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ABSTRACT

Baryon acoustic oscillations (BAOs) are used to obtain precision measure-

ments of cosmological parameters from large-scale surveys. While robust against

most systematics, there are certain theoretical uncertainties that can affect BAO

and galaxy clustering measurements. In this thesis I use data from the Sloan Dig-

ital Sky Survey (SDSS) to measure cosmological parameters and use N-body and

smoothed-particle hydrodynamic (SPH) simulations to measure the effect of the-

oretical uncertainties by using halo occupation distributions (HODs).

I investigate the effect of galaxy bias on BAO measurements by creating mock

galaxy catalogs from large N-body simulations at z = 1. I find that there is no ad-

ditional shift in the acoustic scale (0.10%±0.10%) for the less biased HODs (b < 3)

and a mild shift (0.79% ± 0.31%) for the highly biased HODs (b > 3). I present

the methodology and implementation of the simple one-step reconstruction tech-

nique introduced by Eisenstein et al. (2007a) to biased tracers in N-body simula-

tion. Reconstruction reduces the errorbars on the acoustic scale measurement by

a factor of 1.5 − 2, and removes any additional shift due to galaxy bias for all

HODs (0.07%± 0.15%) .

Padmanabhan et al. (2012) and Xu et al. (2012) use this reconstruction tech-

nique in the SDSS DR7 data to measure DV (z = 0.35)(rfid
s /rs) = 1356 ± 25 Mpc.

Here I use this measurement in combination with measurements from the cos-

mic microwave background and the supernovae legacy survey to measure var-

ious cosmological parameters. I find the data consistent with the ΛCDM Uni-

verse with a flat geometry. In particular, I measure H0 = 69.8 ± 1.2 km/s/Mpc,

w = 0.97 ± 0.17, ΩK = −0.004 ± 0.005 in the ΛCDM, wCDM, and oCDM models

respectively.



12

Next, I measure the effect of large-scale (5 Mpc) halo environment density on

the HOD by using an SPH simulation at z = 0, 0.35, 0.5, 0.75, 1.0. I do not find any

significant dependence of the HOD on the halo environment density for different

galaxy mass thresholds, red and blue galaxies, and at different redshifts. I use

the MultiDark N-body simualtion to measure the possible effect of environment

density on the galaxy correlation function ξ(r). I find that environment density

enhances ξ(r) by ∼ 3% at scales of 1 − 20h−1Mpc at z = 0 and up to ∼ 12% at

0.3h−1Mpc and ∼ 8% at 1− 4h−1Mpc for z = 1.



13

CHAPTER 1

INTRODUCTION

The night sky has fascinated humans for millennia. From using the motion of the

moon to create the lunar calendar to trying to predict the future based on astro-

nomical events, from understanding the structure and motion of the planets and

galaxies to influencing philosophies, the “heavens” have played an enormous

part in shaping human history and thought. We have used the motion of planets,

stars, galaxies, and even light through the cosmos to understand ideas as com-

plex as general relativity and inform philosophical questions such as “What is our

place in the Universe?” For centuries, humans have tried to meticulously explore

and understand the Universe, only limited by technological prowess. Therefore,

astronomy as a scientific field lay in wait for technology to provide us the tools to

examine the Universe beyond our eyes. Our exploration via telescopes and the

full electromagnetic spectrum have ushered in an era of unprecedented knowl-

edge from the Universe. Within a short century, we have discovered objects that

truly confound and stretch the limits of human imagination. We have discovered

that our galaxy is just one of billions galaxies, each with billions of stars of differ-

ent sizes and masses. Understanding the large-scale structure and evolution of

the Universe has helped us challenge and inform theories about the nature of the

forces that govern our existence.

This sub-field of astronomy devoted to understanding the Universe on the

grandest of scales in space and time is called cosmology. We seek to answer

questions such as: How big is the Universe? Did the Universe have a beginning?

Has it been evolving? What is the future? The answer to these questions starts

with a simple, yet profound observation: the night sky is dark. This statement,
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commonly referred to as Olbers Paradox, is important because if the Universe is

infinite, static, and infinitely old, then the night sky cannot be dark. The paradox

stems from the fact that since such a Universe is infinite in time and space, every

line of sight has to lead to a star. This would make the sky as bright as the surface

of the stars. This is clearly not the case, hence the paradox. The first proposed

solution to this paradox was that the Universe is not finite in space or time. While

there have been other theories that claim to explain this paradox within the infi-

nite, static Universe, the paradox gives us a great starting point to understanding

the large-scale structure and evolution of the Universe.

In the 1920’s Edwin Hubble discovered that the galaxies on average were

moving away from our own galaxy,and that the recession speed depended on

how far the galaxy was from us (Hubble, 1929). This is now known as “Hubble’s

Law”: v = H0D, where v is the recession speed of the galaxy, D is the distance

of the galaxy, and H0 is the Hubble Constant, which is also interpreted as the

expansion rate of the Universe. This observation was one of the first direct ob-

servational evidence for the “Big Bang” model of the Universe. This model states

that the Universe began with a “bang” and evolved and expanded from a hot mix

of energy leading to the creation of subatomic particles, which coalesced to form

atoms, stars, galaxies, and the structure we see today, as the Universe expanded

and cooled down. Over the years, several different types of data and observations

have supported this theory including the observations of the cosmic microwave

background (CMB).

The most confounding and perplexing aspect of the expansion of the Universe

was not discovered until the late 1990s. Two teams (Riess et al., 1998; Perlmut-

ter et al., 1999) sought to measure the history of the expansion of the Universe

using the brightness of Type Ia supernovae. They found that these supernovae
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were less bright than expected if the Universe was expansion of the Universe was

slowing down. If we take gravity as the only large-scale force in the Universe,

then one expects the expansion of the Universe to slow down over time, since

matter will pull everything closer. However, the fact the the supernovae were

less bright, or dimmer, than expected meant that the expansion of the Universe

was not slowing down, but was instead accelerating! The cause of this acceler-

ated, called “dark energy”, has remained an open question and one of the biggest

mysteries in cosmology today.

Einstein’s theory of general relativity provides some clues to understanding

the nature of dark energy and the accelerated expansion of the Universe. When

Einstein applied his equations of general relativity to a homogeneous matter-

filled Universe, he found it incompatible with a static Universe. In order to rec-

oncile his two assumptions, he introduced the famous “cosmological term” now

known as the “cosmological constant Λ”. The nature of this addition was to act

as repulsive gravity and thereby countering the attractive gravitational force of

matter. However, with the discovery of an expanding Universe by Edwin Hub-

ble, Einstein retracted the cosmological constant claiming it to be the greatest

blunder of his life. Ironically, this cosmological constant is now considered to be

one of the theories that best explains the acceleration of the Universe.

To study the effects of various components of the Universe on its expansion,

let us consider the first law of thermodynamics in the comoving coordinate sys-

tem, i.e. the coordinate system that expands with the Hubble expansion of the

Universe. The first law states:

dU = −pdV (1.1)

where dU is the differential energy causing a change in volume of dV by applying

pressure p. In our comoving coordinate space, we can express the volume as
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V = a3 = (1 + z)−3, where a = (1 + z)−1 is the scale factor of the Universe and z is

the redshift. We can define the equation-of-state parameter w as the ratio of the

pressure p to the energy density u = U/V :

w(z) ≡ p(z)

u(z)
. (1.2)

Then assuming that the equation-of-state parameter w(z) is constant and in-

dependent of redshift, from Eq. (1.1) and Eq. (1.2), we get:

u(z)

u(z = 0)
= (1 + z)3(1+w). (1.3)

For matter (w = 0) and radiation (w = 1
3
), this gives us the familiar result that the

energy density scales as (1 + z)3 and (1 + z)4, respectively. We can interpret dark

energy as an energy component that is constant in space and time, making it an

intrinsic property of space-time. The main key to understanding the Universe in

modern cosmology is to measure the value ofw for dark energy. From Eq. (1.3) we

see that w = −1 leads to a constant energy density that directly applies negative

pressure to space-time. Thus, w = −1 is the cosmological constant introduced by

Einstein.

1.1 Observational Probes of Dark Energy

To understand the nature of dark energy and to test if dark energy can indeed be

explained by a cosmological constant, we can map the expansion history of the

Universe. By precisely measuring how the Universe has been expanding over

time, we can measure the densities of matter, radiation, dark energy, and distin-

guish between different models for dark energy. We define the densities of each

component with respect to the critical density required for a flat spatial geometry:

ρcrit =
3H2

0

8πG
. (1.4)



17

If we let a be the scale factor of the Universe, then the Hubble parameter

measuring the rate of expansion of the Universe is defined to be: H(z) ≡ ȧ/a.

Using the Friedmann equation, we can express the Hubble parameter in terms of

the energy densities of various components of the Universe as:

H2(z)

H2
0

= Ωr(1 + z)4 + Ωm(1 + z)3 + ΩK(1 + z)2 + ΩDE
uDE(z)

uDE(z = 0)
, (1.5)

where H(z) is the Hubble constant at redshift z, H0 is the Hubble constant at the

present time (z = 0), and Ωx = ρx/ρcrit is the present-day (z = 0) density of com-

ponent x in terms of the critical density given in Eq. (1.4). The subscripts r,m,K,

and DE refer to radiation, matter, curvature, and dark energy respectively. Here,

we have used the general case, where the energy density of dark energy uDE can

change with time. In the case of the cosmological constant Λ, where w = −1, we

see that uDE(z) is constant and therefore ΩDE = ΩΛ. Let us explore how we can

measure these different parameters via different observational probes.

1.1.1 Cosmic Microwave Background Radiation

The cosmic microwave background (CMB) is often described as the relic radi-

ation from the Big Bang. In the early epoch after the Big Bang, the Universe

was very hot and radiation dominated the energy density of the Universe, as

can be seen from Eq. (1.5). The radiation was energetic enough to keep the Uni-

verse ionized and therefore the mean free path of photons was short, and the

Universe was opaque. As the Universe expanded, the temperature dropped as

T ∝ (1 + z), the Universe cooled enough to allow protons and electrons to form

atoms such as hydrogen, helium, and trace amounts of lithium and beryllium.

Once the Universe went from being ionized to neutral, the mean free path of the

photons became much longer and this is the radiation we see as the cosmic mi-

crowave background. It is important to note that the photons from this radiation
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were last scattered at the end of the epoch of recombination, and therefore these

photons contain information of the surface of last scattering, when the Universe

was still very young (z ∼ 1100) (Bennett et al., 2003; Jarosik et al., 2011).

Penzias & Wilson (1965) detected the CMB as excess radiation in their radio

receiver. Upon further examination, they found that this radiation was constant

in direction and could be well described by a blackbody with T ∼ 3K. More ex-

periments to precisely measure the CMB such as COBE (COsmic Background Ex-

plorer), WMAP (Wilkinson Microwave Anisotropic Probe), ACT (Atacama Cos-

mology Telescope), SPT (South Pole Telescope), Planck spacecraft, etc have pre-

cisely measured the CMB temperature. They have found that the CMB tempera-

ture is constant to 1 part in 100,000. The small variations in the temperature can

be explained by differences in the density of matter in the early Universe. There

exists a simple relationship to map the changes in the temperatures to the density

field in the early Universe. Suppose we have an area with slightly more matter

and therefore a slightly stronger gravitational potential dφ than the rest of the

Universe. Then the photons in that area will lose a bit more energy to climb out

of its gravitational well. At the same time, due to the higher density, time runs

slowly in this region and hence the photons have not cooled down as much as the

rest of the Universe. While both of these are competing effects, they only depend

on the gravitational potential of the region in question. We can form a simple

relation between the gravitational potential of the region and the observed tem-

perature of the CMB from that region. This is given as follows:

dT

T
= −1

3

dφ

c2
. (1.6)

Thus, we see that in the CMB, the colder spots correspond to regions of higher

gravitational potential, i.e. regions of higher density. We can precisely measure

these fluctuations in the CMB by taking the power spectrum of the CMB fluctua-
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tions. The CMB power spectrum is dominated by the acoustic features. The am-

plitude, position, and relative peaks of these fluctuations give us measurements

on the matter density (Ωm), curvature of the Universe (ΩK), and the baryon den-

sity (Ωb).

1.1.2 Formation of the Baryon Acoustic Oscillations

To understand why we have these acoustic features and their scale, let us go back

to the the pre-ionized Universe. In this era, we have a baryon-photon fluid with

the Universe dominated by radiation and later, by matter. Suppose we have a

single overdense region in this baryon-photon fluid, then the additional gravity

will pull matter and radiation into the overdensity. At the same time, the photons

will exert radiation pressure on the baryons driving a pressure wave of baryons

and photons outward. This wave is essentially a sound wave traveling outward

from the initial density at the speed of sound, cs defined as:

c2
s =

∂p/∂T

∂ρ/∂T
=
c2

3

4Ωr

4Ωr + 3Ωb

. (1.7)

We see that in the radiation-dominated Universe, the sound speed peaks at

c/
√

3 and therefore the sound waves are relativistic. While the baryons are carried

outward by the radiation pressure of the photons, the dark matter, interacting

only gravitationally, remains at the center. The dark matter continues to pull

on the outgoing wave while the radiation pressure drives this wave outward.

Once the Universe cools down allowing protons and electrons to form atoms,

the photons decouple from the baryons and stream away freely. This leaves the

baryons in a spherical shell around the initial overdensity. This radius of the

spherical shell is a characteristic scale known as the sound horizon or the acoustic

scale and is given by:

rs =

∫ t∗

0

cs(t)

a(t)
dt =

∫ ∞
z∗

cs(z)

H(z)
dz (1.8)
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where t∗ and z∗ are the time and redshift of recombination. Using the measured

values of parameters from Eq. (1.5), we compute this scale to be rs ∼ 150 comov-

ing Mpc.

While we have so far only considered a single overdensity, the same physics

principles apply for an ensemble of distributed overdensities. The different sound

waves from each overdensity will interfere with each other producing construc-

tive or destructive patterns. Taken as a whole, we see this pattern in the CMB

power spectrum as a damped harmonic series, which I referred to earlier as the

acoustic peaks. A characteristic scale translates to a harmonic series in Fourier

space. Ideally, the harmonic series would continue to arbitrarily small scales

(or high wavenumber k). However, since the mean free path of the photons is

non-zero due to Thompson scattering, the photons wash out structure on small

scales or large k. This process is known as Silk damping (Silk, 1968). This diffu-

sion scale is determined by the composition of the photon-baryon plasma and is

∼ 8h−1Mpc. Silk damping prevents any structure in the baryons to form within

this scale and therefore sets an intrinsic width of the acoustic scale of ∼ 8h−1Mpc

and analogously the dampening of the harmonic series below this scale.

1.1.3 Observing the BAO: A Standard Ruler

The physics of the formation of the BAO leave a small (∼ 1%) matter excess

around the initial dark matter overdensity at the scale of ∼ 150 Mpc (Sakharov,

1967; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970; Bond & Efstathiou, 1984;

Hu & White, 1996; Hu et al., 1997; Eisenstein & Hu, 1998; Hu & Dodelson, 2002).

This excess of matter acts as seeds for formation of dark matter halos that grav-

itationally attract more baryons leading to the formation of galaxies. We expect

to find more galaxies separated by this characteristic BAO scale of ∼ 150 Mpc

(Hu & White, 1996; Eisenstein & Hu, 1998; Meiksin et al., 1999). We see that the
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BAO scale is imprinted in the density field of matter, which can be traced by ob-

serving the clustering of galaxies. To do this, we have large galaxy surveys such

as the Sloan Digital Sky Survey (SDSS), 6-degree Field Galaxy Survey (6dFGS),

WiggleZ Dark Energy Survey, and planned on-going and future surveys such

as Euclid Consortium, Hobby-Eberly Telescope Dark Energy Experiment (HET-

DEX), Large Synoptic Survey Telescope (LSST), etc (see Weinberg et al. (2013) for

more information and references).

These surveys measure the positions of galaxies at different redshifts, thereby

measuring the clustering of galaxies at different periods in time. There are two

essential measurements that connect these galaxy surveys to cosmological mea-

surements. The first is to statistically and accurately measure the signature of the

BAO in the clustering of galaxies and second, to use this BAO measurement to

obtain a distance-redshift relationship. By doing so, we can create a map of dis-

tance to redshift, measuring the evolution of the Universe and then we can apply

various cosmological models to obtain measurements of the different parameters

mentioned in the previous sections (Tegmark, 1997; Goldberg & Strauss, 1998;

Eisenstein & Hu, 1998; Efstathiou & Bond, 1999). In this thesis, I use numerical

simulations to predict the effect of different physical processes that can bias the

clustering measurements, and I use the BAO measurement from SDSS survey,

and other cosmological data to compute various cosmological parameters.

Let us now take a look at how we can obtain a measurement of the BAO signal

from the clustering of galaxies. To measure the clustering of galaxies, we typically

use the correlation function ξ(r) or the power spectrum P (k). The correlation

function measures the excess probability of finding a pair of galaxies separated

by distance r compared to a random distribution. The power spectrum measures

the power (amplitude squared) of the distribution of galaxies at a wavenumber
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k. The correlation function and power spectrum are Fourier transforms of each

other. For most people, it is easier to think in terms of the correlation function and

hence it is easier to derive intuition by working in correlation space. The power

spectrum is particularly useful when one wants to quantify effects on large-scale

structure observations on a mode-by-mode basis, i.e. measuring the effect at each

wavenumber k. Since each mode or wavenumber in the power spectrum is inde-

pendent of the rest, the power spectrum presents a powerful tool to understand-

ing the result of effects on the large-scale structure of the Universe. In this thesis,

I use both the power spectrum and the correlation function, depending on what

the goal is.

The formal definition of the correlation function is given by:

ξ(~r) = 〈δ(~r0)δ(~r0 + ~r)〉, (1.9)

where δ(~r0) is the fractional overdensity at position r0. Ideally, we would like to

average over different realizations of the Universe at a fixed r0. Since we only

have one Universe, this is not possible and we invoke the homogeneity of the

Universe on large scales. We assume that averaging over different realizations

at fixed r0 is the same as averaging over different positions (r0) in our Universe.

The matter in the Universe is dominated by dark matter, which we cannot directly

observe using photons. Instead, what we observe are galaxies and their positions,

and we can then infer the underlying density field based on the distribution of

galaxies. Since the BAO scale is very large (∼ 150 Mpc), we need a very large-

volume galaxy survey, such as the SDSS, to precisely measure the BAO scale.

Then, the way to determine the correlation function using positions of galaxies is

by calculating the number of pairs of galaxies separated by distance r compared

to the number of pairs expected from a random distribution. The estimator that

is widely used for this calculation was first proposed by Landy & Szalay (1993)



23

as

ξ(r) =
DD − 2DR +RR

RR
, (1.10)

where DD is the number of data-data pairs, DR is the number of data-random

pairs, and RR is the number of random-random pairs. Using this Landy-Szalay

estimator, we can directly measure the correlation function given the positions of

galaxies. From this estimator, we see that if the Universe has an entirely random

distribution then the correlation function will be 0, which is what we expect on

the largest of scales. This is one of the ways to confirm the homogeneity of the

Universe on large scales. However, on scales where the structure is not random,

scales such as smaller scales of galaxies and halos (up to few tens of Mpc), we

expect and measure the correlation function to be greater than zero. From the

physics of the BAO, we expect that there would be more pairs at the BAO scale,

and therefore we would expect bump in the correlation function at scales of∼ 150

Mpc. By fitting a model to the correlation function using the BAO scale as a pa-

rameter, we can accurately measure the BAO scale and then derive cosmological

information using this scale.

Because the BAO scale is imprinted in the matter density in the early Uni-

verse, it provides a robust “standard ruler” to measure distances (Eisenstein et al.,

2007b; Seo et al., 2008; Padmanabhan et al., 2009; Seo et al., 2010). Assume we

have a meter stick held some distance away from us. We can calculate exactly

the angle subtended by the meter stick depending on how far it is from us. Con-

versely, if we measure this angle, we can accurately calculate how far the meter

stick is from us. This is the basic idea behind the concept of a standard ruler.

Since we know the intrinsic scale of the BAO, and using the correlation function

of galaxies (from Eq. 1.10), we can then accurately measure the distance to the
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galaxies at redshift z and obtain the angular diameter distance DA(z):

DA(z) =
r⊥

(1 + z)∆θ
=

c

1 + z

∫ z

0

dz′

H(z′)
, (1.11)

where r⊥ is the intrinsic BAO scale and ∆θ is the measured angular size. This

method measures the BAO scale in the plane of the sky. The BAO is a spheri-

cal feature and thus, we can also measure its scale in the line-of-sight direction,

which is orthogonal to the plane of the sky. In that case, we measure the Hubble

parameter H(z) as:

H(z) =
c∆z

r‖
, (1.12)

where r‖is the BAO scale and c∆z is the measured BAO scale in the line-of-sight

direction. In theory, the line-of-sight scale (r‖) and the transverse scale (r⊥) should

be the same. This is the BAO scale rs = r⊥ = r‖ as measured in the CMB. To get

a better measurement, we can take the spherically averaged correlation function,

averaging over two transverse directions and one line-of-sight direction, to mea-

sure the spherically averaged distance DV (z) defined as:

DV (z) =

[
czD2

A(z)

H(z)

]1/3

(1.13)

Note that DV (z) contains two powers of the transverse distance scale DA(z) (for

the two orthogonal directions in the plane of the sky) and one power of the radial

distance H(z) for the one direction along the line-of-sight, perpendicular to the

plane of the sky. From Equations 1.11 - 1.13, we can measure the Hubble param-

eter H(z). Different galaxy surveys measure galaxies at different redshifts and

therefore, we can measure H(z) a different redshifts and calculate various cos-

mological parameters from Eq. (1.5). The BAO scale and distance DV was first

successfully measured using the SDSS galaxy survey by Eisenstein et al. (2005).

Since then, there have been several surveys that have measured DV using the
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BAO. We present one such work using the SDSS Data Release 7 data in §3 and

discuss the cosmological implications of those measurements in detail.

1.1.4 Supernovae and Direct H0 Measurements

Just as BAO provide us with a standard ruler, Type Ia supernovae serve as “stan-

dard candles” and similarly help measure cosmological parameters. This was the

basis of the Nobel-prize-winning work of Riess et al. (1998) and Perlmutter et al.

(1999). Both these groups measured the distances to different supernovae to build

a distance-redshift relationship and conclude that the expansion of the Universe

was indeed accelerating. Type Ia supernovae occur when the cores white dwarfs

explode as they approach the Chandrasekhar limit (1.4M�). The peak luminosity

of the white dwarf is highly correlated with the time it takes for the luminosity

to decline from the peak. By measuring the peak luminosity and the decline, one

can standardize the intrinsic luminosity of Type Ia supernovae and using them

as standard candles (see Weinberg et al. (2013) for review and further references).

The concept of a standard candle is similar to that of a standard ruler. Assume

you have a bright light bulb. If you know how bright the light bulb is supposed

to be, then by measuring the apparent brightness, we can calculate the distance

of the light bulb. We can do a similar calculation for the supernovae and obtain

their luminosity distance

DL(z) =

√
L

4πF
= (1 + z)

∫ z

0

cdz′

H(z′)
, (1.14)

whereL is the intrinsic luminosity and F is the observed flux. As there are several

supernovae distributed at different redshifts z, we can measure the luminosity as

a function of z and relate that to measurements ofH(z) and measure cosmological

parameters.

