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Abstract

Recent evidence from the WMAP satellite has lead to a tentative detection of
non-Gaussianity. Using the bispectrum statistic applied to the MegaZ catalogue
of over 600,000 luminous red galaxies we find new bounds on the large-scale non-
Gaussianity. We constrain the fyp parameter using a particular type of triangular
configuration as well as the combination of all the possible triangles in harmonic
space. The constraint on fyp from the combination of all possible triangular
configurations is fi¢* = 57 £ 52 with 68% confidence limit, which is consistent
with vanishing primordial non-Gaussianity, although some triangular configura-
tions on their own suggest a non-zero bispectrum which, if confirmed, would have

a profound effect on modern cosmology.
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Chapter 1
Introduction

In this first introductory chapter we present a literature review of some of the
basic cosmological topics that are related directly or indirectly to the main topic
of this thesis.

1.1 General Relativity

Spacetime is defined as a manifold of events with three dimensions of space and
one dimension of time. Co-ordinate distances in a manifold are converted to
proper distances by the use of a metric which is a fundamental quantity in General
Relativity. For instance a spatially flat Lorentzian space time is described by a

Minkowski metric :

0
0
1
0

o
o O = O
= o O O

The infinitesimal distance between two events in this metric is given by

3
d82 = Z nagdl‘adflﬁ
a,3=0

= —dt® + dz? + dy?® + d2?, (1.2)

where dz® is the co-ordinate of an event in spacetime : z° the time component,

and z!, 22, 23 are the three spatial coordinates. Conventionally we do not write

1



Introduction 2

the summation sign and repeated indices - one up and one down - are summed

over. Greek indices are implicitly known to run from 0 to 3.

In general the spacetime metric is a function of the coordinates. The usual symbol
for the general metric is g,3. The distance between two infinitesimally separated

events A and B in this metric is given by

ds? = gapdr®dz” . (1.3)

The key idea of General Relativity is that the metric incorporates gravity. The
motion of bodies in spacetime is governed by the geometry of spacetime. A freely
falling test body in spacetime follows a special curve called the geodesic curve

which gives the shortest distance between two events.

Geodesics are found by extremizing the distance, s, by solving the equation ds = 0
[t
d*z™ o da? dx?
drz ~ Pdr dr

Here 7 is the proper time along the geodesics and I'g, is the Christoffel symbol,

=0. (1.4)

which is just the covariant derivative of the basis vectors of the co-ordinate system,
and is given by [!]
o 9
F,B»y = _2’"(879;16 + 08 gyu — Ougsy) s (1.5)

where 03 is the usual partial derivative.

Using the Christoffel symbols we can define the Riemann curvature tensor, which

encodes all the information about the geometry of the spacetime. It is given by

[1]:

RS = 0,15 — 8509, + T3 D — T,T (1.6)

The Ricci tensor and Ricci scalar can be found by performing a single and double
contraction of Rj ;. The trace free part of the Riemann tensor is known as the

Weyl tensor.

1.1.1 Bianchi Identities
The Bianchi identities are given by [l]

vnRaﬁ'yé + V’YRaﬂén + vﬁRaﬁn'y =0. (17)
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Contraction of this equation twice vields [1, 2.
| :
ValR* = 5¢™R) = V4,G*"' =0. (1.8)
The Einstein tensor is then defined as

i :

1.1.2  Einstein Field Equations

In General Relativity energy and momentum are enmbined in the cnergy-momentnm
tensor, 1hs, o8 shown in Mg, (1.1), For a Huid Ty reprosents the energy density
while T, is proportional to the pressure of the flnid. The Einstein field equations

roelate T4 to the Elnstein lensor

a | drd
Gn{i — 'Ro_ﬂ - EﬂnﬂR S "I-TT&,E‘ . {1.1{”

Ty Tor Ty Tog
’\Tlﬂ
Ty
yEN

-pressure

Fiaure 1.1: Components of the energy-momentum tensor, Image made by
AugPl, taken [rom wunw, wikipedia. oy
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The meaning of this equation is well illustrated by a saying of J.Wheeler : “space-
time tells matter how to move, matter tells spacetime how to bend”. Energy
momentum conservation requires V,Tng = 0, which follows as the consequence of
the Bianchi identity, Eq. (1.7)

1.2 The FLRW Cosmos

A standard assumption in modern Cosmology is that the Universe is homogeneous
and isotropic. This assumption is called the Cosmological principle. The Universe
is said to be homogeneous if the metric is invariant under spatial translations and
isotropic if it is invariant under rotations. A space that is isotropic around every
point is also homogeneous [3]. However, the reverse is not true, since the Bianchi
models for example are homogeneous but anisotropic. Isotropy around one point
is also not enough to prove homogeneity. Any spherically symmetric Universe
will appear isotropic around the center. Fig. (1.2) illustrates an example of a

homogeneous but anisotropic and an isotropic but inhomogeneous patterns.

Evidence for isotropy comes from both large scale structure and the Cosmic Mi-

crowave Background (CMB). Fig. (1.3) demonestrates the isotropy of the CMB
!

