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Abstract

The nature of dark matter and dark energy are currently two of the

most important questions in cosmology. In this thesis, we consider

studying the dark universe with the redshifts and peculiar velocities

of galaxies. In the first half of the thesis, we analyse current peculiar

velocity measurements of the bulk flow of our local volume to estimate

the underlying dark matter power spectrum. In the second half of the

thesis, we consider the prospects for measuring dark matter and dark

energy with future galaxy redshift surveys, particularly via redshift

space distortions. Fundamentally, bulk flow measurements and red-

shift space distortions are both sensitive probes of the power spectrum

and growth rate of cosmic structure. In the final chapter, we directly

compare power spectrum measurements with both methods.
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Chapter 1

Cosmology, Dark Energy and the

Power Spectrum Review

1.1 The Background Expansion

In this section we review the development of cosmology, and the evidence for

dark matter and dark energy, based on introductions found in Peebles [1993],

Liddle [2003] and Dodelson [2003]. The two key assumptions in cosmology are

that the universe is isotropic and homogeneous. Based on these assumptions, the

Freidman-Robertson-Walker (FRW) metric can be derived, as is given by

ds2 = c2dt2 − a2(t)

(
dr2

1− kr2
+ r2dθ2 + r2 sin2 θdφ2

)
, (1.1)

where r is the comoving distance. The scale factor a is related to the redshift z

by

a =
1

1 + z
, (1.2)

and describes the relative scale of the universe now to the scale of the universe

at redshift z. The redshift is given in terms of wavelength λ by

z =
λobserved − λemitted

λemitted

. (1.3)
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Hubble [1929] found that this redshift was directly proportional to the distance

d to the observed galaxy

cz = H0d . (1.4)

This apparent ‘Hubble Flow’ is due to the expansion of the Universe, and this

relation is only complete for low redshifts. The subscript 0 indicates that this is

the value of Hubble’s constant H at redshift zero (i.e., now). The variation of

H with redshift depends on the densities of various components which constitute

the Universe

H2(z) = H2
0

∑
n

Ωn(1 + z)3(1+wn) , (1.5)

where the equation of state wn is the ratio of the pressure pn to the energy density

ρnc
2, given by

wn =
pn
ρnc2

. (1.6)

The density Ωn is defined in terms of the density relative to the critical density

ρc

ρc =
3H2

8πG
, (1.7)

so that Ωn is then given by

Ωn =
ρn
ρc

. (1.8)

The three most important density components are matter, radiation, and the

cosmological constant. The cosmological constant is an allowed additional con-

stant term in the Einstein field equations, and can be considered as an additional

component of the energy-momentum tensor, with a constant density, ΩΛ. Since

the density must be independent of redshift, we can see from equation 1.5 that

wΛ = −1. We can then see from equation 1.6 that wΛ = −1 implies the surprising

result that the cosmological constant exerts a constant negative pressure, which

becomes increasingly dominant as the density of the matter and radiation com-

ponents decrease. Since it is the equation of state of the cosmological constant

which we will most frequently consider, we will refer to wΛ = −1 as simply w.

The equation of state for matter wm is 0, so the density of matter Ωm scales as

the volume of the universe, as intuitively expected. As for radiation, the number

density of particles scales as with matter, although the additional redshift of
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the radiation (which scales linearly with the scale factor) causes the density of

radiation Ωr to scale proportionally to a−4, so the equation of state wr is 1/3.

For a cosmological constant, the density ΩΛ is independent of redshift, so the

equation of state is given by wΛ = −1. The matter density can be specified in

terms of the density in cold dark matter, Ωc, and the density in baryons, Ωb.

In later chapters, we also consider measuring the density of an ultra-light axion

component of dark matter, Ωa.

One of the most successful methods for measuring the values of the density pa-

rameters (and other cosmological parameters) has been through measurements of

temperature fluctuations in the cosmic microwave background, most recently by

the Wilkinson Microwave Anisotropy Probe (WMAP). The model of an isotropic

and homogenous universe, with gravity described by general relativity, density

dominated by the cosmological constant, and the majority of the matter con-

sisting of cold dark matter has come to be known as the Λ Cold Dark Matter

model, or ΛCDM. Throughout this work we will assume a flat, ΛCDM cosmology

with parameters based on the seven year data release from WMAP, from Larson

et al. [2011], with the matter density Ωmh
2 = 0.1334 and the baryon density

Ωbh
2 = 0.0226.

The behaviour of H(z), and, correspondingly, the values of the density param-

eters, has been measured via the luminosity distance to standard candles, most

famously by Riess et al. [1998] and Perlmutter et al. [1999], with the detection of

ΩΛ. The expansion of the Universe has also been measured by the ‘standard ruler’

of the Baryon Acoustic Peak in the distribution of galaxies surveys at low redshift

(z ∼ 0.5), and in the CMB (although both galaxy surveys and the CMB provide

further parameter constraints beyond a measurement of the angular diameter

distance).

In the expanding FRW metric, the luminosity distance (the distance as mea-

sured with a standard candle) and angular diameter distance (the distance as

measured with a standard ruler) are different, and can both be expressed in

terms of the comoving distance. For an H(z) with no redshift dependence, the

comoving distance DC(z) could be written simply from Hubble’s law:

DC(z) = c
z

H0

. (1.9)
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To include the redshift dependance, we integrate H(z) from 0 to z:

DC(z) = c

∫ z

0

dz′

H(z′)
. (1.10)

Etherington [1933] showed that the comoving distance is related to the luminosity

distance by

DL(z) = (1 + z)DC(z) , (1.11)

and the angular diameter distance by

DA(z) =
DC(z)

(1 + z)
. (1.12)

The comoving distance and angular diameter distance are plotted in Figure 1.1

tested against results from iCosmos [Trotta, 2008]. For completeness, the comov-

ing volume enclosed to redshift z is also plotted, given by

VC =
4π

3
D3
C . (1.13)

1.2 Dark Energy

Although the discovery of dark energy is often associated with supernova light

curve results from Riess et al. [1998] and Perlmutter et al. [1999], there were

several other previous indications for a non-zero cosmological constant. Inflation,

as proposed by Guth [1981] suggested a flat universe, with Ω = 1, while Efstathiou

et al. [1990] found tentative evidence in the APM (Automatic Plate Measuring)

galaxy survey for a low Ωm, which suggested that ΩΛ may be as high as 0.8.

In general, early measurements of Ωm ≈ 0.3, combined with the assumption of

flatness, set the scene for a dominant cosmological constant (for example, Kofman

et al. [1993]), confirmed by the supernovae results of Riess et al. [1998] and

Perlmutter et al. [1999]. With the advent of WMAP, the ΛCDM paradigm was

largely confirmed by the first-year results [Spergel et al., 2003]. Contemporary

results from the 2dFGRS and SDSS galaxy redshift surveys further compounded

4
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Figure 1.1: The comoving distance, angular diameter distance, and comoving
volume, plotted on the right, verified against results from iCosmos [Trotta, 2008],
plotted on the left.
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Figure 1.2: Illustrating the effect of curvature on determining distance. An object
of fixed length L can subtend the same angle α at different distances, if the space
has significant curvature. For a positively curved, closed space, an object of fixed
length L will be further away than an object of the same length in flat space
subtending the same angle. For a negatively curved space, the same object will
subtend the same angle when it is closer to the observer than the same object in
flat space.

the ΛCDM model (for example, Cole et al. [2005]; Peacock et al. [2001]; Percival

et al. [2001, 2007a,b] ).

Measurements of the primordial CMB cannot constrain dark energy alone,

due to the degeneracy between distance and curvature. As illustrated in Figure

1.2, curvature causes an object of the same size and orientation to subtend the

same angle while being at different distances. Although CMB measurements (of

the last scattering surface) provide strong constraints on the parameters of the

ΛCDM model, these measurements must be combined with low redshift mea-

surements (such as supernovae) to break the degeneracy between curvature and

dark energy. Sherwin et al. [2011] combined WMAP measurements with CMB

lensing measurements from ACT (the Atacama Cosmology Telescope) and found

evidence for dark energy from CMB measurements alone. Recently, Schrabback

et al. [2010] found evidence for dark energy in weak lensing tomography mea-

surements, and Reyes et al. [2010] found evidence for dark energy in a combined

analysis of weak lensing and galaxy clustering.

If dark energy is genuinely due to a cosmological constant, the equation of

state is exactly w = −1. Departures from behaviour as a cosmological constant

can be parametrised with a variable equation of state w(z). The most widely
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used parametrisation was proposed by Linder & Huterer [2005], as

w(z) = w0 + wa(1 + z) , (1.14)

with w0 = −1 and wa = 0 corresponding to a cosmological constant. Huterer

& Turner [2001] proposed the ‘pivot redshift’ parametrisation wp, which is the

value of w at which measurements of w0 and wa are uncorrelated, and depends

on the observable technique with which w is measured. Measuring w at the pivot

redshift allows for the smallest uncertainty on the dark energy parameters.

The cosmological constant represents the simplest explanation for dark energy,

and – so far – appears in agreement with cosmological observations. However,

the value of ΩΛ ≈ 0.7 presents a serious fine-tuning problem with predictions

from quantum field theory, which disagree by around 120 orders of magnitude in

the density of the cosmological constant. The strange nature of the cosmological

constant dark energy has motivated an enormous number of theories beyond the

ΛCDM model to explain the accelerated expansion (see Clifton et al. [2012] for a

review).

1.3 The Growth Rate

Since any dark energy theory must at least reproduce the apparent accelerated ex-

pansion at the background level, it can be difficult to test theories with only mea-

surements of the background expansion, such as supernovae or BAOs. However,

measuring the effect of gravity on smaller scales presents, in principle, a promis-

ing method to discriminate between models, since an incorrect theory which can

reproduce the overall expansion will not necessarily be able to reproduce small

scale features. The background to the growth of anisotropies we consider in this

section is based on reviews by Coles & Lucchin [1995] and Gong [2008].

We consider the growth of small over or under-densities in matter, δ, defined

as

δ =
ρ− ρ
ρ

, (1.15)

where ρ is the density and ρ is the average density at which δ is considered.
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In the linear regime (i.e., perturbations which are only a small deviation from

average) we can consider the observed density perturbations as a superposition

of δk (of wavelength λ), with amplitudes given by the power spectrum, P (k). If a

perturbation is sufficiently dense (compared to the wavelength of the mode), the

mode will tend to collapse due to gravitational Jeans instability. The gravitational

potential of the over-density Φ can be described by the Poisson equation, so

that ∇2Φ = 4πGρ. However, in the case of an expanding universe, there is an

additional effect on the growth rate due to the expansion of the background, so

the growth is given by

δ̈ + 2Hδ̇ − 4πGeffρδ = 0 , (1.16)

where the third term models the growth under gravity, and the second term

models the competing effect due to the background expansion. It is useful to

define f , the perturbation growth rate, in terms of the e-folding time of the scale

factor, as

f ≡ d ln δ

d ln a
. (1.17)

Substituting the definition for f from 1.17 into 1.16, we find

df

d ln a
+ f 2 +

(
Ḣ

H2
+ 2

)
f =

3

2

Geff

G
Ω . (1.18)

Geff depends on the particular model of gravitation, and equals 1 for ΛCDM.

As an example, Geff for the modified gravity DGP Braneworld model of Dvali,

Gabadadze, & Porrati [2000] is given in

Geff

G
=

2(1 + 2Ω2)

3(1 + Ω2)
. (1.19)

In general, f can only be solved numerically, although an approximate solution

is given by

f = Ωγ
m . (1.20)

The exponent γ can be set to trace out the growth history for a wide variety of

cosmological models. For ΛCDM, γ ≈ 0.55, whereas for DGP, γ ≈ 0.69. The

growth rate for several different cosmologies, with current measurements from

8
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Figure 1.3: A plot of the growth rate for different parameters, with current
measurements from 2dFGRS from Peacock et al. [2001], 2SLAQ from Ross et al.
[2007], VVDS from Guzzo et al. [2008], WiggleZ Blake et al. [2010], 2QZ+2SLAQ
da Ângela et al. [2008], LUQAS Viel et al. [2004] and SDSS Reid et al. [2012].

Redshift Space Distortions, is plotted in Figure 1.3.

1.4 The Power Spectrum & the Two-Point Cor-

relation Function

A key concept that we will consider in this thesis is the power spectrum P (k) of the

density fluctuations, δk, and the real-space equivalent, the two-point correlation

function, ξ(r). The power spectrum is such a crucial concept because it relates the

underlying theory and parameters to observables we can measure. The two-point

correlation function ξ(r) is defined as

ξ(~r) ≡ 〈δ(~x)δ(~x+ ~r)〉 . (1.21)
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The power spectrum is defined as

P (k) ≡
〈
|δk|2

〉
. (1.22)

P (k) is related to ξ(r) by the Fourier transform

P (k) =
1

2π2

∫ ∞
0

drξ(r)
sin kr

kr
. (1.23)

We next consider how the growth rate, angular diameter distance, and Hubble

parameter can be measured with the power spectrum in galaxy redshift surveys.

All methods rely on the two-point correlation function, ξ(r), and the power spec-

trum, P (k). For a galaxy redshift survey, ξ(r) can be calculated, starting with an

arbitrary first galaxy, and then counting the number of galaxies over a range of

distances. This process is then repeated for all the galaxies in the survey to find

the ‘Data-Data’ term of the correlation function, DD. The process must then

be repeated for a set of random points with the same average density as the real

sample, to find the ‘Random-Random’ term, RR. The simplest estimate of the

correlation function is then given by

ξ(r) =
DD

RR
− 1 . (1.24)

Landy & Szalay [1993] proposed an improved estimator, given by

ξ(r) =
DD − 2DR +RR

RR
. (1.25)

Although the two point correlation function is defined as a function of dis-

tance, we will frequently consider the distance in terms of distance parallel and

perpendicular to the line of sight, ξ(r||, r⊥). Similarly, we can consider the power

spectrum in terms of parallel and perpendicular k modes, P (k⊥, k||). This two

dimensional power spectrum is often written as P (k, µ), where µ = cos(k⊥/k||)

and k =
√
k2
⊥ + k2

||.