The current Hubble parameter, H0, is just a measure of how fast the Universe
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is expanding right now. This is exactly what Edwin Hubble computed in his work

in 1929 by measuring the relationship between galaxies’ recession speed and dis-

tance from Earth (Hubble, 1929). Riess et al. (2009) used a similar method to

directly measure the Hubble parameter H0 by measuring the distance-recession

speed relationship on nearby galaxies. We use the results from that paper to mea-

sure other cosmological parameters for various cosmological models as detailed

in §3.

1.2 Sources of Errors for BAO Measurements

The BAO signal being on a large scale (∼ 150 Mpc) lends itself to high precision

measurement without many systematic errors. The main challenge arises from

statistical errors. In order to get a precise measurement of the BAO scale, we

need a survey with a large volume, specially since the statistical uncertainty in the

measurement is inversely proportional to the square-root of the survey-volume.

However, there are a few important sources of errors that need to be addressed.

There are two main theoretical errors that are discussed in detail in this thesis (see

§2): galaxy bias, and non-linear structure growth.

1.2.1 Galaxy Bias and Non-Linear Structure

The BAO scale is imprinted into the matter distribution of the early Universe. We

measure the matter density by observing the light from galaxies. The matter den-

sity is dominated by dark matter, which we cannot observe. Thus, we are forced

to use galaxies as tracers of the underlying dark matter distribution. From large-

scale structure formation theories we know that galaxies only form in regions of

high density, so the galaxies are a biased tracer of the matter density. This effect

is known as galaxy bias (Padmanabhan & White, 2008). On large scales (tens of

Mpc) galaxy bias shows up as an offset in the correlation function and the power
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spectrum. On smaller scales, this effect can vary with scale because of the nature

of non-linear structure formation. Padmanabhan et al. (2009) provided a theoret-

ical model for estimating the effect of galaxy bias on BAO measurements. In §2

we use large N-body simulations to model galaxy catalogs with different galaxy

bias and precisely measure their effect on the BAO measurements.

In order to isolate the effect of galaxy bias, it is important to understand

the other dominant contributor to theoretical uncertainty - non-linear structure

growth. As mentioned before, the BAO signal is imprinted in the early Uni-

verse. The initial overdensities in the early Universe are very small as seen by

the minute (1 part in 100,000) temperature fluctuations seen in the CMB. As

the Universe grows, these small overdensities accrete matter graviationally and

grow mostly independently from each other. As more and more matter falls into

the overdensities, these regions start to gravitationalally tug on each other. This

means that the overdensities are no longer growing independently and we start

to see effects due to this non-linear structure growth. Since gravity is a 1/r2 force,

this coupling between different overdensities predominantly occurs on small (up

to to a few Mpc) scales keeping the BAO scale fairly unaffected (Seo et al., 2008,

2010; Noh et al., 2009). In the era of precision cosmological measurements, we

need to understand the any effect that can affect our measurements even at the

1% or lower level.

This complicated gravitational attraction between overdensities in the Uni-

verse affect the BAO signal in two majors ways: shifting the BAO scale and

broadening the BAO peak. The BAO signal is an excess in galaxies separated

by the characteristic scale and is measured as a bump in the correlation function.

If the overdensities, which host these galaxies, are jostled around, then the BAO

bump can move to a slightly different scale. The jostling can also shift the scale
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at which galaxies are paired, thereby broadening the bump and worsening our

measurement. Both of these effects make it harder to centroid the BAO peak and

lead us to a less precise measurement. Padmanabhan et al. (2009) make theoret-

ical predictions for the value of the shift in the BAO scale and the measurement

degradation due to non-linear structure formation. Seo et al. (2010) use the same

N-body simulations we use in §2 to measure the shift in the BAO scale at z = 0 to

about 0.3%.

Eisenstein et al. (2007a) introduced the method of reconstruction to model and

partially remove this effect of non-linear structure formation. The main idea of

this method can be thought of as attempting to run gravity backwards. We know

that gravity is the dominant force on the scales of non-linear structure formation

(tens of Mpc). By measuring the present-day density field and assuming lin-

ear perturbation theory, we can compute the large-scale velocity field and move

the galaxies back along the velocity vectors. This would, to first degree, reverse

the jostling of the overdensities due to gravity. We can expect the BAO peak

to be narrower and closer to its true location. In order to do this, we have to

smooth the density field on scales of ∼ 10 Mpc. This technique cannot remove

all the effects of non-linear structure growth. §2 (Mehta et al., 2011) provides a

detailed explanation of implementing reconstruction in N-body simulations, and

Padmanabhan et al. (2012) apply it to the SDSS DR7 data. We use the results from

Padmanabhan et al. (2012) in §3 to measure various cosmological parameters. §2

and Padmanabhan et al. (2012) show that reconstruction reduces the error on the

BAO measurement by a factor of ∼ 2. Since reconstruction correlates the final

density field to the initial density field to a much higher level, it also removes the

effect of galaxy bias. This is shown and discussed in further detail in §2.
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1.3 Simulating the Universe

N-body simulations have been a key part in analyzing the large-scale structure

of the Universe and studying various physical effects affecting measurements as

described in the previous section. The main difference between N-body simu-

lations and real observations is that the simulations are run with dark matter

particles only, i.e. solely using gravitational physics and no input of gas and

hydrodynamic (baryonic) physics. We measure the dark matter density field in

these simulations and we need a way to match this density field to the expected

distribution of galaxies. One of the most popular methods of matching galaxy

population to the simulated matter density field is by using the halo occupation

distribution (HOD). The HOD is a probabilistic model to assign galaxies to a dark

matter halo depending on properties of the halo (Jing et al., 1998; Seljak, 2000; Ma

& Fry, 2000; Peacock & Smith, 2000; Scoccimarro et al., 2001; White et al., 2001;

Berlind & Weinberg, 2002; Zheng et al., 2005). In §2 we used different HOD mod-

els to create mock galaxy catalogs to the measure the effects of galaxy bias on

BAO measurements. In such cases, the HOD model is assumed to only depend

on the mass of the halo. Intuitively, this is the most dominant relationship for

an HOD model; the higher the dark matter halo mass, the more galaxies one ex-

pects to find in the halo. However, there are other halo properties that can affect

the distribution of galaxies within a halo (Zheng et al., 2007). It is important to

make sure we can understand these effects, measure their influence on large-scale

structure measurements such as the correlation function and the power spectrum.

The goal of many cosmology simulations is to obtain a large volume (≥ 1h−3

Gpc3) simulation with galaxy and stellar formation, and feedback physics. Such a

simulation would be very computationally intensive, and by today’s technology,

would take far too long to run even on large supercomputers. Thus, we use
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smaller volume (∼ 100h3Mpc−3) simulations that include these baryonic physics

to precisely measure the HOD and various effects on the HOD. Then, we can

input the HOD model into our N-body simulations to measure various large-

scale structure parameters. In §4, we explain various physical processes that can

potentially affect the HOD model and explore in detail the effect of ∼ 5 Mpc

scale halo environment density on the HOD. We use hydrodynamic simulations

described in Simha et al. (2014) to measure the halo environment density and

correlate it to the population of central and satellite galaxies. While we do not

find a significant trend of HOD dependence on halo environment density within

our errorbars, we then measure the limit of the effect such a dependence could

have on the large-scale (up to 20h−1Mpc) correlation function.
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CHAPTER 2

GALAXY BIAS AND ITS EFFECTS ON THE BARYON ACOUSTIC OSCILLATIONS

MEASUREMENTS

The baryon acoustic oscillation (BAO) feature in the clustering of matter in the

universe serves as a robust standard ruler and hence can be used to map the

expansion history of the universe. We use high force resolution simulations to

analyze the effects of galaxy bias on the measurements of the BAO signal. We ap-

ply a variety of Halo Occupation Distributions (HODs) and produce biased mass

tracers to mimic different galaxy populations. We investigate whether galaxy bias

changes the non-linear shifts on the acoustic scale relative to the underlying dark

matter distribution presented by Seo et al. (2010). For the less biased HOD models

(b < 3), we do not detect any shift in the acoustic scale relative to the no-bias case,

typically 0.10% ± 0.10%. However, the most biased HOD models (b > 3) show

a shift at moderate significance (0.79% ± 0.31% for the most extreme case). We

test the one-step reconstruction technique introduced by Eisenstein et al. (2007a)

in the case of realistic galaxy bias and shot noise. The reconstruction scheme in-

creases the correlation between the initial and final (z = 1) density fields achiev-

ing an equivalent level of correlation at nearly twice the wavenumber after recon-

struction. Reconstruction reduces the shifts and errors on the shifts. We find that

after reconstruction the shifts from the galaxy cases and the dark matter case are

consistent with each other and with no shift. The 1σ systematic errors on the dis-

tance measurements inferred from our BAO measurements with various HODs

after reconstruction are about 0.07%− 0.15%.
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2.1 Introduction

Baryon acoustic oscillations (BAOs) are the impressions of acoustic waves in the

hot plasma of the early universe onto the matter distribution. The acoustic waves

were imprinted onto the large-scale baryon distribution once the photons and

baryons decoupled after recombination with a characteristic wavelength of about

150 Mpc. This characteristic or acoustic scale is the distance traveled by the sound

waves before recombination and is known as the “sound horizon scale”, which

has also been measured in the Cosmic Microwave Background (CMB) to be about

one degree. Since galaxies form in overdense regions of the universe, they are

preferentially separated by this acoustic scale. The acoustic scale can therefore

be used as an excellent standard ruler. More recently, the BAO scale has been

measured in large scale surveys as a peak in the correlation function ξ(r) or as

a damped harmonic series in the power spectrum P (k) (Eisenstein et al., 2005;

Cole et al., 2005; Hütsi, 2006; Tegmark et al., 2006; Percival et al., 2007; Blake et al.,

2007; Padmanabhan et al., 2007; Okumura et al., 2008; Gaztanaga & Cabre, 2008;

Gaztañaga et al., 2009; Estrada et al., 2009; Sánchez et al., 2009; Percival et al.,

2010; Kazin et al., 2010). Due to its robust nature, there has been growing interest

in using the BAOs as a powerful probe of dark energy. BAO measurements have

become a key component of many dark energy surveys, both current and future.

The systematic errors on measurements of the acoustic scale are dominated

by non-linear structure growth at small scales and low redshift and by redshift-

space distortions. Non-linear effects broaden and shift the peak in the correlation

function. Hence, it is harder to centroid the peak and obtain precise and accurate

measurements of the location of the peak. Redshift distortions further dampen

the BAO signal along the line of sight. The largest dark energy surveys plan to

measure the acoustic scale to the 0.1%− 0.2% level. While most of the growth on
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BAO scales (≈ 150 Mpc) is still linear, to achieve percent and sub-percent level ac-

curacy, it becomes imperative to understand and model the shift and systematic

errors caused by non-linear effects. There has been an increasing effort in under-

standing the effects of non-linear growth and non-linear gravitational flows in or-

der to model them for surveys. Most of the modeling has been done using dark

matter simulations that do not incorporate the effects of observing galaxies as

mass tracers (Meiksin et al., 1999; Seo & Eisenstein, 2005; Eisenstein et al., 2007a;

Springel et al., 2006; Seo et al., 2008; Angulo et al., 2008; Nishimichi et al., 2009;

Takahashi et al., 2009; Seo et al., 2010). Angulo et al. (2008) used semi-analytic

models to populate their dark matter halos with galaxy populations (also see

Sánchez et al. (2008)). However, their high resolution simulation covered a vol-

ume of 2.41h−3 Gpc3. The precision of BAO measurements is proportional to the

volume used. In order to simulate real surveys we want to use several tens of

h−3 Gpc3. In our simulations, we use a variety of galaxy prescriptions but with a

volume almost 20 times larger simulation, and explore the effects of reconstruc-

tion on the BAO signal.

Redshift surveys observe galaxies and not the underlying matter distribution.

It is well known that galaxies form in the high density regions of dark matter

halos. Thereby using galaxies as mass tracers introduces an inherent bias into

any survey by over-weighting the overdense regions and under-weighting the

underdense regions. Padmanabhan et al. (2009) use perturbation theory to show

that we should expect the shift on the acoustic scale to be less than a percent even

with the presence of galaxy bias. In order to measure this effect precisely, we

need to run simulations with the effects of galaxy bias. While Seo et al. (2008,

2010) show the shift in the acoustic scale due to nonlinear structure growth and

redshift distortions, here we include the effect of galaxy bias in our highest res-
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olution simulation set. In this work, we use a set of high resolution simulations

with various Halo Occupation Distributions (HODs) to model the galaxy popu-

lations expected to be measured by various surveys (Zheng et al., 2007, 2009). We

investigate the effects of galaxy bias on the acoustic scale for each case. We com-

pare our results with galaxy bias to the results from Seo et al. (2010), who used

all dark matter particles to trace the matter density field (hence, no galaxy bias).

Eisenstein et al. (2007a) presents a simple, one-step reconstruction technique

to account for the effects of large-scale gravitational bulk flows that degrade the

acoustic signal. This method has been proved to be successful for dark-matter

simulations even for non-negligible shot noise levels (Eisenstein et al., 2007a; Seo

et al., 2008, 2010; Noh et al., 2009). Huff et al. (2007) look at the effect of galaxy

bias on reconstruction on a smaller volume (1.1 h−3 Gpc3). In this paper, we use a

much larger volume of 44 h−3 Gpc3 to investigate the effect of galaxy bias on the

technique of reconstruction.

In § 4.2 we describe the simulations, the Halo Occupation Distributions, fitting

methods and the reconstruction technique. We introduce the propagator and an-

alyze the effects of galaxy bias and reconstruction on it in § 2.3. Next, we compute

the acoustic scale and investigate the effects of galaxy bias on the acoustic scale in

§ 2.4. We also scompare our results to the Fisher Matrix estimates using the code

provided by Seo & Eisenstein (2007) and to the dark matter only analysis of Seo

et al. (2010). We summarize our results in § 2.5.

2.2 Simulations & Methods

2.2.1 Simulations and Code

We generate high force resolution N-body simulations using the ABACUS code.

The ABACUS code uses a new method to compute N-body forces for periodic
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boundary conditions by computing the force on a particle from the rest of the

simulation and an infinite sum of periodic images. The force on a particle is

calculated by dividing the simulation into near field and far field. The near field

force is computed by a directO(N2) method with a gravitational softening length

of 0.0488h−1 Mpc. The far-field force is computed by summing the forces result-

ing from the multipole expansion of the mass distribution within a grid of distant

cells, aided by a cyclic convolution to speed the calculation.

We assume concordance cosmology consistent with the WMAP5+SN+BAO

results (Komatsu et al., 2009): Ωm = 0.279, ΩΛ = 0.721, h = 0.701, Ωb = 0.0462,

ns = 0.96, σ8 = 0.817. We used 2nd order Lagrangian perturbation theory (2LPT)

based IC code by Sirko (2005) to generate the initial conditions. In particular, we

use linear theory density field at z =∞ and use 2LPT code to generate the density

field at z = 50. The initial (z = ∞) density field is computed by back-evolving

the z = 0 output from CMBFAST assuming a matter dominated universe. When

we compare our results to the initial density field, we always use the initial linear

theory density field. We evolve the density fields from z = 50 to z = 1 using the

ABACUS code and calculate the spherically averaged power spectrum in both

real space and redshift space. We generate 44 simulations each containing 10243

particles in a 1h−1 Gpc box giving us a total volume of 44h−3 Gpc3. The resolution

of our simulations gives us a particle mass of 7.2 × 1010h−1M�. Note that this is

the same simulation set as G1024 set presented in Seo et al. (2010). Figure 2.1

shows the effects of structure evolution on the baryon acoustic oscillations in the

power spectrum at z = 1. In this figure, the power spectrum is divided by the

no-wiggle power spectrum Pnwl(k), which is the matter density power spectrum

without the BAO harmonic features (Eisenstein & Hu, 1998). We see two distinct

harmonic acoustic peaks before the acoustic oscillations get erased by non-linear



36

structure growth on small scales.

2.2.2 Halo Occupation Distributions (HODs)

Perturbation theory explains how overdensities in matter grow while dark mat-

ter simulations help us better understand non-linear effects. In real surveys, of

course, we do not observe the dark matter particles but galaxies residing in dark

matter halos. We assume that the galaxy population are tracers of the underly-

ing dark matter distribution. Since galaxies form in the highest density regions

of dark matter halos, they represent a biased version of the matter density. It is

critical that we understand how biased tracers of the matter distribution affects

the acoustic scale. To examine the effects of galaxy populations, we generated

various Halo Occupation Distributions (HODs) and applied them to our simu-

lations (Peacock & Smith, 2000; Berlind & Weinberg, 2002). The HOD models

allow us to use various mass tracers (galaxy populations) to study the acoustic

scale. To generate the HODs, we use a simple Friends-of-Friends (FoF) program

(Davis et al., 1985) to identify collapsed dark matter halos with a linking length

of bFoF = 0.16. We populate each halo with a central and satellite galaxies using

the following formula:

Ng(M) =


0 if M < Mcen

1 + Poisson(M/Msat) if M > Mcen

(2.1)

where M is the halo mass, Mcen is the minimum mass needed to have a central

galaxy, Poisson(M/Msat) is an integer randomly chosen from a Poisson distri-

bution with mean M/Msat, and Msat is the minimum mass to have at least one

satellite galaxy (Guzik & Seljak, 2002; Berlind et al., 2003; Kravtsov et al., 2004;

Zheng et al., 2005). Note that P (M/Msat) = 0 for M < Msat. To test the effects of

various galaxy populations, we vary Mcen and Msat to generate 12 different HOD
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Figure 2.1 The average power spectrum from 44 simulations (HOD 1a, real space)

divided by the no wiggle power spectrum, P (k)/Pnwl(k). The no-wiggle power

spectrum represents the power spectrum without the BAO peaks Eisenstein &

Hu (1998). Thus, we clearly see the BAO peaks appear in the power spectrum.

We also start to see the increasing power on small scales (large k) as non-linear

growth starts to dominate. Plotted in the dashed line is the average power spec-

trum after reconstruction. We see that our reconstruction scheme reduces the

effect of non-linear structure formation on small scales and restores information

into the acoustic peaks. The dot-dashed line representes the linear power spec-

trum divided by the no-wiggle power spectrum.
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Table 2.1 Halo Occupation Distributions (HODs) and Their Properties.
Model Total Number Satellite Mcen Msat bias neff (h3 Mpc−3) neffP (k = 0.2 h Mpc−1)

of Galaxies Fraction (%)

HOD1a 2 × 106 0 1.37 · · · 1.75 1.14 × 10−3 2.59

HOD1b 2 × 106 5 1.37 0.92 1.79 1.10 × 10−3 2.59

HOD1c 2 × 106 10 1.37 0.44 1.82 1.05 × 10−3 2.58

HOD2a 1 × 106 0 2.52 · · · 1.98 6.79 × 10−4 1.97

HOD2b 1 × 106 5 2.59 1.52 2.03 6.37 × 10−4 1.93

HOD2c 1 × 106 10 2.74 0.74 2.08 5.80 × 10−4 1.86

HOD3a 3 × 105 0 6.19 · · · 2.46 2.67 × 10−4 1.20

HOD3b 3 × 105 5 6.41 3.06 2.52 2.45 × 10−4 1.15

HOD3c 3 × 105 10 6.70 1.48 2.58 2.23 × 10−4 1.09

HOD4a 1 × 105 0 14.40 · · · 3.17 9.10 × 10−5 0.68

HOD4b 1 × 105 5 14.80 5.98 3.23 8.22 × 10−5 0.63

HOD4c 1 × 105 10 15.48 2.88 3.29 7.51 × 10−5 0.60

a. Mcen is given in units of 1012 h−1M� and Msat in units of 1014 h−1M�.
b. σbias = σmass ∗D(z = 1)/D(z = 0) with σmass = 0.817.
c. neff is given by Eq. (2.22).

models whose properties and definitions are detailed in Table 2.1. By varying the

mass thresholds Mcen and Msat, we obtain HOD models with different number

of galaxies. For each central galaxy threshold, Mcen, we vary the satellite mass

threshold and then slightly adjust Mcen to give us the total number of galaxies:

2 × 106, 1 × 106, 3 × 105 and 1 × 105. The central galaxy is assigned the halo’s

center of mass position and velocity. We then randomly pick a corresponding

number of halo particles and assign their positions and velocities to the satellites.

Thus, each HOD identifies halos based on the mass threshold and replaces the

halo by a central galaxy and satellite galaxies (based on the satellite threshold)

and uses these galaxies for any analysis. We use the various HOD models as

biased tracers of the density fields and explore their effects on the acoustic scale.

Since we seek to understand the effects of various galaxy populations or HOD
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models, we use the “mass” case, where we do not apply any HOD, to be our base

case. A full analysis of the mass case is presented in Seo et al. (2010). The different

number densities corresponding to each HOD also allow us to explore the effect

of shot noise on the acoustic scale.

2.2.3 Power Spectra Fitting Methods

We compute the power spectrum for each of the 44 simulations following the

method used by Seo et al. (2008, 2010). We use χ2 analysis to fit the spherically

averaged power spectrum, Pobs, to the template power spectrum Pm(k):

Pobs = B(k)Pm(k/α) + A(k), (2.2)

where B(k) represents scale-dependent bias and redshift distortions; A(k) rep-

resents anomalous power such as shot noise and additive terms of non-linear

growth; and α represents the ratio of the linear acoustic scale to the measured

acoustic scale. Therefore, α − 1 measures the shift in the acoustic scale i.e. the

error in the distance inferred if one used Eq. (2.4) as the template. α > 1 implies

that the measured acoustic scale is shifted towards smaller scales or larger Fourier

wavenumbers. In this paper, we quote our shifts in the acoustic scale as α − 1 (%)

in percent. Our template power spectrum Pm(k) is constructed by modifying the

linear power spectrum. We use a nonlinear parameter ΣM that degrades the BAO

peaks in the linear power spectrum to account for nonlinear effects and redshift

distortions. The form of the template power spectrum is given by:

Pm(k) = [Plin(k)− Pnwl(k)] exp

(
−k2Σ2

M

2

)
+ Pnwl(k) (2.3)

where Plin(k) is the linear power spectrum and Pnwl(k) is the no-wiggle power

spectrum as described by Eisenstein & Hu (1998). Due to the large degree of

polynomials used to fit A(k) and B(k) (Eq. (2.4)), our results are not sensitive to
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our value of ΣM . We use the fiducial values for ΣM given by the Zel’dovich ap-

proximation: ΣM 5.3h Mpc−1 for real space and 7.0h Mpc−1 for redshift space. As

shown by Seo et al. (2008), the fitting results are not sensetive over a range of ΣM

values (∆ΣM = ±2h Mpc−1) due to the large degree of polynomials used to fit

A(k) and B(k). We use a 7th order polynomial for A(k) and a 2nd order polyno-

mial for B(k) for both real space and redshift space and fit over 40.02h Mpc−1 <

k < 0.35h Mpc−1:

A(k) = a0 + a1k + a2k
2 + ...+ a7k

7 and

B(k) = b0 + b1k + b2k
2. (2.4)

2.2.4 Resampling Simulations Method

In order to measure the scatter in α and therefore the scatter in the acoustic scale,

we use a modified bootstrap method. We generate 1000 subsamples by randomly

selecting M boxes without replacement out of a total of N simulations. We then

perform a χ2 fitting to get the best fit α for the individual subsamples and find

the mean α and the scatter. The scatter in the measured α’s is rescaled by a factor

of
√
M/(N −M) to reflect the scatter in the mean α. For our resampling method,

we have N = 44 and we choose M = 22 so that the rescaling factor is unity. To

analyze the scatter in α, we fit each simulation assuming a covariance matrix

of the power spectrum given by a Gaussian random field. This method reflects

any non-Gaussianity in the density field in the scatter in the best-fit α’s between

different simulations.