The assumption of spatial homogeneity combined with the observed isotropy leads
uniquely to a FLRW (Friedmann-Lemaitre-Robertson-Walker) metric. This metric
is the exact solution of the Einstein equations for an expanding homogeneous &
isotropic Universe. The FLRW metric has a zero Weyl tensor, and is, therefore,
conformally flat. The metric can, therefore, be written as Minkowski times some

function which gives the expansion of the Universe :

—a(n)? 0 0 0

(
0
a = s 1.11
gos 0 0 a(m)? 0 (-1
0

0 0 a(n)?

L Although the CMB is isotropic to a good approximation, there are interesting differences and
other apparent non-Gaussianities between the northern and southern hemispheres in the Wilkin-
son Microwave Anisotropy Probe (WMAP) [1, 5]. This makes the study of non-Gaussianity
particularly interesting at this time.
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fam

1 0l I I i ..
o U T O S
- T2 s W ) [ O R .
Al T WS o S DN I s i b
2t S50 ST IO Y e WO R I

TESEEEERE
EESEEEEET
ISR S
i = EERE R
|| L

Tiguee 1.2: A hotnogeneous bl anisotropic pattern on the lelr and an solropic
but inhomogencous pattern on the vight, If a space is isctropic about 3 or mare
points in 3 dimensions then il wmost also be homogeneous. Note that these
figires display discrete trauslalion and rotation aynunetries while s cosmolopy
we are interested in comtinuous synometrics, but the main ideas are the same,
Iage taken from Adtp:/Aumen estro. wela. edud~ wright eosma (17 htm

where we have introduced the conformal time dn = dt/a(t). Using this metric in
Einstein's equatious Eq. ([-1(1}, oue can show that the Einstein equations reduce

to just two equations: the Friedmann equation ( H) and the aceeleration equation

(@) |2

% o ) s O A0 A ,
HY = (a) =0 ' 3 (1.12)
it 477 ,
= = _T-(. ap). (1.13)

Where g is the density contributions lrom dilferent components ol matter; o is the
seale factor, the cxpansion rate of the universe; p is pressure; K s the curvatyre
constant of the Universe and A is the cosmologival constant, We are using a unit
systemn where ¢ — 1, K takes three values depending on the curvature; 0 for flat
curvature {eg. planc), 1 for negative curvature (eg. saddle) and 41 for positive
curvature (eg. sphere}l. The different components of the universe are usually

assumed to have a barotropic equation of state, p — plp). 1 I8 comunon to make
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T =2.728 K

Fiauar 1.4 The CMD seen by CORE sutellite. Tt has o oniform tem-

perature of T . 2728K (which i llwsteated by the goiform red colonr of

ihe image) and is isolropic to one part in 10% ‘Thiz image is taken [rom
http:/ Aambda. gsfe.nasa.gov

a1l even stronger assumption of & linear relation, p = wp, where w can be time
dependent in gencral. In this description normal matter has w0 = (0, radiation has

w= .1;_ and the cosmaological constant has w = —1.

The critical density of the Universe at any redshilt, z, is defined such that the
density contributions from the matter components of the Universe at that z s
cnough to make apace flat, This means we evaluate Eq, (1.12) with K = () and

we get @
3H(z)?
G

The density pearameter of apy component, x, in the Universe is then defined as

Perin (2] = (1.14)

R (1.15)

Hert

The conservation of energy implies an additional eqguation which is known as (T
conLinully equation :
o+ 3Hp(l 4+ 3wy =10, (1.16)

Thig can be integraled Lo give the evalalion of the energy densily

o (e :
X exp (—df” T & dz) ; (L.17)
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1

T3> Where ag is the scale

where the redshift is related to the scale factor via a% =

factor today.

In 1998 two groups [6, 7] independently have shown that the Universe is not only
expanding but also accelerating. From Eq. (1.13) we see that acceleration of the
Universe requires (p + 3p) < 0, and hence w < —1/3. Current data prefers an
equation of state w ~ —1 for a new component comprising approximately 70% of

the Universe and is known as Dark energy.

1.2.1 The almost FLRW Metric

In a true FLRW Universe there are no galaxies or stars or any form of structure.
The Universe we see, however, has all sorts of non-uniform structures, from solar
systems to clusters of galaxies. Therefore to explain the observed Universe we
require a metric that is not truly homogeneous. Fortunately, introducing small
perturbations to the FLRW metric yields a good description of our Universe on

large scales [¥].

There are three types of perturbations that one can can make to the FLRW metric

scalar which correspond to perturbations in the density, §p
vector perturbations corresponding to the Tp; terms which describe fluid vorticity

tensor corresponding to gravitational waves.

We only consider scalar perturbations since we are interested in large scale struc-
ture and hence will talk about ® for the metric and dp for the matter. In the
longitudinal gauge the equation for the scalar perturbations in FLRW Universe is
given by (9]

ds® = —(1 +2®)dt? + a(t)*(1 — 2®)dz;dx* (1.18)

where ¢ = 1,2,3 and ¢ is the gravitational potential.

