mcold > 1010h−1M⊙). The right hand columns shows the BAO in a sample selected

in the r-band with the same number density of galaxies as the cold gas sample

at that redshift. The smooth green line shows the linear theory power spectrum,

divided by a smooth reference power spectrum, after filtering or “de-wiggling” to

damp the higher harmonics (see text). The errors plotted on the power spectrum

depend on the number density of galaxies and the simulation volume (see eq. 3 in

Angulo et al. 2008a).
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ASKAP
SKA
Euclid

Figure 4.14: The quantities needed to compute the effective volume of a redshift

survey, as predicted in the GpcBow06 model. We show predictions for the fiducial

SKA configuration (blue) for ASKAP (red) and for Euclid (green; lower right panel).

The top row shows the number density of galaxies as a function of redshift, the

middle row the effective bias of the galaxy samples and the bottom row shows

the product of the galaxy number density and galaxy power spectrum, Pgal(k) at

k = 0.2hMpc−1. The first column shows the predictions in the case that the ratio

H2/HI is held fixed and the second column shows how the predictions change when

this ratio is allowed to vary between galaxies and with redshift. The thin lines show

the results when the FoV is assumed to scale with redshift; the lines corresponding to

FoV scaling with redshift and a variable H2/HI ratio are shown in the third column.

Predictions are shown for the fiducial SKA (blue) and ASKAP (red) configurations.

The green curves show the predictions for a spectroscopic survey down to H = 22

(assuming a 33% redshift success rate; green dot-long-dashed line) and a slitless

survey of Hα down to a flux limit of 5×10−16erg s−1 cm−2, again with a 33% redshift

measurement rate (green dot-short-dashed line); both these results are taken from

Orsi et al. (2009).
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Figure 4.15: The effective volume per hemisphere of HI selected samples predicted

by the GpcBow06 model. The upper panel shows the differential effective volume

divided by the geometrical volume for narrow bins in redshift. The lower panel shows

the cumulative volume out to a given redshift. The results for different telescope

configurations are shown by different line styles and colours as indicated by the key.

The green curves show the predictions for a spectroscopic survey down to H = 22

(33% redshift success rate; green dot-long-dashed line) and a slitless survey down to

an Hα flux limit of 5×10−16 erg s−1 cm−2 (green dot-short-dashed line), as computed

by Orsi et al. (2009). The black solid line in the lower panel shows the available

geometrical volume per hemisphere. The optical and HI surveys are assumed to

cover approximately the same solid angle, one hemisphere. The thick curves show

the effective volume calculated for a telescope sensitivity given by Eq. 4.14. The

thin lines show the results when the integration time scales as (1 + z) due to the

oversampling of the FoV by individual dishes.
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4.4.1 The appearence of baryonic acoustic oscillations

The BAO signal measured in a sample defined by cold gas mass is shown in Fig. 4.13.

We use the galaxy distribution in the GPICC simulation generated using the GpcBow06

model. The GPICC simulation box is 1h−1Gpc on a side which allows the evolution

of the BAO to be modelled accurately. To show the BAO more clearly, we have di-

vided the measured spectrum by a smooth reference power spectrum which contains

no BAO features. This “no wiggle” power spectrum is defined differently for the

linear theory power spectrum and for the spectra measured from the GPICC simula-

tion. For the linear theory prediction, which is shown by the curves in Fig. 4.13, the

reference is based on the “no wiggle” parametrization of the power spectrum given

by Eisenstein & Hu (1998). The no wiggle prediction includes the impact of a non-

zero baryon component on the width of the turn-over in the matter power spectrum,

but does not contain BAO. The ratio of the linear theory power spectrum, P L(k),

to the no wiggle prediction, P L
nw, is “de-wiggled” by damping the oscillations to

represent the impact of nonlinear growth and redshift-space distortions (e.g. Blake

& Glazebrook 2003; Eisenstein et al. 2005; Sanchez, Baugh & Angulo 2008):

Rlin(k) =

(

P L

P L
nw

− 1

)

× exp

(

− k2

2k2
nl

)

+ 1, (4.10)

where knl is the damping scale and is treated as a free parameter.

The overall shape of the power spectra measured from the simulation is different

from the linear theory prediction due to the nonlinear growth of fluctuations and

redshift-space distortions (see Angulo et al. 2008a for a step by step illustration of

these effects). We model this change in shape by multiplying the no-wiggle version

of the linear theory spectrum by a third order polynomial:

Pg(k) = (1 + Ak +Bk2 + Ck3)P L
nw(k). (4.11)

The free parameters A,B and C are chosen to give the best match to the overall

shape of the measured power spectrum. All points up to k = 0.4hMpc−1 were

included in the fit and given equal weight. This approach is more straightforward

and robust than using a spline fit to a coarsely binned measured spectrum, which is

sensitive to the number of k-bins used.
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We show in Fig. 4.13 the BAO signal in the GpcBow06 model at z = 0, 1 and 2

for galaxies selected by their cold gas mass (Mcold > 1010h−1M⊙; left column), as an

illustration of how a cold gas mass selected sample traces this large-scale structure

feature. In the right-hand column of Fig. 4.13, we compare this with the BAO signal

expected for an r-band selected sample of galaxies that have same number density

at each redshift as the cold gas sample. The reference power spectrum is defined

as described above, using the third order polynomial fit to the measured spectrum

in each case. Fig. 4.13 shows that we should be able to measure the BAO feature

just as well using a sample selected by cold gas mass as with an optically selected

sample.

4.4.2 The effective volumes of different survey configura-

tions

Many ongoing and proposed redshift surveys have the goal of determining the nature

of dark energy by measuring the BAO signal in the galaxy power spectrum. A

powerful way to compare the expected performance of different surveys for measuring

large-scale structure is to estimate their effective volumes (see, for example, Orsi

et al. 2009). This is essentially an indicator of the “useful” survey volume which

determines the size of the errorbar on the measured power spectrum. The effective

volume is defined as (Feldman, Kaiser & Peacock 1994)

Veff(k, z) =

∫ zmax

zmin

[

n̄(z)Pg(k, z)

1 + n̄(z)Pg(k, z)

]2
dV

dz
dz (4.12)

where all quantities are expressed in comoving coordinates and dV/dz is the dif-

ferential comoving volume. To calculate the effective volume, we therefore need to

know the number density of galaxies (n̄(z)) down to a given survey flux limit and the

effective bias (b(z)), both as functions of redshift. In this calculation, we obtain the

galaxy power spectrum using the linear relation between galaxy bias and the dark

matter power spectrum: Pg(k, z) = Pdm(k, z = 0)b2(z)D2(z), where Pg is the galaxy

power spectrum, Pdm(k, z = 0) is the linear theory dark matter power spectrum at

z = 0, b(z) is the effective bias, and D(z) is the growth factor of the dark matter.

To make predictions for the effective volume of the SKA, we need to convert the
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cold gas mass predicted by the models into an HI line flux, which we do following

the prescription set out in Power et al. (2010). A key step is the assumption about

the fraction of neutral hydrogen which is in molecular form as opposed to atomic

hydrogen. Power et al. (2010) adopted two prescriptions: a fixed fraction of 40%

as used by Baugh et al. (2005) and a variable fraction, as used by Obreschkow &

Rawlings (2009a). In the latter case, the H2/HI ratio varies from galaxy to galaxy as

a power-law in gas pressure, as found observationally by Blitz & Rosolowsky (2006).

We shall refer to these two scenarios as the fixed and variable H2/HI ratio cases.

Power et al. (2010) showed that the high redshift tail of the count distribution in

the variable H2/HI case is substantially suppressed compared with the fixed H2/HI

ratio case.

Following Power et al. (2010) the observed flux from a galaxy at 21 cm is given

by:

Sobs =
3

16π

hcA12

mH
MHI

1

D2
L(z)

1

∆Vlos
(1 + z), (4.13)

where A12 is the Einstein coefficient which gives the spontaneous rate of transition

from the upper to lower hyperfine levels of the hydrogen ground state, mH is the

mass of the hydrogen atom, MHI is the mass of HI in the galaxy, DL(z) is the

luminosity distance to redshift z and ∆Vlos is the rest-frame line-of-sight velocity

width of the galaxy. We assume the line width of the 21 cm emission is sampled

by many channels and these are combined to yield the flux integrated over the full

rotationally broadened width of the line. The model disks are assumed to have

random inclinations. The sensitivity of a single dual polarization radio receiver can

be written in terms of a limiting rms flux as

Srms

1.626µJy
=

(

Aeff

km2

) (

Tsys

50K

) (

∆νrec

MHz

)−1/2
( τ

hr

)−1/2

, (4.14)

where Aeff is the effective area of the telescope, Tsys is the system temperature which

is a measure of the instrument noise, ∆νrec is the frequency bandwidth and τ is the

integration time (in hours).