2.2.5 Reconstruction with HODs

Large-scale gravitational forces cause large scale velocity fields between the over-

densities. These velocity fields tend to broaden the acoustic peak and degrade
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the BAO measurement. We employ a simple reconstruction scheme introduced

by Eisenstein et al. (2007a). This reconstruction scheme is based on the Zel’dovich ap-

proximation and models the large scale velocity fields to attempt to restore the

BAO information and restore information about the initial linear density field.

In linear perturbation theory, we can estimate the displacements of mass par-

ticles based on the density perturbations using the Zel’dovich approximation.

With reconstruction, we estimate the bulk flows based on the large-scale infor-

mation of the observed nonlinear density field and undo the large scale velocity

fields to recover the portion of BAO that has been degraded. The Lagrangian

particle position ~r can be mapped to an Eulerian particle position ~x by the dis-

placement ~q:

~x = ~r + ~q. (2.5)

The density in Eulerian coordinates is transformed to the density in Lagrangian

coordinates through the Jacobian:

ρ0 d~r = ρ d~x (2.6)
ρ

ρ0

= 1 + δ =
d~r

d~x
= J−1 =

1

Det(δKij + ∂qi/∂rj)
(2.7)

where ρ0 is the Lagrangian density and is the same as the Eulerian mean density, δ

is the Eulerian overdensity, and δK is the Kronecker delta function. If we expand

the expression to linear order, it becomes:

δ = −∇ · ~q. (2.8)

In the linear regime growing mode in CDM cosmologies, ~q is a curl-free field.

Hence, we can define a scalar field φ such that:

~q = −∇φ. (2.9)
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In our reconstruction scheme, we are looking to undo large scale velocity flows

and thus we smooth the small-scale perturbations by using a Gaussian filter.

Thus, we enter only the large-scale information to derive the bulk flows. In our

analysis, we use a Gaussian smoothing width of R = 14h−1 Mpc to obtain the

real-space galaxy density field δreal in configuration space. Using Eq (2.8) and

Eq (2.9), we can express φ in terms of δreal as follows:

∇2φreal =
δreal

b
and (2.10)

φreal = −
∫

d3k

(2π)3

δ̃real

b

1

k2
ei
~k·~r (2.11)

where δ̃real is the real-space smoothed density field in Fourier space. While we

use Eq (2.11) to solve Eq (2.9) in Fourier space, it can also be easily solved in

configuration space as a central force problem. Hence, we call the displacement

field derived from solving Eq (2.9) the trivial displacement field ~q real
trivial, which is

given by:

∇ · ~q real
trivial = −δ

real

b
and therefore

~qreal
trivial = −∇φreal (2.12)

In real space, this trivial displacement field is the desired displacement field. In

our simulations, we displace the data points and the random points by the dis-

placement field ~q real
trivial. By displacing both the data and random points, we ensure

that the amplitude of the overdensities remains the same while removing the ef-

fects of the large scale velocity field.

In galaxy redshift surveys, the density field we observe is subject to redshift

distortions. We can relate the redshift-space density field δ̃red in Fourier space to
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that in real space as follows:

δ̃red = (1 + βµ2)δ̃real, (2.13)

where µ = kz/ |k| and z is the line-of-sight direction. We can then compute the

redshift-space scalar field φred from Eq (2.11) and Eq (2.13):

φred = −
∫

d3k

(2π)3

δ̃red

b

1

k2

1

1 + βµ2
ei
~k·~r. (2.14)

Note that φred is our estimate for the scalar field that generates the real-space

displacement. Next we relate φred to the redshift-space galaxy density field:

∇ · ~q red
trivial = −δ

red

b
= −

(
∇2 + β

∂2

∂z2

)
φred (2.15)

= −∇ ·
(
∇φred + βẑ

∂φred

∂z

)
.

It follows from Eq (2.16), that ~q red
trivial can be expressed as:

~q red
trivial = −∇φ red + βẑ

∂φred

∂z
. (2.16)

From Eq (2.16), we can relate ~q red
trivial to ~q real

trivial as follows:

~q red
trivial, z = (1 + β)~q real

trivial, z, (2.17)

~q red
trivial, x,y = ~q real

trivial, x,y,

where x and y are the directions orthogonal to the line-of-sight. Finally, we note

that the redshift-space displacement field is distorted along the z-direction and

hence we must modulate the field by a factor of 1+f in the z-direction, where f =

d lnD/d ln a is the logarithmic derivative of the growth function. The redshift-

space displacement field is then given by:
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~q red
z =

1 + f

1 + β
~q red

trivial; z, (2.18)

~q red
x,y = ~q red

trivial; x,y. (2.19)

Thus, in redshift space, we displace our data points and random points by the

displacement field ~q red given by Eq (2.19). In later sections, we demonstrate that

this simple reconstruction techniques improves the correlation between density

fields, reduces the measured shift in the acoustic scale and reduces the scatter

around the measured shift. We plan to explore the effects of moving the data and

random points by different amounts on reconstruction in future work.

2.3 Investigating the Correlation of Density Fields

2.3.1 Introduction to the Propagator

In linear perturbation theory, the Fourier modes grow independently of each

other, e.g., there is no mode-coupling. In this section, we test how close we are

to linear theory on a mode-by-mode basis. We look at the correlation of initial

and final (z = 1) density field for each mode via the propagator, which compares

the amount of the initial density field retained in each mode of the final density

field. We derive the propagator in the presence of galaxy bias and compare it to

the propagator for the mass case presented by Seo et al. (2010) to estimate the

additional BAO signal erased by galaxy bias.

G(k) =
1

b× Pinitial(k)

〈
δ̃initial(~k)

δ̃∗final(
~k)D(z =∞)

D(z = 1)(1 + βµ2)

〉
(2.20)

Here δinitial is the linear theory density field at z =∞, δfinal is the density field at

z = 1, D(z) is the growth function, Pinitial(k) is the power spectrum of the initial

density field, and b is the clustering bias for a given biased tracer.
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Figure 2.2 The correlation between the initial and final density field as described

by Eq. (2.20) for HOD 1a. The solid line represents real space while the dashed

line represents redshift space. We see that redshift distortions reduce the cor-

relation between the initial and final (z = 1) density fields. We are most in-

terested in the correlation between the density fields at BAO wavenumbers

(k ≈ 0.09− 0.2h Mpc−1).
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Matter growth is linear on large scales and hence we expect that the initial and

final density fields should be extremely correlated regardless of the mass tracer

used. In the absence of non-linear effects and galaxy bias, we expect perfect corre-

lation between low redshift and high redshift density fields which is represented

by G(k) = 1. Figure 2.2 shows the propagator, G(k) for real and redshift space

for HOD1a. From Figure 2.2, we note that at k ≈ 0.1 h Mpc−1, the wavenumber

around which most of the acoustic information is contained, both the real and

redshift space density fields are correlated extremely well with the initial density

field: G(k) ≥ 0.9. As expected, the non-linear effects and redshift distortions be-

come increasingly dominant at smaller scales causing the steep drop-off in the

propagator. We also see that the real space density field is correlated with the

initial density field up to to much smaller scales (larger k) than redshift space.

The correlation in redshift space is lower on large scales than real space due to

redshift distortions.

2.3.2 Effect of Galaxy Bias on the Propagator

We next use the HOD models from § 4.3.2 to evaluate impact of galaxy bias on

the recovery of the initial density field. By using the fact that the initial and final

densities must be correlated with G(k) = 1 at small k, we can derive the bias

for every HOD. In this paper, we use the real space G(k) to derive the bias. The

bias is reflected in the propagator as a multiplicative factor. If we force b = 1

in Eq. (2.20), then G(k) will converge to the bias at small wavenumber. We fit a

constant function to the real space propagator, G(k), for k < 0.08 h Mpc−1 to

compute the bias for each HOD.

For each HOD, we want to estimate the amount of noise increase due to bias

relevant to the signal. We define an effective number density (neff ) by Equa-

tion (2.22) and take any deviation from linear bias into account rather than merely
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using the shot noise. By definition, this also parametrizes the degree of the scale

dependence of the bias.

1

neff

= PHOD(k = 0.2 h Mpc−1) (2.21)

−bias2 × Plin(k = 0.2 h Mpc−1)

where Plin is the linear power spectrum and PHOD is the measured HOD power

spectrum. Table 2.1 gives the definitions, HOD parameters, biases, effective num-

ber density and neffP (k = 0.2h Mpc−1) for each HOD. From Table 2.1, we see that

we span a wide range of effective number densities (10−3− 10−4.1) and a range of

neffP (2.6− 0.6).

Since we are looking at effects of various HOD models, we calibrate our re-

sults against the mass case (no HOD), which along with three of the twelve HOD

models are shown in figure 2.3 for real space (upper panel) and redshift space

(lower panel). The three HOD models shown in figure 2.3 represent the spread in

the propagators for all HOD models and the other HOD models give very simi-

lar results. In real space, we see the G(k) plots for various HOD models are very

similar with each other. The propagators for different HOD models diverge from

each other at large k. We attribute this to shot noise which depends on the num-

ber density of each HOD. Hence, the effect of bias on the propagator in real space

is very small to the acoustic wavenumbers. In redshift space, the separation be-

tween the HOD models is more pronounced because of the Finger of God (FoG)

distortions in redshift space. Since different HOD models pick out halos at dif-

ferent mass thresholds, the FoG distortions are different for each HOD model.

However, we note that in both real and redshift space, the separation between

the HOD models at the acoustic wavenumbers is small.
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Figure 2.3 The propagator, G(k) for three HOD models and the mass case. The

top panel shows real space and the bottom panel shows redshift space. We see

that while redshift distortions reduce the correlation between the density fields,

they do not spread the individual HOD models from the mass case.



49

Figure 2.3 also shows the important result that the propagators for the HOD

models are very similar to the mass case. In fact, we see that the biased tracers

are slightly better than the mass case. This is consistent with a similar result

found by Noh et al. (2009). We can explain this effect as follows. The biased cases

replace the dark matter halo with a central galaxy and fewer and satellite galaxies.

The central galaxies have the same proper velocity as the center of mass of their

halo while the satellite galaxies have the proper velocity of the corresponding

dark matter particles. Therefore, the biased cases have experienced less random

motion than the mass case. Hence, the halos in the mass case are more extended

than in the biased case. In the mass case, we smear out the density field and erase

some of the correlation with the initial field compared to the biased cases. We see

that this effect is amplified in redshift space due to redshift distortions. While the

propagator results are consistent with our explanation, we do not rule out effects

of halo clustering as explored by Angulo et al. (2008).

2.3.3 Effect of Reconstruction on the Propagator

We next investigate how reconstruction affects the density correlations in both

real and redshift space. Figure 2.4 shows the comparison of the propagator with

and without reconstruction for 3 different HOD models and the mass case. We

see that reconstruction restores the correlation between the initial and final (z = 1)

density fields to larger wavenumber or smaller scales even for biased tracers with

a realistic level of shot noise. In fact for G(k) = 0.8 the wavenumber increases by

a factor of 1.5 - 2 in real space and redshift space. Reconstruction further spreads

out the HOD models, which is expected as the HOD models have different shot

noise levels. As reconstruction restores the correlation with the initial density

fields, we expect that reconstruction will help reduce the shifts in the BAO scale

and reduce the scatter on measured shifts. We discuss these effects of reconstruc-
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tion in the following section.

2.4 Effect of Galaxy Bias on the Acoustic Scale Measurement

2.4.1 The Acoustic Scale for Biased Tracers

In a measurement from a redshift survey, αwould be the ratio of the acoustic scale

in the fiducial cosmology to the measured scale. α = 1 means that the measured

acoustic scale is the same as that predicted by linear perturbation theory. In this

section, we investigate the effects of realistic galaxy bias on the mean α and the

scatter in α using the method described in § 2.2.4. The α calculated for each HOD

and the mass case are given in Table 2.2. Figure 2.5 plots the scatter in α as a

function of bias where b = 1 case is the mass case. Figure 2.6 plots the scatter in α

as a function of neffP whose values are given in Table 2.1.

For the mass case, Seo et al. (2010) used lower mass resolution but higher

volume simulations (set G576 in that paper) to compute the shift in the acoustic

scale and found a significant shift at z = 1: αmass−1(%) = 0.13±0.04 in real space

and 0.16 ± 0.06 in redshift space. However, the G576 simulations do not have

the mass resolution to sufficiently implement our HODs. Seo et al. (2010) use

another set of simulations with higher mass resolution (set G1024). In the G1024

set of simulations, they find a smaller, but statistically consistent shift, with larger

errors: αmass−1(%) = 0.11±0.16 for real space and 0.002±0.23 for redshift space.

In this paper, we will compare our results to the G1024 set of simulations from

Seo et al. (2010) to be consistent with the mass case. From Table 2.2, in real space,

the lower biased HOD models (b < 2.6, sets 1,2 and 3) are consistent with the

linear acoustic scale (α = 1) within the scatter set by the sample variance of our

simulations. Our highest mass HOD models (set HOD4’s) shows deviation from

α = 1: αHOD4c−1(%) = 0.57±0.32. We see a similar effect in redshift space, where
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Figure 2.4 The propagator G(k) for three HOD models and includes the effects

of reconstruction. The top panel shows real space and the bottom panel shows

redshift space. In both panels, the lines maintaining higher correlation at smaller

scales are for the cases after reconstruction. We see that in both real and redshift

space, reconstruction restores information on smaller scales.
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Table 2.2 α− 1 (%) values.
Model Real Space Real Space Redshift Space Redshift Space

(Theoretical) with Reconstruction (Theoretical) with Reconstruction

mass −0.11± 0.16 (0.15) −0.09± 0.10 (0.09) −0.01± 0.23 (0.21) −0.06± 0.11 (0.10)

HOD1a −0.10± 0.16 (0.16) −0.01± 0.12 (0.12) −0.05± 0.22 (0.22) −0.03± 0.13 (0.14)

HOD1b −0.08± 0.17 (0.16) +0.00± 0.12 (0.12) +0.10± 0.22 (0.22) +0.00± 0.13 (0.14)

HOD1c −0.11± 0.17 (0.17) +0.05± 0.12 (0.12) +0.04± 0.22 (0.22) −0.05± 0.13 (0.14)

HOD2a −0.09± 0.19 (0.17) −0.03± 0.12 (0.13) +0.10± 0.24 (0.23) −0.05± 0.13 (0.15)

HOD2b −0.07± 0.19 (0.18) −0.05± 0.12 (0.13) +0.14± 0.24 (0.24) −0.06± 0.13 (0.15)

HOD2c −0.16± 0.19 (0.18) −0.11± 0.12 (0.13) +0.04± 0.23 (0.24) −0.07± 0.13 (0.15)

HOD3a −0.06± 0.27 (0.20) −0.14± 0.17 (0.15) +0.26± 0.33 (0.27) −0.14± 0.18 (0.17)

HOD3b +0.07± 0.26 (0.20) −0.07± 0.17 (0.15) +0.39± 0.32 (0.27) −0.07± 0.18 (0.16)

HOD3c +0.06± 0.27 (0.20) −0.11± 0.17 (0.15) +0.42± 0.33 (0.27) −0.03± 0.18 (0.16)

HOD4a +0.42± 0.33 (0.25) −0.15± 0.20 (0.19) +0.62± 0.40 (0.33) −0.15± 0.21 (0.22)

HOD4b +0.41± 0.33 (0.25) −0.27± 0.20 (0.20) +0.69± 0.42 (0.33) −0.23± 0.21 (0.23)

HOD4c +0.57± 0.32 (0.26) −0.07± 0.19 (0.20) +0.79± 0.40 (0.34) −0.11± 0.20 (0.23)

a. Mass values taken from Seo et al. (2010).
b. The real and redshift space values given in the bracket are the theoretical Fisher matrix
predictions for the scatter in α (Seo & Eisenstein, 2007)

HOD sets 1 and 2 are consistent with linear theory (α = 1) and HOD sets 3 and

4 show more deviation from linear theory: αHOD4c − 1(%) = 0.79 ± 0.40. We also

note that for the biased tracers, the scatter in α increases with increasing bias, as

we are sampling rarer halos and thus shot noise becomes more dominant in the

highly biased cases. The scatter in real space ranges from 0.16% to 0.26% while in

redshift space, it ranges from 0.22% to 0.43%. Due to redshift distortions, we see

that the scatter in redshift space is greater than in real space.

However, once we apply reconstruction, we see that all the α values are con-

sistent with unity: αHOD4c − 1(%) = −0.07 ± 0.19 in real space and −0.11 ± 0.20

in redshift space. Another important difference between before and after recon-

struction is the scatter in α. We see that in all cases, the scatter in α is reduced
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Figure 2.5 Scatter in the α values as a function of bias. bias = 1 refers to the mass

case. The plot also shows the effective number density (neff) in units of h3 Mpc−3

for each HOD set. From the plot, we see that reconstruction dramatically reduces

the error in α for all HOD models in both real and redshift space. We note that,

the redshift space with reconstruction errors are very close to the real space with

reconstruction errors even for the highest biased case. This shows that recon-

struction works well for all biased tracers.
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Figure 2.6 Scatter in the α values as a function of neffP. From the plot, we see that

the scatter in α reduces as we go to higher neffP . Also, we see that reconstruction

reduces the scatter in alpha consistent with the results we found and with Fig. 2.5.
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by a factor of 1.5− 2 with reconstruction than without reconstruction in both real

and redshift space which is consistent with the propagators shown in § 2.3.3. This

confirms that even for biased tracers our reconstruction technique is restoring the

information and correlation between initial and final density field on the acous-

tic scale. This is because reconstruction corrects for the degradation of the BAO

signal due to large scale bulk flows and the mass and biased tracers bulk flows

only differ on small scales. From Figure 2.5, we see that the scatter around α is

significantly reduced in real space and in particular redshift space once we ap-

ply our simple reconstruction scheme. We also note that the redshift space with

reconstruction errors are very close to the real space with reconstruction errors.

We see this effect for all HOD models and hence all biased tracers. This shows

us that the reconstruction scheme is bias-independent to within the scatter set by

the sample variance of our simulations. We see a similar effect in Fig. 2.6 where

the scatter decreases as neffP increases and reconstruction reduces the scatter in

α.

2.4.2 Comparing αHOD and αmass

To better understand the effects of galaxy population bias on the acoustic scale,

we compare the shift in the acoustic scale (α − 1) to the shift from the mass case.

We make use of αHOD − 1(%) vs αmass − 1(%) plots. With such plots, not only can

we analyze how the shifts vary between each HOD, but we can also see how they

correlate with the mass case. In these plots, we plot every α − 1 value calculated

from the resampling method described above. We show one such plot of HOD 2a

vs mass in Figure 2.7. From the figure, we see that for both real space and redshift

space, there is a correlation between the shifts measured with the HOD models

and with the mass case. As expected, we see that redshift space has more scatter

than real space. However, we see that reconstruction not only constrains the
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Table 2.3 αHOD − α+
mass (%) values.

Model Real Space Real Space Redshift Space Redshift Space

with Reconstruction with Reconstruction

HOD1a +0.02± 0.08 +0.08± 0.05 +0.06± 0.09 +0.03± 0.06

HOD1b +0.00± 0.07 +0.05± 0.05 +0.05± 0.08 +0.01± 0.07

HOD1c +0.03± 0.07 +0.09± 0.06 +0.10± 0.08 +0.06± 0.07

HOD2a +0.02± 0.09 +0.06± 0.07 +0.11± 0.10 +0.01± 0.07

HOD2b −0.05± 0.09 −0.01± 0.07 +0.05± 0.11 −0.02± 0.08

HOD2c +0.04± 0.09 +0.04± 0.07 +0.15± 0.11 +0.00± 0.08

HOD3a +0.05± 0.14 −0.05± 0.12 +0.26± 0.18 −0.08± 0.12

HOD3b +0.18± 0.16 −0.01± 0.11 +0.43± 0.20 +0.03± 0.12

HOD3c +0.18± 0.14 −0.02± 0.12 +0.39± 0.18 −0.06± 0.12

HOD4a +0.53± 0.24 −0.06± 0.16 +0.63± 0.29 −0.09± 0.16

HOD4b +0.52± 0.25 −0.17± 0.16 +0.70± 0.31 −0.16± 0.17

HOD4c +0.69± 0.25 −0.03± 0.16 +0.79± 0.31 −0.05± 0.16

+ Mass values taken from Seo et al. (2010).

distribution and thereby reducing the scatter around the mean measured shift,

but it also increases the correlation between the HOD models and mass case.

2.4.3 Difference in Acoustic Scale: αHOD − αmass

In the previous section, we showed that there is a strong correlation between the

shifts measured from the biased tracers and those measured from the mass case.

This means that we can measure αHOD − αmass more precisely than αHOD alone.

This is useful because we can measure αmass more precisely using simulations

with poorer mass resolution. Seo et al. (2010) measured the acoustic scale at z = 1

in redshift space to be αmass − 1(%) = 0.158 ± 0.061 before reconstruction and

αmass−1(%) = 0.002±0.030 after reconstruction using the lower resolution, larger

volume simulation set (G576). Combining the sets of simulations and precisely

measuring αmass and αHOD − αmass allows us to determine αHOD.

The αHOD − αmass values are given in Table 2.3 and shown in Figure 2.8. From
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Figure 2.7 αHOD vs αmass plot for HOD 2a for real and redshift space, with and

without reconstruction. From such α − α plots, we can compare the α values

from the HOD models to the mass case. The crosses represent the mean α−1 and

the scatter around the mean.
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Figure 2.8 αHOD−αmass values for various HOD models corresponding to different

biases and different number densities. We see some evidence for a shift between

the most biased HODs and the mass case. However, we do not see this effect after

we apply reconstruction.
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Figure 2.9 αreal vs αredshift plot for HOD2a and the mass case, with and without

reconstruction. From such α − α plots, we can study the correlation between the

shifts derived from real and redshift space. The crosses represent the mean α− 1

and the scatter around the mean α.

the table and the figure, we see some deviation from zero difference for the high

biased cases which corresponds to low number density HOD models for both

real and redshift space. The difference in redshift space is slightly larger than in

real space: αHOD4c−αmass(%) = 0.69±0.24 in real space and 0.79±0.31 in redshift

space. However, the difference between the shifts from biased tracers and the

mass case, even for the highest biased cases, is about 2.7σ. We also note that the

scatter around the difference increases with increasing bias.