1.2.2 Distances in Cosmology

As we discussed in the first section of this chapter, the metric permits us to

compute physical distances. Conversely if we measure distances we can learn
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about the metric of spacetime. The two most important distances that we can
measure in cosmology are the luminosity distance (dy) and the angular diameter
distance (da). We define the co-moving distance, x(z), between the source and

the observer via
(2) = 2 od
X HEY

(1.19)

The angular diameter distance is inferred by measuring the angle that is subtended
by an object whose physical length, [, is known. The angular diameter distance is
very sensitive to the geometry of the metric and, hence, is a strong function of the
curvature. The expression of this distance in a metric with curvature Q, today is

given by [2]

sinh [V Hox(2)]/ {(1 n z)HO,/m,C@ O >0
=< x Q=0 (1.20)
sin [V = Hox(2)]/ [(1 + z)HO\/IQkI] Q<0

da(z) =5

The luminosity distance is inferred by measuring the flux from an object of known

luminosity. It is related to the angular diameter distance via

dr(z) = (1 + 2)%da(z) . (1.21)

Observationally the luminosity distance can be measured through standard candles
such as Type la Supernovae [i] whereas the angular diameter distance can be

measured through Baryon Acoustic Oscillations (BAO) [10] .

1.3 The Cosmic Microwave Background (CMB)

The detection of the CMB in 1965 by Penzias and Wilson [I1] is one of the most
important discoveries in the history of Cosmology. The CMB is the radiation that
holds the footprints of the baby Universe. It has been stretched to the microwave
region by the expansion of the Universe. It has an almost perfect black body

spectrum with a precisely measured temperature of [3]

To = 2.725 + 0.001K . (1.22)
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A blackbody spectrum has an energy distribution function of the form

_ 8Thiddv

hv
eksT —1

p(v)dv (1.23)

where p,, kg, h and v are the energy density, Boltzmann constant, the Planck

constant, and the photon frequency respectively.

The radiation density parameter {1, is given by

P 5y —
y =L =247 x 107°h? (1.24)
Perit

Q

where pgi¢ is the critical density defined in Eq. (1.11). The temperature of the
radiation in an expanding universe evolves as the inverse of the scale factor, T %
Hence given the temperature of the CMB photons at some redshift, say today, we

can calculate the temperature at another redshift, for example at z = 103 is

T=2T = (1+2)Th~ 3 x 103K (1.25)
a

1.3.1 Matter-Radiation Equality

In addition to the dilution of the photon number density, the expansion of the

Universe stretches the wavelength of the photons, and hence further reduces the

energy. As a result p, o o™

decays only as p, o< a”>.

The matter energy density on the other hand,
This faster decay of radiation relative to the matter
yields an equivalence of the two energy densities at some early time, known as
matter-radiation equality. The redshift of equality, 2.4, can be calculated by the

following equation [12]

(1.26)

T '_4
Zeg = 2.50 x 10%(1 — Q4 )h? ( ;A;B)

where € is the curvature of the Universe.
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1.3.2 CMB Recombination

The ionization energy of Hydrogen is given by
By = (me +my —my)c? = 13.6eV . (1.27)

Where m., m,, mpy are the electron, proton and Hydrogen masses respectively.
When the temperature of the Universe was larger than this energy, the photons

ionized essentially all hydrogen atoms via the reaction :
H+vy—p+e (1.28)

Photons scatter efficiently off the free electrons through Thomson scattering which
forced the photons to perform a random walk with a short mean free path of ~
1/neor, where n, is the number density of free electrons and oy = 0.665 x 10~2¢cm?

is the Thomson scattering cross section.

As the Universe expanded and cooled the reaction, Eq. (1.258), became inefficient
and the protons combined with free electrons to form neutral hydrogen in a process
known as recombination. Without free electrons to scatter from, the photons
decoupled: the mean free path of the photons became very large. This occurred
at z =~ 1089 over a period of Az ~ 80. In the approximation where we consider
decoupling to be instantaneous (Az — 0), we talk about decoupling occurring on

the the surface of last scattering.

1.3.3 Temperature Anisotropies of the CMB

After the discovery of the cosmic microwave background, Sachs & Wolfe (1967)
[13] predicted that the CMB temperature has temperature anisotropies of order

% ~ 1072, which is larger than the observed anisotropy by a factor of ~ 10°.

Silk (1967) [14] calculated the density perturbations needed at the surface of last
scattering, to produce galaxies. By converting this perturbation to the gravita-
tional potential via Poisson’s equation, he predicted % ~ 3 x 107 on arcminute
scales. He also showed that the imperfect coupling between photons and baryons
on small scales leads to a damping of anisotropies on small angular scales. This
phenomenon is called Silk damping. His prediction was still an order of magnitude

larger than the true value.
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All tregtments of the CMB anisotropies before 1982 were done only in the con-
text of photons and baryons, However, the inclusion of dark matter by Lison &
Wilkinson in 1982, pusher] the anisotropy predictions down to ‘f"—,l,.T ~ 4 % U on

1.5 arcminmtes scale.