The instantaneous field of view of a radio telescope is proportional to the wave-

length of observation. To detect emission at 21 cm in the rest frame of a galaxy

which is at z > 0, the telescope samples a longer wavelength in the observer frame
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with a correspondingly larger field of view. In the case of a telescope made up

of multiple dishes, a survey strategy can be devised which takes advantage of the

overlap between the fields of view of the individual telescopes. This results in the ef-

fective integration time of the survey increasing with redshift in proportion to 1+ z.

Hence, in the case of multiple dishes, the sensitivity of the telescope can be modified

to by rescaling the integration time in Eq. 4.14 from t to t(1 + z).

We base the specifications of the next generation radio telescopes on the SKA

“strawman” presented by Carilli & Rawlings (2004; see also Abdalla, Blake & Rawl-

ings 2010). We assume an effective area to system temperature ratio of Aeff/Tsys =

20000m2K−1 (i.e. for Aeff = 1km2, this corresponds to Tsys = 50K). We adopt a

fiducial field of view (FoV) of 100 square degrees. We consider survey durations of

1 year. For a one year survey, 20 000 degrees can be covered in 40 hour integrations

with the above fiducial specification. We also consider an ASKAP configuration

which corresponds to a FoV of 30 square degrees and an effective area to system

temperature ratio of Aeff/Tsys = 82m2K−1 (Johnston et al. 2007).

Fig. 4.14 shows the model predictions for the quantities needed to calculate the

effective volume for various telescope configurations, calculated using the GpcBow06

model. The predictions are divided into three columns to show the impact of differ-

ent assumptions. A comparison of the first and second columns of Fig. 4.14 shows

how the assumption about the H2/HI ratio affects the predictions: the first column

shows the predictions for a fixed H2/HI ratio and the second column shows the

output for a variable ratio. The thick curves show the predictions using a sensitiv-

ity given by Eq. 4.14 whereas the thin lines include the scaling of the integration

time with redshift mentioned above (due to the increase in the single dish FoV with

redshift). The third column shows the predictions with a variable H2/HI ratio and

a FoV which depends on redshift. The number density of galaxies in the ASKAP

configuration falls rapidly with redshift (red lines), independently of the use of a

FoV scaling with redshift. The decline in the abundance of ASKAP galaxies is

slightly more modest in the case of a fixed H2/HI ratio as opposed to a variable

ratio. In the case of the SKA configuration, the number density of galaxies drops by

around a factor of two by z = 1 in the fixed H2/HI ratio case. The middle panels



4.4. Measuring dark energy with future HI redshift surveys 119

of Fig. 4.14 show that the bias changes by a much more modest amount than the

number density of galaxies does, increasing by factor of four with redshift over the

redshift range plotted. The increase in effective bias cannot therefore compensate

for the dramatic drop in the abundance of galaxies in the high redshift tails of the

distributions plotted in the upper panels of Fig. 4.14. The effective volume of a sur-

vey configuration no longer increases with redshift once the product of the galaxy

number density and the galaxy power spectrum drops below unity. In this regime,

the power spectrum signal is swamped by shot noise (Pshot = 1/n̄) arising from the

use of discrete galaxies to trace the continuous density field, and this volume does

not contribute to the statistical power of the survey. The product n̄P is plotted in

the lower panels of Fig. 4.14.

In the lower right panel of Fig. 4.14, we include two predictions for redshift sur-

veys conducted in the near-infrared taken from Orsi et al. (2009), who followed the

same procedure we have set out above, but for different galaxy selection criteria.

Orsi et al. consider surveys covering 20 000 square degrees, with two different con-

structions. The predictions for a redshift survey to H = 22 (the DMD based slit

spectrometer) with a 33% redshift sampling rate (green dot-long-dashed line) and

for a slitless survey to an Hα flux limit of 5 × 10−16 erg s−1 cm−2, again with a

33% redshift measurement rate (green dot-short-dashed line), are plotted for com-

parison. Leaving aside cost considerations and technical feasibility, this comparison

shows that the case of FOV=100deg2(1-yr) with variable H2/HI has around two

times more effective volume than the volume of the one third sampling H = 22

survey, and samples over 10 times the volume of the Hα survey (see more detail

description for spectrometer in Laureijs et al. 2009).

Our predictions can be compared with those of Abdalla, Blake & Rawlings

(2010). These authors adopt a slightly different definition of the rms flux limit,

based on a study of how the sky background, and hence Tsys varies with frequency

(F. Abdalla, private communication). In practice, our predictions for a 10 − σ flux

limit should be compared with the 5 − σ predictions of Abdalla et al. These au-

thors also assume that the velocity width which appears in the definition of the flux

limit (see their Eq. 3) corresponds to a channel width (typically ∆V = 30km s−1),
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whereas we assume the full width of the line emission is sampled by many chan-

nels. Abdalla et al. make empirical assumptions about the evolution of the HI mass

function with redshift. The predictions of our semi-analytical model with a variable

H2/HI ratio are similar to their model C. Lastly, Abdalla et al. assume an effective

bias of unit for HI emitter, independent of redshift. Our predictions for the effective

survey volume are similar given these caveats.

The effective volumes for the different survey configurations are plotted in Fig. 4.15.

The upper panel shows the fraction of the geometrical volume in differential red-

shift shells that is sampled by the effective volume probed by the different surveys

and the lower panels show the cumulative effective volumes. The surveys track the

geometrical volume available until the redshift at which n̄P < 1. This is clear from

the lower panel of Fig. 4.15, in which the effective volume curves flatten once this

redshift is reached. The effective volume covered by the fiducial design of the SKA

is substantially larger than that expected from the Euclid survey, provided that the

SKA FoV scales with redshift and a fixed H2/HI ratio is assumed. In the event that

a variable H2/HI ratio is adopted, then the Euclid and SKA effective volumes are

comparable.

4.4.3 The forecast error on the dark energy equation of state

The effective volume gives a broad brush view of the potential performance of a

survey. In order to get a more quantitative impression, we need to make a forecast

of the error on the parameter of interest, which in our case is the dark energy

equation of state parameter, w. This will allow us to assess if the volume sampled

by the survey is at a redshift which is useful for constraining the value of w. The

conclusions will depend to some extent on the dark energy model adopted. The

fiducial model we use is a flat cold dark matter universe with a cosmological constant.

The cosmological constant has little influence over cosmological distances above

z ≈ 1.5-2. Hence, a difference in effective volume between survey configurations at

these redshifts is likely to have little impact on how well w can be measured. This

behaviour could change if we adopted a different dark energy model, such as one

with appreciable amounts of dark energy at early epochs (see, for example, the plots
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of Hubble parameter and luminosity distance in Jennings et al. 2010).

To make the forecast of the error on w for a particular survey configuration, we

use a Fisher matrix approach, closely following the calculation in Seo & Eisenstein

(2003). The observable quantity is the ratio of the measured power spectrum, includ-

ing the BAO signal, to a smooth reference spectrum, which has no BAO features,

defined as outline in Sec 4.4.1. The Fisher matrix encodes the sensitivity of this

ratio to different cosmological parameters, assuming Gaussian errors. Our goal is to

compare the different survey configurations, so we use a number of approximations

to simplify the calculation. In particular, we work in the flat sky approximation,

ignore the impact of redshift space distortions on the appearance of the BAO and

neglect any evolution of the power spectrum over bins of redshift of width 0.1. Un-

der these assumptions, the Fisher matrix (for arbitrary parameters) obtained from

the power spectrum is given by (Tegmark, Taylor & Heavens 1997; Seo & Eisenstein

2003),

Fij =
∑Nz

i=1

∫ kmax

kmin

∂ lnR(k,zi)
∂pi

∂ lnR(k,zi)
∂pj

(4.15)

×Veff(k, zi)
4πk2dk
2(2π)3

,

where R is the measured power spectrum divided by a smooth reference, as given

by Eq. 4.10 and the effective volume, Veff(k, z) is given by Eq. 4.12. The integration

is over the wavenumber interval kmin = 0.02hMpc−1 to kmax = 0.2h Mpc−1. To

isolate the cosmological constraints which come from the BAO scale, we ignore any

information stored in the amplitude of the power spectrum and assume the power

spectrum is sensitive to the cosmological parameters only through the observed

angular and radial distance scales. The explicit dependence, as given in Seo &

Eisenstein (2003) is,

Pobs

(

kref⊥ , kref‖ , z
)

=
D2

A
(z)ref H(z)

D2
A

z H(z)ref
(4.16)

Ptrue

(
√

k2
⊥ + k2

‖, z
)

,

where kref⊥ ≡ k⊥DA(z)/DA(z)ref and kref‖ ≡ k‖H(z)ref/H(z) relate the wavenum-

bers inferred via an assumed cosmological model and the true physical scales in

the power spectrum. The power spectrum defined by Eq. 4.16 is then divided by a

smooth reference spectrum to form the ratio R.