When we apply our reconstruction scheme, we see that there is no difference
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between the shifts measured by biased tracers and the mass case for both real and

redshift space: αHOD4c − αmass(%) = −0.03 ± 0.16 in real space and −0.05 ± 0.16

in redshift space for HOD4c. The difference between the shifts is consistent with

zero with errors ≤ 0.08% for HOD models 1 and 2. Equally important, we also

note that reconstruction reduces the scatter around the difference in the shifts by

a factor of 1.5 − 2 depending on the HOD model. Also, the scatter around the

difference in the shifts after reconstruction are the same for both real and redshift

space. This is consistent with our previous result that reconstruction accounts

for non linear structure formation and these flows for the biased cases and mass

tracers differ only at small scales.

2.4.4 Slopes of αHOD − 1 vs αmass − 1 Distribution

From Figure 2.7, we see that the αHOD and αmass values are correlated. In this

section, we investigate the slope of the αHOD − 1 vs αmass − 1 distribution. If the

HOD models and mass cases are perfectly correlated, then we expect the under-

lying slope to be unity. However, there are two effects than can lead to non-unity

slopes. First, if the shifts are slightly uncorrelated between the mass and HOD

models, we can see a non-unity slope. Second, even if the shifts are perfectly

correlated (underlying unity slope), a difference in the scatter around the mean

between the mass case and the HOD models can lead to a non-unity slope.

In Figure 2.7, we compute the slope by using a linear least squares fits. How-

ever, we know that this slope and the error for the slope are not correct since

the linear least squares method assumes that all the scatter is around the y-axis

variable, αHOD − 1. We test the statistical significance of a non-unity slope by

running multiple Monte-Carlo simulations with an underlying distribution with

unity slope. We then compare the results of the Monte-Carlo simulations to our

measurements. In detail, we use Monte Carlo simulations given by Eq. (2.22),



61

Table 2.4 Slopes of the αHOD vs αmass distribution.
Mass values at z = 1 Mass values at z =∞

HOD Measured Slope Monte Carlo Slope Measured Slope Monte Carlo Slope

Real Space

HOD1b 0.96 1.00± 0.06 1.07 1.00± 0.26

HOD2b 1.04 0.99± 0.09 1.02 1.00± 0.31

HOD3b 1.42 1.00± 0.15 0.89 1.02± 0.46

HOD4b 1.42 1.00± 0.24 0.71 0.98± 0.57

Real Space With Reconstruction

HOD1b 1.11 0.99± 0.09 0.99 1.00± 0.15

HOD2b 1.07 1.00± 0.12 0.98 1.00± 0.17

HOD3b 1.31 1.01± 0.21 0.91 1.02± 0.27

HOD4b 1.28 1.01± 0.27 0.98 0.99± 0.34

Redshift Space

HOD1b 0.88 1.00± 0.06 1.14 1.03± 0.35

HOD2b 0.91 1.00± 0.07 1.12 0.98± 0.39

HOD3b 1.15 1.00± 0.12 1.02 0.94± 0.57

HOD4b 1.22 1.00± 0.21 0.26 1.05± 0.79

Redshift Space With Reconstruction

HOD1b 1.14 1.00± 0.10 0.96 1.02± 0.19

HOD2b 1.08 1.00± 0.12 0.96 0.99± 0.19

HOD3b 1.31 1.01± 0.20 0.93 1.00± 0.28

HOD4b 1.28 1.01± 0.28 0.79 0.98± 0.38
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which has an underlying slope of unity to calculate the measured slope. Our

model is:

αmass,MC − 1 = Gaussian(µ = 0, σ = σmass),

αHOD,MC − 1 = αmass,MC + Gaussian(µ = 0, σ = σHOD−mass) (2.22)

where σmass is the scatter around αmass from Table 2.2 and σHOD−mass is the scatter

around αHOD−mass from Table 2.3. We use the same resampling method as used

for our simulations to generate 1000 subsamples by averaging over 22 randomly

selected values from 44 values for each subsample given by Eq. (2.22). In order to

compute the mean Monte Carlo slope and the scatter around this slope, we create

500 realizations of 1000 subsamples and use linear least squares fit. In Table 2.4,

we give the slopes for αHOD vs αmass distribution for αmass at z = 1 and z = ∞

for four different HOD models with the other HOD models giving very similar

results. We see that for both redshift space and real space, the low bias and high

number density HOD models (HODs 1 & 2) are all consistent with an underlying

slope of unity. At the high bias and low number density HOD models (HODs 3

& 4), we start to see some deviation from unity slope at the 1.5σ − 2.0σ level for

z = 1 mass values. However, with reconstruction, we see that all HOD models

are consistent with an underlying unity slope for both z = 1 and z = ∞ mass

values within 1σ.

2.4.5 Fisher Matrix Scatter Estimates

Seo & Eisenstein (2003, 2007) used Fisher matrix analyses to predict the scatter

in the acoustic scale available in surveys of a given number density and bias.

These models depend on certain assumptions, such as Gaussianity of the density

field up to a cut-off wavenumber, that we can check with N-body simulations.

Here we compare the scatter in the acoustic scale for our HOD models to those
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Table 2.5 Slopes for the αredshift vs αreal distribution.
Model No Reconstruction With Reconstruction

mass 1.30 1.00

HOD1a 1.19 1.08

HOD1b 1.18 1.10

HOD1c 1.21 1.08

HOD2a 1.17 1.01

HOD2b 1.15 1.04

HOD2c 1.13 1.00

HOD3a 1.17 1.04

HOD3b 1.14 1.05

HOD3c 1.16 1.03

HOD4a 1.18 1.05

HOD4b 1.19 1.01

HOD4c 1.20 1.02

predicted by the Fisher matrix model. The Fisher matrix code takes in the number

density (Eq (2.22)), σ8 (Table 2.1), Σ⊥, Σ‖ and β. For our cosmology, at z = 1,

Σ⊥ = 5.26 is the rms radial displacement across the line of sight and Σ‖ = 5.26

(real space) and 9.55 (redshift space) is the rms displacement along the line of

sight (Seo et al., 2010). When we apply reconstruction, we choose Σ⊥,Recon = Σ⊥/2

and Σ‖,Recon = Σ‖/2. We know that the N-body analysis tends to overestimate the

scatter in redshift spaec relative to the Fisher matrix code from Seo & Eisenstein

(2007) as shown by Takahashi et al. (2009) & Seo et al. (2010). This is because

in our N-body analysis we fit a spherically averaged power spectrum, we do

not optimally extract the two-dimensional information. Hence, we expect the

scatter around the acoustic scale from the N-body simulations to be a factor of
√

1.16 = 1.08 greater than the Fisher matrix estimates at z = 1.

Table 2.2 provides the α−1 results from our simulations and the Fisher matrix

estimates for the scatter are given in brackets. We see that for the low biased HOD

models (HODs 1 and 2), the scatter around the mean measured α is very close to
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the Fisher matrix estimates for real space and redshift space. For the high biased

HOD models (HODs 3 and 4), we see that the measured scatter is larger than

the the Fisher matrix estimates by 20%− 30%, which is more than expected. It is

unclear if the HOD sets 3 and 4 show larger scatter due to high bias or low neffP .

However, once we apply reconstruction, we have very good agreement between

the measured scatter and the Fisher matrix estimates for all HOD models.

2.4.6 Comparing αreal and αredshift

Since we measure galaxies in redshift space, we do not know the real-space posi-

tions or velocities of galaxies. In this section we see how well the shifts measured

from redshift space are correlated with real space values. We use the linear least

squares fit to compute the slopes of the distribution as done in § 2.4.2 and 2.4.4.

However, we know that not only are the shifts measured in real and redshift

space correlated, but the scatter around the shifts are also correlated. In Table 2.5,

we quote the linear least squares slopes for αredshift vs αreal distribution with and

without reconstruction. We expect a non-unity slope from for the distributions

since we know the scatter around the redshift-space values are larger than the

real space values. We see that this is true from the values in Table 2.5. We also see

that reconstruction decreases the slope towards unity. We expect this behavior

since reconstruction reduces the noise in redshift space that is uncorrelated with

real space and vice-versa. Figure 2.9 shows the αreal vs αredshift plot for HOD2a

and the mass case. From such plots, we can compare the shifts derived from real

and redshift space. We see that reconstruction increases the correlation between

real and redshift space and reduces the scatter for both sets of values. We also

see that the HOD and mass cases are very similar in their real and redshift space

correlation after reconstruction. The other HOD models give very similar results

as shown in Table 2.5.
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Figure 2.10 The effect of inputing a wrong bias in the reconstruction scheme. The

acoustic scale is not affected upto a 30% change in bias. We see moderate devia-

tions from the correct bias case for the 40% change in bias case.

2.4.7 Effects of Variations in Bias and Reconstruction Smoothing Scale

When we implement our reconstruction scheme outlined in § 2.2.5, we use a

smoothing scale of R = 14h−1 Mpc. We change the smoothing scale to R =

20h−1 Mpc and rerun our reconstruction scheme. We see no change in either α

or σα when we change the reconstruction smoothing scale. Thus, we see that re-

construction gives consistent answers over a range of smoothing scales. We also

do not see any differences in αHOD−αmass values when using the larger smoothing

scale for αHOD.
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To implement reconstruction, we need to estimate the value of the galaxy bias

for a survey. We explore the effects of inputing a wrong bias for calculating the

acoustic scale and reconstruction techniques. We use biases that are incorrect by

±10%,±20% and ±40%. The results are plotted in Figure 2.10. From the figure,

we see that changing the bias obviously does not affect the propagator before re-

construction. After reconstruction, the propagator is very close to the actual bias

case at the acoustic scale for ±10%. We see that the ±40% case shows moderate

deviation from the correct bias case. Thus, we conclude that our reconstruction

scheme is insensitive to a large range (up to ±30%) of incorrect input bias. From

future weak lensing and cluster surveys, we expect to know the amplitude of

matter clustering well enough for us to know the bias to less than 10%. Hence,

we expect this effect to be negligible.

2.5 Conclusion

We use high force resolution N-body simulations with a total volume of 44h−3 Gpc3

to analyze the effects of galaxy bias on the Baryon Acoustic Oscillation (BAO)

scale. In particular, we apply a variety of Halo Occupation Distributions (HODs)

to simulate galaxy populations and galaxy bias for upcoming dark energy sur-

veys. We use a variety of techniques to analyze the shift in the acoustic scale for

different galaxy populations and compare the derived shifts with the mass case

presented in Seo et al. (2010). We extend the simple reconstruction technique in-

troduced by Eisenstein et al. (2007a) to biased tracers and use it to remove effects

of large scale gravitational flows and thereby preserving the linear theory density

field.

We use the propagator to look at the damping of the BAO signal due to non-

linearities for different HOD models. We analyze our results in both real space
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and redshift space and apply reconstruction to both. We find that the damping

is more in redshift space compared to real space. We find that galaxy bias has

little effect on the propagator at BAO wavenumbers. In fact, the propagator for

even the highest biased cases are close to the mass case. Reconstruction restores

correlation between the initial and final density fields for both real space and

redshift space. Hence, reconstruction removes most of the degradation due to

non linear structure formation. We find that with reconstruction G(k) ≈ 0.9 for

k ≤ 0.3h Mpc−1 in real space and k ≤ 0.2h Mpc−1 in redshift space at z = 1. The

spread in HOD models after reconstruction can be accounted by the different

levels of shot noise and redshift distortions for each HOD.

We use our power spectrum fitting to measure the shift in the acoustic scale.

We detect a mild shift in the acoustic scale in real space for our high bias (b > 3)

HOD models. For the most biased HOD model, αHOD4c − 1(%) = 0.57 ± 0.32. In

redshift space, the low biased cases are consistent with no shift at 1σ while the

high biased cases show a shift less than the 2σ level: αHOD4c − 1(%) = 0.79± 0.40.

However, once we use reconstruction, we do not detect any shift for any HOD

in either real space or redshift space. Also, we see that reconstruction reduces

the scatter around the measured shift by a factor of 1.5 − 2. This confirms our

results from the propagator that reconstruction undoes the degradation to the

BAO signal caused by large scale bulk flows.

In addition to the shift in the acoustic scale, we also compare the shift to the

mass case. We look at the difference in the shift computed with the HOD models

and the mass case and look at the scatter around this difference. We see that for

the low biased HOD models, we see no difference between αHOD and αmass within

1σ: αHOD2b − αmass(%) = −0.05 ± 0.09 in real space and 0.05 ± 0.11 in redshift

space. The high biased HOD models show a difference at the 1.5 − 2.7σ level:



68

αHOD4c − αmass(%) = 0.69 ± 0.25 in real space and 0.79 ± 0.31 in redshift space.

Once we apply reconstruction, the difference between the shifts are consistent

with 0 within 1σ. Reconstruction also reduces the errors on the difference of the

shifts by a factor of 1.5 − 2 depending on the HOD model in real and redshift

space. In summary, the acoustic scale in redshift space matches that of linear

theory to within 0.08% for HOD models 1 & 2, 0.12% for HOD models 3 and

0.16% for HOD models 4.

We also test the correlation between the shifts measured with HODs and

without HODs using αHOD vs αmass plots and the slopes of these distributions.

From both these analyses we conclude that there is strong correlation between

the shifts. We also show that reconstruction not only reduces the scatter, but also

improves the correlation. With reconstruction, our results between shifts from

HOD models and the mass case consistent with an underlying slope of unity

within error bars. We use a similar method to analyze the correlation between

shifts from real space and redshift space. We find that, as expected, reconstruction

strengthens the correlation between real space and redshift space by accounting

for redshift distortions.

We use the Fisher matrix code by Seo & Eisenstein (2007) to compare the mea-

sured scatter around the acoustic shift to theoretical predictions. We find that for

the low biased HOD models (HODs 1 and 2), we have very good agreement be-

tween the measured scatter and the predicted scatter. For the high biased HOD

models (HODs 3 and 4) however, we find that the measured scatter is larger than

the predicted scatter by 20%−30%. However, after reconstruction, we have good

agreement between the measured and predicted scatter for all HOD models.

Finally, we look at effects of varying the reconstruction smoothing scale and

input galaxy bias. In our analysis, we have used a smoothing scale of 14h−1 Mpc.
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We increase that to 20h−1 Mpc and we do not find any significant differences in

the acoustic shift or the scatter around the shift. We considered the impact of

misestimation of the bias parameter in the reconstruction method. Varying by

10%, 20%, and 40%, we found mild degradation in the propagator only for the

largest case. We expect future surveys to know the bias to better than 10%, more

than adequate for reconstruction.

In conclusion, we investigate the effect of galaxy bias on the acoustic scale.

We find that the effect of galaxy bias in redshift space relative to the mass case

without reconstruction is about 0.1% for the low bias cases (b < 3), growing to

0.3% in the most extreme case. With our simple reconstruction scheme, this effect

is consistent with no shift with errors less than 0.08% for the low biased cases

and less than 0.16% for the high biased cases. Current surveys such as the Sloan

Digital Sky Survey (SDSS) III baryon oscillations spectroscopic survey (BOSS),

the WiggleZ dark energy survey, and the Hobby-Eberly telescope dark energy

experiment (HETDEX) will measure the acoustic peak to about 1%, 2.5%, and 2%

precision respectively. While our simulations probe the effects of galaxy bias at

higher redshift than current surveys, our results suggest that this effect will not

be noticeable in these surveys. However, future surveys such as BigBOSS, WFirst,

and Euclid will measure the acoustic scale to a precision close to the cosmic vari-

ance limit of about 0.1% out to z = 2 (Seo & Eisenstein, 2007). Our current error

bars are approaching these levels, but we plan to running more high resolution

simulations to lower redshifts with larger volumes in order to reduce our error

bars. Future work will also look at effects of cut-sky and non-periodic boundary

conditions on reconstruction.
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CHAPTER 3

COSMOLOGICAL MEASUREMENTS AND IMPLICATIONS OF THE SDSS DR7 2%

BAO DISTANCE MEASUREMENT TO z = 0.35

We use the 2% distance measurement from our reconstructed baryon acoustic

oscillations (BAOs) signature using the Sloan Digital Sky Survey (SDSS) Data Re-

lease 7 (DR7) Luminous Red Galaxies (LRGs) from Padmanabhan et al. and Xu

et al. combined with cosmic microwave background (CMB) data from Wilkinson

Microwave Anisotropy Probe (WMAP7) to measure parameters for various cos-

mological models. We find a 1.7% measurement of H0 = 69.8± 1.2 km s−1 Mpc−1

and a 5.0% measurement of Ωm = 0.280 ± 0.014 for a flat universe with a cosmo-

logical constant. These measurements of H0 and Ωm are robust against a range of

underlying models for the expansion history. We measure the dark energy equa-

tion of state parameter w = −0.97± 0.17, which is consistent with a cosmological

constant. If curvature is allowed to vary, we find that the Universe is consistent

with a flat geometry (ΩK = −0.004 ± 0.005). We also use a combination of the 6

Degree Field Galaxy Survey BAO data, WiggleZ Dark Energy Survey data, Type

Ia supernovae (SN) data, and a local measurement of the Hubble constant to ex-

plore cosmological models with more parameters. Finally, we explore the effect

of varying the energy density of relativistic particles on the measurement of H0.

3.1 Introduction

Since the discovery of the accelerated expansion of the Universe (Riess et al.,

1998; Perlmutter et al., 1999), there has been a growing interest to understand

the nature of dark energy and measure various cosmological parameters. This

understanding requires improved measurements of the expansion history of the
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Universe via the distance-redshift relation. In particular, baryon acoustic oscilla-

tions (BAO) have been widely used to study this relation by measuring cosmic

distances. The physics behind these oscillations is well understood (Sakharov,

1967; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970; Bond & Efstathiou, 1984,

1987; Hu & Sugiyama, 1996; Hu et al., 1997; Eisenstein & Hu, 1998; Hu & Do-

delson, 2002). In the pre-recombination era of the Universe, the baryons were

coupled to the photons in a hot plasma. Small overdensities in the underlying

dark matter distribution caused the baryons and photons to fall into the over-

densities due to gravity. As the plasma density grows, the radiation pressure

from the photons drive an acoustic wave of baryons and photons around the

original dark matter overdensity. As the Universe cools, the electrons and pro-

tons combine to form atoms, and the photons decouple from the baryons causing

the sound speed in the plasma to drop dramatically. This leaves the baryons in a

spherical shell around the initial overdensity. This shell has a characteristic scale

of about 150 Mpc, defined by the distance traveled by the acoustic wave in the

pre-recombination era, and its angular scale has been measured in the cosmic

microwave background (CMB) to be about 1◦ (Bennett et al., 2003; Jarosik et al.,

2011). Under the influence of gravity, these overdensities grow and form galaxies

imprinting the characteristic acoustic scale into the distribution of galaxies (Hu &

Sugiyama, 1996; Eisenstein & Hu, 1998; Meiksin et al., 1999). Thus, the BAO scale

can be used as a robust standard ruler in large galaxy surveys (Tegmark, 1997;

Goldberg & Strauss, 1998; Eisenstein et al., 1998; Efstathiou & Bond, 1999) with

an important application to the study of dark energy (Eisenstein, 2002; Blake &

Glazebrook, 2003; Hu & Haiman, 2003; Linder, 2003; Seo & Eisenstein, 2003). The

large physical size of this acoustic scale causes the standard ruler to be highly

accurate (Eisenstein et al., 2007b; Seo et al., 2008; Padmanabhan & White, 2009;
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Seo et al., 2010; Mehta et al., 2011).

The BAO signal was first measured in the SDSS LRG survey and the 2dF

Galaxy survey (Eisenstein et al., 2005; Cole et al., 2005) and has since been ob-

served in multiple surveys SDSS (Tegmark et al., 2006; Percival et al., 2007, 2010;

Kazin et al., 2010; Chuang et al., 2012), 6dF Galaxy Survey (Beutler et al., 2011),

and the WiggleZ Dark Energy Survey (Blake et al., 2010, 2011a,c). Weinberg et al.

(2012) provides an overall review of observational cosmology and discusses the

current state of the field in depth.

The acoustic scale hence gives us a measurement of the distance to a given

redshift. Padmanabhan et al. (2012) (hereafter P12) presents the BAO measure-

ments via the correlation function in the SDSS Luminous Red Galaxies (LRG)

Data Release 7 (DR7) dataset using the reconstruction technique first introduced

by Eisenstein et al. (2007a). Xu et al. (2012) (hereafter X12) describes a robust

methodology to measure the acoustic scale, which is heavily tested against the

LasDamas mock catalogs. Also shown in X12 are the results of the testing perfor-

mance of the reconstruction technique to improve the BAO measurement. The

reconstruction technique improves the distance measurement to z = 0.35 to a

1.9% measurement compared to a 3.5% measurement before reconstruction. We

show in this paper how this new measurement of the acoustic scale in SDSS helps

improve our measurements of the cosmological parameters over a wide range of

cosmological models.

The CMB angular acoustic scale gives us a distance measurement to the red-

shift at recombination that helps us break the degeneracy between Ωm and H0,

therefore precisely measuring the parameters in the flat ΛCDM or “vanilla” cos-

mological model. However, with higher dimensional models, we need to have

more distance measurements to break degeneracies between various cosmologi-
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cal parameters. We show how BAO data helps break these degeneracies by pro-

viding a second distance measurement at low redshift. We extend our redshift

range to lower redshifts by adding SN data.

The combination of degree-scale CMB anisotropy, large-scale structure, and

SN Ia data offers powerful constraints on cosmology and dark energy. Notable

early papers include Efstathiou et al. (2002), Percival et al. (2002), Spergel et al.

(2003), and Tegmark et al. (2004). With the discovery of the acoustic peak in

the large-scale clustering of galaxies, the results from the WMAP satellite, and

the construction of yet-larger supernova samples, these constraints have gotten

increasingly precise. Many papers have combined these data sets; some recent

examples include Komatsu et al. (2009), Hicken et al. (2009), Kazin et al. (2010),

Percival et al. (2010), Reid et al. (2010a), Blake et al. (2010), Komatsu et al. (2011),

Conley et al. (2011), Blake et al. (2011a), Wang et al. (2012), Beutler et al. (2011),

Seo et al. (2012), and Ho et al. (2012) (see Weinberg et al. (2012) for a longer dis-

cussion).

In this paper, we use the results of this reconstructed SDSS data in conjunction

with CMB measurements from the Seven-year Wilkinson Microwave Anisotropy

Probe (WMAP7) (Jarosik et al., 2011; Komatsu et al., 2011), Type Ia supernovae

(SN) measurements from the 3 year Supernovae Legacy Survey (SNLS) (Conley

et al., 2011), and direct measurement of the Hubble constant from the SH0ES

(Supernova, H0, for the Equation of State) project (Riess et al., 2011). To break

degeneracies between different parameters, we use additional BAO data from the

6dF Galaxy Survey (Beutler et al., 2011), the WiggleZ Dark Energy Survey (Blake

et al., 2011c), and SN data from the 3 year Supernova Legacy Survey (SNLS3) by

Conley et al. (2011).

We start with the concordance cosmological model, ΛCDM (which here de-
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notes a flat universe), and add other cosmological parameters to explore higher

dimensional models. We vary the curvature of the Universe, ΩK , and the con-

stant dark energy equation of state, w0 independently for the oCDM and wCDM

models respectively. For higher dimensionality, we vary both ΩK and w0 simul-

taneously in the owCDM model and in the w0waCDM model we assume a flat

universe but allow the dark energy equation of state parameter to vary in time.