The COsmic Background Explorer (COBE} satellite mission 15] in 1992 experi-
wentally confinmed for the lizst time that the CMB anisstropies on large angular
scales are ~ 10 ®, Subsequent high-precision balloon and satellite CMB expen-
ments snch as BOOMERanG and WMAP measured the anissiropies with unpreee-
dented accuracy. The angular power spectrum from recent CMB experiments is

shown in Fig. (1.4}

G000 i T T _ T T ]

L *}ﬁ:l. WMAP Syr o

i \ Acbar ¢ ]

— e r é ¥ Boomerang ¢ 7
T f CBI ¢ -
=, 4000 [- o .
& S ]
£ 3000 [ k: s ]
9—: ,Ei ﬁk’?ﬁh\ _%i E
X 2000 |- fi Y %%b i
oy L E} &
1000 [ ‘h - ﬁ?i Ey

E % E3 3 {ﬁ:b‘mz

oL | ; i s i

10 100 500 1000 1500
Multipcle mement [

I'tcunt 1.4; The CMB temperature [ T'T) angular power spectrurn from the

WAL S-vear, Acbar, Boomerang and CBL experiments, The red cueve is the

best-fit theory spectrum with vosimie parameters (.07 QA2 &?-,., sl =
(0.0227, 00,131, 241, 0.961, (L08Y, F2.4). [16]

To understand the angular power spectoim of the CMB we first expand che tem-

perature amsobropies o spherical harmonics as

Fils A W , -
8@y =) D amYin(6,9), (1.29)

=1 m=—1{
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where 6 and ¢ are the spherical co-ordinates, which represent a point on a sphere.
The coeflicients of this expansion, a;,,, are a measure of the irregularities at differ-
ent angular scales with the multipole { roughly corresponding to an angle of 3510—0

in the sky. By using the inversion formula, we can write the coefficients as

T TAT
om=[ /0 S (0,8)Yi (6 8)sin(6)d6s. (1.30)

The angular power spectrum of the CMB is defined to be the second moment of

the a;p,.
Cr =l am ) (1.31)

Fig. (1.5) shows plots of the CMB from the WMAP 3-year data.

1.3.4 Primordial Non-Gaussianity in the CMB

Non-linear perturbations in the initial density perturbations or non-linear struc-
ture growth after decoupling can lead to a non-Gaussian CMB anisotropy today.
Therefore the study of non-Gaussianity in the CMB can put some constraints
on these two effects. The problem then is if we detect non-Gaussianity, can
we break the degeneracy between the two effects? The answer is yes. This is
because the non-Gaussianity from primordial non-linear perturbations and the
non-Gaussianity from secondary effects have their own unique signatures that can
easily be disentangled. In this section we will briefly discusses primordial non-
Gaussianity in the context of the CMB.

The standard cosmological model for the generation of primordial density pertur-
bations is inflation. In this model the mechanism that generates density fluctu-
ations is a period of exponential expansion following the Big Bang. The seeds
of the perturbations are produced by the quantum fluctuations when the universe
was 10734 seconds old. The standard main assumption is that the fluctuations are
scale independent and has a Gaussian distribution. This assumption is very well
justified by the current CMB and large scale structure data despite the fact that
small levels of non-Gaussianity are not ruled out. The search for primordial non-
Gaussianity is extremely difficult as it requires very high resolution experiments

with techniques to correctly estimate the amount.
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Fraure 1.5 The 3-year WMAP maps of power spectrim moedes ter the first fow
tltipols, ! — 2—H. The cop left lgure is the tetnperature tap of the wicrowave
Buckpround computed from full-sky fita, The other figures encodes structure on
a partienlar scale, add up to the large-seale strugture of the CMB sl Carefn]
observation of this figures suggesty that hot and cold spots are oot distributed
ravulotnly, implying a preferred divection o the costues, the wew of ewml TE
confirmed, this is inconsistent with Gaussian randot-phase luctuations, which
is predicted by standard inflaticnory model. This pieture s taken from [ 17].

The popular form of primerdisl non-Gaussianity that many people use assumes

thut the primmordial curvature potential 5 given by

Plr) = Dolx) - Fur[Rix) — (DL(2))] {(1.32)

Where &y (x] i3 the Gaussian part of the primordial curvature perturbation. The
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coupling constant fn; quantifies the amount of primordial non-Gaussianity. The
Gaussian case is recovered when fy; = 0. The aim of the study of primordial
non-Gaussianity is therefore to put a stringent constraint on this parameter. The
current best constraint on fy; comes from the WMAP data. The 5-year result
yields =9 < fnr < 111 with 95% Confidence Limit (CL) [I5] while Yadav &
Wandelt (2008) [19] find a positive detection of fy, with 95% CL from the 3-year
WMAP data, 27 < fnr < 147. Also recently Smith et al. [20] find —4 < fyr < 80
with 95% CL using the optimal estimator for fi05* to the 5-year WMAP data.
Constraints on non-Gaussianity from large scale structure are not as strong as
the CMB. However, searches for scale-dependent bias induced by non-Gaussianity
yield constraints of —29 < fy, < 70 (95% CL) [21] with weaker constraints still

reported in other studies [22].