4
.4

.
M

e
a
su

r
in

g
d
a
r
k

e
n
e
r
g
y

w
ith

fu
tu

r
e

H
I

r
e
d
sh

ift
su

r
v
e
y
s

1
2
2

Table 4.2: The forecast constraints on a constant dark energy equation of state, w, when marginalizing over Ωm for effective survey

volumes corresponding to the different assumptions about the redshift scaling of the FOV and H2/HI ratio. The numbers shown

are ratios of σ(w), the 1 − σ error on w, forecast relative to those obtained for an Hα survey predicted by Orsi et al. (2009).

Fixed H2/HI Variable H2/HI

WMAP5 prior Planck prior WMAP5 prior Planck prior

ASKAP non-redshift scaling of FOV 3.963 1.657 5.710 1.711

ASKAP redshift scaling of FOV 2.591 1.539 4.352 1.674

SKA non-redshift scaling of FOV 0.245 0.293 0.386 0.453

SKA redshift scaling of FOV 0.162 0.195 0.228 0.274
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Table 4.3: The forecast constraints on a constant dark energy equation of state, w, when marginalizing over Ωm for effective survey

volumes corresponding to the different assumptions about the redshift scaling of the FOV and H2/HI ratio. The numbers shown

are ratios of σ(w), the 1 − σ error on w, forecast relative to those obtained for an H = 22 survey predicted by Orsi et al. (2009).

Fixed H2/HI Variable H2/HI

WMAP5 prior Planck prior WMAP5 prior Planck prior

ASKAP non-redshift scaling of FOV 12.405 4.377 17.870 4.518

ASKAP redshift scaling of FOV 8.109 4.065 13.620 4.422

SKA non-redshift scaling of FOV 0.768 0.775 1.210 1.197

SKA redshift scaling of FOV 0.507 0.516 0.715 0.723

Hα 0.319 0.379 0.319 0.379



4.5. Summary and conclusions 124

Tables 4.2 and 4.3 show the relative constraints forecast on a constant dark

energy equation of state, w, when marginalizing over the matter density, Ωm, for

different survey configurations. The numbers shown are the ratios of σ(w), the 1−σ
error on w, forecast for different radio surveys relative to those forecast for the Hα

and H = 22 redshift surveys predicted by surveys Orsi et al. (2009) (tables 4.2 and

4.3 respectively). These calculations include a prior on Ωm derived from a Fisher

matrix for either the WMAP5 or Planck CMB missions. We marginalize the CMB

constraints over the spectral index, ns, Hubble parameter h, spectrum normalization,

As, baryon density Ωb, and optical depth to reionization, τ . We consider only

constraints from the temperature-temperature CMB power spectra, but include an

additional constraint on τ from the WMAP5 temperature-polarization cross power

spectra (with no such constraint for Planck). We model only the cosmic variance

and beam smearing (at 90 GHz for WMAP and 143 GHz for Planck) in the power

spectrum noise models. The resulting priors are σ(Ωm) = 0.0108 for WMAP5 and

σ(Ωm) = 0.00203 for Planck. Note it is not necessary to include h as a parameter in

the BAO forecasts because when we consider only distance measurements, as the h

dependence factors out by choosing to measure distances in units of, e.g., h−1 Mpc.

This is why we marginalize over h to get the prior on Ωm from the CMB.

4.5 Summary and conclusions

The cold gas content of galaxies and its variation with halo mass lie at the core

of the galaxy formation process. The amount of cold gas in a galaxy is set by the

balance between a number of competing processes. The cold gas supply comes from

the cooling of gas from the hot halo and the accretion of cold gas following mergers

with other galaxies. Star formation and supernova feedback act as sinks of cold gas.

Semi-analytical simulations model all of these processes in the context of structure

formation in the dark matter and so are ideally suited to make predictions for the

distribution of cold gas between haloes of different mass. Since the models can make

a wide range of predictions, their parameters are set by the requirement that a variety

of observed galaxy properties be reproduced, not just the local HI data. The model
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predictions can be tested by measurements of the clustering of HI-selected galaxy

samples, and are invaluable to plan surveys to measure the large-scale structure of

the Universe with the next generation of radio telescopes.

In this chapter we have compared the predictions for the distribution of cold

gas in dark matter haloes of four versions of the Durham semi-analytical galaxy

formation model, GALFORM. The Bower et al. (2006) and Font et al. (2008) models

are publicly available from the Millennium Archive. Currently, most semi-analytical

galaxy formation models predict the total cold gas mass and do not make a dis-

tinction between atomic or molecular hydrogen (for exceptions to this, see Fu et al.

2010 and Lagos et al., in preparation). In order to compare with observations of the

HI content of galaxies, an assumption is needed for the molecular to atomic hydro-

gen ratio (Blitz & Rosolowsky 2006; Obreschkow & Rawlings 2009a). Despite this

uncertainty, the Bower et al. and Font et al. models still overpredict the local abun-

dance of galaxies as a function of their cold gas mass. This excess is straightforward

to fix, with the primary adjustment made to the model star formation timescale.

This modified model, based on Bower et al. (2006) is still able to reproduce the

optical luminosity functions at the level enjoyed by Bower et al. We also considered

a galaxy formation model set in a different cosmology, to take advantage of a N-

body simulation with a large enough box size to accurately model baryonic acoustic

oscillations. This model also adopted a modified star formation timescale to better

match the local HI mass function.

The model predictions have several features in common. In agreement with

observations, satellite galaxies are relatively unimportant in samples selected by

cold gas mass. This is true even in the Font et al. (2008) model in which satellites

retain some of their hot haloes, depending on their orbit within the main halo, and

can hence continue to accrete cooling gas. Samples constructed according to a cold

gas mass threshold are dominated by central galaxies in haloes around 1011h−1M⊙.

The halo occupation distribution of central galaxies is peaked in halo mass, rather

than being a step function as is the case for optical samples. As the cold gas mass

cut is increased, the width of the central galaxy HOD increases and the amplitude

drops. The peaked nature of the HOD of central galaxies is due to the suppression of
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gas cooling in massive haloes following heating by AGN. We found the same general

form for the HOD in an independent model by de Lucia & Blaizot (2007), in which

the implementation of AGN/radio mode feedback is different from that in GALFORM.

The relative importance of central and satellite galaxies has an impact on the

form of the predicted correlation function. The correlation function of a galaxy

sample selected by cold gas mass is remarkably similar on small scales in real and

redshift space. For pair separations in excess of a few Mpc, the redshift space

correlation function has a higher amplitude than in real space, as expected given

the effective bias of the sample (Kaiser 1987). In contrast, for an optically selected

sample with the same number density of galaxies, the correlation is steeper in real

space for r < 1h−1Mpc and is damped in redshift space on these scales, due to

the greater influence of satellite galaxies in massive haloes. On larger scales there

is a more modest boost in the clustering amplitude in redshift space, due to the

larger effective bias of the optical sample. The clustering predictions for HI selected

galaxies are in reasonable agreement with the measurements by Meyer et al. (2007).

The clustering in the modified version of the Bower et al. model (MHIBow06) best

agrees with the HIPASS results.

One of the primary science goals of the Square Kilometre Array (SKA) is to make

a high precision measurement of large-scale structure in the galaxy distribution. By

measuring the apparent size of baryonic acoustic oscillations (BAO) at a particular

redshift, the cosmological distance to that redshift can be derived, thereby constrain-

ing the equation of state of the dark energy. By combining the galaxy formation

model with a very large volume N-body simulation (1h−3Gpc3), we have been able

to demonstrate that galaxy samples constructed on the basis of cold gas mass can

trace the BAO with the same fidelity as an near-infrared selected sample with the

same number density of galaxies.

The key remaining question is how effectively do HI and optical redshift surveys

sample the available geometrical volume and how does this translate into an error

on the dark energy equation of state parameter? The effective survey volume varies

substantially between HI surveys of different duration and for different assumptions

about the split between atomic and molecular hydrogen. However, at least for the
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case of a cosmological constant, these differences occur in a redshift range which has

little impact on the derived error on the equation of state. We find that HI surveys

are comparable in accuracy to the most ambitious near-infrared spectroscopic sur-

veys currently under discussion, particularly if the oversampling needed to obtain

a field of view which increases with redshift can be achieved, and will give a factor

of ≈ 3 times smaller error on w than a slitless Hα redshift survey; all are bone fide

Stage IV experiments in the Dark Energy Task Force nomenclature (Albrecht et al.