We allow all three parameters: ΩK , w0, wa to vary in our most general model,

ow0waCDM.

In Section 3.2, we describe the Markov Chain Monte Carlo fitting and the

various datasets we used in this study. We introduce the results of the BAO data

and describe the cosmological implications in Section 3.3.1. In Sections 3.3.2 to

3.3.7, we show our results for various cosmological models. In Section 3.3.8 we

show the robustness of our measurements of Hubble constant and the matter

density over different models for the expansion history. Section 3.3.9 explores a

possibility to solve an apparent tension in the H0 measurement by varying the

energy density of relativistic species. We conclude with a summary of our results

in Section 3.4.

3.2 Methodology

In this paper, we use the reconstructed SDSS DR7 LRG results presented in P12

and X12 to measure cosmological parameters. We use a reconstruction technique

first introduced in Eisenstein et al. (2007a), to model and remove effects of non-

linear evolution of large scale structure and large scale velocity flows (redshift

space distortions). As shown in Mehta et al. (2011), this method can also be ap-

plied to biased tracers of the matter density distribution, such as LRG. This effect

was tested using N-body simulations (Noh et al., 2009; Mehta et al., 2011). As
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shown in P12 and X12, reconstruction improves the measurement on the acoustic

scale by about 40%. Therefore, in this paper we use the reconstructed BAO data

from SDSS DR7 (hereafter BAO) unless otherwise specified. In practice, the BAO

data measures the acoustic scale relative to some fiducial cosmology. This ratio

of the acoustic scales is defined to be α, which is given by

α =
DV /rs
Dfid
V /r

fid
s

(3.1)

whereDV is the spherically averaged distance scale to the pivot redshift,DV (z) =

(D2
A(z)cz/H(z))1/3, rs is the sound horizon scale, and “fid” stands for the values

in the fiducial cosmology WMAP7 (Komatsu et al., 2011): H0 = 70.2 km/s/Mpc,

Ωbh
2 = 0.02255,Ωm = 0.274, ns = 0.968, σ8 = 0.816. The sound horizon for our

fiducial cosmology is rfid
s = 152.76 Mpc. With reconstruction, we measure the

distance to z = 0.35 to be DV (z = 0.35)(rfid
s /rs) = 1356± 25 Mpc (See P12).

We use the Markov-Chain Monte Carlo code COSMOMC (http://cosmologist.

info/cosmomc/) to compute the constraints on the cosmological parameters

(Lewis & Bridle, 2002). The original BAO routine in COSMOMC was replaced in

order to use information from the probability distribution function of the BAO

peak location p(α) from the χ2 fitting described in X12. Using p(α), we estimate

the likelihood of the acoustic scale α that corresponds to the cosmological pa-

rameters at a given step in the Markov chain. After the Markov chains converge,

COSMOMC outputs the posterior probability distribution for each of the cosmo-

logical parameters, given the observations. Table 3.1 gives the mean values and

the RMS errors of the cosmological parameters for various cosmological models.

A relevant issue that is often overlooked is that the sound horizon rs has sev-

eral definitions in the literature. Its value depends on the definition of parame-

ters such as zdrag, the redshift at which the electrons are no longer dragged by the

photons due to Compton scattering. In this paper, we use the definition of zdrag

http://cosmologist.info/cosmomc/
http://cosmologist.info/cosmomc/
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proposed in Eisenstein & Hu (1998) (hereafter EH98, Eq. 4 - 6) to compute the

sound horizon, rs. The difference between the definition of rs used in this paper

and the implementation used in CAMB, is only a few percent for a wide range

in Ωm and Ωb. In Figure 3.1 we show the relative difference of rs/rfid
s between

the EH98 and CAMB definitions as a function of Ωmh
2 and Ωbh

2, and find that

the differences are negligible for our analysis. Thus the definition dependence

cancels out when computing α except for a small residual (' 0.1%) difference.

In our COSMOMC chains, we use the WMAP7 data (Komatsu et al., 2011)

as our base dataset defined as “CMB”. We then add our SDSS DR7 LRG recon-

structed BAO data (P12 and X12) to get the “CMB+BAO” dataset. We also in-

clude the other two latest BAO measurements from the 6-degree Field Galaxy

Survey (6dFGS) (Beutler et al., 2011) and the WiggleZ Dark Energy Survey (Blake

et al., 2011a). The combination of WMAP7 and all BAO datasets is denoted by

“CMB+AllBAO”. While the SDSS and 6dFGS provide single redshift points, the

WiggleZ survey measures BAO in three correlated redshift slices. We use all three

redshift slices in our code and use their covariance matrix to account for the co-

variant points. Conley et al. (2011) provide a covariance matrix analysis of Type

Ia supernova cosmology from the 3 year Supernovae Legacy Survey (SNLS3) ac-

companied by a COSMOMC module. We use their dataset and module in con-

junction with the WMAP7 to create the “CMB+SN” dataset and add to our SDSS

BAO data to create the “CMB+BAO+SN” dataset. Finally, we also use the direct

H0 measurement by Riess et al. (2011) and combine it with WMAP7, our SDSS

BAO, and SNLS3 dataset into the “CMB+BAO+H0+SN” dataset. In the next sec-

tion, we discuss the various cosmological parameters we measure using these

datasets and how adding various datasets help measure and constrain various

parameters in high dimensional cosmological models.
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Figure 3.1 Relative difference (in %) between the sound horizon scale

(rs/rfid
s )CAMB from CAMB and (rs/rfid

s )EH98 from EH98, for a given combination

of (Ωmh
2,Ωbh

2). Both definitions agree to within 0.2% level even for cosmologies

5σ away from the current WMAP7 constraints. Our fiducial cosmology with the

WMAP7 1-sigma errors are shown as the grey cross.
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3.3 Results

3.3.1 Cosmology with BAO Data

P12 applies reconstruction to the SDSS DR7 LRG BAO dataset and X12 shows the

robustness of our BAO measurements. After using reconstruction, we measure

DV (z = 0.35)(rfid
s /rs) = 1356 ± 25 Mpc and DV (z = 0.35)/rs = 8.88 ± 0.17 giving

us a 1.9% measurement of the distance to z = 0.35. We can combine our BAO

measurement with the measurements from 6dFGS (Beutler et al., 2011) (DV =

456± 27 Mpc to z = 0.106) and WiggleZ Dark Energy Survey (Blake et al., 2011c)

(DV = 2.23 ± 0.11 Gpc to z = 0.6) to make this BAO Hubble diagram. We have

combined the three correlated WiggleZ redshift slices into one data point in order

to show only uncorrelated points.

WMAP has measured the angular acoustic scale to about 0.1% and has mea-

sured the baryon density with enough precision that its contribution to the sound

horizon uncertainty is subdominant. Therefore, for any given value of Ωmh
2, we

have a precise prediction for the sound horizon. Given an exact statement of the

spatial curvature and w(z), here flat ΛCDM, only one value of Ωm (and hence

H0) will satisfy the angular acoustic scale. Hence, each value of Ωmh
2 makes

a unique prediction for DV (z)/rs. We plot this prediction in Figure 3.2 for the

best-fit value of Ωmh
2 = 0.1351 as the solid black line, and the 1-sigma range of

Ωmh
2 = 0.1351±0.0051 as the shaded region. This line is not a fit to the BAO data.

We see that the BAO data are a remarkable match to the WMAP7 ΛCDM pre-

diction. To focus on the residuals, in Figure 3.3, we normalize the data to the

WMAP7 best-fit model. Also plotted as the open square is the Percival et al.

(2010) BAO data point at z = 0.275. Again, we see that the BAO data are consis-

tent with ΛCDM. As in Figure 3.2, for any assumption of ΩK and w(z), WMAP7

predicts a region on this plot with the width set by the uncertainty in Ωmh
2. In this
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Figure 3.2 6dFGS, reconstructed SDSS DR7, and WiggleZ BAO data points. The

black line represents the ΛCDM prediction using WMAP7 data only (Komatsu

et al., 2011). The shaded gray region is the effect of varying Ωmh
2 within the 1σ

measurement errors of WMAP7. We see that the BAO data is consistent with the

ΛCDM cosmological model.
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figure, we explore the effects of varying the equation of state parameter, w and

the curvature of the Universe ΩK respectively. The red region corresponds to a

flat universe with w = −0.7, while the blue region corresponds to a universe with

a cosmological constant and ΩK = 0.01. Ωm is adjusted to keep the sound horizon

constant. From this figure, we see that changing w mostly changes the slope of

the line on this plot while a non-zero ΩK mostly changes the vertical offset. The

relative distance measure from comparing the flux of SN constrain only the slope

of the lines, while the BAO data can measure an absolute distance and hence the

vertical offset. This explains why SN data is more effective at constraining w,

while the BAO data is more effective at constraining ΩK . The Riess et al. (2011)

direct H0 measurement is also plotted in this figure assuming the fiducial sound

horizon value. While the sound horizon varies by about 1% within the WMAP7

results, this effect is subdominant to the quoted errors on H0. We explore the ap-

parent tension between the BAO measurement and the direct measurement ofH0

in Section 3.3.9.

Conventionally, the Hubble constant has been measured by building a dis-

tance ladder from local measurements out to measuring the cosmological Hubble

flow. Conversely, the CMB and BAO data build an inverse distance ladder start-

ing from a distance measurement at the recombination epoch. The CMB data pro-

vides an accurate measurement of the distance to the recombination redshift and

our BAO data provides a measurement of distance to z = 0.35, thereby building

an inverse distance ladder. The combination of these two datasets has the power

to distinguish between different cosmological models. The supernovae data ex-

trapolate the distance measurements to lower redshift and, therefore, precisely

measure the expansion of the Universe at z = 0, which is the Hubble constant,

H0. In the following sections we use a combination of these datasets to explore a
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Figure 3.3 Plot of DV /rs normalized by the fiducial value. The open square is the

Percival et al. (2010) BAO measurement. The black line is the WMAP7 ΛCDM

model, red line shows the effect of varying w and the blue line, the effect of vary-

ing ΩK . The shaded regions around these lines correspond to 1σ uncertainty in

Ωmh
2 around the WMAP7 measurement. We see that the BAO data has the power

to distinguish between various cosmological models. The H0 point is the direct

H0 measurement from Riess et al. (2011).
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variety of cosmological models, and we use the CMB+BAO+SN dataset to obtain

robust measurements of H0 and Ωm.

3.3.2 ΛCDM: The Vanilla Model

The WMAP7 measurements of the CMB give us very good measurements of the

various parameters in the “vanilla cosmology” model, also known as the ΛCDM

model. In the COSMOMC code, we vary the standard CDM parameters of mat-

ter and baryon densities (Ωm,Ωb), the primordial spectrum amplitude and slope

(ns), matter clustering amplitude (σ8), and the optical depth to reionization (τ ).

Adding BAO measurement to the WMAP7 results improves the measurement

of Ωm by about 40% and H0 by almost 30%. With reconstruction, we measure

Ωm = 0.280 ± 0.014 and H0 = 69.8 ± 1.2 km/s/Mpc giving us a 1.7% measure-

ment of the Hubble constant. Figure 3.4 shows the 68% and 95% confidence level

contours for H0 vs Ωm and we can see the improvement in these parameters by

adding the BAO data. Table 3.1 shows the values for Ωmh
2, Ωm, and H0 for vari-

ous cosmological models and the corresponding datasets used.

The acoustic standard ruler is calibrated by the WMAP measurement of Ωmh
2.

Komatsu et al. (2011) shows that allowing for a running spectral index, dns/d ln k

increases the errors on Ωmh
2. Thus, we explore the effects of varying the run-

ning spectral index, dns/d ln k with the CMB and CMB+BAO datasets. We note

that the nuisance parameters used in our BAO fitting techniques (X12) make our

measurement of DV /rs insensitive to the running spectral index. Table 3.2 shows

the effect of varying the running spectral index on cosmological parameters. We

see that the running spectral index is consistent with 0: dns/d ln k = −0.024±0.020

using the CMB+BAO dataset. We find that including this parameter in the case

of CMB data only, the Ωmh
2 measurements are degraded by a factor of 1.4 from

Ωmh
2 = 0.1341 ± 0.0056 to 0.1393 ± 0.0080. This corresponds to an increased un-
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Table 3.1 From top to bottom, the blocks correspond to the flat ΛCDM model (Sec-

tion 3.3.2), oCDM (Section 3.3.3), wCDM (Section 3.3.4), owCDM (Section 3.3.5),

w0waCDM (Section 3.3.6), and ow0waCDM (Section 3.3.7) respectively. The first

column shows the data set used in each case, whereas the rest of the columns

show the cosmological parameter values, with their uncertainties indicated in

parenthesis. Empty values correspond to the cases in which the parameter is

kept fixed to its fiducial value, i.e. ΩK = 0, w0 = −1, wa = 0.
Data Sets1 Ωmh2 Ωm H0 ΩK w0 wa

km/s/Mpc

CMB 0.1341(56) 0.268(29) 71.0(26) ... ... ...

CMB+BAO 0.1362(33) 0.280(14) 69.8(12) ... ... ...

CMB+BAO+SN 0.1349(33) 0.274(14) 70.2(12) ... ... ...

CMB 0.1344(55) 0.423(175) 60.0(123) -0.039(44) ... ...

CMB+BAO 0.1333(53) 0.278(15) 69.3(16) -0.004(5) ... ...

CMB+AllBAO 0.1326(50) 0.277(13) 69.2(14) -0.004(5) ... ...

CMB+SN 0.1324(51) 0.243(37) 74.6(58) 0.003(9) ... ...

CMB+BAO+SN 0.1323(50) 0.274(13) 69.6(16) -0.004(5) ... ...

CMB 0.1342(58) 0.263(118) 75.4(138) ... -1.12(41) ...

CMB+BAO 0.1349(57) 0.285(25) 69.0(39) ... -0.97(17) ...

CMB+AllBAO 0.1328(49) 0.287(19) 68.1(28) ... -0.92(13) ...

CMB+SN 0.1332(54) 0.254(23) 72.6(25) ... -1.04(7) ...

CMB+BAO+SN 0.1368(43) 0.271(14) 71.1(18) ... -1.05(8) ...

CMB+AllBAO 0.1321(51) 0.281(30) 68.9(39) -0.001(10) -0.97(24) ...

CMB+SN 0.1329(54) 0.257(51) 73.0(71) 0.002(16) -1.06(13) ...

CMB+BAO+SN 0.1336(52) 0.271(14) 70.3(19) -0.005(5) -1.08(8) ...

CMB+BAO+SN+H0 0.1352(51) 0.262(12) 71.8(16) -0.004(5) -1.10(8) ...

CMB+AllBAO 0.1340(49) 0.311(42) 66.1(47) ... -0.62(47) -0.88(122)

CMB+SN 0.1345(53) 0.242(24) 74.7(31) ... -0.87(18) -1.07(94)

CMB+BAO+SN 0.1377(57) 0.272(15) 71.2(19) ... -1.02(16) -0.26(82)

CMB+BAO+SN+H0 0.1385(55) 0.266(14) 72.2(16) ... -1.02(16) -0.40(85)

CMB+AllBAO 0.1327(50) 0.303(46) 66.7(51) -0.003(11) -0.66(47) -1.11(122)

CMB+BAO+SN 0.1346(53) 0.276(15) 69.9(19) -0.010(7) -0.90(16) -1.30(99)

CMB+BAO+SN+H0 0.1363(53) 0.267(13) 71.4(16) -0.008(6) -0.94(16) -1.23(102)

1 CMB = WMAP7, BAO = reconstructed SDSS DR7 LRG, SN = SNLS 3 year compilation, AllBAO
= reconstructed SDSS DR7 LRG + 6dFGS + WiggleZ, H0 = Riess et al. (2011) measurement of H0.
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Table 3.2 Cosmological parameter values for a non-zero running of the spec-

tral index in ΛCDM. As in Table 3.1, the first column indicates the dataset used,

whereas the rest of the columns indicate the measurements on the cosmological

parameters. For comparison, rows 2 and 4 are taken from Table 3.1.
Data Sets 1 ns dns/d ln k Ωmh2 Ωm H0

km/s/Mpc

CMB 0.929(40) -0.028(27) 0.1393(80) 0.305(51) 68.1(38)

CMB 0.968(14) ... 0.1341(56) 0.268(29) 71.0(26)

CMB+BAO 0.937(26) -0.024(20) 0.1372(36) 0.289(17) 69.0(14)

CMB+BAO 0.964(12) ... 0.1362(33) 0.280(14) 69.8(12)

1 CMB = WMAP7, BAO = reconstructed SDSS DR7 LRG.

certainty in the measurements of Ωm, H0, and the spectral index ns. Adding the

BAO data improves the measurement of Ωmh
2, Ωm, H0, and ns and are consistent

with the values with no running spectral index. We also note that the value of ns

is less than 1.0 in all cases which is expected by typical inflation models.

3.3.3 oCDM: Varying Spatial Curvature

The BAO measurements calibrate the acoustic scale at low redshifts to the high

redshift measurement from the CMB data. Therefore, the BAO accurately mea-

sures the curvature of the Universe (see Figure 3.3). As shown in the previous

section, in the ΛCDM model, the CMB breaks the Ωm−H0 degeneracy with a dis-

tance measurement to the recombination redshift. However, when we vary the

curvature parameter ΩK in the oCDM model, the CMB data has a degeneracy be-

tween Ωm, ΩK , and H0. The BAO measurement adds a second distance measure-

ment in the inverse distance ladder, breaking this degeneracy and significantly

improving these measurements. Using the BAO data, we find that the Universe

is consistent with a flat geometry: ΩK = −0.004 ± 0.005. Figure 3.5 shows the
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improvements in the H0 vs Ωm, ΩK vs Ωm and ΩK vs H0 contours. From these

different panels and Table 3.1, we clearly see that the CMB degeneracies between

these three parameters are greatly reduced by adding the BAO data.

The “AllBAO” dataset gives us BAO measurements at various redshifts: z =

0.106 (6dF Galaxy Survey), 0.35 (reconstructed SDSS DR7), 0.6 (WiggleZ Dark

Energy Survey). Figure 3.6 shows the 68% confidence level contours for various

data sets. Table 3.1 provides the values for the cosmological parameters. From

the table and Fig. 3.6, we see that the SN and additional BAO data add little to

constrain the parameters over the CMB+BAO dataset.

3.3.4 wCDM: Varying the Constant Dark Energy Equation of State Parameter

In this section, we allow the dark energy equation of state parameter w to vary

and we measure its value. Using the CMB+BAO dataset, we measure the equa-

tion of state parameter w = −0.97 ± 0.17, which consistent with a cosmological

constant (w = −1). Figure 3.7 shows the 68% and 95% confidence level contour

plots for H0, Ωm and w. The combination of low redshift (SDSS DR7) and high

redshift (WMAP7) measurement of the acoustic scale measures the expansion of

the Universe and helps measure the equation of state parameter for dark energy.

We see that the combined CMB and BAO data precisely measures H0, Ωm and w

as listed in Table 3.1. Similar to the oCDM case (section 3.3.3), we see that the

CMB alone provides a robust measurement of Ωmh
2 but adding the BAO data

breaks the degeneracy between the H0, Ωm, and w.

We compare these measurements of H0, Ωm, and w with values for different

datasets. The CMB+AllBAO dataset slightly improves our measurements on w

andH0 as shown in Table 3.1. Figure 3.8 shows the 68% confidence level contours

for H0, Ωm and w. In the oCDM case, the BAO data precisely measured ΩK , Ωm,

and H0 and we see no additional improvement by adding the SN data. In this
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dataset. We see the vast improvement in the parameter measurements by adding

BAO data to the WMAP7 measurements.
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case, however, we see that adding the SN data improves our measurements of

w, Ωm, and H0. This is expected from Figure 3.3 as the BAO data constrains the

vertical offset rather than the slope of the lines. We see that while all the measured

values are consistent with each other within 1σ, the CMB+BAO dataset results

tend to favor lower H0 values and therefore higher values of Ωm and w compared

to the CMB+BAO+SN dataset. However, as Figure 3.8 shows, the different data

sets are consistent with the ΛCDM value of w = −1.

3.3.5 owCDM: Varying Curvature and the Constant Dark Energy Equation of

State Parameter

Next, we move onto models where we vary two extra parameters in addition

to the ΛCDM model parameters. In this case, we choose to vary both the dark

energy equation of state parameter w, and the curvature parameter ΩK as free

parameters. Figure 3.9 shows the 68% and 95% confidence level contours for w vs

ΩK for the CMB+AllBAO, CMB+SN, and CMB+BAO+SN datasets. We measure

w = −1.08 ± 0.08, and H0 = 70.3 ± 1.9 km/s/Mpc giving us an 4.4% and 2.7%

measurement of w andH0. We precisely measure the curvature of the Universe to

be consistent with being flat ΩK = −0.005±0.005. We note that the CMB+AllBAO

results are consistent with the CMB+SN measurements. Adding the low redshift

H0 measurement by Riess et al. (2011) gives us consistent measurements with

CMB+BAO+SN as shown in Table 3.1.

3.3.6 w0waCDM: Varying the Time Dependent Dark Energy Equation of State

Parameter

As we probe higher redshifts, we can measure the evolution inw, the dark energy

equation of state parameter. The most popular way to parametrize an evolving
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w, introduced by Chevallier & Polarski (2001) and Linder (2003), is:

w(a) = w0 + wa(1− a)⇔ (3.2)

w(z) = w0 + wa
z

1 + z
,

where a = 1/(1 + z) is the scale factor. In this section, we assume a flat uni-

verse and measure w0 and wa. For cosmological models that use this parame-

terization of dark energy equation of state (w0, wa), we use the parameterized

Post-Friedmann prescription for dark energy perturbations as implemented in a

CAMB module (Lewis et al., 2000) by Wenjuan Fang (http://camb.info/ppf/).

This modified code generalizes it to support a time-dependent equation of state

w(a). Figure 3.10 shows the 68% and 95% contours forwa vsw0 using the CMB+BAO+SN,

CMB+BAO, and CMB+AllBAO datasets. From Table 3.1, we see that we find

very similar constraints on H0 and Ωm as the previously presented cosmological

models: Ωm = 0.272 ± 0.15 and H0 = 71.2 ± 1.9 km/s/Mpc giving us a 2.7%

measurement of H0. We measure w0 = 1.02± 0.16 and wa = −0.26± 0.82, which

are consistent with the ΛCDM model: w0 = −1 and wa = 0.

3.3.7 ow0waCDM: Varying Curvature and Time Dependent Dark Energy Equa-

tion of State Parameter

In the most general cosmological model we analyze, we vary the curvature of the

Universe, ΩK , and both the dark energy parameters w0 and wa as free parameters.

Figure 3.11 shows the 68% and 95% contour levels for H0 vs Ωm, w0 vs ΩK , wa vs

ΩK , and wa vs w0 using the CMB+BAO+SN dataset. It is noteworthy that even

though we have curvature and both dark energy parameters as free parameters,

the data is still consistent with a flat universe with a cosmological constant. We

see the precision in the measurements of H0 and Ωm in the upper left panel of

Figure 3.11. We obtain a 2.7% measurement of H0 = 69.9 ± 1.9 km/s/Mpc and

http://camb.info/ppf/
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w0 = −0.90 ± 0.16. Our measurement of wa = −1.30 ± 0.99 is consistent with

no evolution in w(z). We measure ΩK = −0.010 ± 0.007, which is still consis-

tent with a flat universe. We find that even with the high dimensionality of the

cosmological model, we are able to measure and constrain various cosmological

parameters.