Since the power spectrum of a given field doesn’t contain any phase information,
the second moment of q;, cannot tell us about non-Gaussian information. To
study non-Gaussianity, therefore, we need to consider the higher order moments.
The lowest order moment that encapsulates the non-Gaussian information is the
third moment of a;,, called the bispectrum. Moreover, this function satisfies a
null hypothesis: it is zero for Gaussian fields. Therefore the bispectrum [23, 24,
25, 26] is an excellent choice for studying non-Gaussianity. Other statistics that
people use to study primordial non-Gaussianity include the trispectrum [27, 28, 29,
Minkowski Functionals [30), 31], Wavelets. [32]

1.4 Inflation

What seeds the initial perturbations of the Universe? Why is the Universe isotropic
on large scales? Why is the curvature of the Universe very close to flat? These are
known as the structure, horizon and flatness problems respectively. The theory of

inflation was invented in 1981 to try to solve these problems [33, 31, 35].
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1.4.1 Conditions for inflation

Inflation requires that the Universe underwent a sustained period of acceleration

before Big Bang Nucleosynthesis. From Eq. (1.13) we have

a 4G
L= 3 (p+3p) (1.33)

Therefore for @ > 0, the pressure has to be negative with the equation of state

satisfying, w < —1/3. A scalar field can naturally satisfy these conditions.

The dynamics of a scalar field (with a canonical kinetic term) is described by the
Klein-Gordon equation, which in a FLRW metric is given by:

&+3H¢+av

55 =" (1.34)

where H is the Hubble parameter and V(¢) is the potential for the field which
primarily controls the dynamics of the field. The energy density and pressure are

given by

p =3i6*+V(e)
p =3 -V(e) (1.35)

The equation of state of the scalar field can then be written as

w:E:?ﬁlﬂ@ (1.36)
P 50*+V(e)

When we impose the condition %qﬁQ < V(p), known as the slow-roll approxima-
tion, we get a negative equation of state for the scalar field and hence acceleration.
Physically this approximation means the potential of the field is sufficiently flat
that the scalar field varies only slowly. For successful inflation we must also de-
mand that the scalar field continues rolling very slowly. To ensure that we exit
inflation, the first derivative of the potential must not vanish. Moreover, the sec-
ond derivative of the potential should be negligible when compared to the first
derivative. As a result the kinetic energy term will have a finite but small value

and w > —1.
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The Friedmann equation and its derivative for the scalar field from Eq. (1.35) and
Eq. (1.12) in flat FLRW space read as

» _ 871G (1,
H® = 3 <2¢ + V(¢))
H = —4rG¢? (1.37)

The concept of slow-roll can be well described mathematically by defining the

so-called slow-roll parameters [0]

1 V)2

¢ T 16aC (%) (1.38)
v,

n = sw?;v (1.39)
Vo Vsss

T e (1.40)

where V,, = dV/dg, etc..

For the slow-roll approximation to hold these parameters must be much smaller

than one.

The scale factor for inflation takes a quasi-exponential form of
a(t) = agel 71 (1.41)

ap in this equation is the scale factor at the beginning of inflation and H is the
Hubble parameter. In the limit H — const., a(t) — ageft. The duration of

inflation is commonly measured by the number of e-folds, N, given by
N = /Hdt. (1.42)

The larger the number of the e-folds, the longer the inflationary phase. Beside
the condition that ¢ > 0, we need inflation to last for at least 60 e-folds to
solve the horizon and flatness problems [9] . Fig. (1.G) illustrates how inflation
solves the horizon problem. In the inflationary scenarios quantum fluctuations
during inflation provide the seed for large scale structure. The amplitude of these

fluctuations is approximately [36, 37]

H
0Dy = 2_7;'k=aH (1.43)
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Since the Hubble rate changes very slowly during inflation we see that inflation
predicts a nearly scale invariant spectruin of perturbations, These Huctuations are
also typically Gaussian. Any deviations from these two predictions provide a good

way of discritutnating between diflerent infationary models,

particle horizon
with no inflaticn

particle horizon )
1or dilfarant -

folds of inflation - t Hubhbla horiz

Froavre 1.6: This figure shows the horizon problem and its solution from in-
Hation by schomatically dlustrating the scales that would be in casual contact
at deconpling with wnd withood infladlon. The key idea of the horieon problem
is Lhat a Moiverse with ooly matter and radiadion epochs, the Hublle scale is
larger than the particle horizon, The particle horizon is defined by the distance
that light can travel sinee the Big-Bang. TTence seales larger than the particle
horigon bt ingide the Hubble scale were not in casual contact since the big-
bang. This results in an anisotropy in the large scale, contrary to the otropy
seer in the CMB. Tnflarion sofves this problem by assaening a vapid inflationary
phase at the early Universe such that the quantum flvctwations before inflation
weeres pushed oot the Hubble scale and re-onter again st a later stame.
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1.4.2 Primordial non-Gaussianity from inflation

Models of inflation are broadly classified into two groups based on the physical
mechanisms they use to generate primordial non-Gaussianity. Models that gener-
ate non-Gaussianity at horizon crossing by non-linear perturbations in the inflaton
field are called non-local. Models that generate non-Gaussianity by mode-mode
couplings of an extra field with the inflaton field, outside the horizon, are called
local [26, 3%, 39, 40, 11]. We discuss specific examples of each case below. The
usual form assumed for the curvature perturbation with small deviations from
Gaussianity is a quadratic function of the dominant linear Gaussian fluctuation,
Dy

D(2,) = B1(,) + Ll (@) — (@33 (1.44)

where the weak coupling parameter, fyi, quantifies the amount of non-Gaussianity

from inflation, (fyL = 0 corresponds to the Gaussian case.)