2006). The assumption about the ratio of molecular to atomic hydrogen is one of

the major uncertainties at present, and leads to larger differences in the predicted

counts of HI emitters than the choice of galaxy formation model. The fraction of

molecular hydrogen is thought to depend upon the local conditions in the inter-

stellar medium. This question requires further modelling (e.g. Krumholz, McKee

& Tumlinson 2009), augmented by observations of the HI and CO distribution in

nearby galaxies, for example by HI surveys on the SKA pathfinder MeerKAT and CO

measurements using the Atacama Large Millimeter/submillimeter Array (Wootten

2008).
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Chapter 5

Clustering of extragalactic sources

below the Planck detection limit

5.1 Introduction

Planck was launched on 14 May 2009 and aims to provide answers to some of the

most important questions in modern cosmology. Planck’s primary science objectives

are to map CMB anisotropies, to test inflationary models of the early universe, to

measure the amplitude of structures in the CMB and to perform measurements of

the Sunyaev-Zeldovich effect (Sunyaev & Zel’dovich 1980); for detail see the Planck

bluebook (2005). The CMB anisotropy map produced by Planck will be markedly

superior to those currently available and will be used to set constraints on the values

of the basic parameters that govern the large scale structure and evolution of the

Universe. Planck has the ability to detect much smaller temperature variations in

the CMB (of the order of one part in 106) than WMAP or COBE, and to perform

measurements with an angular resolution better than 5 arcminutes. The availability

of a wider range of frequencies (from 30GHz to 857GHz) will improve the separation

of the primordial CMB signal from interfering foreground signals (Planck bluebook,

2005).

In the Planck frequency range (30GHz ∼ 857GHz) there are several important

foreground signals due to the Galaxy and extragalactic sources, which are poorly

understood. One of the most important steps the analysis of in cosmic microwave

129
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background (CMB) data is the isolating of the primordial signal. This is essential for

the robust estimation of cosmological parameters. In order to identify contamination

in the CMB maps at high l (>500), we need to consider the intensity fluctuations

of undetected galaxies at the Planck frequencies.

The importance of foreground removal has been recognized (Banday & Wolfendale

1991; Readhead & Lawrence 1992; Brandt et al. 1994; Tegmark & Efstathiou 1996;

Tegmark 1998; Tegmark et al. 2000), as has the preferred method for discriminat-

ing against such contamination, namely multi-frequency observations. The internal

linear combination map (ILC) have been used for the cleaned CMB map which is

reconstructed by co-adding the data at the five frequencies with a set of weights

that minimizes the final variance of the map by WMAP team.

To better understand the nature of dusty extragalactic sources, several surveys

in the Far-IR and sub-mm have been carried out using e.g. ISO (Genzel & Cesarsky

2000; Elbaz et al. 2002; Dole et al. 2001), SPITZER (Papovich et al. 2004; Dole et

al. 2004), SCUBA (Holland et al. 1998), and MAMBO (Bertoldi et al. 2000).

In addition to extending our knowledge of galaxy formation and evolution, these

surveys have revealed the nature of the cosmic infrared background.

There are have been a few attempts to build theoretical models to explain the

abundance and redshift distribution of dusty galaxies. Predictions using empirical

approaches have been made by Haiman & Knox (2000), Lagache et al. (2003) and

Fernandez-Conde et al. (2008). More theoretical approaches have been used by

Song et al. (2003), Vielva et al. (2003), Negrello et al. (2007) and Righi et al.

(2008)

Arguably the most sophisticated predictions are those by Negrello et al. (2007)

who combined the galaxy formation model of Granato et al. (2004) with phe-

nomenological models for the spectral energy distributions (SEDs) of starburst and

normal late-type galaxies and of radio sources to predict the angular power spec-

trum of extra-galactic sources. Negrello et al. predicted the angular power spectrum

of intensity fluctuations for the HFI instrument of Planck (353GHz, 527GHz, and

857GHz) an approximation for the two-point correlation function of the undetected

galaxies. They assumed that the correlation function on large scales is determined
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by combining of dark matter correlation function with a redshift dependent lin-

ear bias factor (Sheth & Tormen 1999; Percival et al. 2003) with the small scale

correlation function forced to be a power law.

Here we use the GALFORM semi-analytical galaxy formation model (Cole et al.

2000) to predict the physical properties of the galaxy population at different redshifts

and the GRASIL spectrophotometric model to predict the detailed SEDs of the

model galaxies (Silva et al. 1998). We use the model of Baugh et al. (2005) which

reproduces the observed number counts and redshift distribution of the faint sub-mm

galaxies by invoking a the top-heavy IMF in bursts. We use the galaxies predicted by

combining GALFORM with the GRASIL code. The spatial distribution of galaxies

is obtained by combining the galaxy formation model with the Millennium N-body

simulation (Springel et al. 2005). The galaxy formation model has been tested at

a range of frequencies which are sensitive to emission from dust heated by starlight

(see the comparison with the Spitzer number counts and redshift distributions in

Lacey et al. 2008 and predictions for Herschel in Lacey et al. 2010)

In this chapter we look at the fluctuating foreground produced by undeteced

dusty galaxies at the Planck frequencies. We briefly review the model which used to

predict angular intensity fluctuation of undetected galaxies in Section 5.2. We then

look at the angular fluctuation and angular power spectrum of undetected galaxies

in Section 5.3. We present a summary along with our conclusions in Section 5.4.

5.2 The model

To predict the contamination of the primordial CMB signal due to faint galaxies, we

compute the angular correlation function of intensity fluctuations. In this section

we introduce the theoretical concepts used in the chapter. We describe the galaxy

formation model in Sec. 5.2.1 and outline how this is implemented in an N-body

simulation in Sec. 5.2.2. In Sec. 5.2.3, we show how to calculate the clustering of

intensity fluctuations.
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Table 5.1: The main characteristics of the Planck instruments. The rows are as

follows: (1) The name of the instrument. (2) The central frequency. (3) The central

wavelength. (4) The flux limit for point sources (Veleva et al. 2003). (5) The

angular resolution.

LFI HFI

Frequency(GHz) 30 44 70 100 143 217 35 545 857

Wavelength(µm) 10000 6810 4290 3000 2100 1380 850 550 350

Flux limit(Jy) 0.23 0.25 0.24 0.16 0.13 0.12 0.18 0.49 0.48

Angular resolution(arcmin) 33 24 14 9.5 7.1 5.0 5.0 5.0 5.0

5.2.1 The hybrid galaxy formation model

We combine the GALFORM semi-analytical model of galaxy formation (Sec 5.2.1,

Cole et al. 2000) with the GRASIL spectrophotometric code (Sec 5.2.1, Silva et al.

1998) which computes the stellar and dust emission from galaxies (Granato et al.

2000) along with the radio emission (Bressan et al. 2000).

The GALFORM galaxy formation model

We predict the formation and evolution of galaxy properties within the ΛCDM

structure formation framework using semi-analytical model GALFORM. The GAL-

FORM model computes the evolution of galaxies in the framework of the ΛCDM

cosmology. The GALFORM model is described in Cole et al. (2000). The main

processes treated include : (1) the formation of dark matter haloes by accretion of

smaller haloes and mergers; (2) the formation of galactic disks following the shock-

heating and radiative cooling of gas inside dark matter haloes; (3) quiescent star

formation in galactic disks and bursts of star formation driven by galaxy mergers;

(4) feedback both from supernovae and photoionization of the inter galactic medium;

(5) chemical evolution of the stars and gas; (6) galaxy mergers. GALFORM predicts

the number and properties of galaxies in dark matter haloes of different masses. The

key predicted galaxy properties for this study are the stellar and cold gas masses, the

star formation and merger histories, the scale size of the disk and bulge components,

and the metallicity.
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The model we use in this chapter is that of Baugh et al. (2005) (see also Lacey et

al. 2010). The background cosmology is a spatially flat ΛCDM model with parame-

ters Ωm=0.3, ΩΛ=0.7, Ωb=0.04, h = H0/100kms−1Mpc−1=0.7, and an amplitude of

the initial spectrum of density fluctuations given by σ8=0.93. The merger histories

of the dark matter haloes are computed using a Monte Carlo merger technique based

on the extended Press-Schechter theory (Parkinson, Helly & Cole 2008).