A key assumption of our cosmological model is that in real space ξ(r) will be

spherically symmetric. However, the measured position of the galaxies is given

by the coordinates RA, Dec, and redshift, which can be converted to Cartesian
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Figure 1.4: The two main redshift space distortion effects. On the left the effect
of coherent infall (also known as the Kaiser effect) is illustrated, which causes
over-dense regions to appear compressed along the line of sight (and under-dense
regions to appear elongated along the line of sight). On the right, the effect of
velocity dispersion is illustrated (also known as the Fingers of God effect), which
causes an elongation along the line of sight.

coordinates X, Y , and Z. In converting redshift to distance, we have assumed

Hubble’s law, in the absence of distortion due to peculiar velocities. Peculiar

velocities can often be comparable to, or larger than, the apparent velocities due

to the Hubble flow, which introduce Redshift Space Distortions (RSD) along the

line of sight. There are two main effects to consider, illustrated in Figure 1.4.

The first effect is coherent infall into overdensities, which causes overdense regions

to appear compressed along the line of sight, and underdense regions to appear

elongated along the line of sight. Kaiser [1987] showed that this effect can be

modelled as

Pgalaxy(k, µ) = b2

(
1 +

f

b
µ2

)2

× Pmatter(k) (1.26)

where f is the growth rate, and b is the linear galaxy bias, defined as

δgalaxy = bδmatter . (1.27)

The effect of bias is illustrated for a 1-D power spectrum in Figure 1.5, against

the SDSS Large Red Galaxy power spectrum [Tegmark et al., 2006].

Thus by measuring the redshift space distortion compression in the two dimen-

sional power spectrum P (k, µ), it is possible to measure the growth rate via the
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Figure 1.5: The matter power spectrum generated with CAMB [Lewis et al.,
2000] with HALOFIT [Smith et al., 2003] to model non linearities at small scales,
to match the SDSS LRG Sample from Tegmark et al. [2006] at z = 0.3 and a bias
of 2.13. The error bars are plotted at the 1 σ level. We start with the matter
power spectrum at z = 0 (blue dashed line) then divide by the growth rate from
z = 0.3 to z = 0 to find the matter power spectrum at z = 0.3 (the green solid
line). We then multiply the matter power spectrum at z = 0.3 by the linear
galaxy bias (squared) to find the biased galaxy power spectrum (the solid red
line).
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Figure 1.6: The two dimensional redshift space power spectrum at z = 0.5. Only
one quadrant of the plot is unique – the other sections have been mirrored to
illustrate the symmetry of the redshift space distortion.

f
b

term in the power spectrum. The ratio of f
b

is known as the RSD compression

parameter, β.

On smaller scales (∼5 h−1Mpc) where galaxies are found within virialized

clusters, the peculiar velocity due to velocity dispersion causes clusters of galaxies

to appear elongated along the line of sight, also illustrated in Figure 1.4. In a

similar manner to the compression parameter, this effect can be modelled with

an additional factor as

Pgalaxy(k, µ) = b2 ×
(

1

1 + (kµσv)2/2

)
×
(
1 + βµ2

)2 × Pmatter(k) (1.28)

where σv is the velocity dispersion parameter, typically around 350 km s−1.

In this thesis, we consider measuring the power spectrum with galaxy surveys,
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and constraints that can be placed on underlying cosmological parameters with

such measurements. We consider redshift surveys and peculiar velocity surveys.

The outline for the rest of the thesis is illustrated in Figure 1.7.

In chapter two we review peculiar velocity surveys, and present the likeli-

hood approach we use to measure the power spectrum from the COMPOSITE

peculiar velocity catalogue. In chapter three we present results for measurements

of the power spectrum with peculiar velocities. Chapters four and five can be

considered in parallel to chapters two and three, and concern Fisher forecasts

for future galaxy redshift surveys. Chapter four introduces Fisher matrix tech-

niques, reviews the background to galaxy redshift surveys, and presents forecasts

for the standard ΛCDM model, with a focus on survey design and optimisation of

measurements. In chapter five, we extend the forecasts to include extended cos-

mological parameters, and present detailed forecasts for neutrino and ultra-light

axion dark matter, and preliminary forecasts for testing General Relativity with

a parametrised modified gravity approach. Chapter 6 combines both branches of

the thesis to compare forecasts for future redshift and peculiar velocity surveys.
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Chapter 1 
Introduction to 
cosmology, dark 
energy, and the power 
spectrum 

Chapter 2 
Review of peculiar 
velocities, moments of 
the velocity field, and 
likelihood approach. 

Chapter 3 
Power spectrum 
measurements with 
peculiar velocities, and 
comparison with 
dipole measurements. 

Chapter 4 
Review of galaxy 
redshift surveys, 
Fisher matrices, and 
forecasts for standard 
!CDM. 

Chapter 6 
Comparing Fisher 
forecasts for peculiar 
velocity surveys to 
redshift surveys. 

Chapter 5 
Fisher forecasts for 
galaxy redshift surveys 
for extended dark 
energy and dark matter 
models. 

Figure 1.7: A schematic outline of the chapters in the this thesis. Chapter 1
contains introductory material which is common to both branches of the thesis.
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Chapter 2

Peculiar Velocity Surveys & the

Power Spectrum Likelihood

Framework

2.1 Introduction & Background

The peculiar velocities of galaxies are a unique cosmological probe, which directly

traces the underlying dark matter distribution (independent of galaxy bias) and

is also sensitive to scales much larger than the size of the survey.

We can measure the peculiar velocity via the effect it has on the redshift of

the galaxy. The redshift z of a galaxy is given by a contribution from the Hubble

flow, H0r, and the line of sight component of the peculiar velocity S:

cz = H0r + S (2.1)

where, for a galaxy labelled m, at position rm, we have the line of sight peculiar

velocity, Sm given by

Sm = r̂m · v(rm) (2.2)

where r̂m is a unit vector in the direction of galaxy m. To measure S we thus

need to combine the redshift of the galaxy with an independent measure of the

distance r. In principle, we can calculate the peculiar velocity of any galaxy for
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which we have the luminosity distance, measured using distance indicators such

as supernovae, Brightest Cluster Galaxies [Postman & Lauer, 1995], Tully-Fisher

[Tully & Fisher, 1977] or Fundamental-Plane [Dressler et al., 1987] measurements.

The Brightest Cluster Galaxies method assumes that the brightest elliptical

galaxy within any cluster of galaxies always has the same intrinsic luminosity.

Lauer & Postman [1994] found a bulk flow of 689±178 km s−s in 119 Abell

clusters with the Brightest Cluster Galaxy method. However, Hudson & Ebeling

[1997] found slower bulk flows which were inconsistent with the Lauer & Postman

[1994] bulk flow, and found that the luminosity distance indicators depended

significantly on calibration with X-ray luminosity.

The Tully-Fisher method [Tully & Fisher, 1977] can be used to estimate the

intrinsic luminosity in spiral galaxies. The method is based on an observed cor-

relation between line width due to rotation (which can be measured directly),

and intrinsic luminosity. The Fundamental-Plane is an analogous method for

elliptical galaxies, which reduces the scatter of the Faber-Jackson method it is

based on. Faber & Jackson [1976] noted a correlation between luminosity and

the velocity dispersion of stars in elliptical galaxies, which can be used a distance

indicator, although with considerably large scatter. [Dressler et al., 1987] noted

that luminosity and velocity dispersion were also correlated with the effective ra-

dius of the galaxy. Taken together, these three parameters form the ‘Fundamental

Plane’ for elliptical galaxies. By measuring the radius and velocity dispersion,

the intrinsic luminosity can be inferred with a smaller uncertainty than with the

Faber-Jackson method alone. The Tully-Fisher and Fundamental plane meth-

ods both assume the mass to light ratio of the galaxies, although consistency

with Cepheid distance indicators (where both can be simultaneously measured)

suggests that both methods are sufficiently robust. Individual uncertainties on

luminosity distances are typically rather large (5% for supernovae, and around

10 to 20% for Tully-Fisher and Fundamental-Plane), which propagates to a large

uncertainty in the peculiar velocity.

Before the detection of temperature fluctuations in the CMB (e.g. Smoot

et al. [1992] ), peculiar velocity measurements presented (in principle) one of

the most promising methods to measure Ωm. However, much previous work was

troubled by systematic issues with peculiar velocity data, and difficulties with
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analysis methods, which tended to suggest high bulk flows, and favour Ωm ∼ 1,

in particular the Mark III peculiar velocity catalogue, and the POTENT velocity

field reconstruction method. For example, Dekel & Rees [1994] appeared to rule

out Ωm ∼ 0.3 at the 2.4 σ level, and Nusser & Dekel [1993] rule out Ωm ∼ 0.3

at the 4 to 6 σ level. Since then, with the rise of other cosmological observables,

cosmology with peculiar velocities has become less popular. However, with recent

improvements in peculiar velocity data, and more robust analysis methods, the

field is attracting attention again.

Recent interest in peculiar velocities has been driven by the high dipole mo-

ment of our local velocity field, which can appear to be in some tension with

the ΛCDM model. The ΛCDM model indicates that we should expect a peculiar

velocity dipole of magnitude around 100 km s−1, although many independent

peculiar velocity surveys show evidence for a bulk flow at redshift zero of around

416±78 km s−1 in the direction l = 280 b = 10 degrees [Feldman et al., 2010;

Hudson et al., 2004; Ma et al., 2010; Watkins et al., 2009]. However, Nusser &

Davis [2011] find evidence for a flow more commensurate with ΛCDM of around

257 ± 44 km s−1 (in a similar direction as the other bulk flow results).

In more tension with ΛCDM are significantly higher bulk flows at redshift

∼0.25, which curiously appear to be in the same direction as the low redshift

bulk flows. Abate & Feldman [2012] found evidence for an extremely high bulk

flow of 4450+1350
−1100 km s−1 at redshift ∼0.3, in a similar direction to other bulk flows.

Kashlinsky et al. [2010] find a bulk flow of around 1000±300 km s−1 extending

to z ' 0.2 from kinematic Sunyaev-Zel’dovich measurements. If substantiated,

these bulk flows would indicate a non convergence of the peculiar velocity dipole,

and present a serious challenge to the assumptions of isotropy and homogeneity.

However, these bulk flow measurements are far from as robust as the directly

measured peculiar velocity measurements we consider here; Abate & Feldman

[2012] note that their result may be entirely due to systematic effects. In this

work, we will only consider the direct peculiar velocity measurements at low

redshift.

In addition to the high dipole moment, there also appears to be a low shear

of the velocity field [Feldman et al., 2010; Jaffe & Kaiser, 1995], which indicates

that the density contrast responsible for the velocity dipole is on extremely large
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scales. At the depths of the peculiar velocity surveys (up to 100 h−1Mpc), this

suggests an excess density contrast on scales ∼ 1 h−1Gpc. The volume of space

probed by spectroscopic galaxy redshift surveys (e.g. Cole et al. 2005; Reid et al.

2010 and Blake et al. 2010) is currently too small to robustly constrain clustering

on these scales, although Thomas et al. [2010] found some evidence for excess

large scale power in the MegaZ photometric redshift survey, although Ross et al.

[2011] suggest the excess may be due to systematic errors. Measurements of the

CMB can probe anisotropies on these large scales [Hlozek et al., 2012; Larson

et al., 2011], although to compare to results at low redshift, the growth of these

anisotropies must be assumed, which depends on the cosmological model.

There are many possible explanations for the high dipole moment, ranging

from systematic effects to more exotic explanations invoking extended cosmology

or modified gravity. Hudson et al. [2004] considered systematic effects in the

SMAC peculiar velocity survey, such as a dipole variation in the velocity dis-

persion, galactic extinction, and calibration across different observations. They

found that systematic effects could account for at most half of the high dipole

moment of the SMAC survey, leaving a dipole moment which is still at least three

times higher than the ΛCDM expectation. There are many theoretical possibil-

ities to extend the ΛCDM model to produce a large scale excess of power and

a peculiar velocity dipole, such as modifications to gravity, [Ayaita et al., 2009;

Khoury & Wyman, 2009], dark energy clustering [Potter & Chongchitnan, 2011],

vorticity, [Palle, 2010] or ‘tilted’ universes [Kashlinsky et al., 2010; Ma et al.,

2010; Mersini-Houghton & Holman, 2009]. In this work we do not address any

theoretical explanation in particular, but by using the peculiar velocity data to

constrain the power spectrum in model independent band-powers we aim to pro-

vide results which will be useful to constrain a range of explanations for the high

dipole.

Jaffe & Kaiser [1995], Kolatt et al. [1996], Zaroubi et al. [1997], Kolatt &

Dekel [1997], Zaroubi et al. [2001] and Silberman et al. [2001] have used peculiar

velocity surveys to infer the matter power spectrum directly at z = 0. Recently,

Abate & Erdoğdu [2009] applied a similar formalism to constrain the modified

gravity parameter γ, where the perturbation growth rate fg can be approximated

as Ωm(z)γ. Ma et al. [2010] also used a similar formalism to fit for parameters of
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the dipole moment and velocity dispersion parameter. In both cases, a fiducial

ΛCDM power spectrum was assumed, and additional parameters of interest were

allowed to vary. The key difference between those papers and this work is that

here we treat the underlying power spectrum as a set of free parameters, as

opposed to fitting extra parameters for additional effects beyond a fixed power

spectrum. In this way, we obtain new constraints on the power spectrum which

are independent of the fiducial cosmology.