For a field with small departures from Gaussianity, the bispectrum, which is the
3-point correlation function in Fourier space, is the most sensitive of the higher
order statistics [11]. The local and non-local types of non-Gaussianities introduced
above have the peak of their corresponding bispectra for different triangular con-
figurations. For the local type the peak is for the so-called squeezed configurations,
where the triangle, in Fourier space, consists of two long sides and one short side
(k1 < ko, k3). Non-local non-Gaussianity in contrast, peaks for equilateral trian-
gular configurations (k; ~ ko ~ k3) [26, 38, 39, 1), 41]. We now briefly discuss

non-Gaussian predictions for various models of inflation.

1.4.2.1 Single field models

The simplest models of inflation rely on a single scalar field with action [12] :

S = /d“:c[—%F(X) ~V(g)] . (1.45)

where, as before, V(¢) is the potential, X = V,¢V*¢ and F(X) is an arbitrary
kinetic function. Standard chaotic and new inflation models use a canonical kinetic

term (F(X) = X). During slow-roll, the non-Gaussianity induced in these models
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is very small, estimated to be [27, 30]:
fvp=3e—2n . (1.46)

As a result the simplest models of inflation predict tiny levels of non-Gaussianity

(fnr ~ 1072) that are amplified to O(1) by the post-inflationary evolution [43].

Nevertheless, such small values will remain undetectable for the next decade or so.

If, however, one considers models with non-canonical kinetic terms F(X) # X,
then the nonlinearity of the kinetic term induces a much larger level of non-

Gaussianity which will be measureable in the next decade [39, -11].

1.4.2.2 Multiple field models of inflation

Another class of models which leads to interesting levels of non-Gaussianity is
that with many light fields (here light refers to the mass of the field relative to
the Hubble scale) [14, 15]. In that case the key difference compared with the
single field case is the possibility of large scale entropy or isocurvature fluctuations
whose statistics need not be of Gaussian form even if the adiabatic perturbation

is Gaussian [31, 15].

An example is the curvaton model where a second field is light during inflation and
acquires a scale-invariant spectrum of entropy perturbations. After inflation this
field becomes dynamically important and the entropy perturbations are converted
to adiabatic fluctuations but with significant non-Gaussianity. In these models the

non-Gaussianity is of local type.



Chapter 2

Statistics and Evolution of

Gravitational Clustering

In this second introductory chapter we present a literature review of the first and
the second order cosmological perturbations together with the statistical methods

used to quantify it from observation.

2.1 Introduction

The evolution of an exact FLRW universe is the same as the Newtonian equation

of an isolated sphere with mean density, p, equal to that of the FLRW universe
[106].

In the absence of any perturbations in the density, the evolution equations of the
Universe reduce to only three linear equations that describe the density, expansion

and velocity:

p
= a_g (2.1)
r o= ax (2.2)
a
= —-r=H 2.
u o7 r, (2.3)

where x is the co-moving distance, u is the velocity and H is the Hubble parameter.
Eq.(2.3) is known as the Hubble law. Unfortunately, there are no such simple

solutions for a perturbed cosmos.

20
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The general evolution equations of the perturbations for an ideal fluid are governed
by three partial differential equations known as the continuity, Fuler, and Poisson

equations. In a co-moving coordinate system these equations are given by [

96 1

il aV [(1+d)v] =

ov a 1 1

—— —_— — . = —— 2-
5 T2V + a(v Vv aV@ (2.4)

V2® = 4rGpa’s

where 6 = L;E is the fractional density, v is the Hubble flow velocity, and ® is the

gravitational potential. Fourier transforming these equations gives

(96 1
8t - <Zk ’Uk-i—ZZ(Sk/ Vi— kl> =

kl
dvk
dt

k2(1)k = —47ra2ﬁ(5k

k
+avk+ ; Uk" k' k)’()(k k’] —1— (I)—O (25)

The summations in these equations are the result of couplings between the different

Fourier modes, which reflect the non-linearity of the gravitational instability.

2.2 Linear Perturbation Theory (LPT)

The Taylor expansion of § is given by
§=0M 446® 4 . (2.6)

where §™ = O((§))"). In linear perturbation theory the density contrast ¢ is
assumed to be very small, § < 1, hence we consider only the first order term in

the expansion.