The model includes two modes of star formation, a “quiescent” mode in galactic

disks, and a “burst” mode triggered by major and minor galaxy mergers1 with gas

rich primaries. The two modes of star formation are assumed to have different

stellar Initial Mass Functions (IMFs). Quiescent star formation is assumed to have

a solar neighbourhood IMF (Kennicutt 1983). Bursts of star formation are assumed

to form stars with a top heavy IMF. Baugh et al. (2005) found that the top heavy

IMF in bursts is necessary to reproduce the observed number counts and redshift

distributions of the faint sub-mm galaxies, whilst at the same time reproducing the

local galaxy population. The frequencies covered by the Planck instruments are

listed in Table 5.1. To make predictions at these wavelengths we need to use the

GRASIL code, which can follow the emission by dust heated by starlight and also

emission in the radio.

The GRASIL spectrophotometric code

The GRASIL computes the emission from the stellar population, the absorption and

emission of radiation by dust, and also radio emission by thermal and synchrotron

processes powered by massive stars (Bressan et al. 2002). The main features of the

GRASIL model are described in Lacey et al. 2010). The output from GRASIL is

the complete SED of a galaxy from the far-UV to the radio (wavelengths 0.01 µm

≤ λ ≤ 1m) based on theoretical models of stellar evolution and stellar atmospheres,

radiative transfer through a two-phase dust medium to calculate both the dust

extinction and dust-heating, and a distribution of dust temperatures in each galaxy

1The type of merger depends on the ratio of the mass of the merging satellite, Msat, to that

of the central galaxy, Mcen. If Msat/Mcen ≥ 0.3 than the merger is defined as “major merger”.

“Minor merger” are those for which Msat/Mcen < 0.3
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calculated from a detailed grain model (Silva et al. 1998; Bressan et al. 2000).

5.2.2 Populating on N-body simulation with galaxies

Even though analytic calculations gives reasonably accurated clustering predictions

on large scale, this approach is not adequate on small scales, corresponding to galax-

ies in the same halo. To produce a clustering prediction that is accurate over a wide

range of scales, we combine our galaxy formation model with the Millennium N-body

simulation (Springel et al. 2005). To implant galaxies into the N-body simulation,

there are several steps we have to go through which are set out below.

Our staring point is the hybrid GALFORM plus GRASIL model set in the con-

cordance ΛCDM cosmology, which we refer to as MCGAL. The end point is a hybrid

model implanted in the Millennium Simulation, which has a different cosmology. We

denote this model as MILLGAL.

The MCGAL catalogue is set up by sampling galaxies according to their stellar

mass. For each galaxy we have the stellar mass, host halo mass, a weight based on

abundances and the SED.To populate the simulation with galaxies,

1. Estimate the HOD (Halo Occupation Distribution) of galaxies from MCGAL

catalogue. We first construct the halo occupation distribution of galaxies, i.e. the

mean number of galaxies in dark matter haloes. (Benson et al. 2000; Peacock &

Smith 2000; Berlind & Weinberg 2002). The HOD quantifies the mean number of

galaxies per halo as a function of halo mass. Fig. 5.1 shows the HOD of galaxies

in the MCGAL catalogue at three different redshifts. We plot the HOD for central

(blue line) and satellite (red line) galaxies separately. The HODs of central galaxies

in the MCGAL catalogue at z=0.1 and z=1 is approximately a step functions. This

is not a case at z=5 where the HOD of central galaxies is not a step function due to

the absence of bursting central galaxies in massive dark matter haloes. The shape

of the satellite galaxy HOD in the MCGAL catalogue is close to a power law in

halo mass. The lowest mass dark matter halo in MCGAL catalogue is varies with

redshift as the halo mass grid is defined at each redshift to sample haloes with

a representative range of abundances. At z=0.1, the lowest halo mass considered

is nearly the same as the lowest mass halo resolved in the Millennium simulation
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(∼1010.5M⊙/h, shown by the vertical dotted line in Fig. 5.1). However, the lowest

dark matter halo mass in the MCGAL catalogue decreases as redshift increases. In

contrast to the MCGAL catalogue, the lowest dark matter halo mass of Millennium

simulation is the same at all redshifts. Therefore, we can not transplant all of the

galaxies contained in the MCGAL catalogue into the Millennium simulation.

2. Matching halo mass function. The MCGAL catalogue, for historical reasons,

assumes a different cosmology to that adopted in the Millennium simulation, which

is based on the WMAP1 cosmology 2. We therefore have to match the dark mat-

ter halo mass function in the MCGAL cosmology and in the N-body simulation in

order to obtain the same luminosity density in MCGAL catalogue and the N-body

catalogues.We apply a mass scaling to force the MCGAL and N-body halo mass

function to match, which means that we relabel the masses of the MCGAL haloes.

Fig. 5.2 shows the halo mass functions for the MCGAL, the N-body simulation, and

the rescaled N-body mass function at z=0.1. To match the halo mass function of

MCGAL catalogue at z=0.1 (red dashed line) with the N-body results(black dashed

line) at same redshift, we need a mass scaling ×1.2. The Black solid line shows the

halo mass function obtained after this scaling. The halo mass function of the MC-

GAL catalogue and scaled halo mass function of Millennium simulation are nearly

the same. The discrepancy between the MCGAL mass function and the rescaled

N-body mass function is less than 5% over four decades in halo mass. Given this

small difference, there is no need to rerun the GALFORM calculation(e.g. Neis-

tein et al 2010). We apply the same scheme to different redshifts and find that it

works equally well but with different scaling factors.

3. Placing galaxies in the N-body simulation. We denote galaxy properties in

MCGAL catalogue to MILLGAL catalogue for each galaxies which is generated by

2The cosmological parameters used in the Millennium simulation are a matter density Ω0 =

0.25, a cosmological constant Λ0 = 0.75, a Hubble constant H0 = 73 kms−1Mpc−1, a primordial

scalar spectral index ns = 1, baryon density Ωb = 0.045 and fluctuation amplitude σ8 = 0.9.

The cosmological parameters used in the MCGAL catalogue are Ω0 = 0.3, Λ0 = 0.7, H0 =

73 kms−1Mpc−1, ns = 1, Ωb = 0.04, and σ8 = 0.93.
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Figure 5.1: The halo occupation distribution (HOD) of galaxies in MCGAL cata-

logue at different redshifts as indicated by the key. The blue line shows the HOD of

central galaxies and red line shows for satellite galaxies. The vertical line indicates

the halo mass resolution of the Millennium and the horizontal line shows < N >=1.
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Figure 5.2: The halo mass function at redshift 0.1. The red dotted line shows the

halo mass function used in MCGAL catalogue. The black dashed line is the halo

mass function z∼0.1 in the Millennium simulation. The black solid line shows the

scaled halo mass function for matching from Millennium to MCGAL.
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using HOD. The number of galaxies as a function of halo mass is assumed to have a

Poisson distribution for N > 1. For halo masses for which the HOD predicts N < 1,

a fraction of haloes is populated with a satellite galaxy at random: i.e. if the random

number chosen from a uniform distribution between zero and one, x < N , then the

halo is assigned a satellite, otherwise it has no satellite. The comparison of two cata-

logues is given in Fig. 5.3. The luminosity functions of the two catalogues are in very

good agreement, both for central galaxies and satellites at low redshift (e.g. z=0.1 in

the left panel of Fig. 5.3). The luminosity function of MILLGAL catalogue and MC-

GAL catalogues differ at high redshift because the former does not include galaxies

which are predicted to be in lower mass dark matter haloes than those resolved by

the Millennium simulation. However, the MILLGAL catalogue reproduces well the

luminosity function of MCGAL catalogue for higher luminosity galaxies which are

hosted by the dark matter haloes resolved in Millennium simulation (see the right

panel in Fig. 5.3).

5.2.3 Measurement of angular correlation function

Luminosity and Flux Correlations Functions

We can define a spatial luminosity density correlation function, ξL(~x), as

< ρL( ~x1)ρL( ~x2) >=< ρL >
2 (1 + ξL( ~x1 − ~x2)) , (5.1)

where ρL( ~x1) is the luminosity density at position ~x1 and < ρL > is the mean

luminosity density. Similarly, we can define an angular flux or surface brightness

correlation function, wf(~θ), as

< f(~θ1)f(~θ2) >=< f >2
(

1 + wf(~θ1 − ~θ2)
)

, (5.2)

where the flux/surface brightness is related to the luminosity density via

f(~θ) d2θ =
1

4π

∫

x2ρL

d2
L(x)

dx d2θ, (5.3)

where dL(x) is the luminosity distance to comoving distance x. The above equation

is correct if we are considering bolometric luminosity densities and fluxes. However

in practice we are nearly always interested in fluxes that are measured over a limited
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Figure 5.3: The luminosity functions in the 857GHz (350µm) waveband at z=0.1

(left) and z=5 (right). Solid line shows the full MCGAL catalogue and dotted line

shows from this catalogue restricted to haloes above the mass of dark matter haloes

in Millennium simulation. Dashed line comes from the MILLGAL catalogue. The

Blue line is for the luminosity function contributed by central galaxies. The Red

line is for satellite galaxies.
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frequency band. This introduces an extra (1 + z) factor to account for the change

in the band width with redshift:

fν(~θ) d2θ =
1

4π

∫

(1 + z)x2ρL

d2
L(x)

dx d2θ, (5.4)

where ρL is now the luminosity density in a band centred on rest frame frequency

ν(1 + z).