2.2 Method

In this work we consider two distinct methods to relate peculiar velocity measure-

ments to large scale structure: A maximum likelihood based approach to analyse

a full peculiar velocity catalogue (the ‘catalogue’ method), and an alternative ap-

proach studying minimum-variance moments of the velocity field (the ‘moments’

method).

In the linear regime, the peculiar velocity field v(r) can be fully described

as directly proportional to the gradient of the matter density perturbation field

δ(r). The relationship is usually written in integral form, as

v(r) =
fgH0

4π

∫
d3r′δ(r′)

(r′ − r)

|r′ − r|3
, (2.3)

where fg is the growth rate of the density contrast, ∂ ln δ/∂ ln a, and a is the scale

factor [Peebles, 1993].

2.2.1 Maximum Likelihood Catalogue Method

We now consider how to relate a catalogue of peculiar velocity measurements

Sm to large scale structure, following the method as presented in Jaffe & Kaiser

[1995]. The method is based on a likelihood framework, where the likelihood L

is given by

L =
1

2πN/2 |Rmn|
1/2

exp

(
−1

2
SmR

−1
mnSn

)
(2.4)
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where Rmn is the covariance matrix for the peculiar velocity measurements, for a

catalogue of N galaxies. The covariance matrix is split into two components, a

‘velocity’ and an ‘error’ term:

Rmn = R(v)
mn +R(e)

mn . (2.5)

R
(v)
mn models the coherent large scale structure, and R

(e)
mn is a noise component to

account for nonlinear velocity dispersion σ∗ (seen as the Fingers-of-God effect in

redshift surveys) , and uncertainty in each peculiar velocity measurement σm. If

we assume that the measurement errors are uncorrelated, R
(e)
mn simply contributes

these uncertainties to the diagonal of the covariance matrix, and is given by

R(e)
mn = (σ2

m + σ2
∗)δmn (2.6)

where δmn is the Kronecker delta. The large scale structure of interest enters via

the ‘velocity’ component of the covariance matrix, and is given by

R(v)
mn(k) =

∫
4πk2dk

(2π)3
Pv(k)fmn(k) (2.7)

where Pv(k) is the velocity power spectrum, which is related to the matter power

spectrum by

Pv(k) =

(
H0a

k

)2

f 2
gP (k) . (2.8)

Here a is the scale factor. The window function fmn(k) is given by

fmn(k) = r̂m,ir̂n,j

∫
d2k̂

4π
k̂ik̂je

ikk̂·(rm−rn) (2.9)

where rm is the position of galaxy m, and r̂m is a unit vector in the direction

of galaxy m. The window function can be calculated analytically in terms of

trigonometric functions, and depends on the positions of the galaxies in the cata-

logue. A derivation of fmn is presented in Ma et al. [2010]. The general approach

we take is to map out the likelihood in terms of parameters of the power spec-

trum. We next consider an analogous method to analyse moments of the velocity

field, before considering parametrisation of the power spectrum any further, since
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the parametrisation is common to both methods.

2.2.2 Minimum Variance Moments Method

In this work we directly compare results between the maximum likelihood cat-

alogue method to an alternative method studying moments of the velocity field

calculated by Watkins et al. [2009] and Feldman et al. [2010]. We can consider

the velocity field as a Taylor expansion, given by:

vi(r) = Ui + Uijrj + Uijkrjrk + . . . (2.10)

where Ui is the dipole moment of the velocity field (often called the ‘bulk flow’),

and provides most information about the largest scale fluctuations. Uij is the

shear of the velocity field, sensitive to intermediate scales. Uijk is the octupole

moment, and is sensitive to scales less than the size of the survey. The relative

sensitivity of each moment is shown in Figure 2.1. Since we can only measure the

line of sight component of each peculiar velocity, each individual measurement

must be weighted according to the component of the moment it is sensitive to.

Watkins et al. [2009] and Feldman et al. [2010] developed new ‘minimum variance’

weights to estimate the velocity of the volume traced by the galaxies in the survey.

These weights are designed to minimise the effects of small scale motions, to

provide a better estimate of the large scale velocities. We do not reproduce the

derivations of the weights here; the method is presented in Watkins et al. [2009]

for the dipole and extended in Feldman et al. [2010] for the shear and octupole.

With this method, the data consists of the three components of the dipole

vector, six independent components of the shear, and ten independent compo-

nents of the octupole. We take a similar approach as with the catalogue method,

splitting the covariance matrix into ‘velocity’ and ‘error’ terms. The ‘velocity’

term is now given by

R(v)
pq =

f 2
g

2π2

∫
dkP (k)W2

pq(k) (2.11)

where p and q index the 19 independent moments. The window function W2
pq(k)
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is given by

W2
pq(k) =

∑
n,m

wp,nwq,mfmn(k) , (2.12)

where fmn(k) is the window function from equation 2.9, and wp,n is the minimum

variance weight for the contribution of galaxy n to moment p. W2
pq(k) is sensitive

to different scales for the dipole, shear and octupole, as plotted in Figure 2.1. We

then construct a likelihood in exactly the same manner as the catalogue method,

in terms of parameters of a power spectrum, which we now consider.

2.2.3 Power Spectrum Parametrisation

Ultimately, we wish to constrain parameters of the underlying matter power spec-

trum. There are many choices for ways to parametrise the power spectrum. A

popular choice in many earlier works was the power spectrum shape parameter

Γ, the matter density Ωm and the power spectrum normalization at 8 h−1Mpc,

σ8 [Jaffe & Kaiser, 1995; Kolatt & Dekel, 1995]. Silberman et al. [2001] opted for

a band-power parametrisation, which is the approach we take here, in terms of

band-powers, Pα, so the power spectrum is given by

P (k) =

{
Pα kα < k < kα+1

0 otherwise.
(2.13)

The velocity covariance matrix is then

R(v)
mn(k) ≈ (H)2

2π2
f 2
g

∑
α

PαKα (2.14)

where K is given by

Kα =

∫ kα+1

kα

dkfmn(k) (2.15)

This parametrisation is directly sensitive to the combination of f 2
gPα. To directly

constrain P (k), we must either assume a fiducial growth rate, or marginalise over

other measurements of the growth rate. For generality, we choose to treat the

combination of f 2
gPα as a parameter.

We find that in the widest, single band parametrisation, flat band-powers can
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Figure 2.1: Comparing sensitivity to different scales for the moments and cata-
logue methods. For the moments panel, we plot the average of the diagonal of
the covariance matrix for the dipole, shear and octupole terms, for COMPOSITE
[Feldman et al., 2010]. The catalogues are described in the next section. Since
the moments are designed to be orthogonal, the diagonal of the covariance matrix
gives an indication of the scales at which the moments are most sensitive. For the
catalogue panel, the diagonal of the covariance matrix is 1/3, so we plot the sum
of the entire covariance matrix, normalised by the square of the number of galax-
ies in each catalogue, which illustrates the scales at which the window function is
sensitive. The sub-catalogues which span the greatest distance, DEEP [Watkins
et al., 2009] and SMAC [Hudson et al., 2004], are most sensitive to largest scales,
while the shallowest catalogues, SFI++g [Masters et al., 2006; Springob et al.,
2009a,b] and ENEAR [da Costa et al., 2000], are most sensitive to smaller scales.
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Figure 2.2: The effect of band shape – the results are for five different realisations
of a ΛCDM simulation, each consisting of dipole, shear and octupole moments.
In the upper panel, when using the constant amplitude of a single flat band-
power to parametrise the power spectrum, we find a systematic excess compared
to the average ΛCDM power spectrum in the same k range. However, when we
use the amplitude of the ΛCDM power spectrum, Aα as a parameter, we find
no systematic deviation from the Aα = 1 expectation. The results with Aα as a
parameter are then multiplied by the mean of the power spectrum in each band,
Pα .
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introduce an apparent artificial shift towards an excess of power, shown in the

upper panel of Figure 2.2. We find that when we factor in a fiducial ΛCDM power

spectrum into the window function, Pfid(k), and allow a constant amplitude of

this power spectrum, Aα, to vary, we obtain an amplitude which is consistent

with ΛCDM. The kernel in this case is

Kα =

∫ kα+1

kα

dkfmn(k)Pfid(k) (2.16)

so our velocity covariance matrix is now

R(v)
mn ≈

(H)2

2π2
f 2
g

∑
α

AαKα (2.17)

where our parameter is now Aα, the amplitude of the fiducial power spectrum in

each band. We thus expect Aα = 1 in all bands for a ΛCDM velocity field. To

more easily compare Aα to expectations, we multiply the results by the mean of

the power spectrum in each band, 〈Pα〉, given by

〈Pα〉 =

∫ kα+1

kα
dkPfid(k)

kα+1 − kα
. (2.18)

Although this parametrisation specifies the shape of the power spectrum within

each band, we see in Section 3.2 in simulated catalogues that the method is fairly

robust to the choice of fiducial power spectrum. We find that the catalogue

method is sensitive to the velocity dispersion parameter, and thus treat it as a

free parameter in the manner of Ma et al. [2010]. To directly compare between

the catalogue and moments method, we also analyse the velocity moments with

σ∗ as a free parameter, although we find with results from velocity moments that

marginalising over the velocity dispersion parameter has only a very small effect.

We assume a fiducial value for the velocity dispersion of 350 km s−1.
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Chapter 3

Power Spectrum Measurements

with the COMPOSITE Catalogue

3.1 Peculiar Velocity Data

We primarily study the COMPOSITE peculiar velocity catalogue, which consists

of 4537 individual peculiar velocity measurements, and a characteristic depth of

33 h−1Mpc, compiled by Feldman et al. [2010]. The COMPOSITE catalogue

is composed of several sub-catalogues, which we also consider individually. The

largest sub-catalogue is the SFI++ sample, which consists of 3456 Tully-Fisher

measurements. We analyse the field galaxies and groups in the SFI++ sample

separately, as SFI++f (2720 galaxies) and SFI++g (736 measurements) [Masters

et al., 2006; Springob et al., 2009a,b]. We also study the combined DEEP cat-

alogue, compiled by Watkins et al. [2009], which consists of 294 of the deepest

peculiar velocity measurements and the ENEAR catalogue [da Costa et al., 2000].

The smallest catalogue we consider individually is the SMAC catalogue [Hudson

et al., 2004], which is a sub-set of the DEEP catalogue.

We test our procedures on peculiar velocity catalogues generated from ΛCDM

simulations. We analyse the set of 20 simulated Mark III catalogues1 drawn from

realisations of the Virgo simulation [Kolatt et al., 1996], consisting of 1300 entries

1downloaded from http://www.mpa-garching.mpg.de/NumCos/CR/Download/index.

html
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Figure 3.1: Histograms of the real surveys, and the Las Damas and Mark III
simulated surveys, illustrating the distribution of line of sight peculiar velocities,
S, uncertainty in S, σS, distance r, and coordinates l and b. The COMPOSITE
survey is plotted as a stacked histogram and is comprised of the SFI++f (black),
SFI++g (green), ENEAR (purple), DEEP (red), and SMAC (brown) surveys.

each (some of the catalogues consisted of slightly more than 1300 entries - these

were trimmed to 1300 for consistency). We also study six simulated catalogues

from the Las Damas simulation (McBride et al., in prep.), designed to resemble

the SFI++f catalogue with 2720 entries. Histograms of the real and simulated

surveys are shown in Figure 3.1.

We study the simulated data sets with both the catalogue and moments

method. We analyse the real data with the catalogue method for the combined

COMPOSITE set, and the five sub-catalogues. We find that the sub-catalogues

are too small to reliably study the moments alone, so we present results here with

the moments method only for the COMPOSITE catalogue.

3.2 Results

3.2.1 Simulated Data

We begin by testing our method on peculiar velocity catalogues generated from

ΛCDM simulations. We start the analysis with the simplest parametrisation: one

band-power. We choose a window function range of k = 0.002 to 0.196 h−1Mpc,
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Figure 3.2: Constraints on the velocity dispersion parameter σ∗ and one band-
power, in the range k = 0.002 to 0.196 h−1Mpc, for simulated peculiar velocity
surveys from the Las Damas and Mark III simulations. The markers represent
the peak of the likelihood for each catalogue. The contours are 1 standard de-
viation uncertainty about the peak likelihood, which we have only plotted for
three catalogues for each simluation set, to prevent the plot from becoming over-
crowded. Similarly, we only plot results for 10 of the Mark III catalogues. These
uncertainty ranges are typical for the points plotted here.

and also include the velocity dispersion as a free parameter. Results are shown

in Figure 3.2.

We find that for this band-power parametrisation, the velocity dispersion

is uncorrelated with the power spectrum amplitude. The velocity dispersion is

slightly higher than the ΛCDM expectation for the Las Damas mocks, although it

is lower in the Mark III mocks. In both sets of mocks, we note a small systematic

shift from the ΛCDM expectation. As this shift is in opposite directions for

the Mark III and Las Damas mocks, it seems reasonable to conclude that this

may be due to the many particularities of generating a mock catalogue from an

underlying power spectrum, as opposed to a systematic shift introduced by our
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method. In other words, the Mark III and Las Damas mocks taken together

surround the ΛCDM expectation well. We next consider a parametrisation with

three band-powers, spanning the same k range with bands evenly spaced in log k.

The results are shown in Figure 3.3.