Since we know that fluctuations at small scales today are large, the linear pertur-
bation theory is valid only at large scales or at early times where the perturbation
was not amplified by gravitational collapse. The coupling terms in Eq. (2.7)

on large scales are very small and can be neglected. The Euler and continuity
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equations Eq.  (2.9) in the case of dust can be combined to yield

%0 a0k _

The solution of this equation during matter domination can be found by assuming
a polynomial expansion for § and writing 47Gp = %H 2Q,,, where §,, = ;C%. The

time evolution of the linear density can then be written as
Op = Dlt?; + Dgt_l. (28)
This implies that the density field has both a growing and a decaying mode.

However, since the second term decays rapidly as the universe expands, it can be

safely neglected at late times. Eq. (2.8) can then be written as
6 = D)6 (z) + decaying mode (2.9)

Where §(9(z) is the initial density contrast and D(t) is the growth function. The
growth function in flat FLRW Universe satisfies [17]:

D(z) ! 5Qm2E1(z) /°° (;(’;I;;) d . (210)
Where
E(z) = H/Hy = /Qu(1 + 23 + Qpef(z) + (1 + 2)2 (2.11)

and Q.,, Qpg, Q) are the present values of the fractional matter, dark energy

and curvature density, respectively. The dark energy density evolution parameter,

f(z) = exp [—3/02 (ﬁ—fg)] (2.12)

In pressure-free linear perturbation theory, the growth of different modes is inde-

f(z), is given by:

pendent of scale in that all modes grow by the same amount through time.

2.3 Second Order Perturbation Equations (20PT)

In second order perturbation theory we consider the Taylor expansion of the den-
sity field up to the second order, § = §(!) + 6, In this theory, the mode-mode
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couplings in Eq.(2.5) will not vanish, which significantly complicates the evolution
of the perturbations. In general the density perturbations with the second-order

corrections are given by [10, 1%]
o= ot + [ aR(a k- @ikt (2.13)

where [ is the linear order and the kernel F(ky, k) is given in an Einstein-deSitter

by:
5 kl k)QCL' 22

Flkiky)==+(—+ =)=+ =z°.

ada) =7+ (L + 53772

Here z is the cosine of the angle between k; and ko vectors.

(2.14)

2.4 Fourier Space Correlation Functions

To describe the statistical properties of an arbitrary density field, we can use the

hierarchy of Fourier space correlation functions given by

Plki,ky) = (0k,0,)
B(ki, ko, ks) = (OkyOky0k5) (2.15)
T(kla k?) k37 ) k4) = <(5k1 6k26k35k4> (216)

which are known as the power spectrum, bispectrum, trispectrum etc. The angles
(...) represent a statistical ensemble average. Unfortunately we can not compute
ensemble averages in Cosmology as there is only one Universe, and we must assume

ergodicity to replace ensemble averages with spatial volume averages [19].

For a Gaussian density field all the odd order correlation functions vanish and all

the even order correlation functions can be written in terms of the power spectrum.
The density (6) and the potential (®) fields are related by Poisson’s equation

3k?

o2 = ~5eg
0%iém

T(k)D, (z)®7"™ (2.17)
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Where T'(k) is the transfer function and D, (z) = (1 + 2)D(z). The linear density

power spectrum at redshift z is then related to the primordial power spectrum via:

Py(k) = T?D%(2)PI™™(k) (2.18)
9k4 2 2 prim
= 25—1—1619—3;T (k)D+(Z)Pq> (k)) (2-19>

Here PP"™(k) = A|8\)2 and PE™™ (k) = A’|®*™™|? are the primordial density and

potential power spectra, respectively.

Because observationally we typically trace the dark matter through luminous
galaxies, the galaxy power spectrum we measure is a biased tracer of the dark
matter power spectrum. This means the galaxy and the underlying matter power
spectrum are not the same but are related by some type of bias function. In the
local bias model [70, 51, 52] we assume that the galaxy denisty field is a Taylor

expansion of the underlying dark matter density field.
g = 010, + 0262 + ... (2.20)

The term that survives in the linear theory is the the first order bias term, by,
which commonly is just written as simply 4. In this approximation, this relation

between the galaxy and matter power spectra can be written as :

Pya(k, z) = b* Pr(k, 2). (2.21)

2.4.1 Phase Correlations and the Bispectrum

Mode-mode coupling in 20PT generates information that can not be characterised
by the power spectrum alone. The resulting non-Gaussianities induce non-zero
odd-order correlation functions. The bispectrum (the three point correlation func-

tion in Fourier space) in 20PT is given by [10, 18]
B(k‘l, k‘g, k}g) = 2F(k’1, kg)PL(kl)PL(kg) + Cyc. (222)

Where Pp (k) is the linear power spectrum given by Eq.(2.1N).