The Dark Energy Task Force (DETF) compares various cosmology missions

and defines their Figure of Merit (FoM) in the context of this cosmological model

(Albrecht et al., 2006). The DETF FoM is defined as the inverse square-root of the

determinant of the w0-wa covariance matrix. The 68% and 95% contours for wa vs

w0 are shown in the bottom right panel in Figure 3.11. Using the CMB+BAO+SN

dataset, we compute the DETF FoM to be 11.5. However, we note that this is an

upper limit since the dataset allows wa outside our prior of −3.0 ≤ wa ≤ 2.0.

Table 3.1 provides the values for CMB+BAO+SN, CMB+AllBAO, and CMB+

BAO+SN+H0 datasets. We see that all the measured values are consistent with

each other at the 1σ level. In order to prevent the Markov chains from exploring

very extended and remote parameter spaces, we use a prior of −3.0 ≤ wa ≤ 2.0.

However, the chains run with CMB+BAO+SN and CMB+AllBAO datasets tend

to allow values beyond wa < −3.0 in their 95% confidence level contours.

3.3.8 Robust measurement of H0 and Ωm

From previous sections, we have found that our measurements of H0 and Ωm

remain unchanged as we increase the dimensionality of our cosmological models.

In this subsection, we explore this result and explain why our measurements of

H0 and Ωm are robust regardless of the model for the late-time behavior of dark

energy. In Figure 3.12, we show the measurements ofH0 from the CMB+BAO+SN

datasets while varying the dark energy parameterization and the inclusion of

spatial curvature. Figure 3.13 shows the same set of results as 1σ contours in H0
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and Ωm. One can see that regardless of the cosmological model, we obtain highly

consistent values and error bars for these quantities.

This robustness is due to the inverse distance ladder discussed in section 3.3.1.

The CMB data provides a measurement of Ωmh
2 and the sound horizon rs. The

BAO data uses the measurement of rs to provide a distance measurement to

z = 0.35. The SN data then provide precise measures of the relative distance

between z = 0.35 and the local distance scale. Hence, we have an empirical mea-

sure of the local distance and hence H0, independent of spatial curvature or the

model parameterization of the dark energy equation of state. Combining this

measurement of H0 with the CMB measurement of Ωmh
2 yields the value of Ωm.

We note that while this result is independent of the parameterization of late-time

dark energy and the presence of spatial curvature, it would be sensitive to new

cosmological physics at z ≥ 1000 that alters the inference of Ωmh
2 and the sound

horizon from the CMB.

It is of course important to compare our result for H0 to direct measurements

of the local distance scale. The Hubble constant has long been measured using

distance ladders that build from local calibrations out to more distant galaxies

situated in the Hubble flow (Freedman et al., 2001; Riess et al., 2005; Benedict

et al., 2007; Riess et al., 2009; Freedman & Madore, 2010). A precise value of

H0 = 73.8 ± 2.4 km/s/Mpc was recently obtained by the SHOES project (Riess

et al., 2011) using the NGC 4258 water maser (Argon et al., 2007; Humphreys

et al., 2008) and Cepheid variable stars measured in the near-infrared. We plot

this measurement in Figure 3.12 and 3.13. One sees that the direct measurement

lies about 5% higher than our inference from CMB+BAO+SN. However, this dis-

crepancy only has a statistical significance of 1.5σ and hence is not unusual. Nev-

ertheless, we will return to this in the next subsection.
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Figure 3.12 Measurement of H0 for various cosmological models with the

CMB+BAO+SN dataset. Also included is the Riess et al. (2011) H0 measurement.

We see that not only do we get a consistent and precise measurement of H0 from

the CMB+BAO+SN dataset, but this measurement is also slightly lower than the

H0 measurement from the nearby Universe.
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We note that the CMB+BAO+SN combination consistent favors H0 values

around 71, while CMB+BAO alone give slightly lower best-fit values of 69. The

latter is not independent of the model for the expansion history; without SN, we

are extrapolating the z = 0.35 distance to z ≈ 0 using the cosmological model

rather than an empirical measurement. Similarly, Beutler et al. (2011) measure

H0 = 67.2 ± 3.2 km/s/Mpc using a BAO detection at z = 0.1. While this is

all well within statistical uncertainties, apparently there is a small difference be-

tween the SN distance-redshift relation and that predicted from the combination

of CMB and BAO data.

3.3.9 Energy Density of Relativistic Species

The measurements of H0 and Ωm discussed in the previous section depend on

knowledge of cosmological physics at z ∼> 1000. Further, we found a small ten-

sion between the CMB+BAO+SN measurement of H0 and the direct measure-

ment by Riess et al. (2011). Hence, we are motivated to consider altering the

standard cosmological model by adding additional relativistic particles with neg-

ligible interaction cross-section. These would be in addition to the usual cosmic

background of the three neutrino species, and hence the new energy density is

parameterized by altering the number of neutrino species from 3 to a new value

NREL. We note that the particles need not actually be neutrinos, simply highly rel-

ativistic and negligibly interacting at late times. This possibility has a long history

in cosmology, including constraints from Big Bang nucleosynthesis (Steigman

et al., 1977; Hansen et al., 2002; Dolgov, 2002; Bowen et al., 2002). Eisenstein

& White (2004) pointed out that extra density in relativistic particles would cause

CMB and BAO measurements to underestimate the value of Ωmh
2 and H0. Nu-

merous recent papers have constrained the density of relativistic particles with

modern cosmology data (Seljak et al., 2006; Ichikawa et al., 2007; Mangano et al.,
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Table 3.3 Measuring the number of relativistic species, NREL, in the ΛCDM,

wCDM, and oCDM cosmological models.
Dataset 1 NREL

2 Ωmh2 Ωm H0 σ8 ΩK w

km/s/Mpc

CMB+BAO+H0+SN 4.08(55) 0.1524(104) 0.275(13) 74.5(21) 0.86(3) ... ...

CMB+BAO+H0+SN 4.00(58) 0.1524(101) 0.273(13) 74.7(21) 0.87(4) ... -1.03(8)

CMB+BAO+H0+SN 4.22(60) 0.1516(107) 0.274(13) 74.4(22) 0.85(4) -0.004(5) ...

CMB+BAO+SN ... 0.1349(33) 0.274(14) 70.2(12) 0.81(2) ... ...

CMB+BAO+SN ... 0.1368(43) 0.271(14) 71.1(18) 0.84(4) ... -1.05(8)

CMB+BAO+SN ... 0.1323(50) 0.274(13) 69.6(16) 0.80(3) -0.004(5) ...

1 CMB = WMAP7, BAO = reconstructed SDSS DR7 LRG, SN = SNLS 3 year compilation, H0 =
Riess et al. (2011) measurement of H0. 2 We use a prior of NREL ≥ 3.0.

2007; Hamann et al., 2010; Reid et al., 2010b; Riess et al., 2011; Giusarma et al.,

2011; Komatsu et al., 2011; Calabrese et al., 2011; Archidiacono et al., 2011).

We therefore consider cosmological models that vary the relativistic density.

In our MCMC chains, we use a prior of NREL ≥ 3. Figure 3.14 shows the 68%

and 95% confidence level contours for NREL vs H0 using the CMB+BAO+H0+SN

dataset with a ΛCDM + NREL cosmology model. Table 3.3 gives the values of

NREL and other cosmological parameters for three different models of the expan-

sion history of the Universe. From Figure 3.14 and Table 3.3, we see that the

best-fit value for NREL is around 4. Models with extra relativistic particle density

increase the values of Ωmh
2 and H0, allowing a better fit to the Riess et al. (2011)

measurement of H0 = 73.8± 2.4 km/s/Mpc. In terms of the inverse distance lad-

der, the added relativistic species affects Ωmh
2, which moves the acoustic scale,

and therefore changes the calibration of the distance ladder to larger values ofH0.

Hence, it is not surprising to find that the other cosmological parameters such as

Ωm, w, and ΩK remain unaffected by the addition of a new relativistic species.

From Figure 3.14, we see that the shift away from NREL = 3 is not statistically
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significant. Table 3.3 shows this shift to be about 2σ. This is larger than the 1.5σ

tension between the H0 measurements; this is likely due to the NREL ≥ 3 prior

in our chains causing the mean value to be biased high and the variance to be

biased low. However, a 2σ shift when adding an extra parameter in our model

is not compelling, but we note that recent cosmology results from the South Pole

Telescope (Keisler et al., 2011) and the Atacama Cosmology Telescope (Dunkley

et al., 2011) have found an excess of small-scale temperature anisotropy in the

CMB, which could be explained by an extra density of relativistic particles be-

yond the usual neutrino background.

This increase in the relativistic particle density also causes the model to predict

a higher value of σ8 as shown in the lower panel of Figure 3.14 and in Table 3.3.

The best-fit value shifts from σ8 = 0.81± 0.02 for NREL = 3 to σ8 = 0.86± 0.03 for

NREL ≈ 4. For comparison, Allen et al. (2011) (Table 2) gives a comparison of σ8

measurements from galaxy cluster studies. X-ray (Henry et al., 2009) and optical

(Rozo et al., 2010) studies of cluster abundances measure σ8 = 0.88 ± 0.04 and

0.80 ± 0.07, respectively. Thus, our σ8 measurements for NREL ≈ 4 are consistent

with galaxy cluster measurements.

3.4 Conclusions

We have used the reconstructed SDSS DR7 LRG dataset to measure the BAO

acoustic scale at the median redshift of z = 0.35. The reconstruction technique

that provided this measurement has been discussed to great detail in P12, and

the measurement itself has been extensively studied and tested in X12. In this

paper, we use this BAO measurement ofDV (z = 0.35)/rs = 8.88±0.17, which is a

1.9% measurement of the distance to z = 0.35. To measure various cosmological

parameters in a variety of cosmological models, we use our BAO data in com-
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bination with the CMB data from WMAP7 (Komatsu et al., 2011) and the type

Ia supernovae data from SNLS3 (Conley et al., 2011) to extend the CMB+BAO

inverse distance ladder to z = 0. With this CMB+BAO+SN dataset, we explore

higher dimensional cosmological models and robustly measure the Hubble con-

stant and the matter density of the Universe. We also use the BAO data from the

6dFGS and WiggleZ surveys in combination with our BAO data and the CMB

data to measure cosmological parameters. In particular:

• We find that our BAO dataset is consistent with ΛCDM as shown in Fig-

ure 3.2. We improve on the WMAP7 measurements in ΛCDM and obtain a

1.7% measurement of the Hubble constant: H0 = 69.8± 1.2 km/s/Mpc.

• As shown in Figure 3.3, the distance measured from our BAO result is in

good agreement with past work. It is therefore unsurprising that the cos-

mological parameters resulting from our chains are similar to those in re-

cent works combining BAO with other data sets, e.g., Komatsu et al. (2009),

Percival et al. (2010), Reid et al. (2010a), Blake et al. (2010), and Beutler et al.

(2011).

• P12 and X12 show that reconstruction improves the BAO distance measure-

ment by a factor of 1.8. We see this improvement as a reduction in the errors

around H0 and Ωm by a factor of 1.5.

• Under the ΛCDM model, we explore the effect of allowing a running spec-

tral index, dns/d ln k and find that only using the CMB data degrades the

measurements of Ωmh
2 by a factor of 1.4. This translates into a larger un-

certainty in measurements of Ωm, H0, and ns. Adding BAO data decreases

the uncertainty to 1.1. We also find that with both datasets that the value of

dns/d ln k is still consistent with 0.



105

• The CMB+BAO dataset breaks the degeneracy between H0, Ωm, and w or

ΩK in the wCDM and oCDM models respectively. We measure w = 0.97 ±

0.17 and ΩK = −0.003 ± 0.005, both consistent with ΛCDM. We find that

adding the other BAO data slightly improves the measurements on these

parameters.

• For the higher dimensional cosmological models (owCDM, w0waCDM, and

ow0waCDM), we use the combined CMB+BAO+SN dataset to measure cos-

mological parameters. We find that even in these high dimensional models,

the data is consistent with a flat universe with a cosmological constant, i.e.

consistent with ΛCDM. The Dark Energy Task Force (DETF) Figure of Merit

(FoM) is 11.5 using the CMB+BAO+SN dataset and using a prior on wa.

• Using the inverse distance ladder built from the CMB+BAO+SN dataset, we

show that we obtain robust and precise measurements of both the Hubble

constant and the matter density of the Universe despite varying the un-

derlying model for the expansion history of the Universe. Even in our most

general case, we measureH0 = 69.9±1.9 km/s/Mpc and Ωm = 0.276±0.015.

• Our value of the Hubble constant is in mild tension (1.5 σ) with the direct

measurement of 73.8± 2.4 km/s/Mpc by Riess et al. (2011). We explore the

possibility that this tension could be resolved by increasing the density of

relativistic particles beyond the usual background of three species of neu-

trino. We find that such a model can fit the H0 value better if one adds

density equivalent to 1 extra species of neutrinos. However, we stress that

the conventional model is not rejected by our data.

The SDSS-III BOSS DR9 dataset extended the galaxy sample out to z = 0.7.

Anderson et al. (2012) used similar analysis methods to measure the BAO signal
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out to z = 0.57 obtaining a 1.7% distance measurement DV /rs = 13.67 ± 0.22

with DV (z = 0.57) = 2094 ± 34 Mpc assuming a fiducial rs = 153.19 Mpc. A

similar MCMC analysis was conducted for that paper giving qualitatively and

quantitatively very similar results to those described here. The ΛCDM model is

still the favored the model for cosmological expansion with w consistent with −1

and the Universe consistent with a flat geometry. The MCMC chains produced

for Anderson et al. (2012) were used for cosmological parameter measurements

and their implications in Sánchez et al. (2012) and Busca et al. (2013). Sánchez

et al. (2012) used a different method to model the spherically averaged two-point

correlation function in the SDSS-III BOSS DR9 dataset. Busca et al. (2013) used

the BOSS quasars to measure the BAO peak in the Ly-α forest at high redshift

2.1 ≤ z ≤ 3.5. They used the BAO measurement at higher redshift (zmean = 2.3) to

show that the Universe was indeed decelerating in the matter dominated regime

of 0.7 < z < 2.3 as expected from the current cosmological expansion models.

The MCMC chains produced for Anderson et al. (2012) we used to study the cos-

mological implications of these measurements on various parameters. Yet larger

surveys probing higher redshifts, such as Euclid and the Wide-Field Infrared Sur-

vey Telescope (WFIRST) missions, will use reconstruction to approach the cosmic

variance statistical limit available to the acoustic peak method. We expect that

baryon acoustic oscillations will play a major role in the precision mapping of the

cosmic distance scale and expansion history of the Universe.
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CHAPTER 4

THE ROBUSTNESS OF HALO OCCUPATIONS TO LARGE-SCALE ENVIRONMENT

IN COSMOLOGICAL GALAXY SIMULATION

We study the environmental variation of the halo occupation distribution (HOD)

of galaxies drawn from a cosmological smoothed-particle hydrodynamics simu-

lation. We define environment on scales of 5h−1Mpc, beyond the scale of the host

halo. We define these effects in the context of changes to the HOD model. We do

not find a significant trend in the population of central and satellite galaxies with

halo environment density and galaxy color. For the central galaxies, we find that

a factor of 10 change in halo environment density changes the mean galaxy stellar

mass by only (1.3±0.9)%. We do not find any evidence of a trend with halo envi-

ronment density on the population of satellite galaxies. We use a modified HOD

to transfer these effects onto an N-body simulation of larger volume to quantify

this effect on the auto-correlation function of galaxies at z = 0.0, 0.5, 1.0. We add

an environment effect of about 2σ in the central and satellite galaxy populations

and find that this leads to an enhancement in the correlation function of about 3%

at scales of 1− 20h−1 Mpc at z = 0. However, this effect is even larger for higher

redshifts reaching an enhancement in the correlation of 12% at 0.3h−1 Mpc and

about 8% at 1− 4h−1 Mpc for z = 1.0.

4.1 Introduction

The large-scale structure traced by galaxy populations is a central pillar of the

standard cosmological model and a major component of ongoing efforts to un-

derstand the origin of cosmic acceleration, the nature of dark matter, the masses

of neutrinos, and the physics of primordial fluctuations. These efforts include
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the use of baryon acoustic oscillations as a standard ruler to measure the cosmic

expansion history (e.g., Anderson et al. 2012), redshift-space distortions as a mea-

sure of the structure growth rate (e.g., Beutler et al. 2013), the Alcock-Paczynksi

(1979) test as a measure of spacetime geometry (e.g., Blake et al. 2011b), the com-

bination of galaxy clustering with cluster mass-to-number ratios or galaxy-galaxy

lensing to measure the amplitude of matter clustering (e.g., Tinker et al. 2012;

Mandelbaum et al. 2013), and the broad-band power spectrum shape as a probe

of inflation and neutrino masses (e.g., Sánchez et al. 2013). The theoretical chal-

lenge for all of these methods (see Weinberg et al. 2013 for a review and many

further references) is modeling the non-linear clustering of galaxies, which de-

pends on both the non-linear gravitational clustering of dark matter and the more

complex physics of galaxy formation.

One of the most powerful tools to address this challenge is halo occupation

distribution (HOD) modeling, which adopts statistical recipes to add galaxies to

the dark matter halo populations predicted by perturbation theory or by cosmo-

logical N-body simulations (Jing et al., 1998; Seljak, 2000; Ma & Fry, 2000; Pea-

cock & Smith, 2000; Scoccimarro et al., 2001; White et al., 2001; Berlind & Wein-

berg, 2002; Cooray & Sheth, 2002; Marinoni & Hudson, 2002). As formulated

by Berlind & Weinberg (2002), the HOD specifies the probability P (N |M) that a

halo of virial mass M contains N galaxies of a specified class, together with pre-

scriptions for the spatial and velocity distributions of these galaxies within their

parent halos. The combination of an HOD with the halo population of a cosmo-

logical model allows clustering predictions in the linear, trans-linear, and fully

non-linear regimes. For cosmological parameter tests one can marginalize over

a flexible parametrization of the HOD to remove uncertainties associated with

galaxy formation physics (Zheng et al., 2007).



109

In this paper we use a large cosmological hydrodynamic simulation to inves-

tigate one of the key physical issues in HOD modeling, whether the HOD varies

systematically with a halo’s large-scale environment at fixed halo mass. Halo-

based descriptions of galaxy clustering typically distinguish between a halo’s

central galaxy, residing at the bottom of its potential well, and additional satel-

lite galaxies, which have density and velocity profiles similar to those of the

halo’s dark matter (Guzik & Seljak, 2002; Berlind et al., 2003). In semi-analytic

models and numerical simulations of galaxy formation, the mean occupation

function 〈N(M)〉 for samples defined by thresholds in stellar mass is well de-

scribed by the sum of a softened step function for central galaxies and a soft-

ened power law for satellite galaxies, and the full P (N |M) follows by adopting

a Bernoulli distribution for P (Ncen|〈Ncen〉) and a Poisson distribution of satel-

lite numbers P (Nsat|〈Nsat〉) (Kravtsov et al., 2004; Zheng et al., 2005). In com-

bination with the halo population of a ΛCDM cosmological model (inflation-

ary cold dark matter with a cosmological constant), this formulation is impres-

sively successful at reproducing the observed galaxy correlation function, with

the luminosity dependence of clustering explained by the increasing halo mass

threshold for brighter galaxies and the color dependence explained mainly by

the greater fraction of red galaxies that are satellites in high mass halos (e.g., Ze-

havi et al. 2011; Coupon et al. 2012). However, the empirical successes of models

with environment-independent HODs do not demonstrate that no environmen-

tal variations are present (Zentner et al., 2013).

In its simplest form, the excursion set model of halo assembly (Bond et al.,

1991; Lacey & Cole, 1993) predicts that a halo’s formation history is uncorrelated

with its large-scale environment at fixed halo mass (White, 1996). Early N-body

studies showed weak correlations of halo formation time with environment at
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fixed mass (Lemson & Kauffmann, 1999; Sheth & Tormen, 2004), but subsequent

investigations with larger simulations revealed a clear tendency for the oldest

halos of a given mass to reside in overdense environments, an effect most pro-

nounced for low mass halos (Gao et al., 2005; Harker et al., 2006; Gao & White,

2007). This correlation between formation history and environment at fixed halo

mass is referred to as “assembly bias”; it can be understood partly with excur-

sion set models that incorporate correlated random walks and partly by account-

ing for tidal truncation of low mass halos in the neighborhood of massive halos

(Wang et al., 2007; Jing et al., 2007; Keselman & Nusser, 2007; Sandvik et al., 2007;

Zentner, 2007; Dalal et al., 2008; Hahn et al., 2009; Yang et al., 2012; Wang et al.,

2013a,b). The number of subhalos (and hence satellite galaxy hosts) in massive

halos also shows some correlation with large-scale environment (Wechsler et al.,

2006; Croft et al., 2012), but the magnitude of this effect depends sensitively on

the definition of mass or circular velocity that is used to select the subhalo pop-

ulation. In particular, the effect disappears when subhalos are ranked based on

their masses at the time when they are accreted onto their parent halos (Reddick

et al., 2013), though it remains when they are ranked based on peak circular ve-

locity (Zentner et al., 2013).

The existence of assembly bias in the halo population opens the door for en-

vironmental variations of the HOD, if galaxy properties are closely correlated

with halo assembly history. Berlind et al. (2003) found no HOD environment-

dependence in the galaxy population of a smoothed particle hydrodynamics (SPH)

cosmological simulation, a result investigated further by Yoo et al. (2006) in the

context of galaxy-galaxy lensing and greatly extended in the present paper. Galaxy

populations created by applying semi-analytic models to the halo merger trees

of N-body simulations show moderate impacts of assembly bias (changing the
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galaxy correlation function by a few percent), with stronger effects found for low

luminosity, color-selected samples (Zhu et al., 2006; Croton et al., 2007; Zu et al.,

2008; Behroozi et al., 2010; Trujillo-Gomez et al., 2011; Angulo et al., 2012; Guo

& White, 2014). Simulations that use monotonic abundance matching to assign

galaxy luminosity and color based on halo/subhalo circular velocity and forma-

tion time (Hearin & Watson, 2013) yield stronger signatures of galaxy assembly

bias (Zentner et al., 2013), which is not surprising as they impose a tight link

between halo history and galaxy properties by construction.

The empirical evidence on environmental HOD variations is mixed. Blanton

et al. (2006) showed that galaxy properties are correlated with local density on the

∼ 1h−1Mpc scale of massive halos and have almost no separate dependence on

the larger (6h−1Mpc) scale environment. Abbas & Sheth (2006) and Tinker et al.

(2012) find that the strong correlations of galaxy properties with environment can

be almost entirely explained by the correlation of these properties with halo mass.

Tinker & Chen (2008) showed that HOD models fit to galaxy correlation functions

accurately predict void probability statistics for a variety of luminosity and color

selections, limiting any systematic difference between the galaxy content of halos

in low and high density regions. However, Yang et al. (2006) find that the cluster-

ing of galaxy groups at fixed total luminosity depends on the star formation rate

of the central galaxy, suggesting a link to formation time. The strongest empiri-

cal evidence for environmental variations comes from studies of the clustering of

red (non-star-forming) galaxies, which show that red galaxies are preferentially

clustered with other red galaxies out to separations of several h−1Mpc, even after

controlling for halo mass (Kauffmann et al., 2013; Wang et al., 2013b; Hearin et al.,

2014).