We will refer to the bands from the largest scales to the smallest scales as

bands 1 to 3. We find that the uncertainty in band 1 is larger in the simulated

data with the catalogue method than the moments method (not plotted). The

uncertainty in band 1 is particularly important for understanding the high dipole

moment, and will be discussed further in Section 3.3. Both sets of catalogues are

much more sensitive in band 3 than with the moments method; we thus decide
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Figure 3.4: As Figure 3.3, but with two additional bands added at smaller scales.
The smallest scale band is at scales for which nonlinear effects are significant.
The data appears to favour the linear power spectrum, which may be due to the
additional variance of the velocity dispersion parameter.

to extend that band-power parametrisation by adding two more bands (4 and 5)

at smaller scales. Results are shown in Figure 3.4.

We find that band 5 is anti-correlated with the velocity dispersion parameter.

This is not surprising, given the ∼ 5 h−1Mpc scales spanned by this band. We see

a difference at over 1σ from the nonlinear Halofit [Smith et al., 2003] corrections

to the galaxy power spectra. We repeat the results in Figure 3.4 assuming a

fiducial Halofit corrected power spectrum to factor into the window function.

The results are shown in Figure 3.5. We see in the smallest two bands that the

data still favour the linear power spectrum.

We consider the χ2 statistic, given by

χ2 =
∑
α

(
Pα − P̄α

)2

σ2
Pα

, (3.1)
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power spectrum which was factored into the window function. The data still
favour the linear power spectrum, indicating that the method is robust to the
choice of fiducial power spectrum.
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where Pα is the measured band-power in band α with uncertainty σPα , and P̄α is

the fiducial value of the band (which we do not estimate from the data). With

the HALOFIT fiducial power spectrum, we find an average χ2 of 13.8 for the

simulated SFI++ catalogues, and an average χ2 = 48.7 for the simulated MIII

catalogues. For the linear fiducial power spectrum, we find an average χ2 = 6.3

for the simulated SFI++ catalogues, and an average χ2 = 4.5 for the simulated

MIII catalogues – an average χ2 = 5.2 amongst all the simulated catalogues in

the 5 band parametrisation.

The data are a substantially better fit to the fiducial linear matter power

spectrum, which may be due to the additional variance added in at small scales by

the velocity dispersion parameter, σ∗. With the total peculiar velocity covariance

matrix defined as the sum of the ‘velocity’ and ‘error’ covariance matrices as in

equation 2.5, velocity dispersion added in to the ‘error’ term of the covariance

matrix has a similar effect to additional power added into the ‘velocity’ term of

the covariance matrix. Although the peculiar velocity catalogues are – in principle

– sensitive to density fluctuations on the scales of band 5, we must be cautious

in interpreting results at these scales, since we are assuming with equation 2.8

that there is a linear relationship between the velocity power spectrum and the

matter power spectrum. Since the matter distribution is non-linear at these

scales, a fuller treatment of power spectrum estimation at these scales should

include non-linear corrections to equation 2.8. Nevertheless, it would appear

that the combination of a linear power spectrum and a single non-linear velocity

dispersion parameter appears to be a good description of the clustering in the

simulated catalogues.

3.2.2 Real Data

We now consider results from real peculiar velocity surveys. With the cata-

logue method, we find there is sufficient signal to analyse the constituent surveys

individually - with the moments method, we only present results for the COM-

POSITE catalogue analysed as a whole. We start with the one band-power and

velocity dispersion parametrisation, with just the dipole moment, plotted in Fig-

ure 3.6, with the velocity dispersion marginalized (the marginalization only has
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a very small effect when analysing the velocity moments). With just the dipole

moment, we find a large excess of power compared to the fiducial value. We

then repeat the analysis, including also the shear and octupole moments, shown

in Figure 3.7. We now find good agreement with the fiducial model, which is

mostly due to the low shear of the velocity field. We then repeat the analysis

with the full composite catalogue. We plot these results as contours in Figure

3.8, which also includes the contour for COMPOSITE with dipole, shear, and

octupole moments, for comparison.

Although we note a small excess, the ΛCDM value is within the 1σ uncertainty

range of the moments result. We find that the results for the velocity dispersion

agree well with similar results from Ma et al. [2010]. We find a smaller uncertainty

in the band-power with the catalogue method than the moments method, and a

much improved constraint on the velocity dispersion parameter. We next consider

a three band parametrisation, shown in Figure 3.9. By comparison with the

window functions plotted in Figure 2.1, we see that band 1 is dominated by the

dipole moment, and band 2 is dominated by the shear and octupole. We can see

that the good agreement with ΛCDM in Figure 3.7 is due to the combination of

the high dipole and low shear, which we see in the three band power spectrum as

a high band 1 and low band 2.

With the moments method, band 3 is merely an upper limit - it is well con-

strained with the catalogue method. The low shear of the velocity field caused

band 2 to be lower than the ΛCDM expectation. When we now analyse the full

catalogue, the band agrees extremely well with the ΛCDM expectation. We ob-

serve an excess of power in band 1, although the lower bound is not constrained

here. These results are discussed further in Section 3.3. We next extend the

parametrisation with two smaller bands, as before with the simulated catalogues.

The results are plotted in Figure 3.10, and presented for COMPOSITE in Table

3.1. We find good agreement with ΛCDM in bands 3 and 4. We find that bands

1 and 2 are anti-correlated.

We can see in Figure 3.10 that the scatter in the data is fairly small compared

to the uncertainties. In the COMPOSITE survey, all five bands are within the

1-σ error bars. As such, we find a fairly low χ2 for all the surveys, shown in Table

3.2. This suggests that the uncertainties presented here may be overestimated.
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Figure 3.6: Likelihood results for the real COMPOSITE catalogue, including only
the dipole. The fiducial ΛCDM value is illustrated with a dashed line, with an
arbitrary ten percent standard deviation.
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Figure 3.7: As figure 3.6, but now also including the shear and octupole moments.
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Figure 3.8: 1 standard deviation contours from the real data, parametrised in
terms of the velocity dispersion σ∗ and one band-power, in the range k = 0.002
to 0.196 h−1Mpc. In all the catalogues, there is a slight excess in the f 2

gP (k)
measurement, although within the 1σ level for most.

f 2
gP (k) [(h−1Mpc)3]

Band ΛCDM COMPOSITE
1 4.2× 103 1.9+6.2

−1.9 × 104

2 6.2× 103 2.5+9.9
−2.5 × 103

3 2.2× 103 3.2+1.4
−1.1 × 103

4 2.8× 102 3.0+1.5
−1.0 × 102

5 1.6× 101 0.5+5.7
−0.5 × 101

Table 3.1: Results for the COMPOSITE catalogue five-band parametrisation, as
plotted in Figure 3.10. Although the high dipole velocity leads to an excess of
power by over a factor of 4 in band 1, the uncertainty includes the ΛCDM model
within the 1σ uncertainty level.
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Figure 3.9: As Figure 3.3, but now for the real peculiar velocity catalogues.
As before, the k position of each point within the bin is arbitrary, and each
point should be fully considered at the centre of each band. The points have
been ordered in each band from left to right by the number of galaxies in each
catalogue. We also plot results from the moments analysis of the COMPOSITE
catalogue.
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Figure 3.10: As Figure 3.4, now for real data. In band 1 we see a slight excess
of power, although the uncertainty includes the ΛCDM model at the 1σ level.
As with the simulated catalogues, band 5 favours the linear clustering power
spectrum over the nonlinear model (although not as clearly).
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Survey χ2

COMPOSITE 1.3
SFI++f 2.2
SFI++g 1.8
ENEAR 4.0
DEEP 3.2
SMAC 1.2

Table 3.2: χ2 results for the 5-band parametrisation for the real surveys. For
all the surveys, the χ2 is less than the expected χ2 ≈ 5 for the 5 bands we are
fitting.

We find in the simulated catalogues χ2 per degree of freedom very close to 1,

which is suggestive that the overestimated uncertainties may be due to uncer-

tainties in the distance indicators in the real catalogues, as opposed to the power

spectrum estimation method. The difficulties of luminosity distance indicator

measurements are well known, and can depend on the complicated astrophysics

of the observed galaxies. In light of previous issues with high bulk flows in pe-

culiar velocity data due to systematic errors, the low χ2 per degree of freedom

may be due to over-cautious inclusion of estimates of systematic uncertainties in

the luminosity distance errors, which would yield a low χ2 per degree of freedom

when these uncertainties are treated as entirely statistical.

Comparison to Silberman et al. [2001]

We also test our methodology by reproducing the results of Silberman et al.

[2001], to which our method is similar. We change our bands as follows, to match

the bands used in their work: For k ≤ 0.02 hMpc−1 we use a ΛCDM band, which

we do not vary. In the range 0.02 < k ≤ 0.07 and 0.07 < k ≤ 0.2 hMpc−1 we

use two independent flat bands of constant amplitude. For k > 0.02 hMpc−1 we

use a power law band, Aαk
n The spectral slope n is set to -0.95 for the simulated

Mark III catalogues, and to -1.4 for the real SFI++f catalogue, and the free

parameter Aα is varied. The results are shown in Figure 3.11. We reproduce the

slight decrement at k ∼ 0.1 hMpc−1 as noted by Silberman et al. [2001], which

we also observe in the SFI++f catalogue in band 3 of our 5 band parametrisation
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Figure 3.11: Analyzing a simulated Mark III catalogue and the genuine SFI++f

catalogue with the parametrisation of Silberman et al. [2001]. The results we find
here agree well with the results in Figure 7 of of Silberman et al. [2001].

in Figure 3.10.

3.2.3 Fitting a Velocity Dipole

In the three band model, we find that the uncertainty in band 1 is larger with the

catalogue method than with the moments method. We see these results in the

simulated catalogues, but it is particularly important to understand the result

in the COMPOSITE catalogue since it is closely related to the high velocity

dipole. As can be seen in Figure 2.1, the catalogue method window function is

most similar to the window function of the shear moment, and (relatively) not as

sensitive to the scales probed by band 1. To try and understand these results, we

use our maximum likelihood method to estimate the dipole, to compare to the

minimum variance dipole of Feldman et al. [2010]. Instead of varying the power

spectrum, we fix the power spectrum at the fiducial ΛCDM value and minimise

parameters of the dipole, as analysed by Ma et al. [2010]. We find that it is

not possible to simultaneously constrain the three band-power spectrum and a

velocity dipole. Following Ma et al. [2010], we model the dipole U by subtracting

the line of sight component of the dipole to each galaxy in the catalogue from it’s
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line of sight peculiar velocity, Sn, to obtain a ‘tilted’ velocity, pn

pn = Sn − r̂n · U . (3.2)

We parametrise the dipole bulk flow as U = {Ur, Ul, Ub}, where Ur is the mag-

nitude of the bulk flow (in kms−1), and Ul and Ub are the direction of the flow

in degrees (galactic coordinates). We also include the velocity dispersion σ∗ as a

free parameter, which we marginalise over to find the dipole bulk flow. We find

a dipole of magnitude Ur = 380+99
−132 km s−1 in the direction Ul = 295+18

−18 and

Ub = 14 ± 18 degrees. The direction of the dipole is shown in Figure 3.12. This

is slightly slower and with a larger uncertainty than the dipole moment found by

Feldman et al. [2010] of Ur = 416± 78 km s−1 in the direction Ul = 282± 11 and

Ub = 6±6 degrees, and is related to the larger uncertainty we find in band 1 with

the catalogue method than the moments method. A comparison of measurements

of the dipole is shown in Table 3.3.

Results from many different surveys and analysis methods appear to agree on

the direction of the velocity dipole, at around l = 280 and b = 10 degrees, within

an uncertainty radius of about 15 degrees. However, there is less consensus as to

the magnitude of the dipole. The magnitude of the dipole (and the corresponding

uncertainty) can depend on the depth of the survey, the treatment of outliers,

and the weighting of galaxies. Even so, we can very conservatively state that the

magnitude of the velocity dipole out to 100 h−1 Mpc is a factor of several times

higher than the ΛCDM expectation. However, one of the most important results

that we emphasise here is that the dipole is a very incomplete representation of

the velocity field. When we analyse the dipole alone, as shown in Figure 3.6 we

indeed find evidence for a high power spectrum, which appears to be in tension

with ΛCDM. However, when as we tend towards a more complete description of

the velocity field, with additionally the shear and octupole moments, and then

the full velocity catalogue, we find that the tension with ΛCDM decreases, to

the extent that in Figure 3.10 we find good agreement with ΛCDM across a wide

range of scales.
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Ur [kms−1] Ul [degrees] Ub [degrees]

Watkins et al. [2009] 407 ± 81 287 ± 9 8 ± 6
Feldman et al. [2010] 416 ± 78 282 ± 11 6 ± 6

Ma et al. [2010] 340 ± 130 285.1+23.9
−19.5 9.1+18.5

−17.8

Nusser & Davis [2011] (SFI++, 40 h−1 Mpc) 333 ± 38 276 ± 3 14 ± 3
(SFI++, 100 h−1 Mpc) 257 ± 44 279 ± 6 10 ± 6

This work 380+99
−132 295± 18 14 ±18

Table 3.3: Comparison of dipole measurements within 100 h−1Mpc. This work,
Watkins et al. [2009], Feldman et al. [2010] and Ma et al. [2010] all study the
COMPOSITE catalogue, whereas Nusser & Davis [2011] study the SFI++ cata-
logue, which comprises the majority of COMPOSITE. The direction of the flow
from different works agree well, although there is considerable variation in the
magnitude of the flow. The magnitude of the flow can depend strongly on the
depth of the survey, how galaxies at different depths are weighted, and the sen-
sitivity of the method the fiducial power spectrum.