We use Limber’s approximation which depends on two related approximations

to obtain the angular flux correlation function. Firstly it assumes that the mean

number density of galaxies, < n(x) >, varies sufficiently slowly with redshift (here

labelled by the comoving radial coordinate x) that over the range of pair separations

for which ξ( ~x1 − ~x2) 6= 0, < n(x1) >≈< n(x2) >. Secondly, we assume the small

angle approximation, i.e. the angular separation of pairs of galaxies for which ξ( ~x1−
~x2) 6= 0 is small.

Using the above approximations, we can relate the spatial correlation function

ξ(r) to the angular correlation of the flux wf(θ), through Limber’s eqn :

wf(θ) =

(

1

4π

)2
1

< fν >2
(5.5)

∫ ∞

−∞

∫ ∞

0

(1 + z)2 x4 < ρL(x) >2

d4
L(x)

ξL
(

(u2 + x2θ2)1/2
)

dx du,

In a flat universe (Ω + Λ = 1) the luminosity distance dL = (1 + z)x and so the

above reduces to

wf(θ) =

(

1

4π

)2
1

< fν >2
(5.6)

∫ ∞

−∞

∫ ∞

0

< ρL(x) >2

(1 + z)2
ξL

(

(u2 + x2θ2)1/2
)

dx du,

where

< fν >=
1

4π

∫ ∞

0

< ρL(x) >

(1 + z)
dx. (5.7)

Assuming a linear clustering bias factor that depends only on halo mass, i.e

galaxy i with luminosity Li located in a halo of mass MH
i has bias factor bi = b(MH

i )

and that we have a complete catalogue of galaxies from a simulation of volume L3
box

then

< ρL >=
∑

i

Li/L
3
box (5.8)
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and

ξL(r) = b̄2L ξM(r), where b̄L =
∑

i

Libi/
∑

i

Li. (5.9)

These quantities can be evaluated at a discrete set of redshifts to give < ρL(x) > and

ξL(r, x) (where redshift is labelled here by radial comoving distance x) which can

be input into Eq. 5.5 to compute the angular clustering of flux. The quantities we

need to calculate are < fν > at the frequencies corresponding to the Planck bands

and the fluctuations in this background which are given by < fν >
2 wf(θ). These

quantities are predicted by the galaxy formation model described in the previous

section.

The angular power spectrum of the intensity fluctuations can be obtained from

the angular correlation function

Cl(θ) =

∫ 2π

0

∫ π

0

< fν >
2 wf(θ)Pl(cos θ) sin θdθdφ. (5.10)

5.3 Results

5.3.1 Basic predictions from the MCGAL catalogue

We study the clustering of undetected galaxies in the different frequency channels

of the Planck satellite. First, we use the galaxy catalogue constructed using hybrid

GRASIL+GALFORM model with MC trees, MCGAL. Fig. 5.4 shows the luminosity

densities predicted using all of the galaxies in the MCGAL catalogue (solid lines)

and the galaxies in the MCGAL catalogue which are hosted by dark matter haloes

which can resolved by the Millennium simulation (dotted lines) at different redshift.

In all nine Planck wavebands, the luminosity density increases up to redshift around

5 and decreases between z∼5 and z=10. The amplitude of the luminosity density

increases as the value of Lν increases at each redshift due to the shape of the SED.

The luminosity density of the galaxies in MCGAL catalogue which are located in

dark matter haloes resolvable by the Millennium simulation is lower than that of

all the galaxies in the MCGAL catalogue for z > 2. The galaxies in low mass dark

matter haloes contribute significantly to the luminosity density at high z. As a
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result, the predictions with and without the Millennium halo mass limit become

progressively more different with increasing redshift.

From the properties of galaxies in the MCGAL catalogue, we calculate the lu-

minosity weighted effective bias of galaxies using the halo bias prescription of Sheth

et al. (2001) (see Eq. 5.9). The effective bias presented in Fig. 5.5. are computed

using all the galaxies in MCGAL catalogue (solid lines) and only those galaxies

which could be resolved in the Millennium simulation (dotted lines). The effective

biases predicted at z < 0.5 are slightly below unity. These galaxies are slightly less

clustered than the dark matter. In contrast to the luminosity density, the overall

trend is that the effective bias monotonically increases with redshift. The predicted

effective bias at redshift 4 is ∼ 4 for the all of galaxies in MCGAL catalogue, i.e.

the clustering of undetected galaxies in the Planck wavebands is 15∼20 times higher

than that of dark matter at z=4. The effective biases for the galaxies in MCGAL

catalogue which are located in dark matter haloes which could be resolved in the

Millennium simulation is higher than that predicted all galaxies beyond z ∼ 2.

5.3.2 Predictions for the clustering of faint extragalactic

sources.

The predictions for the angular correlation function of intensity fluctuations using

the MCGAL catalogue combined with an analytic calculation of the effective bias

and a simple prescription for the dark matter correlation function is expected to be

accurate on large scales. We use the galaxy catalogue, MILLGAL, generated using

the method described in Sec. 5.2.2 to predict the small scale clustering more accu-

rately. The main difference in the two predictions is the auto correlation function

of galaxies. Fig. 5.6 shows the auto correlation functions at different redshifts from

the analytic calculation (dashed lines and dotted lines) using the ansatz of Smith

et al. (2003) compared with the direct pair count estimates from the MILLGAL

catalogue (solid lines). In Fig. 5.6, the difference in clustering strength between

the two correlation functions calculated using the Smith et al. (2003) prediction at

z=5 comes from the difference in the effective bias as shown in Fig. 5.5. The shape

of the correlation function on small scales, (< ∼5Mpc/h) is different between the
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Figure 5.4: The luminosity density in the Planck wavebands as a function of redshift

predicted by MCGAL catalogue. The solid lines show the predictions using all

galaxies in the MCGAL catalogue and the dotted lies show the results using only

those galaxies hosted by haloes which could be resolved in the Millennium.
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Figure 5.5: The luminosity-weighted effective bias for each wavebands calculated

using the analytic approximation of Sheth et al. (2001) as a function of redshift.

The effective bias increases as redshift increases.
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N-body and analytic methods, especially at high redshift. We note that the correla-

tion functions measured in the Millennium simulation are reliable up to 50h−1Mpc.

We extend the predictions to larger scales using an matched version of the P (k)

predicted using the Smith et al. formula. The luminosity-weighted auto correlation

of MILLGAL catalogue galaxies has different amplitude at each Planck waveband,

however the shape of auto correlation function same as in Fig. 5.6.

Fig. 5.7 shows the cumulation contribution to the mean flux density from different

redshifts at 30GHz. The mean flux density integrated up to z=5 contributes over

90% of the value integrated to z=10. The contribution of the mean flux density from

z=8 to 10 is less than 5%. The most important redshifts are around z∼2 where the

finite resolution of the Millennium has little impact.

Fig. 5.8 shows the angular flux correlation function for 30GHz showing the con-

tribution from different redshifts. The angular flux correlation function is largely

determined by galaxies with z<4.

As we mentioned in Sec. 5.2.2, the MILLGAL catalogue cannot contain all of

the galaxies in the MCGAL catalogue because of the finite mass resolution of the

Millennium. We have checked the impact of the limited halo mass resolution on

the angular flux correlation function and angular correlation function of intensity

fluctuation. Fig. 5.9 shows the predicted angular flux correlation functions using

all galaxies in the MCGAL catalogue (solid lines) and galaxies which are located

in dark matter halo which could be resolved in the Millennium (dotted lines). The

difference in the predicted angular flux correlation functions in these two cases can

be traced to the difference in the effective bias as shown in Fig. 5.5.