Systematic variation of the HOD with large-scale environment would be of
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physical interest because it would imply direct links between observable galaxy

properties and the details of halo assembly history. However, the possibility of

environmental variations complicates cosmological parameter analyses, which

would also need to marginalize over parameters describing the environmental

dependence, at some cost in constraining power. It is therefore important to have

theoretical guidance about the likely forms and potential magnitude of environ-

mental effects on the HOD for different classes of galaxies.

Relative to the SPH simulation analyzed by Berlind et al. (2003), the simu-

lation analyzed here has eight times larger volume and eight times higher mass

resolution, and it incorporates an empirically successful prescription for galac-

tic winds (Oppenheimer & Davé, 2006; Oppenheimer et al., 2010) and a phe-

nomenological post-processing model that produces a high mass galaxy popu-

lation with quenched star formation and red colors (Simha et al., 2014) (hereafter

referred to as S14). The larger dynamic range and more realistic physics allows

us to investigate different stellar mass thresholds and color-selected samples,

with greater sensitivity to environmental variations. Like Berlind et al. (2003) we

find no evidence for such variations within the statistical limits imposed by our

100h−1Mpc simulation box. To investigate the potential impact of environmental

variations on galaxy clustering within these limits, we populate the halos of the

MultiDark N-body simulation (Prada et al., 2012; Riebe et al., 2013) using both

an environment-independent HOD and HODs with the strongest environmental

trends allowed by our SPH results. We describe the SPH simulation in §2, then

present our results for the influence of environment on central and satellite galaxy

populations in §3 and on clustering in the populated MultiDark simulation in §4.

Section 5 summarizes our findings and discusses their implications.
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4.2 The Simulations

The simulation used in this paper models a 100h−1Mpc comoving volume using

smoothed particle hydrodynamics (SPH; Gingold & Monaghan 1977; Lucy 1977)

with 5763 collisionless dark matter particles and 5763 SPH particles. The simu-

lation code is GADGET-2 (Springel et al., 2005), modified to implement galactic

outflows with the scalings predicted for momentum-driven winds (see Oppen-

heimer & Davé 2008). High-density cold gas is converted to stars following the

prescription of Springel & Hernquist (2003). Dark matter and star particles are

subjected to gravity only, while gas particles are additionally influenced by pres-

sure gradients and shocks. We adopt a ΛCDM cosmology (inflationary cold dark

matter with a cosmological constant) with parameters Ωm = 0.25, ΩΛ = 0.75,

H0 = 70 km s−1 Mpc−1, Ωb = 0.044, spectral index ns = 0.95, and mass fluctua-

tion amplitude σ8 = 0.8. The dark matter particle mass is 4.3 × 108M�, and the

SPH particle mass is 9.1 × 107M�. The comoving gravitational force softening is

a 5h−1 kpc cubic spline (comparable to 3.5h−1 kpc for Plummer softening). The

simulation is identical to the one described by (Simha et al. 2014, hereafter S14),

except that it has eight times larger simulation volume. We have used similar

simulations with various combinations of volume and resolution to investigate,

e.g., the growth of galaxies (Oppenheimer et al., 2010; Davé et al., 2013), the low

redshift intergalactic medium (Davé et al., 2010; Zu et al., 2011; Oppenheimer

et al., 2012; Kollmeier et al., 2014), and circumgalactic gas absorption (Ford et al.,

2013b,a). Our simulation corresponds to the “vzw” wind formulation in those

papers.

We identify dark matter halos by applying the friends-of-friends (FoF) algo-

rithm (Davis et al., 1985) to the dark matter particle distribution, with a linking

length equal to the mean inter-particle separation at 1/3 of the virial overden-
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sity, which is computed from the fitting formula of Kitayama & Suto (1996). 1

Halo masses are computed by using the spherical overdensity (SO) algorithm.

The halos are identified using the SO group finder method (sorad) described in

Gabor & Davé (2014). Galaxies are identified by applying the SKID algorithm

(Katz et al., 1996) to the population of star particles and gas particles above the

threshold density for star formation, which identifies gravitationally bound con-

centrations of stars and dense gas associated with a common density maximum.

Galaxies are assigned to halos based on the halo membership of the dark matter

particle that is closest to the galaxy center-of-mass. The most massive galaxy as-

sociated with a given halo is defined to be the halo’s central galaxy, and additional

galaxies are defined to be satellites. Detailed discussions of the relations among

galaxies, halos, and dark matter subhalos in these simulations can be found in

Weinberg et al. (2008), Simha et al. (2009), and Simha et al. (2012). The identifi-

cation of galaxies is fairly unambiguous because, just as in the real universe, the

stellar and ISM components of simulated galaxies are extremely overdense, and

clearly separated from the background (Katz et al., 1992). The identification of

halos is more ambiguous, and with different definitions we would get somewhat

different halo masses and central and satellite galaxy populations. However, we

do not expect our conclusions about (lack of) environmental dependence of the

simulated galaxies’ HOD to depend on the halo definition within reasonable pre-

scriptions.

For each SKID identified galaxy at z = 0, we trace the formation time of its

stars. We then bin these star formation events in time to extract a star formation

rate (SFR) as a function of time. From this SFR(t), we generate colors using the

stellar population synthesis package FSPS (Conroy et al., 2009; Conroy & Gunn,

1For an r−2 density profile, the local density at the virial radius is 1/3 of the mean interior
overdensity.
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2010). We assume solar metallicity and ignore dust extinction in this paper. With

the vzw wind prescription, the simulation reproduces the observed galaxy stellar

mass function for M∗ < 1011M�, but above this range it produces galaxies that

are too massive (Oppenheimer et al., 2010). Furthermore, the central galaxies of

massive halos continue to accrete gas and form stars, in contrast to the passive

red population generally observed in passive halos (S14). We, therefore, apply the

post-processing quenching prescription introduced by S14, which removes stars

formed in galaxies whose host halo masses were above 3.5 × 1012M� at the time

the star particle formed, with partial suppression extending (in a linear ramp)

down to 1.5 × 1012M�, below which the simulated star formation histories are

unaltered. As shown by S14 (their Fig. 1), this prescription yields a good match

to the observed stellar mass function, and it puts massive central galaxies onto

the passive red sequence. However, while this quenching prescription roughly

mimics the effects expected in AGN feedback models that suppress cooling from

hot gas halos, its results might differ from those of a more realistic model. For

our purposes, the quenching procedure has no impact on the definition of our

primary galaxy samples, which have a stellar mass threshold of 2× 1010M�, and

almost no impact on the definition of our massive galaxy sample with stellar

mass Mg > 6× 1010M�. However, it does make a difference for the color-selected

samples examined in Figure 4.3; without quenching, nearly all central galaxies

would be in the blue population. We refer the reader to S14 for more a detailed

discussion of the quenching prescription and for further details of the simulation

and the halo and galaxy identification beyond the summary presented here.
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4.3 HOD vs. Environment in the SPH Simulations

4.3.1 Computing the Halo Environment

To obtain a measure of the environment, we compute the total density with a

filter based on a spherical annulus. We create a spherical annulus by subtracting

two 3D Gaussians. The Gaussians are chosen to have the same volume as top-

hat spheres of radius 5h−1Mpc and 1h−1Mpc. A Gaussian filter is less sensitive to

shot noise than a sharp-edged top-hat filter. The spherically symmetric filter is

defined by:

W (r) = exp

(
−r2

2σ2
5

)
− exp

(
−r2

2σ2
1

)
, (4.1)

where r is the radius from the center of the halo, and the Gaussian filter radii are

σ5 = 5σ1 = 5(3
√

2π/4)−1/3h−1Mpc. We subtract the smaller Gaussian to minimize

the contribution of the halo itself to the measurement of its environment.

High mass halos form preferentially in regions of high background density

(Kaiser, 1984; Tinker et al., 2012), so we expect and find a correlation of halo mass

with large-scale halo environment. We remove this trend by computing ρ/ρavg

for each halo, where ρ is the measured density of the halo’s environment and ρavg

is the mean environment density in the halo’s mass bin. Each halo mass bin is

0.2 dex. In many of our subsequent plots, we compare the galaxy content of the

halos in the top 20%, middle 60%, and bottom 20% of ρ/ρavg, marked in Figure 4.1

by the two dashed lines. We have experimented with different environment def-

initions, including top-hat spheres, different radii, and not removing the center

of the filter. We always find that the results are qualitatively and quantitatively

similar.
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Figure 4.1 Distribution of halo environmental densities normalized to the average

density ρavg in each 0.2 dex bin of halo mass. Dashed lines mark the boundaries

in ρ/ρavg that define the three environment density samples used in subsequent

analyses: top 20%, middle 60%, and bottom 20%.
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4.3.2 Influence of Environment on the Mean Halo Occupation

Figure 4.2 presents the mean halo occupation function 〈N(Mh)〉 =
∑
NP (N |Mh)dN

for halos in the top 20%, middle 60%, and bottom 20% of environment density. We

examine the galaxy samples defined by two different thresholds in galaxy stellar

mass, Mg ≥ 2.0 × 1010M� and Mg ≥ 6.0 × 1010M�. The lower mass threshold

corresponds to ≈ 200 star particles, enabling robust identification of galaxies. At

z = 0, this sample contains 7,600 galaxies, 6,516 central galaxies and 1,084 satel-

lites. The space density of 7.6 × 10−3h3Mpc−3 is comparable to that of the SDSS

main sample galaxies with absolute magnitude Mr ≤ −20 (Zehavi et al., 2011).

For the higher mass threshold, the space density of 2.6× 10−3h3Mpc−3 is between

that of the SDSS galaxy samples with Mr ≤ −20.5 and Mr ≤ −21.0. This number

density is still well above the comoving density ñ ≈ 3× 10−4h3Mpc−3 of galaxies

in the SDSS-III Baryon Oscillation Spectroscopic Survey (Ahn et al., 2012; Daw-

son et al., 2013), but our simulation volume is not large enough to yield good

statistics for high luminosity galaxies. Table 4.1 lists the number of central, satel-

lite, and total galaxies for the two different mass thresholds at different redshifts.

In our analysis, we find that the results of both mass thresholds are very similar.

Thus, in our plots we only show results for Mg ≥ 2.0× 1010M� since this thresh-

old gives us more galaxies and hence better statistics. In our tables, however, we

quote numbers for both galaxy mass thresholds.

The halo occupation functions in Figure 4.2 show the form expected for stellar-

mass threshold samples: a sharp cut-off at low mass, a shallow plateau in the

range of 〈N(M)〉 = 1−2, and steepening towards an approximately linear slope in

the satellite dominated regime. For both thresholds 〈N(M)〉 shows no significant

dependence on halo environment, a point we quantify further in the following

sections. Compared to the similar result shown in Figure 14 of Berlind et al.
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Table 4.1 Number of central, satellite, and total galaxies for different galaxy stel-

lar mass thresholds at different redshifts.

Mg ≥ 2× 1010M� Mg ≥ 6× 1010M�

z Centrals Satellites Total Centrals Satellites Total

0.0 6516 1084 7600 2451 205 2656

0.35 5594 1448 7042 2399 446 2847

0.5 5151 1245 6396 2124 369 2493

0.75 4425 1046 5471 1690 290 1980

1.0 3742 773 4515 1319 200 1519

(2003), our eight-fold larger simulation volume allows us to probe 〈N(M)〉 over

a larger dynamic range, with better statistics for two different mass thresholds.

The eight-fold higher mass resolution and incorporation of galactic winds makes

the simulation predictions themselves more robust.

As described in section 4.2, we compute galaxy colors by applying popula-

tion synthesis to the star formation histories of our simulated galaxies. Figure 4.3

shows 〈N(M)〉 separately for red and blue galaxies above the Mg ≥ 2.0× 1010M�

threshold, with the two samples defined by g − r ≥ 0.6 and g − r < 0.6, re-

spectively. The red galaxy population has a higher central mass threshold and

a larger fraction of satellite galaxies, in agreement with observational inferences.

There is only a small range of halo mass where the red central and blue central

populations overlap. This separation may be artificially amplified by our post-

processing scheme for quenching in massive halos (see section 4.2) although it

is generally expected in any model where feedback from active galactic nuclei

(AGN) suppresses star formation in massive galaxies. Most important, we find

no indication of an HOD environment dependence for these color-selected galaxy
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Figure 4.2 Mean occupation function 〈N(M)〉 for galaxy samples defined by their

stellar mass thresholds Mg ≥ 2.0× 1010M� (black curves), and 6.0× 1010M� (grey

curves). For each mass threshold, we show 〈N(M)〉 separately for halos in the

top 20% (solid), middle 60% (dot-dashed), and bottom 20% (dashed) of environ-

ment density within each halo mass bin. We see that the HODs split by halo

environment density look remarkably similar to each other.
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samples within the statistical limits of our simulation in contrast to models that

tie galaxy color deterministically to halo assembly history (Zentner et al., 2013).

While halo assembly does correlate with environment, the relation between star

formation and halo growth in our SPH simulations is stochastic enough to erase

any sign of assembly bias in the red and blue galaxy populations.

4.3.3 Central Galaxy Stellar Masses

We can investigate the HOD environment dependence, or lack thereof, in greater

detail by separately examining trends for central and satellite galaxies. Regard-

less of halo environment, the central galaxy stellar mass is expected to increase

with halo mass, so we opt to remove this trend before studying environmental

effects. Figure 4.4 shows the relationship between galaxy stellar mass and halo

mass for central galaxies only. We have divided the stellar mass Mg by fbMh,

where fb ≡ Ωb/Ωm is the global baryon fraction, to obtain the ratio that repre-

sents the “efficiency” with which the halo has converted its baryons to stars of

the central galaxy. In general agreement with observations (Behroozi et al., 2013;

Moster et al., 2013; Kravtsov et al., 2014), this efficiency declines from ∼ 20% at

Mh ≈ 1012M� to a few percent for halos with Mh = 1013 − 1014M�. The grey

curve in Figure 4.4 represents a spline fit to the mean efficiency ratio in bins of

halo mass, an average trend referred to hereafter as F (Mh).

Figure 4.5 shows histograms of central galaxy stellar mass after normalizing

out the mean trend F (Mh) for halos in the top 20%, middle 60%, and bottom

20% of environment density for all halos hosting a central galaxy with Mg ≥

2× 1010M�. With the halo mass trend removed, the histograms in all three envi-

ronment density bins are similar in mean, width, and shape. We fit Gaussians to

these histograms with 3σ clipping, finding µ = 0.984 ± 0.006, 0.972 ± 0.003, and

0.967 ± 0.006 in the three environment bins with a dispersion of σ = 0.21 in all
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Figure 4.3 Mean occupation function 〈N(M)〉 for red (g − r ≥ 0.6) and blue (g −

r < 0.6) galaxies for the top 20%, middle 60%, and bottom 20% environment

density with bootstrap errorbars for the middle sample only. We find no HOD

environment dependence for either color-selected galaxy samples.
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mass for the simulated galaxy population at z = 0. The grey curve shows a mean

trend F (Mh) determined by a spline fit to the mean efficiency ratio in bins of halo

mass.
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Figure 4.5 Histograms of Mg/[fbMhF (Mh)] for central galaxy stellar mass divided

by the mean value expected for its halo mass (Figure 4.4, grey curve) for halos in

the top 20%, middle 60%, and bottom 20% of halo environment density (top to

bottom). We list the means µ of Gaussian fits to these histograms after rejecting

outliers outside the vertical dashed lines, set at ±3σ. Errors on these means are

determined by bootstrap resampling.
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three cases. Statistical errors on µ are estimated from 1000 bootstrap resamplings

of the galaxy population. The means for the three density bins are consistent at

2σ, with marginal evidence for a higher µ in the highest density sample. The fact

that all three means are slightly less than unity reflects the fact that the spline

fit is not a perfect fit in Figure 4.4. We have carried out the same analysis for

the higher stellar mass threshold Mg ≥ 6 × 1010M�, finding the means for the

three environment bins consistent at 1σ (with slightly larger errors because of

the smaller sample). We have also investigated both stellar mass thresholds at

z = 0.35, 0.5, 0.75, and 1.0, again finding no indication of environmental trends,

with the means generally consistent at 1σ.

We can quantify the trend (or lack thereof) between central galaxy mass and

halo environment without binning by plotting the normalized massMg/[fbMhF (Mh)]

against halo environment density ρ/ρavg, as shown in Figure 4.6. A least squares

fit to this trend yields a slope given by:

qcen =
dMg/[fbMhF (Mh)]

d log10(ρ/ρavg)
. (4.2)

We see that the slope of the linear fit, qcen = 0.013 ± 0.009 is consistent with zero

slope at 1.5σ. We eliminate ≥ 3σ outliers in computing this fit, but including

them does not significantly change the result. Since the linear fit is calculated in

units of log ρ/ρavg, a positive slope corresponds to a 1.3% change in the galaxy

stellar mass Mg over 1 dex in halo environment density. In terms of the HOD

illustrated in Figure 4.2, a trend Mg/[fbMhF (Mh)] ∝ (ρ/ρavg)0.013 would shift the

“step-function” regime of 〈N(M)〉 leftward to slight lower halo masses in the

high density environments and rightward to slightly higher halo masses in low

density environments. The lack of trend in Figure 4.6 is consistent with the neg-

ligible changes in 〈N(M)〉 in Figure 4.2. We have carried out the same exercise

for the Mg ≥ 6 × 1010M� stellar mass threshold at z = 0 and for both thresholds
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Figure 4.6 Normalized galaxy stellar mass versus halo environment density.

F (Mh) refers to the spline fit from Figure 4.4 and ρavg is the mean environment

density given the halo mass. Yellow, red, and blue points show galaxies in the

bottom, middle, and top density bins of Figures 4.5. The nearly horizontal line

shows a linear fit to the data points with the slope qcen = 0.013 ± 0.009, with the

error bar from bootstrap resampling. Circles represent the ≥ 3σ outliers, which

are not considered in the linear fit.
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Table 4.2 Linear fit, given by Eq. (4.2) to normalized galaxy stellar mass versus

halo environment density.

Mg ≥ 2× 1010M� Mg ≥ 6× 1010M�

z qcen qcen

0.0 +0.013± 0.009 +0.005± 0.010

0.35 +0.003± 0.012 −0.010± 0.016

0.50 +0.014± 0.013 −0.015± 0.018

0.75 +0.012± 0.017 −0.005± 0.024

1.0 +0.010± 0.013 +0.024± 0.018

at z = 0.35, 0.5, 0.75, and 1.0 as reported in Table 4.2. In all cases, the slopes qcen

are consistent with zero at 1.5σ and usually at 1σ. Slope errors are computed by

bootstrap resampling of the central galaxy populations. We conclude that there

is no detected correlation of central galaxy stellar mass with environment down

to levels of a few percent per decade of halo environment density.

4.3.4 Satellite Galaxies Properties

Next we examine any trend of the number of satellite galaxies, Nsat, with respect

to halo environment. Figure 4.7 shows the number of satellite galaxies versus

halo environment for different halo environment bins as well the “total” case,

which includes all halo environments. We fit the number of satellite galaxies

using the truncated power-law model from Zheng et al. (2005),

〈Nsat(Mh)〉 =

(
Mh −Mmin,s

MT

)α
, (4.3)

where Mmin,s is the minimum mass for a halo to have a satellite galaxy and the

threshold mass MT normalizes the relation. There is no evident trend of satellite

occupation with halo environment.

To quantify the (lack of) environment dependence in 〈Nsat(Mh)〉, we first fit the

model from Eq. (4.3) to the total population of satellite galaxies irrespective of the
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Table 4.3 Parameters for the fit to the model for Nsat from Eq. 4.3 at different

redshifts. The uncertainties in qcen and qsat are indicated in the parentheses.

Mg ≥ 2× 1010M� Mg ≥ 6× 1010M�

z logMT logMmin,s α qsat logMT logMmin,s α qsat

0.0 13.32 12.01 1.03 +0.04(8) 13.92 12.51 1.02 −0.04(7)

0.35 13.10 12.10 1.10 −0.10(9) 13.44 12.50 1.06 −0.05(13)

0.5 13.12 12.02 1.18 +0.00(12) 13.49 12.42 1.18 −0.10(18)

0.75 13.04 12.13 1.03 −0.07(10) 13.43 12.51 1.14 +0.17(9)

1.0 13.05 12.13 1.15 −0.08(21) 13.42 12.52 1.15 −0.22(16)

environment. The values of MT , Mmin, and α from these fits are given in Table 4.3

for different redshifts. We then hold Mmin and α constant and compute a least

square fit for the normalizing factorMT for each halo environment bin. Due to the

smaller number of satellite galaxies compared to central galaxies, we have larger

Poisson noise. We do not detect any significant trend with halo environment. As

with the central galaxies, we compute a slope for logMT versus log ρ/ρavg for the

three environment bins,

qsat =
d log10MT

d log10(ρ/ρavg)
, (4.4)

using the mean value of log10 ρ/ρavg in each environment bin. The slope values are

listed in Table 4.3; positive qsat means lower satellite numbers at higher density.

All slopes are consistent with zero, in agreement with the visual impression of

Figure 4.7.

4.4 Effect on Correlation Function

Given our statistical limits on HOD environment dependence, we would like to

know how big an effect such a dependence could still have on the galaxy-galaxy
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Figure 4.7 Average number of satellite galaxies versus halo mass for all halos

(black), and for halos in the low density (green), middle density (blue), and high

density (red) environment bins. The purple curve shows the model fit (Eq. 4.3)

to the total data set. As with the central galaxies, we do not see any trend of

〈Nsat(Mh)〉with halo environment.
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correlation function, ξ(r). To examine this question, we use the HODs measured

from the SPH simulations to populate the dark matter halos from the MultiDark

MDR1 simulation (Prada et al., 2012; Riebe et al., 2013) at z = 0, 0.5, and 1.0.

MDR1 represents a 1h−3Gpc3 box with 20483 particles, giving a mass resolution

of 8.721 × 109h−1M�. It uses the WMAP5 cosmology with h = 0.70, ΩΛ = 0.73,

Ωm = 0.27, Ωb = 0.0469, n = 0.95, and σ8 = 0.82. The halos used in this paper are

from the “BDMW” catalog, which is created using the bound density maximum

algorithm (Klypin & Holtzman, 1997) and the radii of the halos are extended until

their mean interior overdensity reaches 200ρcrit. Bound maxima are identified as

subhalos if their centers lie within the virial radius of a larger halo.

We first populate the MultiDark simulation with an HOD measured from the

SPH simulation. We fit the 〈Ncen(M)〉 and 〈Nsat(Mh)〉 separately using galaxies

with Mg ≥ 2 × 1010M�. We create the HODs based on these fits without any

halo environment dependence, which we refer to as the “standard” model. To

introduce the effect of halo environment, we measure the halo environment den-

sity around each MultiDark halo using the same method as described for the

SPH simulations (Eq. 4.1). We use a random subset of 8% of the multidark parti-

cles to compute the density around each halo. Then we introduce effects of halo

environment by changing the population of only central galaxies, only satellite

galaxies, or both with respect to halo environments. To populate the halos, we

use the most bound particle in the halo as the position of the central galaxy. For

satellite galaxies, we randomly select identified subhalos within the halos.