Figure 3.12: The direction of the best-fitting velocity dipole in the catalogues,
(in a Mollweide projection of the sky in galactic coordinates). The contours
represent 1 standard deviation levels on the dipole direction angles Ul and Ub
found in the peculiar velocity catalogues. The direction agrees with other results
from Feldman et al. [2010], Ma et al. [2010] and Nusser & Davis [2011].
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3.3 Discussion & Conclusions

In terms of understanding the high dipole moment, the main difference between

the two methods we have considered here is that the catalogue method finds

an excess of power in band 1 with an uncertainty which includes the ΛCDM

model at the 1σ level, while the moments method finds an excess of power with

an uncertainty which excludes the ΛCDM model at over the 1σ level. This

is the issue we now consider. The power spectrum at these scales is closely

linked to the magnitude of the dipole moment, where we similarly find a larger

uncertainty with the catalogue method than the minimum variance moments

result. The key to the different results are the minimum variance weights, which

are designed to be sensitive to the largest scales, at the expense of small scale

information. Indeed, of the sub-catalogues we analyse with the catalogue method,

band 1 is best constrained by the DEEP and SMAC samples, which are the

deepest of the sub-catalogues considered here. While both DEEP and SMAC are

included within COMPOSITE, we find that the additional, shallower galaxies

are effectively acting as noise as far as constraints on band 1 are concerned.

Essentially, the minimum variance weights achieve this effect to a maximal extent:

preferentially weighting the deeper galaxies with the cleanest measurement of the

velocity moments, at the expense of small scale information.

On smaller scales, we also find a difference between the two methods in band

2. We find that the catalogue method agrees extremely well with the ΛCDM

model, while the moments method underestimates the power. This is due to the

low shear of the velocity field, which provides most sensitivity at the scales of

band 2. When we analyse the full velocity catalogue, the small scale motions

not modelled by the moments appear to combine to provide a constraint which

again agrees extremely well with ΛCDM. In much the same way as the one band

parametrisation of the moments analysis illustrated the difference of including

only the dipole, or additionally the shear and octupole, the result in band 2

highlights the effect of considering only moments of the velocity field, or the full

information available to us.

In conclusion, we find that inferring the underlying power spectrum from pe-

culiar velocity catalogues suggests that including more detail in the velocity field
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improves the agreement with the ΛCDM model. Specifically, we observe good

agreement with ΛCDM on scales of k > 0.01 hMpc−1, although the agreement

with ΛCDM in band 1 from the catalogue method is only due to the larger un-

certainty than the moments method. While the high dipole moment alone may

appear anomalous, when we consider the full peculiar velocity measurements, we

find a power spectrum which agrees well with the ΛCDM model.
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Chapter 4

Fisher Forecasts for Galaxy

Redshift Surveys

The previous chapters have concerned the analysis of current peculiar velocity

data to measure the power spectrum. In the final chapter of this thesis, we will

consider forecasts for future peculiar velocity surveys, and particularly how they

compare with forecasts for galaxy redshift surveys. It is forecasts for galaxy red-

shift surveys that we now turn our attention to. In this chapter, we will consider

forecasts for several upcoming galaxy redshift surveys. First, we will consider sim-

ple forecasts on the Hubble parameter, angular diameter distance, and growth

rate, with fitting functions for the uncertainty on the distance indicators, and a

numerical derivative Fisher matrix for growth rate uncertainty. We will then con-

sider a full, numerical derivative Fisher matrix approach to forecast uncertainties

on the underlying cosmological parameters, and compare to an alternative ap-

proach for forecasting uncertainties with redshift space distortion measurements.

We will use the Fisher matrix formalism to address practical survey consider-

ations of target selection optimisation and the effect of misidentified redshifts.

In the next chapter, we will then consider extending forecasts for the standard

cosmological model with additional parameters for dark matter and dark energy.

Galaxy redshift surveys are an established probe of dark energy and dark

matter. By measuring the Hubble parameter and angular diameter distance via

radial and tangential Baryon Acoustic Oscillations (BAOs), and simultaneously
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measuring growth of structure via Redshift Space Distortions (RSDs), galaxy

redshift surveys are a particularly powerful test of dark energy and alternative

models. In this section we review previous galaxy redshift surveys, and the details

for several upcoming surveys. As first pointed out in Peebles & Yu [1970], BAOs

arise from acoustic waves in the primordial CMB plasma before matter-radiation

decoupling. Sound waves corresponding to a characteristic scale around 150 Mpc

— the size of the acoustic horizon at last scattering — imprinted density per-

turbations which can now be observed today in the distribution of galaxies. In

contrast to the CMB, where this acoustic peak can only be measured in the tan-

gential direction (constraining the angular diameter distance), measuring BAOs

in the 3d distribution of galaxies additionally allows for the Hubble parameter to

be measured from the radial BAOs.

The first surveys large enough to detect BAOs were the 2dFGRS and SDSS

surveys [Percival et al., 2001, 2007a, 2010]. BAOs have also been detected at

z = 0.35 in the SDSS Large Red Galaxies (LRG) sample [Eisenstein et al., 2005].

More recently, BAOs have been detected in the WiggleZ survey [Blake et al., 2011]

and the BOSS survey [Anderson et al., 2012]. The growth rate of cosmic structure

was first measured by Peacock et al. [2001], and has since been measured in the

2SLAQ [Ross et al., 2007], VVDS [Guzzo et al., 2008], WiggleZ [Blake et al.,

2010], 2QZ+2SLAQ [da Ângela et al., 2008], LUQAS [Viel et al., 2004] and SDSS

[Reid et al., 2012] surveys.

Many upcoming galaxy redshift surveys are planned within the next 10 years.

In this thesis, we consider forecasts for the FAST-SOUND survey with the FMOS

instrument on the Subaru telescope [Kimura et al., 2010], the Euclid mission

[Laureijs et al., 2011], and the WEAVE survey [Balcells et al., 2010], although

the method is general to any galaxy redshift survey.

FAST-SOUND1 is an infra-red galaxy redshift survey with the FMOS instru-

ment on the Subaru telescope. With a wavelength coverage of 0.9 to 1.8 µm,

FMOS is sensitive to Hα emission lines in a redshift range of 0.8 < z < 1.7. As

of 2012, the first stage of the fast sound survey is currently being undertaken,

consisting of a 30 deg2 survey with around 10,000 measured redshifts, to measure

1FAST: FMOS “Ankoku Shindou Tansa” (Fmos “Dark Oscillation Survey”, in Japanese) -
SOUND: Subaru Observations Understanding Nature of Dark energy
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the growth rate of cosmic structure at z ∼ 1.5. Although the FAST-SOUND sur-

vey is substantially smaller than other contemporary dark energy surveys such as

HETDEX [Hill et al., 2008] or the (photometric) DES survey [The Dark Energy

Survey Collaboration, 2005], FAST-SOUND occupies a unique redshift range,

which is well placed between the DES and HETDEX surveys. The growth rate

measurement from the Lyman-α forest measurement form the LUQAS survey

[Viel et al., 2004] is at a similar redshift to FAST-SOUND, although the RSD

approach of FAST-SOUND is different and complementary to the LUQAS result.

WEAVE is a much larger proposed survey on the William Herschel Telescope,

planned to start in 2017, for a five year survey. The survey model we consider here

assumes a measurement of several million galaxy redshifts, over 10,000 deg2. Eu-

clid is a proposed space-based mission, combining weak lensing and spectroscopic

redshift measurements, due to start in 2019, with a mission duration between

five and seven years. We also compare results to the proposed BigBOSS survey

[Schlegel et al., 2011], which may start around 2019. The survey would cover

24,000 deg2, and measure the redshifts of 24 million galaxies.

For the Fisher matrix approach we take to forecasting uncertainties, a galaxy

redshift survey is described entirely by the central redshift, the volume of space

probed by the survey, the density of galaxies, and the bias of the galaxies. In

practice, the volume and density of the survey are typically specified by the area

(of the sky), and the total number of redshifts. The volume of the survey for a

given area is calculated as presented in Hogg [1999], with code from Bassett et al.

[2009].

The Euclid and WEAVE surveys will span a significant redshift range. In these

cases, we treat the survey as a series of independent surveys, within redshift bins

of width ∆z = 0.1. Tables 4.1 and 4.2 detail the specifications of the Euclid

and WEAVE surveys. The Euclid model assumes a constant galaxy density of

1× 10−3 h−3Mpc3 and a linear bias of 1.7. The survey model assumes 15 redshift

bins of width ∆z = 0.1 from z = 0.5 to z = 2.0. The maximum k scale was given

by Wang et al. [2010], and is cut off at a maximum k = 0.2h Mpc−1.

Uncertainty in the angular diameter distance was forecast for the WEAVE

survey with the fitting function of Blake et al. [2006] with code implemented by

Bassett et al. [2009]. The uncertainty does not depend strongly on the bias of
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Central Redshift Volume (h−3Gpc3) kmax(hMpc−1)
0.571 1.64 0.146
0.673 1.91 0.156
0.775 2.15 0.166
0.877 2.36 0.189
0.979 2.53 0.20
1.081 2.67 ‘’
1.183 2.79 ↓
1.285 2.88
1.387 2.96
1.489 3.02
1.591 3.07
1.693 3.12
1.795 3.13
1.897 3.15
1.999 3.16

Total volume 43.68
Total galaxies 43.68 million

Table 4.1: Details of the Euclid survey model. A constant galaxy bias of 1.7 and
density of 1× 10−3 h3Mpc−3 was assumed.
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Redshift Volume Density Galaxies Variable Bias kmax

(h−3Gpc3) (×10−3 h3Mpc−3) (Millions) (hMpc−1)
0.5 to 0.6 0.91 0.78 0.71 0.93 0.15
0.6 to 0.7 1.06 0.70 0.74 0.99 0.16
0.7 to 0.8 1.20 0.64 0.77 1.05 0.17
0.8 to 0.9 1.31 0.59 0.77 1.11 0.18
0.9 to 1 1.40 0.55 0.78 1.17 0.19
1 to 1.1 1.48 0.51 0.76 1.23 0.20

1.1 to 1.2 1.55 0.48 0.74 1.29 ‘’
1.2 to 1.3 1.60 0.44 0.71 1.35 ↓
2.2 to 2.3 1.75 0.22 0.38 1.95
2.3 to 2.4 1.74 0.20 0.34 2.01
2.4 to 2.5 1.73 0.18 0.31 2.07
2.5 to 2.6 1.72 0.16 0.28 2.13
2.6 to 2.7 1.71 0.15 0.26 2.19
2.7 to 2.8 1.70 0.14 0.24 2.25
2.8 to 2.9 1.69 0.13 0.22 2.31
2.9 to 3 1.67 0.12 0.20 2.37
3 to 3.1 1.66 0.11 0.19 2.43

3.1 to 3.2 1.64 0.11 0.18 2.49
Total 27.15 - 8.03 - -

Table 4.2: Details of the WEAVE survey model. The galaxy density includes a
20% loss. Results were also forecast with a fixed bias of 1.7.
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Figure 4.1: Forecast uncertainty in the angular diameter distance for WEAVE
and BigBOSS. The redshift range is determined by the possible emission lines
visible to the ground based, optical and near infra-red surveys. The 0.5 to 1.3
redshift range is measured with Hα emission lines, and the 2.2 to 3.2 redshift range
is measured with OII emission lines. Due to the absence of suitable emission
lines, the redshift range 1.3 to 2.2 is inaccessible to optical surveys; infra-red
instruments such as FMOS are required to survey galaxies in this redshift range.

the sample. The results are shown in Figure 4.1.

4.0.1 Fisher Forecasts

Fisher matrices are widely used in cosmology to forecast uncertainties in param-

eters Θ of an underlying model of an observable X given an uncertainty in a

measurement of X, σ. Bassett et al. [2011]; Coe [2009]; Dodelson [2003] provide

an introduction to Fisher matrices for cosmology. The Fisher matrix provides the

lowest possible intrinsic statistical uncertainty, thus results from Fisher forecasts

are optimistic when compared to real results. The Fisher matrix Fab is defined

as the Hessian matrix of the log-likelihood, as in equation 4.1, and is the inverse
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of the covariance matrix.

Fab = −
〈
∂2 lnL

∂Θa∂Θb

〉
. (4.1)

We will assume that the likelihood for our model X (which depends on param-

eters Θ) given data d with measurement uncertainty σ can be described by a

Gaussian distribution. If we also assume that the measurement uncertainties σ

are uncorrelated, we can write the likelihood as

L(X(Θ)|d) ∝
∏
i

exp

(
(Xi − di)2

2σ2
i

)
(4.2)

so the log-likelihood is given by

lnL(X(Θ)|d) ∝
∑
i

1

σ2
i

(Xi − di)2 . (4.3)

If we assume that the measurement uncertainty σ is independent of the parame-

ters of the model, and substitute this expression for the log-likelihood into equa-

tion 4.1 we find that the Fisher matrix is given by

Fab =
∑
i

1

σ2
i

∂Xi

∂Θa

∂Xi

∂Θb

. (4.4)

The measurement uncertainty σ must be estimated if we wish to use a Fisher

matrix to forecast uncertainties for future measurements. For the galaxy surveys

we consider here, this is determined by the ‘effective volume’, Veff . Working with

the Fisher matrix is particularly useful since it allows forecasted constraints from

different surveys A and B to be easily combined to provide combined forecasted

uncertainties from both surveys, so that FTotal
ij = FA

ij + FB
ij . Parameters can be

fixed by simply removing the parameter’s row and column from the Fisher matrix.