The angular correlation function of intensity fluctuations for undetected galaxies

are shown in Fig. 5.10. Solid lines are for all galaxies in the MCGAL catalogue and

dashed lines are for galaxies in haloes which could be resolved in the Millennium

simulation. The angular correlation function of intensity fluctuations are nearly

identical for the two different dark matter halo resolutions. Even though the angular

flux correlation function is not same (see Fig. 5.9), the angular correlation functions

of intensity fluctuations give the same results, because the contribution from the

high luminosity galaxies to the angular correlation function of intensity fluctuation
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Figure 5.6: The two point flux correlation function at different redshifts. Dashed

lines and dotted lines are calculated analytically using Smith et al. (2003) for the

non-linear dark matter correlation function, applying the effective bias (beffMCGAL(All)
)

using all of the galaxies in the MCGAL catalogue and the effective bias (beffMCGAL(Res)
)

using galaxies located in dark matter haloes resolvable in the Millennium simulation

in the MCGAL catalogue, respectively. Solid lines are measured using MILLGAL

catalogue. The different colours show different redshifts as indicated by the key.
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Figure 5.7: The cumulative fractional mean flux density contributed by different

redshifts in the MCGAL catalogue (see Eq. 5.2.3) for 30GHz band. The mean flux

density has been normalized by the mean flux density integrated up to z=10.
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Figure 5.8: The predicted angular flux correlation function of undetected galaxies at

30GHz band adopting different upper limits for the redshift integration, as indicated

by the key.
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Figure 5.9: The predicted angular flux correlation function of undetected galaxies

for nine Planck wavebands as indicated by the key using analytic calculations for the

bias factor and correlation function. Solid lines are for all galaxies in the MCGAL

catalogue and dashed lines are for galaxies in haloes which could be resolved in the

Millennium simulation.
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is much greater than that of the low luminosity galaxies.

Fig. 5.11 shows the predicted angular flux correlation function of undetected

galaxies for the nine Planck satellite frequencies as indicated by the key. Dashed lines

are for all galaxies in the MCGAL catalogue in haloes which could be resolved in the

Millennium simulation. Solid lines are for galaxies in the MILLGAL catalogue. The

shape of correlation function in small angular scales and the amplitude difference

between the predicted angular flux correlation functions using the two different

catalogues are caused by the differences of auto correlation function between using

analytic calculation and direct calculation using MILLGAL catalogue, see Fig. 5.6.

Fig. 5.12 shows the angular correlation function of intensity fluctuations of un-

detected galaxies for Planck. Dotted lines use analytic calculation and solid lines

are using direct calculation in the MILLGAL catalogue. The amplitude and shape

at large angular separations is nearly the same. The difference at small angular sep-

arations is due to the more accurate calculation of the one halo term in the N-body

calculation.

Fig. 5.13 shows the angular power spectrum of the intensity fluctuations of unde-

tected galaxies in the Planck wavebands. Dotted lines use analytic calculations and

the solid lines use the direct calculation in the MILLGAL catalogue. The deviation

of the angular power spectrum of intensity fluctuation calculated in the two methods

starts from l∼1000 which is caused by the difference of auto correlation function on

small scales. The contaminations of undetected faint extragalactic sources for the

three frequencies in the LFI instrument and the two lowest frequencies in HFI in-

strument are negligible across the whole range of scales above the angular resolutions

of Planck. The angular power spectrum due to the undetected faint extragalactic

sources is larger than the CMB power spectrum from l ∼ 1000 for 353GHz, l ∼ 100

for 545GHz and for all at 857GHz.

5.4 Summary and conclusions

In the Planck frequency range, there are several important emission foregrounds to

the cosmological signal due to Galactic emission and extra-galactic sources.
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Figure 5.10: The angular correlation function of intensity fluctuations of undetected

galaxies for the nine Planck satellite wavebands using analytical calculations for

the bias factor and correlation function. Solid lines are for all galaxies in MCGAL

catalogue and dashed lines are for galaxies in haloes which could be resolved in the

Millennium simulation.
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Figure 5.11: The predicted angular flux correlation function of undetected galaxies

in the nine Planck satellite wavebands as indicated by the key. Dashed lines are for

all galaxies in MCGAL catalogue in haloes which could be resolved in the Millennium

simulation. Solid lines are for galaxies in MILLGAL catalogue.
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Figure 5.12: The angular correlation function of intensity fluctuations of undetected

galaxies in the nine Planck satellite wavebands. Solid lines are for all galaxies in

MCGAL catalogue truncated at the haloes resolution of the Millennium simulation.

Solid lines are for galaxies in MILLGAL catalogue.
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MCGAL(Res)
MILLGAL
CMB

Figure 5.13: The angular power spectrum of the intensity fluctuations of undetected

galaxies in the nine Planck wavebands. Solid lines are for all galaxies in the MCGAL

catalogue in haloes which could be resolved in the Millennium simulation. Solid lines

are for galaxies in the MILLGAL catalogue.The thick lines show the CMB power

spectrums. The colours show the different frequency bands.
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We have carried out a detailed study of the contamination of the Planck obser-

vations due to undetected galaxies. This is a key component of CMB data analysis.

Negrello et al. (2007) predicted the angular power spectrum of intensity fluctuation

for the HFI instrument of Planck (353GHz, 527GHz, and 857GHz) using the model

for the formation and evolution of galaxies of Granato et al. (2004) and simple as-

sumptions for the two-point correlation function of the undetected galaxies. We use

the predicted galaxies from combining the GALFORM semi-analytic model with

the GRASIL dust reprocessing model. To study the effect of clustering at small

separations, (large l), we use the galaxies transplanted into the Millennium dark

matter simulation to directly calculate the two-point correlation function instead of

adopting an analytic calculation.

We derive the flux intensity fluctuation < fν >
2 wf(θ) using Limber’s small angle

approximation to predict the contribution of undetected galaxies contribution as a

CMB foreground. The galaxies predicted by combining GALFORM with GRASIL

reproduce the observed number counts and redshift distributions ( Baugh et al. 2005;

Lacey et al. 2008; Lacey et al. 2010). We use a Monte-Carlo method to populate the

dark matter haloes of the Millennium simulation with our model galaxies. Using

these catalogues we calculate the flux weighted correlation function of the dust

emission at each redshift. We then integrate over redshift to predict the angular flux

correlation function and power spectrum. We have performed an analytic calculation

using the Smith et al. (2003) dark matter correlation function combined with bias

factors from Sheth et al. (2001) for the halos that host our dusty galaxies.

The deviation of the two point correlation functions between using the analytic

calculation and using direct calculation are different below a comoving separation,

less than r ∼ 5Mpc/h, corresponds to the 1 halo term, at all redshifts. The pre-

dicted luminosity densities of the undetected galaxies in the Planck frequency bands

increase up to redshift around 5 and decreases from z∼5 to z=10. The amplitudes

of the luminosity density increases as a function of frequency at each redshifts. The

predicted value of the effective bias at redshift below 0.5 is less than 1. The overall

trend of effective bias for undetected galaxies at Planck frequencies is that the ef-

fective bias linearly increases as a function of redshift. The predicted effective bias



5.4. Summary and conclusions 156

at redshift 4 is ∼ 4, that is the clustering of undetected galaxies in Planck satellite

wavebands is 15∼20 times higher than that of the dark matter at z=4. We found

that the identical results for the angular correlation function of intensity fluctuations

at two different halo mass resolutions demonstrate that the finite resolution of the

N-body simulation is sufficent for our purpose. The amplitude of the angular corre-

lation function of intensity fluctuation in small angular scale and at high multipole

number in the angular power spectrum from the MILLGAL catalogue is significantly

higher than the analytic calculation. The angular power spectrum caused by the

undetected faint extragalactic sources exceeds the CMB power spectrum from l ∼
1000 for 353GHz, l ∼ 100 for 545GHz and all range for 857GHz.

The main results of this chapter is the predicted contribution of undetected

galaxies to the CMB signal. We calculate much more accurately at small separa-

tions using MILLGAL catalogue than any others using analytic calculation. This

prediction can be used as a template of the foreground fluctuation for the Planck

team to include in their modelling in order to statistically separate this foreground

from the primordial CMB.
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Chapter 6

Summary and Future work

In this Thesis we have studied the clustering of galaxies in the hierarchical galaxy

formation framework. The physically motivated GALFORM semi-analytic model

successfully explains many observational results and give us the chance to make

predictions for future surveys.

In Chapter 3, we have studied the luminosity dependence of clustering. The

dependence of galaxy clustering on luminosity has been measured with high accuracy

in the local Universe by the 2dFGRS and SDSS (Norberg et al. 2001, 2002; Zehavi

et al. 2002, 2005, 2010; Jing & Borner 2004; Li et al. 2006). We have shown that

the current “best bet” publicly available galaxy formation models only match the

observational results in a qualitative sense. These models fail to match the trend

of clustering strength with luminosity. We have demonstrated that the reason for

the discrepancy is that the models predict too many satellites in massive haloes. Li

et al. (2007) reached a similar conclusion comparing the clustering of galaxies in

the red selected SDSS with the semi-analytical models of Kang et al. (2005) and

Croton et al. (2006).