We can interpret the slope qcen = 0.013 ± 0.09 in Fig. 4.6 as representing a

(1.3 ± 0.9)% decrease in the halo mass Mmin,c required for a central galaxy per 1

dex increase in halo environment density ρ/ρavg. We populate the MultiDark sim-

ulation using a −3.0% slope in Mmin,c per dex of ρ/ρavg, which corresponds to the
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2σ limit at z = 0. For the satellite galaxies, our 2σ upper limit on qsat corresponds

to a 20% increase in MT per dex of ρ/ρavg, and we use this slope to create envi-

ronment dependent satellite populations. We also consider the reverse slopes of

+3% for Mmin,c and−20% for MT . The negative-slope cases correspond to increas-

ing galaxy numbers in higher density halo environments, and we therefore label

them “+Env”. Conversely, we label the cases with fewer galaxies at high density

environment as “−Env”.

We compute the real-space galaxy correlation function ξ(r) for all of these

cases. Adding a halo environment dependence would change the galaxy number

density for fixed global HOD parameters, and we shift the base values of Mmin,c

and log10MT to return to the same number density as the standard (environment

independent) case. The ratio of the correlation functions ξenv/ξstd is shown in Fig-

ure 4.8 at z = 0. In addition to showing the full environmental effects, we show

the impact of applying the environment dependence to central or satellite galax-

ies only. We find that the impact of environment dependence, small to begin with,

is entirely dominated by the effect of central galaxies, and that environment de-

pendence of the satellite MT has a barely detectable influence. Decreasing Mmin,c

by 3% per dex of ρ/ρavg (+Env), the maximum environment dependence consis-

tent with our z = 0 SPH results, boosts ξ(r) by 2 − 3% at r ≤ 5h−1Mpc, with a

declining impact at larger scales. Reversing the environment trend (−Env) pro-

duces a similar but smaller enhancement of the correlation function.

Because the changes to ξ(r) are driven entirely by central galaxies, they must

be tied to the “2-halo” term of the correlation function, even though the enhance-

ment extends down to scales where ξ(r) is dominated by “1-halo” contributions.

The total number of 1-halo pairs is determined by an integral of 〈N(N − 1)〉 over

the halo mass function (Berlind & Weinberg, 2002), independent of environment.
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Figure 4.8 Ratio of the correlation function ξenv for an imposed environmental

HOD to the standard correlation function ξstd for an environment-independent

HOD. The “+Cen” and “+Sat” cases are ones where the numbers of central and

satellite galaxies, respectively, increase with increasing halo environment density.

The “+Env” case shows both of these effects combined. The “−Cen”, “−Sat”,

and “−Env” cases reverse these trends, i.e. decreasing numbers of central and

satellite galaxies with increasing halo environment density. At z = 0 the effect of

the HOD environment dependence is 0−3% at 0.2−20h−1Mpc scales, for the level

of environment dependence consistent (at σ) with our SPH simulation results.
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Since satellite galaxies contribute primarily to the 1-halo term (see Zheng et al.

(2009)), it is unsurprising that environmental variations of the satellite HOD have

little impact on ξ(r). For central galaxies, environmental variations shift the frac-

tion of halos with M ≈ Mmin,c that actually host galaxies above the stellar mass

threshold defining the galaxy sample. In the +Env model, these near-threshold

halos are preferentially populated in denser regions, thus boosting ξ(r). It is inter-

esting that the −Env model still enhances ξ(r) (though more weakly than +Env),

because it concentrates the occupied near-threshold halos with each other even

though they are shifted towards lower density regions away from massive halos.

The small (0.2%) enhancement of the +Sat model at r ≤ 1h−1Mpc likely arises

from pairs between satellites and the central galaxies of nearby low mass ha-

los, which are more common in denser environments. At large scales we expect

any environmental effect to result in an overall shift of the (scale-independent)

galaxy bias factor b, so the ratio ξenv/ξstd should approach a constant. However,

the enhancement at large scales is already below 1%, and even with the Multi-

Dark volume we do not have the statistics to identify this expected asymptotic

behavior.

Figure 4.9 compares the impact of environmental variations at z = 0.0, 0.5,

and 1.0. To make a fair comparison, we use the same slopes of −3% for Mmin,c

and −20% for MT as in the “+Env” case for z = 0 shown in Figure 4.8. While

these slopes represent a 2σ limit for the z = 0 case, our statistical errors on the

slopes are larger at higher redshift, particularly for the satellite MT (see Tables 4.2

and 4.3). Again, we adjust the global Mmin,c to keep the number density the same

in the “Env” case as the standard case for each redshift. Figure 4.9 shows that

the same values of qcen and qsat have a much larger impact on ξenv/ξstd at higher

redshift. It also shows the emergence of two clear bumps centered at 0.3h−1 and
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2−3h−1Mpc at both z = 0.5 and 1.0. At z = 1, the enhancement in ξ(r) reaches 12%

at 0.3h−1Mpc and ≈ 8% around 1− 4h−1Mpc. We do not have a clear explanation

for the greater impact of the same level of environmental dependence at higher z,

but it may simply reflect the overall higher bias of galaxies at these redshifts, so

that slightly shifting the threshold mass has a greater leverage on galaxy number

density. Whatever the case, it is clear that environmental HOD variations within

our SPH simulation limits could have a greater impact on ξ(r) at higher redshift.

In HOD models, the correlation function of stellar mass-threshold samples in-

creases with decreasing galaxy space density because the halo mass thresholds

shift upwards, putting more galaxies into more strongly clustered halos. It is in-

teresting to compare the effect of HOD environment dependence to that of chang-

ing the galaxy space density. Figure 4.10 compares (at z = 0) the “+Env” model

of Figure 4.8 to an environment-independent HOD model in which we reduce

both Mmin,c and MT by a factor that yields a 10% decrease in the number density.

This change reproduces the effects of the environment dependence at sub-Mpc

scales. We have also tried models in which we vary Mmin,c and MT by individ-

ual factors, obtaining the closer but still imperfect match shown by the dashed

curve (“HOD var”) in Figure 4.10. We conclude that simple changes in HOD pa-

rameters would not mimic the effects of environmental variations in quantitative

detail even in the presence of a ∼ 10% observational uncertainty in the galaxy

space density, though allowing for variations in the galaxy profile within halos

(not considered here) might allow closer matches.

4.5 Conclusions

The main goal of this paper is to measure the effect of large-scale halo environ-

ment density on the population and properties of central and satellite galaxies
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Figure 4.9 Same as Figure 4.8, but comparing results at z = 0, 0.5, and 1.0 for the

“+Env” model only. The same level of environment dependence, −3% per dex in

Mmin,c, and −20% per dex in MT , produces a much larger enhancement of ξ(r) at

higher redshift, when the galaxies themselves are more strongly biased.
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We also show a model in which Mmin,c and MT are varied by independent factors

to better mimic the “+Env” behavior on small and large scales (dashed curve).

All results at z = 0.
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in halos. To do this, we use an SPH simulation box of ΛCDM cosmology with

size 100h−1Mpc and 5763 particles that incorporates galactic winds and a post-

processing model for quenching of high mass galaxies. We focus primarily on

galaxies at z = 0 with Mg ≥ 2 × 1010M� giving us a space density equiva-

lent to Mr < −20 SDSS galaxies. We also examine a higher mass threshold of

Mg ≥ 6 × 1010M�, and galaxies for both thresholds at z = 0.35, 0.5, 0.75, and 1.0.

We use the g − r galaxy colors to divide the lower mass threshold galaxy sample

into red and blue galaxies and examine the effect of halo environment density on

red and blue galaxies separately at z = 0. We define the halo environment den-

sity by using a hollowed 5h−1Mpc Gaussian filter (Eq. 4.1) and rank halos by their

environment density within narrow bins of halo mass. We measure the halo oc-

cupation distribution (HOD) of the entire population, and halos with the highest

20%, middle 60%, and bottom 20% environment density.

We do not find any significant evidence for the dependence of the HOD on

large-scale halo environment density at fixed halo mass, for either mass thresh-

old, at any redshift, or for red or blue galaxy subsamples. We quantify this

further by measuring qcen, the slope of the minimum mass for a halo to have a

central galaxy Mmin,c, and qsat, the slope of the satellite galaxy threshold mass

log10MT with respect to log10 ρ/ρavg. For our main sample at z = 0, we measure

qcen = 0.013± 0.009 and qsat = 0.04± 0.08 with the other cases listed in Tables 4.2

and 4.3. We find that all values are consistent with no trend at 2σ.

Next, we seek to measure the effect of the dependence on large-scale halo

environment density on the galaxy correlation function. We use the MultiDark

MDR1 N-body simulations at z = 0.0, 0.5, 1.0 to compute the real-space correla-

tion function ξ(r) and create galaxy catalogs using the environment-independent

(standard) HOD, and the maximum environmental trend allowed by our SPH
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simulation at 2σ. Specifically, we change Mmin,c by ±3% and MT by ±20% per

dex of ρ/ρavg. We find that these maximal halo environment effects increase the

galaxy correlation function by up to 3% at scales of 0.2 − 4h−1Mpc at z = 0. This

effect is mainly driven by the central galaxies; if we allow only the satellite HOD

to be environment dependent then the impact on ξ(r) is negligible. The potential

impact on ξ(r) is larger at higher redshift reaching an enhancement of ∼ 12% at

0.3h−1Mpc and ∼ 8% at 1 − 4h−1Mpc at z = 1. We attempt to mimic this effect

by varying HOD parameters in a way that alters the galaxy space density, but we

find that simple HOD changes do not replicate the effects of environmental HOD

variations in detail.

The absence of HOD environmental dependence found in our SPH simula-

tions contrasts with the results of Zentner et al. (2013), who assign galaxies to dark

matter halos and subhalos by matching luminosity monotonically (with some

scatter) to the peak value of the halo’s maximum circular velocity and assign

colors at fixed luminosity by matching the observed color distribution monotoni-

cally to a measure of halo age (Hearin & Watson, 2013). For luminosity-threshold

samples they find ∼ 10% enhancement of ξ(r) at r > 1h−1Mpc relative to an

environment-independent HOD, with a stronger enhancement for high luminos-

ity red galaxies (and a depression for blue galaxies). These abundance matching

models tie galaxy properties tightly to halo assembly history, so they can inherit

the assembly bias of the halos themselves. In our SPH simulation, on the other

hand, the relation between assembly history and galaxy stellar mass or color is

evidently stochastic enough to erase any residual assembly bias within the statis-

tical limits we can probe with our (100h−1Mpc)3 volume. Semi-analytic models

appear to be intermediate, predicting assembly bias effects that alter correlation

functions at the 5 − 10% level, depending on details of the sample (e.g., Croton
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et al. 2007; Zu et al. 2008).

Sharpening empirical constraints on environmental HOD variations is an im-

portant goal for future studies of galaxy clustering; the challenge is to devise

analysis methods that can distinguish the impact of environmental variations

from those of the HOD parameters themselves (e.g., Hearin et al. 2014). Good

constraints on environmental variations will provide valuable insights on galaxy

formation physics by showing how tightly specific galaxy properties are coupled

to the detailed histories of their parent halos or to other aspects of their large scale

environment. Understanding these variations is also important to cosmological

studies based on galaxy clustering, galaxy-galaxy lensing, or redshift-space dis-

tortions, where HOD models are a powerful tool for extending models into the

non-linear regime. Future large scale structure surveys such as SDSS-IV eBOSS,

HETDEX, DESI, Euclid, and WFIRST are opening the redshift range z = 0.7− 3.5

to high-precision measurements of galaxy clustering, often using emission-line

galaxy samples that may have a complex relation to the full galaxy population.

The new redshift frontier and the great statistical power of these surveys present

a stiff but critical challenge for halo-based models of galaxy formation and galaxy

bias.
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CHAPTER 5

CONCLUSIONS

Mapping the expansion history of the Universe with sub-percent precision has

become the key in understanding the nature of dark energy, thereby providing a

solution to one of the important open questions in astronomy. Baryon acoustic

oscillations (BAOs) provide a robust and promising technique to map the expan-

sion history, specially at high redshifts (z ≥ 1). The large intrinsic scale of the

BAO of ∼ 150 Mpc, combined with its geometric nature immunizes it from sev-

eral systematic uncertainties that plague other major probes of dark energy. In

this thesis, I have provided a general introduction to the method of using BAOs

for cosmological measurements, and to the two main theoretical uncertainties

that affect BAO measurements: galaxy bias and non-linear structure formation.

In §2 we analyze closely the effect of galaxy bias and non-linear structure for-

mation using large N-body simulations using the power spectrum P (k). We use

a total simulation volume of 44h−3 Gpc3 at z = 1 to explore the effect of galaxy

bias in both real and redshift space. We examine the effects of galaxy bias and

non-linear structure growth by using the propagator to compare the correlation

of the final density field to the initial density field on a mode-by-mode basis. We

used different halo occupation distributions (HODs) to populate the N-body sim-

ulations and create mock galaxy catalogs with different galaxy biases. In order

to isolate the effect of galaxy bias, we compare the shift measured in the acous-

tic scale with galaxy bias to that measured without galaxy bias, i.e. using the

full dark matter density as detailed in Seo et al. (2010). We did not detect any

additional shift due to galaxy bias in the less biases (b < 3) cases, typically

0.10% ± 0.10%. The most biased HODs (b > 3) showed moderate shift due to
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galaxy bias at 0.79%± 0.31%.

Eisenstein et al. (2007a) first proposed a simple one-step reconstruction tech-

nique to reduce the effect of non-linear structure formation due to large-scale

(tens of Mpc) gravitational flows. We explain in detail how to implement this

reconstruction method for biased cases in N-body simulations for both real and

redshift space. After implementing the reconstruction technique, we measure the

effect of galaxy bias after reconstruction. We find that reconstruction reduces the

shift in the acoustic scale, and there is no evidence for any additional shift due

to galaxy bias even in the most biased cases. We find that that reconstruction

reduces the errors on BAO measurements by a factor of 1.5 - 2. The measured

shift in the acoustic scale due to galaxy bias after reconstruction is −0.16 ± 0.17,

even in the most biased case. The effectiveness of reconstruction in removing

any additional effect of galaxy bias and reducing the error bars on the BAO mea-

surement is a crucial result to measuring the distance-redshift relationship from

actual BAO surveys.

Padmanabhan et al. (2012) apply this reconstruction method to the Sloan Dig-

ital Sky Survey (SDSS) Data Release 7 (DR7) BAO measurements to measure the

distance to redshift z = 0.35 to be DV (z = 0.35)(rfid
s /rs) = 1356 ± 25 Mpc, which

is a 1.9% measurement. Xu et al. (2012) explores the robustness of the analysis

methods and the benefits of reconstruction to this dataset. They conclude that

reconstruction reduces the error bars by a factor of 1.8, effectively increasing the

survey volume by three-fold. In §3, we use this result in combination with cosmic

microwave background (CMB) data from the WMAP7 mission, type Ia super-

novae data from the SuperNovae Legacy Survey (SNLS), other BAO data from

the 6 degree Field Galaxy Survey (6dFGS), WiggleZ galaxy survey, and direct H0

measurement by Riess et al. (2011) to measure various cosmological parameters
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for a range of different cosmological models. We use the COSMOMC program

to run Monte Carlo Markov chains (MCMC) in order to measure the probability

densities of various cosmological parameters.

We find that the data is consistent with a ΛCDM model of the Universe with

flat geometry. We obtain a 1.7% measurement on the Hubble constant within

the ΛCDM model of H0 = 69.8 ± 1.2 km/s/Mpc. The BAO, being geometric

in nature, breaks the degeneracy between H0, Ωm, and w or ΩK in wCDM and

oCDM cosmological models. In wCDM and oCDM models, we measure w to

be consistent with −1 (w = 0.97 ± 0.17) and the Universe to have flat geometry

with ΩK = −0.003 ± 0.05. Using the combined datasets of the CMB+BAO+SN,

we show that the measurements of H0 and Ωm are robust against a variety of

different cosmological models.

The same methodology used in §3 is also used to measure cosmological pa-

rameters with MCMC chains for Anderson et al. (2012), which used the BAO in

the SDSS DR9 dataset to measure the distance DV (z− 0.57) = 2094± 34 Mpc. We

use this result in combination with those from §3, supernovae, and CMB data to

measure various cosmological parameters. The results are qualitatively the same,

with the data consistent with a ΛCDM Universe with flat curvature. The same

MCMC chains were used to measure cosmological parameters with the BAO in

the Ly-α forest at z = 2.3. Further surveys have measured distances at 1% accu-

racy and future surveys plan to measure cosmological parameters at even higher

accuracy.

The analysis methods discussed in Padmanabhan et al. (2012), Xu et al. (2012),

and Anderson et al. (2012) are tested against galaxy catalogs created from N-

body simulations using HODs. The HOD is a probabilistic model to assign galax-

ies to dark matter halos based on halo properties. Most HODs only rely on the
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mass of the dark matter halo and ignore potential effects of other properties. In

§4, we explore in detail the effect of 5 Mpc halo environment density on the HOD

and correlation of galaxies. We use a smoothed-particle hydrodynamic simula-

tion (SPH), which incorporate the baryonic physics of stellar formation and galac-

tic winds for galaxy formation and evolution, along with post-processed star for-

mation quenching. We use the 100h−1Mpc SPH box with 5763 particles to directly

measure HOD for halos in different environment density and compare it to an

environment-independent HOD at different redshifts of z = 0, 0.35, 0.5, 0.75, and

1.0.

We find that there is no significant evidence of the dependence of the HOD

on halo environment density at fixed halo mass at any redshift. We explore this

further by looking at populations of central and satellite galaxies separately. We

quantify this by measuring the change in the minimum mass for a halo to host

a central galaxy, Mmin,c, and the satellite galaxy threshold mass log10MT with

respect to halo environment density. We find thatMmin,c changes by (0.13±0.09)%

and log10MT changes by 0.04±0.08 for one decade of change in halo environment

density (ρ/ρavg).

We further seek to measure the maximum effect halo environment density

could have on the correlation of galaxies via the HOD. We use the MultiDark

MDR1 N-body simulation to compute the real-space correlation function ξ(r) at

z = 0, 0.5, and 1.0. We change Mmin,c by ±3% and MT by ±20% (consistent with a

2σ change from our SPH simulations) to create an environment-dependent HOD.

We compute the galaxy correlation function with and without the environment

dependence and we find that halo environment increases the galaxy-galaxy cor-

relation by 3% at scales of 1− 20h−1Mpc at z = 0. This effect is driven completely

by central galaxies, and allowing only the satellite galaxies to be environment
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dependent has negligible impact on ξ(r). However, the potential impact of halo

environment density is larger at higher redshift, reaching an enhancement in ξ(r)

of ∼ 12% at 0.3h−1Mpc and ∼ 8% at 1− 4h−1Mpc for z = 1.

This few percent potential impact on the correlation function is highly im-

portant in an era where we seek sub-percent accuracy on our cosmological pa-

rameters. The future of cosmological, and BAO surveys in particular, resides in

large surveys at higher redshifts with planned surveys such as HETDEX, eBOSS,

DESI, WFIRST, and Euclid measuring galaxy clustering at z = 0.7 − 3.5 to high

precision. These surveys will not only use the techniques describes in §2 and §3,

but will also rely heavily on HOD research such as that described in §4 to obtain

precise measurements of redshift-space distortions. Not only do measuring cos-

mological parameters and the expansion of the Universe rely on methods such

as galaxy clustering, galaxy-galaxy lensing, and redshift-space distortions, but

galaxy formation and evolution theories also rely on these methods. These meth-

ods in turn rely on techniques such as the HODs to accurately map galaxies to

dark matter halos found in N-body simulations.

Keeping the results from this thesis and the scope of future large-surveys in

mind, there are several areas that provide opportunities for further exploration.

There is a need for larger and better simulations that incorporate more baryonic

physics to correctly predict the formation and evolution of galaxies. Those simu-

lations will allow us to precisely measure various baryonic effects on large scales

of up to tens of Mpc. The development of such simulations themselves will be

an enormous task to undertake as they currently take too long on even large su-

percomputers. There is also a need to analyze the effects of baryons on galaxy

clustering (such as those described in §4) in redshift space. A thorough analysis

using redshift-space correlation functions such as ξ(s), ξ(rp, π), and w(rp) will al-
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low us to test the robustness of models like the HOD on smaller scales and make

them more translatable to actual survey observations. Using such simulations to

build on the analyses presented in this thesis offers a way to realize the promise

of the large-scale structure and galaxy evolution measurements in the next gen-

eration of cosmological surveys.
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B. D. 2011, MNRAS, 412, 1059

Zu, Y., Zheng, Z., Zhu, G., & Jing, Y. P. 2008, ApJ, 686, 41


	List of Figures0.15cm
	List of Tables0.15cm
	Abstract 0.15cm
	Introduction
	Observational Probes of Dark Energy
	Cosmic Microwave Background Radiation
	Formation of the Baryon Acoustic Oscillations
	Observing the BAO: A Standard Ruler
	Supernovae and Direct H0 Measurements

	Sources of Errors for BAO Measurements
	Galaxy Bias and Non-Linear Structure

	Simulating the Universe

	Galaxy Bias and its Effects on the Baryon Acoustic Oscillations Measurements
	Introduction
	Simulations & Methods
	Simulations and Code
	Halo Occupation Distributions (HODs)
	Power Spectra Fitting Methods
	Resampling Simulations Method
	Reconstruction with HODs

	Investigating the Correlation of Density Fields
	Introduction to the Propagator
	Effect of Galaxy Bias on the Propagator
	Effect of Reconstruction on the Propagator

	Effect of Galaxy Bias on the Acoustic Scale Measurement
	The Acoustic Scale for Biased Tracers
	Comparing HOD and mass
	Difference in Acoustic Scale: HOD - mass
	Slopes of HOD - 1 vs mass - 1 Distribution
	Fisher Matrix Scatter Estimates
	Comparing real and redshift
	Effects of Variations in Bias and Reconstruction Smoothing Scale

	Conclusion

	Cosmological Measurements and Implications of the SDSS DR7 2% BAO Distance Measurement to z = 0.35
	Introduction
	Methodology
	Results
	Cosmology with BAO Data
	CDM: The Vanilla Model
	oCDM: Varying Spatial Curvature
	wCDM: Varying the Constant Dark Energy Equation of State Parameter
	owCDM: Varying Curvature and the Constant Dark Energy Equation of State Parameter
	w0waCDM: Varying the Time Dependent Dark Energy Equation of State Parameter
	ow0waCDM: Varying Curvature and Time Dependent Dark Energy Equation of State Parameter
	Robust measurement of H0 and m
	Energy Density of Relativistic Species

	Conclusions

	The Robustness of Halo Occupations to Large-Scale Environment in Cosmological Galaxy Simulation
	Introduction
	The Simulations
	HOD vs. Environment in the SPH Simulations
	Computing the Halo Environment
	Influence of Environment on the Mean Halo Occupation
	Central Galaxy Stellar Masses
	Satellite Galaxies Properties

	Effect on Correlation Function
	Conclusions

	Conclusions