By inverting the Fisher matrix to calculate the covariance matrix, the correlated

parameter uncertainties are naturally marginalised in the covariance matrix.
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4.1 Redshift Space Distortion Fisher Matrix

For most of the Fisher forecasts presented here, we will consider the galaxy power

spectrum as our observable. However, we will first consider a new Fisher matrix,

based on treating the redshift space distortion compression parameter β as an

observable. This approach has the advantage that the derivatives can all be cal-

culated analytically. The method provides a good estimate of the uncertainty

on the modified gravity parameter γ, although tends to underestimate the un-

certainty on Ωm, since other densities cannot be included in this formalism as

free parameters. We will use the empirical fitting formula for σβ, calibrated by

Guzzo et al. [2008] to Monte-Carlo simulations of measurements of β from galaxy

surveys,

σβ
β

=
50

V 1/2n0.44
. (4.5)

V is the volume of the survey in h−3Mpc3, and n is the density of galaxies in

h3Mpc−3. The uncertainty is essentially proportional to the square root of the

total number of galaxies. The power of 0.44 in the density of galaxies is simply a

parametric fit to results from simulated data by Guzzo et al. [2008], and introduces

a slight departure on the proportionality of the uncertainty to simply the square

root of the total number of galaxies in the survey.

We use the Peebles approximation for β, in terms of Ωm, γ and bias as in

β =
Ωγ
m

b
. (4.6)

Using equation 4.4, the Fisher matrix is then given by

F =
1

σ2
β


(
∂β
∂γ

)2
∂β
∂γ

∂β
∂Ωm

∂β
∂γ

∂β
∂b

∂β
∂γ

∂β
∂Ωm

(
∂β
∂Ωm

)2
∂β
∂Ωm

∂β
∂b

∂β
∂γ

∂β
∂b

∂β
∂Ωm

∂β
∂b

(
∂β
∂b

)2

 (4.7)

The derivatives can be calculated directly from equation 4.6, and are given by

∂β

∂γ
= β ln (Ωm) (4.8)
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∂β

∂Ωm

=
(γ
b

)
(Ωm)γ−1 (4.9)

∂β

∂b
= −Ωγ

m

b2
. (4.10)

We thus have all the ingredients to calculate error ellipses on γ and Ωm as

a function of survey volume, redshift, galaxy density, and bias. In Figure 4.2,

Fisher ellipses are plotted for the redshift space distortion Fisher matrix. Since

we only consider the compression parameter as the observable (as opposed to

the full power spectrum), we have added priors to Ωm and b. We next compare

this Fisher matrix method to a full, power spectrum based formalism. In Figure

4.3, results from both methods are compared. Both methods agree well on un-

certainty on γ, although the redshift space distortion only method significantly

underestimates the uncertainty on Ωm. This is because this method can only

treat γ, bias and Ωm as free parameters. Other parameters which are correlated

with Ωm would increase the uncertainty in the marginalised Fisher ellipse. This

method is interesting to test the relationship between the empirical fitting func-

tion for uncertainties in β (equation 4.5) and the corresponding uncertainties on

γ. Although the method appears to successfully forecast uncertainties on γ, we

will not consider it further, due to the limitations in forecasting uncertainties on

other parameters. In the following forecasts we will consider the full two dimen-

sional redshift space galaxy power spectrum as our observable, which offers much

more flexibility to include other parameters.

4.2 Power Spectrum Fisher Forecasts

We now consider Fisher forecasts treating the full power spectrum as an observ-

able. Tegmark [1997] showed that for a galaxy redshift survey, the Fisher matrix

is given by:

Fij =

∫ ~kmax

~kmin

d3~k

2(2π)3

(
∂ lnP (~k)

∂Θi

)(
∂ lnP (~k)

∂Θj

)
Veff(~k) (4.11)
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Figure 4.2: Forecasts for constraints on Ωm(z) and γ from the redshift space dis-
tortion Fisher matrix. Each ellipse corresponds to 100,000 redshifts, distributed
in a 1.0 h−3Gpc3 survey, with a galaxy density of 10−4 h3 Mpc−3. The mean
redshift of each ellipse (from left to right) is 0.3, 0.6, 0.9, 1.2, and 1.5. 10% priors
have been added to Ωm and b; these should be possible to achieve from fitting to
the full power spectrum. To illustrate the effect of bias, the second ellipse has
also been plotted (dashed) with just a 50% prior on bias.
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The ‘effective volume’, Veff, essentially provides a weighting for the uncertainty

in each P (k), and (assuming constant galaxy density) is given by

Veff(k) = V0

(
nP (k)

1 + nP (k)

)2

(4.12)

Vo is the volume of the survey and n is the galaxy density. The biased, redshift

space galaxy power spectrum is

P (k, µ) = b2

(
1

1 + (kµσv)2/2

)(
1 +

fg
b
µ2

)2

P (k) , (4.13)

where µ is the cosine of k modes parallel and perpendicular to the line of sight.

The b2 term accounts for the linear galaxy bias, and the σv term introduces small

scale velocity dispersion. The f term models the large scale growth. The Fisher

matrix can now be written in terms of µ and the magnitude of ~k

Fij =

∫ 1

−1

∫ kmax

kmin

2πdkdµ

2(2π)3

(
∂ lnP (k, µ)

∂Θi

)(
∂ lnP (k, µ)

∂Θj

)
Veff(k) . (4.14)

The fiducial parameter set used is shown in table 4.3. As can be seen in Figure 6.4,

there is a very large uncertainty on the power spectrum at large scales. As such,

the results are insensitive to kmin, which we set to zero. kmax was set according

to values in Wang et al. [2010]. In Figure 4.3, we compare this Fisher matrix

to the redshift space distortion based approach, and also compare to the similar

Fisher matrix from Simpson & Peacock [2010]. We find that the power spectrum

Fisher matrix combined with the Planck Fisher matrix agrees well with the Fisher

matrix from Simpson & Peacock [2010] (which is for the same parameters for the

galaxy redshift survey, and combined with forecast Planck priors).

4.3 Growth Rate Forecasts

In this section we use the method of White et al. [2009] to forecast uncertainties

on the growth rate. The method assumes a redshift space power spectrum given
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Figure 4.3: A comparison of three different Fisher matrices. The dashed blue
ellipse is from the z = 0.5 Fisher matrix from Simpson & Peacock [2010]. The
Fisher matrix which treats the RSD parameter β as an observable (green, dot-
dashed ellipse) underestimates the uncertainty in Ωmh

2 because the method only
includes γ and bias as additional free parameters.
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Parameter Fiducial Value
w -1
Ωk 0

Ωmh
2 0.13

Ωbh
2 0.02

ns 0.963
ln(P ) ln(2.3E− 9)
γ 0.55

b (bias) 1.4

Table 4.3: Fiducial Parameters

by

P (k, µ) = (b+ fµ2)2P (k)e−k
2σ2
vµ

2

(4.15)

with bias, b, growth rate, f , and velocity dispersion σv. The key idea is that

the uncertainty in the fundamental cosmological parameters which specify the

1D matter power spectrum P (k) (e.g. w, Ωm, ΩΛ) will be small, and driven by

priors from the CMB, when compared to the galaxy biasing parameters b, f , and

σv. By treating only b, f , and σv as free parameters, the derivatives are simple

to calculate from equation 4.15, and are given by

∂ lnP (k)

∂b
=

2

b+ fµ2
(4.16)

∂ lnP (k)

∂f
=

2µ2

b+ fµ2
(4.17)

∂ lnP (k)

∂σ2
v

= −k2µ2 . (4.18)

These derivates can then be combined to calculate the Fisher matrix. Marginalised

results for the growth rate uncertainty are plotted in Figure 4.4 for the WEAVE

survey, compared to the BigBOSS survey. Figure 4.5 illustrates the growth rate

forecast for Euclid, compared to current measurements, and theoretical models.

In this next section we use the Fisher matrix methods presented here to quan-

tify practical survey design concerns. We start by considering the optimum red-
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Figure 4.4: The uncertainty in the growth rate for WEAVE (in blue) and Big-
BOSS (in red), for several different survey assumptions. The square markers are
for a fixed bias of 1.7, and the round markers are for a redshift dependent bias.
Filled markers are under the assumption of no redshift loss, and open markers
are for a (more realistic) assumption of a 20% loss.
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Figure 4.5: The forecast growth rate measurements for Euclid, compared to cur-
rent measurements and theoretical models. Several growth rate models are plot-
ted (based on Guzzo et al. [2008]) for ΛCDM (solid red line), an Open-CDM
model (dashed red line), the DGP model of Dvali et al. [2000] (black, dot-dashed
line), and coupled dark matter dark energy models with constant coupling (blue
dashed line) and time-dependent coupling (green dashed line). Current RSD
measurements of the growth rate are plotted, including 2dFGRS from Peacock
et al. [2001], 2SLAQ from Ross et al. [2007], VVDS from Guzzo et al. [2008],
WiggleZ Blake et al. [2010], 2QZ+2SLAQ. Forecast measurements for Euclid are
plotted in solid, open circles.
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shift distribution of targets for a survey with the FMOS instrument.

4.4 FMOS Survey Figure of Merit Optimisation

In this section, we consider the optimal redshift distribution of 200,000 targets

for a redshift survey with FMOS. The instrument has two bands: J and H –

measuring Hα flux in these bands corresponds to two redshift ranges of 0.7 <

z < 1.0 and 1.3 < z < 1.7. The question we wish to address is to find the

best distribution of targets between the two redshift bins. We find that the

best distribution can result in a factor of two increase in the survey Figure of

Merit (FoM), but depends slightly on which combination of parameters are most

interesting.

A simple way to quantify the success of a survey is the Figure of Merit (FoM)

recommended by the Dark Energy Task Force: the inverse of the area of the

wo wa 2σ error ellipse. Simpson & Peacock [2010] recommend wpivot γ as more

natural parameters to consider for the FoM, where wpivot is the value of w at the

redshift where wo is uncorrelated with wa.

To optimise the FMOS survey, two separate Fisher matrices were calculated

with mean redshifts centred on the high and low z bins, respectively. A galaxy

density of 10−4 h3 Mpc−3 was assumed for both bins, and, following Simpson &

Peacock [2010], a bias of 0.6× (1 + z) was assumed. The total volume was set to

2h−3Gpc3, shared between both surveys, to yield a total of 200,000 targets. The

Fisher matrices were summed and combined with the Planck Fisher matrix from

Mukherjee et al. [2008]. The FoM for various combinations of parameters was

then calculated from the final Fisher matrix. This process was then repeated for

a range of volume distributions, from all the survey volume in the low redshift

bin, to all the survey volume in the high redshift bin. The results are shown in

Figure 4.6.

We can see that by having a mixture of targets between high and low redshift

bins, we achieve around twice as high a FoM than including all targets in one

redshift bin. The best mixture appears to be with around 60% of targets in the

high redshift bin. Precisely the best configuration depends on which parameters

are of most interest. For the genuine FMOS survey, we are likely to select H band
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Figure 4.6: FoM for various combinations of parameters. As the most important
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targets as much as possible, to make best use of the unique infrared range of the

instrument. However, this analysis illustrates the potential to optimise surveys

for parameter measurement based on target redshift distribution.

4.5 Redshift Contamination

In this section we address the issue of misidentified emission lines on the power

spectrum for the Euclid mission. It is expected that a fraction F of the classified

Hα emission line redshifts will in fact be other emission lines, incorrectly identified

as Hα. Here, we assume that these incorrectly identified redshifts will behave as

additional random points within the correctly identified population, so the net

effect will be that the additional misidentified fraction will act as white noise in

the power spectrum. We model this scale independent noise as

P (k)contaminated = (1− F )2P (k) (4.19)

In reality, this effect may be slightly more subtle; if a subset of other emission

lines are systematically misidentified as Hα, it would have the effect of incor-

rectly mapping a population of galaxies at one redshift onto the population of

another. That is, within the fraction of misidentified galaxies, there may be

(small, randomly sampled) clusters of populations from different redshifts. We

do not consider these additional effects in these forecasts.

We use equation 4.19 and the Fisher matrix approach previously described

to estimate the effect of this contamination on the w0-wa Figure of merit. The

effect of this contamination fraction on the w0-wa Figure of merit can be calcu-

lated by comparing results from uncontaminated Fisher forecasts to results with

a particular contaminating fraction. To calculate the total Fisher matrix for each

Euclid survey, individual Fisher matrices were calculated for each redshift bin,

and then summed. This was then repeated for each contamination fraction. The

decrease in Figure of merit is shown in Figure 4.7 as a function of the contamina-

tion fraction. As can be seen in the figure, the figure of merit decreases linearly

with increasing contamination fraction. For a 20% contamination fraction, the

Figure of merit is reduced to 67%. A 40% contamination reduces the Figure of
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Figure 4.7: The wo-wa Figure of merit as a function of contamination fraction.

merit to 37%. γ-ΩΛ and γ-w Figures of merit have a similar dependence.

4.6 Discussion & Conclusions

In this chapter, we have presented several methods to forecast possible results

with future galaxy redshift surveys, and quantify survey design characteristics

such as target distribution and the effect of misidentified redshifts. The methods

presented here can be used to start from basic survey specifications, such as the

total number of spectroscopic targets, the galaxy bias of the targets, the fraction

of the sky covered, and redshift range, and forecast uncertainty in the growth

rate, Hubble parameter, angular diameter distance, and underlying cosmological

parameters. Of the different approaches presented here, the numerical derivative,

power spectrum approach is the most flexible, and is most sensitive to effects such

as galaxy bias and redshift contamination (which are both treated in a similar

manner). This method also has the advantage that it is most readily extended

to other cosmological parameters, which we will consider in the next chapter.
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Chapter 5

Forecasts for Extended

Cosmological Models

In this chapter, we use the power spectrum Fisher matrix formalism presented in

the previous chapter to consider the potential to constrain extended dark matter

and dark energy models with the next generation of galaxy redshift surveys.

Although current galaxy surveys have placed strong constraints on the density of

cold dark matter, Ωc, the nature of the dark matter is still uncertain. The next

generation of cosmological surveys may be sufficiently large to allow the nature of

the dark matter to be probed in more detail. In section 5.1 we present results on

forecast constraints on axion dark matter. In section 5.2 we present preliminary

results on testing the assumptions of General Relativity with a parameterised

modified gravity model.