To fix this problem, we considered applying two processes which are not currently

included in most galaxy formation models: mergers between satellite galaxies and

the tidal disruption of satellites. The first of these processes is motivated by recent

high resolution simulations of the formation of dark matter haloes which show that

hierarchies of substructures persist (Diemand et al. 2008; Springel et al. 2008).

Mergers which started in a progenitor halo can run to completion in the descendant

158
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halo (Angulo et al. 2009). The disruption of satellites has been modelled analytically

in the Durham model in a study of the heating of the Milky Way’s disk (Benson

et al. 2004). Here, we applied a simple prescription to remove luminosity from

satellites based on the ratio of the host halo mass to the mass of the halo in which

the satellite formed, which is related to the timescale for the satellite’s orbit to

decay through dynamical friction. Applying the model for the disruption of satellites

changes the overall amplitude of clustering without improving the trend of clustering

strength with luminosity. Including mergers between satellites, on the other hand,

does alter the predictions for the luminosity dependence of clustering. By applying

both extensions together, we are able to obtain a significantly improved match to

the 2dFGRS measurements (Norberg et al. 2009). The hybrid model matches the

observational constraints on the amount of intracluster light.

In Chapter 4, we compared the predictions for the distribution of cold gas in

dark matter haloes in four versions of the Durham semi-analytical galaxy forma-

tion model, GALFORM. The Bower et al. (2006) and Font et al. (2008) models are

publicly available from the Millennium Archive. These models overpredict the lo-

cal abundance of galaxies as a function of their cold gas mass. This excess was

straightforward to fix, with the primary adjustment being to reduce the model star

formation timescale. This modified model, based on Bower et al. (2006) was still

able to reproduce the optical luminosity function, with the same level of success as

Bower et al. We also considered a galaxy formation model set in a different cos-

mology, to take advantage of a N-body simulation with a large enough box size to

accurately model baryonic acoustic oscillations. This model also adopted a modified

star formation timescale to better match the local HI mass function.

The relative importance of central and satellite galaxies has an impact on the

form of the predicted correlation function. The correlation function of a galaxy

sample selected by cold gas mass is remarkably similar on small scales in real and

redshift space contrast with that of an optically selected galaxy sample. The cluster-

ing predictions for the HI samples are in reasonable agreement with the observational

measurements by Meyer et al. (2007). The clustering in the modified version of the

Bower et al. model (MHIBow06) agrees best with the HIPASS results.
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One of the primary science goals of the Square Kilometre Array (SKA) is to

make a high precision measurement of large-scale structure in the galaxy distri-

bution. By measuring the apparent scale of baryonic acoustic oscillations (BAO)

at a particular redshift, the cosmological distance to that redshift can be derived,

thereby constraining the equation of state of the dark energy. By combining the

galaxy formation model with a very large volume N-body simulation (1h−3Gpc3),

we have been able to demonstrate that galaxy samples constructed on the basis of

cold gas mass can trace the BAO with the same fidelity as a near-infrared selected

sample with the same number density of galaxies.

The key remaining question is how effectively do HI and optical redshift surveys

sample the available geometrical volume and how does this translate into an error

on the dark energy equation of state parameter? The effective survey volume varies

substantially between HI surveys of different duration and for different assumptions

about the split between atomic and molecular hydrogen. However, at least for the

case of a cosmological constant, these differences occur in a redshift range which

has little impact on the derived error on the equation of state. We find that HI

surveys are comparable to the most ambitious near-infrared spectroscopic surveys

currently under discussion, and will give a factor of two smaller error on w than

a slitless H-α redshift survey; all are bone fide Stage IV experiments in the Dark

Energy Task Force nomenclature (Albrecht et al. 2006). The uncertainty in the

ratio of molecular to atomic hydrogen is one of the major unknowns at present, and

leads to larger differences in the predicted counts of HI emitters than the choice of

galaxy formation model. The fraction of molecular hydrogen is thought to depend

upon the local conditions in the interstellar medium. This question requires further

modelling (e.g. Krumholz, McKee & Tumlinson 2009), augmented by observations

of the HI and CO distribution in nearby galaxies, for example by HI surveys on

the SKA pathfinder MeerKAT and CO measurements using the Atacama Large

Millimeter/submillimeter Array (Wootten 2008).

In Chapter 5, We studied the contamination due to undetected galaxies expected

in CMB maps from Planck satellite. One of the most important process in the CMB

data analysis that the cleaning up of the microwave maps in order to make the CMB
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maps as accurate as possible to permit robust constraints on the cosmological pa-

rameters. Negrello et al. (2007) predicted the angular power spectrum of intensity

fluctuation for the HFI instrument of Planck (353GHz, 527GHz, and 857GHz) us-

ing the physical model for the formation and evolution of galaxies of Granato et

al. (2004) and an assumption for two-point correlation function of the unresolved

galaxies. We use the predictions from combining GALFORM semi-analytic model

with GRASIL dust reprocessing model. To study the effect of clustering at small

separation scale, large l, we transplanted galaxies into the Millennium dark matter

simulation to directly calculate the two-point correlation function.

We derive flux intensity fluctuation < fν >
2 wf(θ) using Limber’s small angle

approximation to predict the unresolved galaxies contribution to foreground con-

tamination of the CMB map. The galaxy dust emission properties are predicted

by combining GALFORM semi-analytic model with the dust reprocessing model

GRASIL. The galaxies predicted by combining GALFORM with GRASIL model

explain many observational results very well (Granato et al. 2000; Baugh et al.

2005; Le Delliou et al. 2005 and 2006; Lacey et al. 2008; Orsi et al. 2008; Lacey et

al. 2010). We use a Monte-Carlo method to populate the dark matter haloes of

the Millennium simulation with our model galaxies. Using these catalogues we cal-

culate the flux weighted correlation function of the dust emission at each redshift.

We then integrate over redshift to predict the angular flux correlation function and

power spectrum.

The two point correlation functions predicted from an analytic calculation and

our direct calculation using an N-body catalogue differ at comoving separations of

less than r ∼ 5Mpc/h, corresponding to the 1 halo term, at all redshifts. The pre-

dicted luminosity density of the unresolved galaxies in the Planck frequency bands

increases up to redshift around 5 and decreases from z∼5 to z=10. The amplitudes

of the luminosity densities increases as a function of frequency at each redshifts.

The predicted value of effective biases at redshift lower than 0.5 are less than 1.

The overall trend for undetected galaxies is for the effective bias to monotonically

increase as a function of redshift. The predicted effective bias at redshift 4 is ∼
4, that is the clustering of undetected galaxies in the Planck wavebands is 16∼20
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times higher than that of the dark matter. The amplitudes of the angular correlation

function of intensity fluctuation at small angular scale (large multipole number) in

the angular power spectrum from the N-body catalogue is significantly higher than

in the analytic calculation.

The main results of Chapter 5 is the prediction that undetected galaxies con-

tribute significantly to the CMB spectrum in some bands. This depends critically

on the use of an N-body simulation to predict the small scale clustering, which is

more accurate than previous calculations in the literature. This prediction will be

used as a template of the foreground fluctuations by the Planck team to include in

their modelling in order to statistically separate this foreground from the primordial

CMB.

The GALFMORM semi-analytical galaxy formation mocks are a powerful tool

with which to interpret future galaxy surveys. The models predict the star forma-

tion and galaxy merger history of each galaxy, allowing us to calculate the spectral

energy distribution from the galaxy’s composite stellar population. Further work

includes the contribution of mock catalogues for the ASKAP (Australian Square

Kilometre Array Pathfinder) survey WALLABY (Widefield ASKAP L-band Legacy

All-Sky Blind surveY) including H2/HI ratio prescriptions as described in Chapter 4

and CO component prescription for each model galaxy. This will allow us to explore

the connection between galaxies sampled by surveys conducted at different wave-

lengths. We will be able to explore the environmental dependence of gas content

and star formation rate, providing important new constraints on galaxy formation

models. Currently, satellite-satellite mergers are implemented in a crude way by

post processing the GALFORM output. The model discussed in Chapter 3 uses the

ratio MH/Msat to set the probability of a merger and tidal disruption, but does not

take into account when the satellite fell into the main halo, or its orbit. Therefore,

I will extend the GALFORM code for the satellite-satellite galaxy mergers which

discussed in Chapter 3.
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