5.1 Axion Dark Matter Forecasts

In this section we consider the potential to identify traces of axion dark matter

with some of the cosmological probes of the upcoming decade. The axion was

first proposed to account for CP-violation, although the mass of the axion must

be very finely tuned to account for primordial matter-antimatter asymmetry.

More recently, ultra-light axions have been considered as potential dark matter

candidates, where the mass of the axion determines whether it behaves as hot or
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cold dark matter (for example, Marsh [2011] and Marsh & Ferreira [2010]).

In the axion models we consider here, the axion density initially behaves

as a cosmological constant, then at a redshift zosc begins to oscillate about it’s

potential and transitions to dark-matter like behaviour. zosc depends on the mass

of the axion, and for the range of masses we consider here, always occurs between

decoupling and dark energy dominance. There are two main effects that the

axion has on our cosmology: At z > zosc, increasing the fraction of CDM in axions

affects the background expansion, by effectively removing the matter contained in

the CDM. Once the axion has started oscillating, it suppresses structure formation

in a similar manner to neutrino free streaming. This imprints a step in the matter

power spectrum at a characteristic scale km, (which depends on the mass of the

axion), and also affects the growth rate as measured by redshift space distortions.

We consider here an ultra-light scalar field axion, which can act as matter,

radiation, and a cosmological constant, and causes steps in the matter power

spectrum as the axion transitions between different states. We consider the axion

as parameterised by a mass, ma, and the fraction of Ωc constituted by axions,

fax. Current measurements already rule out fax & 5%. We assume a fiducial

value of fax = 1%. We find that the forecasts are unable to constrain ma, so we

do not treat this a free parameter, although the forecasts are run for a range of

fiducial masses.

The galaxy redshift survey power spectrum Fisher matrix approach from the

previous chapter is used to forecast uncertainties on fax, with the Euclid survey

model, as detailed in Table 4.1. These results are combined with weak lensing

forecasts1, and forecasts for an all sky CMB survey, based on the Planck mis-

sion. The CMB forecasts are made with the pre-existing package “FisherCodes”

[Das, 2011]. We set the survey specifications for a Planck-style mission based on

Albrecht et al. [2006]. TT, TE and EE spectra were used, to `max = 2000, with

fsky = 0.8. Three channels at 100, 143, 217 GHz were used, with beam full-width

half-maximum set to 9.5’, 7.1’ and 5.0’. The temperature noise per pixel was set

to 2.5, 2.2 and 4.8, and the polarisation noise per pixel was set to 4, 4.2 and 9.8

×106 ∆T/TCMB. In Figure 5.1 we compare the results from FisherCodes with

these settings to other Planck Fisher matrices from Mukherjee et al. [2008] and

1with Fisher matrices and code by Maxime Trebitsch
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Albrecht et al. [2006], for a standard ΛCDM cosmology. A small prior was re-

quired to regularise the matrix from Mukherjee et al. [2008] (which was calculated

from a monte-carlo model of the Planck survey), this was also added to the other

matrices so they can be directly compared. The forecasts agree well for w, Ωk,

Ωmh
2 and Ωbh

2, although our forecast for ns has a smaller uncertainty than the

other two forecasts. This may be due to the slightly different survey models used

by all three forecasts. Albrecht et al. [2006] use the same polarisation channels

as we use here, although they extend the ` scales for polarisation to 2500, and

cut off all channels below ` = 30. Mukherjee et al. [2008] use the same ` range

as here, although only include polarisation from the 143 GHz channel.

We first consider a cosmology with massive neutrinos and a fraction of CDM

in axions. We assume a fiducial model with a constant dark energy equation

of state w = −1, baryon density Ωbh
2 = 0.02258, dark matter density Ωch

2 =

0.1109, spectral tilt ns = 0.963, scalar amplitude As = 2.3 × 10−9, neutrino

mass mν = 0.055 eV, the effective number of massive neutrinos Neff = 3.04

and fraction of dark matter in axions fax = 0.01. Following Albrecht et al.

[2006], we also include the optical depth to reionization τ = 0.166 and helium

fraction YHe = 0.24 as free parameters in the CMB Fisher matrix. Similarly,

galaxy bias b = 1.7 and non-linear velocity dispersion σv = 350 kms−1 were

included as free parameters in the galaxy redshift survey Fisher matrix. These

parameters were marginalized over before the matrices were combined. CMB,

galaxy redshift survey and weak lensing Fisher matrices were calculated for this

fiducial cosmology for ma = 10−29, 10−30, 10−31 and 10−32 eV. As an example,

Fisher ellipses for the ma = 10−30 eV case are plotted in Figure 5.2 for axion and

neutrino parameters.

Increasing the fraction of CDM in axions (fax) is directly related to the size of

the step in the power spectrum, and consequently directly related to how well fax

can be measured. As for the neutrinos, increasing Neff effectively adds in more

radiation density at high redshift, which affects matter-radiation equality. In a

similar manner to axions, the neutrino mass mν affects the free streaming scale

of the neutrinos, below which growth of structure is suppressed.

With the different sets of forecasts over a range of axion mass, we can compare

how the fully marginalised uncertainty on our parameters varies with axion mass.
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Figure 5.1: Comparing results with FisherCodes for a standard cosmology to
other matrices from Mukherjee et al. [2008] and Albrecht et al. [2006]. Our
forecast for ns is the most optimistic, although all three survey models use slightly
different survey settings.
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Figure 5.3: Marginalized uncertainty in fax for our three observables, evaluated
for four different fiducial axion masses, for the cosmology ΛCDM+fax +mν . The
uncertainty from the galaxy redshift and weak lensing surveys does not change
appreciably across the range of axion mass, whereas the uncertainty from the
CMB survey decreases for higher axion masses.

We can see in Figure 5.3 that the uncertainty in fax from the galaxy redshift

survey does not change appreciably with axion mass.

The improvement in the CMB measurement of fax is shown again in Figure

5.4 for the range of fiducial ma, where we show the Fisher ellipse with Ωch
2.These

results illustrate the positive correlation between fax and Ωch
2.

In Figure 5.5 we show the effect of having redshift information on the con-

straints from a galaxy survey. Although a measurement of the power spectrum at

a single redshift cannot distinguish fax = 0.01 from fax = 0 at 1σ, this becomes

possible when all z bins are combined, where the improvement is due to the com-

bined constraining power of the 15 independent redshift bins, on both fax, and

also on the other (marginalised) parameters.

Figure 5.6 shows the expected positive correlation between constraints on fax

and constraints on ns from the galaxy redshift survey. The constraints on Ωbh
2
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and fax in Figure 5.7 show a negative correlation in the galaxy redshift survey,

and small positive correlation in the weak lensing survey.

For comparison, we also considered a cosmology as before, but with massless

neutrinos. The constraints on fax from all observables, along with the mass de-

pendence, was approximately the same as without neutrinos. We finally consider

an axion-free cosmology, with massive neutrinos. The Fisher ellipse for Neff and

mν is shown in Figure 5.8 for our different observables. Figure 5.9 illustrates the

full set of uncertainties from an axion forecast.

5.2 Parametrised Modified Gravity Forecasts

In the previous section, we considered measuring neutrino and axion constituents

of dark matter. In this section, we focus on dark energy, and modified grav-

ity alternatives. We present preliminary forecast results for the Parametrised-

Post-Friedman (PPF) model of Baker et al. [2011]. The model is inspired by

the Parametrised-Post-Newtonian (PPN) treatment on solar scales, and uses a

parametrisation of the linearly perturbed gravitational field equations.

The idea is that in General Relativity, the gravitational potential of the time-

like portion of the perturbed metric, Ψ, is equal to the gravitational potential

of the space-like portion of the perturbed metric, Φ, so that Φ − Ψ = 0. In the

PPN model, and the cosmological PPF model we consider here, the difference

in the two potentials is not forced to be zero, and the difference is parametrised

by Φ − Ψ = ζΦ, where the gravitational slip ζ is zero in General Relativity. By

allowing ζ to vary with redshift, the parametrisation is a test of General Relativity

at cosmological scales. The parametrisation specifies the gravitational slip and

effective Newton’s constant at redshift 0, 1 and 2. We thus have six additional

parameters to consider, with fiducial values for General Relativity given by ζ0 = 0,

ζ1 = 0, ζ2 = 0, and G0 = 1, G1 = 1, G2 = 1. Baker et al. [2011], Zuntz et al. [2011]

and Baker [2011] have developed an analysis and extended CAMB to propagate

non-standard values of ζ and Geff to power spectrum and growth rate predictions.

We combine these numerical power spectrum and growth rate calculations with

the galaxy redshift survey Fisher matrix code developed previously to forecast

uncertainty measurements in ζ and Geff .
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Figure 5.6: Constraints on ns and fax, for ma = 10−30 eV, showing the expected
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correlation is visible in the CMB.
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correlation is visible in the CMB.
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Figure 5.8: Constraints on Neff and mν for the axion-free cosmology.

The model is specifically designed to parameterise a wide range of dark energy

models by specifying the values of the modified gravity parameters at low redshift.

As such, the model should not affect cosmology at higher redshift, such as the

physics of the last scattering surface. Given the redshift range of the model, CMB

lensing may be a promising observable to measure these parameters, although we

do not consider this observable here. More generally, since the model takes a

perturbative approach to the parametrisation, the parameters are best measured

by measuring anisotropies.

In Figure 5.10, current growth rate measurements are plotted with models for

different ζ and Geff . The non-fiducial models we have plotted here are already

ruled out by current measurements; we have chosen to plot wide parameter values

to illustrate the effects. Figure 5.11 illustrates the full set of Fisher ellipses for the

Euclid survey model. The ellipses have been colour coded according to their cor-

relation coefficient, with blue uncorrelated and red correlated (or anti-correlated).

We note that at each redshift, ζ is highly correlated with the corresponding G, al-

though the correlation is less obvious for the z = 0 parameter, due to the redshift
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Figure 5.9: The full set of uncertainties for all the combined parameters in the
lightest axion mass forecast set.
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range of the survey. Neighbouring G uncertainties are also correlated.

5.3 Discussion & Conclusions

In this chapter, we have considered using galaxy redshift surveys to precisely

measure the constituents of dark matter, and test the assumptions of General

Relativity at cosmological scales. For the particular case of the axion dark matter

model we consider here, we find that the uncertainty on the fraction of dark

matter in axions is insensitive to choice of fiducial axion mass, and, consequently,

it is unlikely that is will be possible to measure the mass of any fiducial axion

with upcoming cosmological surveys. However, we find that any of the three

observables individually could discriminate between a non-zero axion fraction,

and the combined surveys could measure fax at the percent level.

More generally, these forecasts illustrate the potential for a detailed study of

the nature of dark matter with upcoming cosmological surveys, and the improve-
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ment in parameter uncertainties from combined measurements. For example, in

Figure 5.2, the combined uncertainty in Neff if much smaller than than the in-

dividual uncertainties. This is because Neff is not only highly correlated with

most other parameters, but the correlation directions are different for different

observables. Thus when individual Fisher matrices are combined, the combined

uncertainty is significantly smaller than we might expect had we combined the

marginalised uncertainty from each observable. The preliminary forecasts for the

PPF model presented here include only results for a galaxy redshift survey. It is

likely that these uncertainties will be significantly reduced when combined with

other cosmological observables, such as weak lensing, although this remains the

subject of further work.
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Chapter 6

Comparing Peculiar Velocity &

Redshift Forecasts

6.1 Introduction

In this chapter, we consider forecasts for future peculiar velocity surveys. By

comparing with forecasts for a galaxy redshift survey, we aim to address the

question: for a fixed survey, how do constraints on the power spectrum compare

between a peculiar velocity survey and a redshift survey; does the additional

information gained from a measurement of the peculiar velocity present a good

investment of observing time? In what regimes are both methods most beneficial?

We use a Fisher matrix-based approach for both types of survey.

6.2 Peculiar Velocity Fisher Matrix

As with a galaxy redshift survey, the peculiar velocity Fisher matrix is given by

derivatives of the log-likelihood, weighted by the effective volume. We use the

expression for the Fisher matrix from Burkey & Taylor [2004]

Fij =

∫
dk
∂ lnPv(k)

∂Θi

∂ lnPv(k)

∂Θj

Veff(k) . (6.1)

80



As before, the peculiar velocity power spectrum is related to the matter power

spectrum by

Pv(k) =
P (k)

k2
(aH0f)2 , (6.2)

and the effective volume is given by

Veff(k) = fsky

∫
dr3

(
nv(r)Pv(k)

1 + nv(r)Pv(k)

)2

: (6.3)

where fsky is the fraction of the sky covered by the survey. The key difference

to the redshift survey Fisher matrix is that here the density is not constant

across the survey volume, and is weighted by the peculiar velocity measurement

uncertainty. We set the density of galaxies to be radially symmetric, with a

density profile given by

ng(r) ∝ exp

((
r

r∗

)2
)
, (6.4)

normalised to provide the correct total number of galaxies Ng. The galaxy density

is related to the ‘velocity density’ nv(r) by

nv(r) = ng(r)σ
2
DIH

2
0r

2 , (6.5)

where σDI is the fractional uncertainty in the distance indicator, e.g. around

0.05 for supernovae distances, and 0.2 for Tully-Fisher measurements. Follow-

ing Burkey & Taylor [2004], we use an extra exponential factor to increase the

distance uncertainty at large r, so the distance uncertainty is given by s

σDI = 0.2H0r exp

(
r

rm

)
(6.6)

where rm is a scale which characterises where the distance uncertainty increases

rapidly, which we choose to be 135 h−1Mpc.

The Fisher matrix can be used to forecast uncertainties in underlying param-

eters, and can also be used to forecast uncertainties in power spectrum band-

powers, by treating the amplitude as a parameter. For example, in the peculiar

81



velocity power spectrum analysis in chapters 2 and 3, the amplitude A of a fidu-

cial power spectrum over a band range was used as a parameter, so that the

power spectrum was given by P (k) = APfid(k). The derivative in terms of A can

then be calculated analytically

∂ lnAPfid(k)

∂A
=

1

A
. (6.7)

Since the fiducial value of A (the value at which the Fisher matrix is evaluated) is

1, the Fisher matrix for the uncertainty in the band-powers (labeled by an index

i) is given simply by integrating the effective volume

Fij = δij

∫ ki+1

ki

dkVeff(k) (6.8)

where δij is the Kronecker delta function. The assumption here is that the

uncertainties in each band-power are uncorrelated, although this is also assumed

in the Feldman et al. [1994] method, as used by Tegmark [1997]. We test the

band-power forecasts by reproducing the uncertainty from the band-power mea-

surement of the COMPOSITE catalogue. We assume a characteristic depth of 33

h−1Mpc, 4500 galaxies, fsky = 0.8, and a measurement uncertainty factor of 0.2.

The steps in the process are illustrated in Figure 6.1. We start in the upper panel

with the galaxy density as a function of radius. In the second panel, the distance

uncertainty is plotted on the same scale as a function of distance. The effective

volume is plotted in the third panel, and plotted in the fourth panel weighted by

the volume in k space at each mode. In the fifth panel, the COMPOSITE band

power uncertainties are plotted with the Fisher matrix uncertainties, so they can

be easily compared to the k scales of the effective volume plots. A larger version

of this plot is shown in Figure 6.2.

6.3 Comparison to Galaxy Redshift Surveys

In order to compare band power measurements with velocity surveys to redshift

surveys, we use an analogous approach to forecast band-power uncertainties for

a redshift survey. We use equation 8 from Seo & Eisenstein [2003] to forecast the

82



0 50 100 150 200
0

0.005

0.01
 n

g  [
( h

1 M
pc

)
3 ]

0 50 100 150 200
0

1

2
x 104

 r  [h 1 Mpc]

 
D

I  [
km

 s
1 ]

10 3 10 2 10 1 100 1010

2

4

x 106

 V
ef

f[h
1  M

pc
]

10 3 10 2 10 1 100 1010

0.05

0.1

k3  V
ef

f/(2
2 ) [

10
0 

km
s

1 ]

10 3 10 2 10 1 100 101

105

 k  [h Mpc 1]

 f g 2
 P

(k
) [

(h
1  M

pc
)3 ]

 

 
CDM

COMPOSITE
Fisher Matrix
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band-power uncertainty for bands evenly spaced in ln k of width ∆ ln k, which,

like the peculiar velocity forecast, also has an inverse square weighting on the

effective volume.

σP (k) = P (k)
2π√

∆ ln k k3Veff

(6.9)

We verify this expression by reproducing band-power uncertainties from the

LRG power spectrum of Tegmark et al. [2006]. To calculate the effective volume

we use a mean redshift of z = 0.35, a volume of 0.72h−3 Gpc, 46,748 galaxies, and

a bias of 3.5. The forecast uncertainties are compared to the genuine uncertainties

in Figure 6.3. The Fisher matrix error bars are slightly smaller than the genuine

measurements, which may be due to the redshift distribution of the genuine LRG

sample. In the Fisher matrix calculation, we have assumed a constant galaxy

density throughout the survey volume, whereas in the genuine survey the density

of the LRGs peaks towards the high redshift end of the survey volume, and were

selected to have an optimum density distribution to minimise power spectrum

uncertainty at all scales.

The forecast points are evaluated at the k value of the LRG points, and the

P (k) value of the fiducial power spectrum at each k. To compare the results more

easily, the forecast uncertainties are plotted at the measured LRG values, with

the k value slightly shifted. Evaluating the uncertainties at the measured LRG

P (k) values produces similar results. In Figure 6.4 the uncertainty is illustrated

for three different redshift bins for the Euclid survey model.

We can now directly compare power spectrum uncertainties for a hypotheti-

cal peculiar velocity survey to the same constraints we would have obtained with

only the redshifts of the survey. We start with the model used to reproduce with

uncertainties in the COMPOSITE catalogue in Figure 6.2. We use the same

density of galaxies and equation 6.9 to forecast the power spectrum uncertainty

had we analysed the power spectrum of the redshifts of the galaxies. Since pecu-

liar velocity measurements yield the matter power spectrum up to a factor of the

growth rate squared, and redshift measurements yield the matter power spectrum

up to a factor of the linear galaxy bias, we are assuming for the purpose of the

comparison that these two factors are both known, so that the results can be
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Figure 6.4: Power spectrum forecasts for the Euclid survey, in three different
redshift bands.

directly compared. In practice, this amounts in to in both cases assuming that

the power spectrum normalisation is known. The two results are compared in

Figure 6.5.

We find that for k > 0.5 h−1 Mpc, the redshift survey yields significantly im-

proved constraints than the peculiar velocity survey. However, at large scales, the

upper bound on the power spectrum increases less with the velocity survey than

the redshift survey. This suggests that the power spectrum measurements from

the COMPOSITE survey presented in this thesis could be significantly improved

by also including position information in the likelihood expression, as opposed to

treating the galaxies as a random distribution of point particles tracing the veloc-

ity field. The question we now consider is: is there a regime in which a peculiar

velocity survey offers significant improvements over a redshift survey. In Figure

6.6 we consider a hypothetical survey of 105 galaxies, and fsky = 0.8. We assume

a distance uncertainty of 5%, corresponding to distances from supernovae 1A,

and we have not included the additional exponential factor in the distance un-
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certainty. In the three different panels are plotted power spectrum uncertainties

for three different surveys, with only different r∗.

We see that the velocity survey only provides much better large scale con-

straints on the power spectrum for a survey depth of several hundred h−1 Mpc.

Increasing the uncertainty on the distance indicator increases the uncertainty in

the velocity survey measured power spectrum, and has no effect on the redshift

measured power spectrum.

In Figure 6.7, we compare the regimes where both types of survey are most

successful, in terms of the survey parameters of the depth R, number of galax-

ies Ng, and fractional distance uncertainty σDI . There is no need to vary the

area of the survey fsky, since both redshift and velocity surveys have the same

dependence, and different values of fsky would have no effect on the relative com-

parison. In each subplot are contours indicating the difference in effective volume

between the peculiar velocity survey and the redshift survey. Where this dif-

ference is positive the contours are plotted in blue - this indicates the range of

survey parameters for which the additional peculiar velocity measurements pro-

vide a better measurement of the power spectrum at the indicated k scale than

the redshift measurements alone. The red contours indicate the equivalent region

for the redshift survey. The contours are drawn around 0.9, 0.1 and 0.01 of the

peak value in each case. The three different rows of subplots correspond to three

different values of σDI .

For all distance uncertainties and k scales, the peculiar velocity survey is

most advantageous than the redshift survey for a low number of galaxies, or a

high survey depth. The area of parameter space where a peculiar velocity survey

presents most benefit decreases as the uncertainty on the distance measurements

increases, as is most easily seen in the k = 0.2 h Mpc−1 case.

6.4 Combining Surveys

We can forecast the results from a combined analysis of the redshift and peculiar

velocity data simply by adding the two Fisher matrices, FGRS +FPV. We can also

forecast the uncertainty from additionally including the cross correlation between

the surveys by constructing the super matrix, consisting of the individual survey
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Figure 6.6: Illustrating the effect of increasing survey depth, for a fixed number
of galaxies. As in Figure 6.5 the red outline is for the redshift survey, and the
blue outline is for the peculiar velocity survey.
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Figure 6.7: Comparing redshift (red contours) and velocity (blue contours) sur-
veys over a range of survey size, depth, and distance uncertainty, for a range of
k scales.
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Figure 6.8: Illustrating the possibility of combining the velocity and redshift
measurements, and also the cross correlation.

Fisher matrices, and the cross correlation Fisher matrix, given by

Fcross,ij = δij

√
V GRS

eff

√
V PV

eff (6.10)

where δij is the Kronecker delta function. The super matrix is then given by(
FGRS Fcross

Fcross FPV

)
Results for the combined and cross correlation are shown in Figure 6.8. Al-

though we note an improvement with the combined surveys, and the addition of

the cross correlation information, the uncertainty is driven by the redshift infor-

mation. That is, the additional observing time to obtain luminosity distances,

and the additional analysis to include the velocity and cross correlation informa-

tion only results in a small improvement in the uncertainty in the power spectrum

over the comparatively easier redshift-only approach.
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6.5 Discussion & Conclusions

We find that peculiar velocity surveys will only be directly competitive with

galaxy redshift surveys for a very deep peculiar velocity survey, to measure large

scale fluctuations in the power spectrum. For peculiar velocity surveys less than

several hundred h−1 Mpc deep, the (significant) additional observing effort in

obtaining a luminosity distance indicator does not result in a greatly improved

power spectrum measurement over a comparatively simpler redshift-only survey.

Also, not including position information in the power spectrum likelihood can

lead to much larger uncertainties at high k. Since very deep distance indicators

are essential, supernovae surveys are likely to be most useful, as opposed to Tully-

Fisher or fundamental plane surveys.

Nevertheless, peculiar velocity surveys still offer the unique advantage that

the power spectrum measurements are independent of galaxy bias. The two

survey methods offer independent and complimentary measurements of the power

spectrum: from a redshift survey we obtain b2P (k), and from a velocity survey

we obtain f 2
gP (k). Thus by measuring and comparing both, we can learn about

scale dependance of bias and growth.
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Chapter 7

Conclusions & Future Prospects

In this thesis, we have considered the question: what can power spectrum mea-

surements from galaxy surveys tell us about dark matter, dark energy, and our

cosmological model? We have found in Chapters 2 and 3 that despite a high

dipole moment, the power spectrum of the COMPOSITE peculiar velocity cata-

logue is in good agreement with the ΛCDM model across a wide range of scales.

However, we find a large uncertainty in the band-power measurements, which

agrees with the Fisher forecasts in Chapter 6, where we also note that for all but

the very largest scales, galaxy redshift measurements present the most promis-

ing method for measuring the power spectrum. In Chapters 4 and 5 we have

presented forecasts for future galaxy redshift surveys for a range of cosmological

parameters. We have shown that it should be possible to begin to probe the

constituents of dark matter with the next generation of redshift surveys. Surveys

such as Euclid and BigBOSS present the prospect of a practically cosmic variance

limited catalogue of galaxy redshifts out to z ≈ 2 within the foreseeable future.

As a probe of the power spectrum, we see in Figure 6.7 the additional observ-

ing effort of obtaining a peculiar velocity measurement is only advantageous for

surveys of less than around 104 galaxies, and is typically most useful for smaller-

still surveys of a few hundred or a few thousand galaxies. With the advent of

high multiplexed, fibre-fed spectrographs such as the SDSS spectrograph [Uomoto

et al., 1999], the 2dF instrument [Lewis et al., 2002] and FMOS [Kimura et al.,

2010], it has become much easier to obtain the redshifts of tens of thousands of

galaxies, so it would appear that the future of cosmology with galaxy surveys is
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with redshift measurements only, as opposed to peculiar velocity measurements.

As such, it is likely that it will become increasingly important to understand

the nature of galaxy bias, since the link between the observed survey and the

underlying dark universe depends entirely on this parameter. For the forecasts

we have presented here, we have considered only a linear, redshift dependent bias,

which is constant at all scales. In reality, the bias may well be scale dependent.

Any interesting results from power spectrum measurements would be completely

degenerate with a change in the bias. With the increasing survey size of current

and planned surveys, the use of higher order statistics such as the three point

correlation function will become increasingly important (and robust) to test the

assumptions of galaxy bias, for example McBride et al. [2011]; Verde et al. [2002].

Perhaps the most promising prospect for future redshift surveys is a combined

analysis with weak lensing, to produce bias independent results, as in Reyes et al.

[2010].

Although purely in terms of power spectrum measurements, peculiar veloci-

ties are not competitive with redshifts, velocity measurements are still a comple-

mentary and independent cosmological probe, and there are many possibilities

for improvement in future surveys. Another important distinction between the

two surveys is that redshift surveys are typically motivated with power spectrum

measurements as the primary science goal, whereas the luminosity distances from

which we derive peculiar velocities are often as the result of surveys with other

primary science goals, which makes the power spectrum results possible at no

additional observing cost. Such surveys typically concern galaxy evolution, al-

though there are several particularly interesting prospects for future peculiar

velocity measurements.

Further observations and cross calibrations are continuously improving dis-

tance indicators such as Tully-Fisher (for example Davis et al. [2011]; McGaugh

[2012]) and Fundamental plane measurements [Barbera et al., 2008; Hyde &

Bernardi, 2009]. Senevirathne [2010] suggests that future gravitational wave de-

tectors may be able to use ‘standard sirens’ of coalescing compact objects to

obtain distance measurements of ∼100 objects with σDI = 1%. As described

in Nusser et al. [2012], very precise astrometry from the Gaia mission will al-

low peculiar velocities to be measured in the tangential direction. It is clear
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that over the coming years there will be many new and varied peculiar velocity

measurements, which in principle could yield valuable and complementary power

spectrum measurements.

As illustrated in Figure 5.9, the future of measuring cosmological parameters

lies in combined analysis of independent observables. Breaking degeneracies in

parameter uncertainties with independent observations substantially reduces the

volume of the correlated parameter space which describes the ΛCDM model.

Cosmological constraints from power spectrum measurements in galaxy surveys

have already substantially contributed to our picture of the ΛCDM model, and

are well placed to make an impact in the next generation of cosmological surveys.
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