If we write &, = aze®*, the power spectrum is just P(k) oc |ax|?, which clearly

carries no information about the phases 6;. In the Gaussian case, the 8, are drawn
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Fizune 2.1 Effoor of the phase information. The fiest column in this figure

shows Lwo original pretuees of hoowan faces, In the second column the faees aree

reconstriucted by throwing away the phase information from the original picture,

assuming all the information is characterized by the power spectrum. In the

third eolumn the faces are reconslructed from the amplitide of the original face
and the plase of the other face, These pletures are taken lrow [54],

from a uniform random distrubtion and indeed carry no information. However this
15 110 longer true i the non-Gaussan case, Phases of o non-Gaussian feld corry all
of the non-Gausgian information. Fig.(2 ) shows the relative information content
stored 1 the phase and amplitude of a huan face, From this fignre we can see that
most of the information that enables us to identify a particular face comes from the
phase Imformation rather than the amplitude, The first colomn in this figure shows
pictures of two human laces. In the sccond column the faces are reconstructed
bne using the power spectra from the original pictures, bul with phases gencrated
from a uniform randem distrubtion [ie. the Craussian approximation). In the third
column (ke faces are reconstructed, thiz time swaping the phases of the original
fures while keeping their original amplitude unchanged. Clearty phase information

dominates, showing how drastic the Gaussian approximation can be,

Similarly Fig. (2.2} shows an N-body simulation of large scale structure with and
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Ficrre 2.2: Numerica simulution of galaxy clustering (loft) together with &
version genorated by randomly reshuffing the phases betwesn Fourler modes of
the origing picture (right). These pictures are taken [rom (0],

withiout o reshuffling of (he phase information of the simulation. We can see from
these plots that a lurge amount of the elustering information of the simulation is
stored n the phase of the modes. Onee we randomly reshutfle the phases of the

modes in the density field, the information of clustering 1s significant by degradad.

2.5 Statistics on the Sphere

L he sngular power spectrium is the Legendre transform of the two point angulias
correlation funetion. Any syuare mtegrable function on the unit sphere can be
cxpressec by the linear combination of the spherical harmontes, Y, A funotion is
sulcl 1o be square integrable of the Integral of the square of ity abaolite value exists
and is finite. The definition of declinution (Dec), #, and right ascension (RA), o,
we wse 1 this thesis are 0 < 0 < 7 oand () < & < 27, We can expond an arhitrary

held in terms of spherical harmonics as

_.'r‘:-lll'l al = ; iy }.:.,I' . t) (2.23
—

. m
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where the Y},,’s are the spherical harmonics, which are the eigenfunctions of the

Laplace equation on the sphere. Mathematically they are given by:

Yim = NimBim(cos(8)) exp (ime) . (2.24)

(20+1)(I+1)
4r(l-1)

Legendre polynomials. Using the orthonormal nature of Y,,, we can write the a;,

where Ny, = 4/( ) is the normalization factor and P, are the associated

coefficients as:

i = / 0(6, &)Yim (6, $)d2 (2.25)
AQ

where d§2 = sin(6)dfd¢ is the solid angle and the integrations is over the observed

sky, AQ. To compute this parameter we use the same estimator as that of [7]
A =Y Y (6,9). (2.26)
0Y¢

where 6 and ¢ in this case are coordinate points of the observed sky.

The angular power spectrum, Cjn,, and bispectrum, B)**™, of a density field

on a sphere are given by ensemble average of the second and third moment of the

spherical harmonic coefficients ay,,, respectively:

Cim = <a‘lma';m>
BllmllleT;zma = <a11m1alzm2alsm3> (227)

where * is a complex conjugate

For statistically homogeneous and isotropic field the spherical harmonic coeffi-
cients, ai’s, are drawn from a Gaussian distribution [55, 56]. This means the
non-diagonal terms of (@, m, Gi,m,) are zero. Also (aim) = 0 for [ # 0. The angular

power spectrum averaged over m can then be written as.

1
G = (20+1) 2 Cim

T @ i 1) 2 fanl’) 22

If the function o(0, ¢) is statistically isotropic, the information from —! < m < 0
are redundant. Averaging over 0 < m < [ or =l < m < [ doesn’t make any

difference as each value of m should give an independent estimate of a;,,,. Averaging
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over — < m < [ just reduces the overall error. In fact, the result for —m should
be identical to the result for +m, because the original density field is real. So

0 < m < lisin fact the full set of independent measurements we can get from C;.

The bispectrum given in Eq.(2.27) is defined by triangles on a sphere with sides
l1,13,13. The number of possible triangles on a sphere is infinite. Fortunately, be-
cause of the various symmetries and correlations due to isotropy, the total number
of independent triangles reduces to some finite number. The subsets of triangles
that are independent can be imposed by writing the angular average bispectrum

as follows [23, 21]:

{ { {
Bl1lzl3 = Z ( ' 2 ’ >a11m1a12m2a13m3 (229)

mi,ma,mg \ 11 M2 M3

Where the matrix between big brackets is the Wigner-3j symbol which ensures

that the following conditions are satisfied:

L =4l <Lk <L+
2. l1 + 1+ 13 =even

3. mi+me+mz=20

We now discuss shot noise and error estimates on measurements of the power

spectrum and bispectrum.

2.5.1 Shot Noise

The shot noise, which corresponds to the [ = 0 in Eq.(2.25), is the surface density
of objects per steradian and is a special case. The only harmonic in it is m = 0,
and Yy = ﬁ. It can be written as og = {(ag) = —ANﬁ, where NV is the total number
of points from which the density field is constructed and A} is the area of the
sky observed. The contribution of the shot noise to the angular power spectrum
is therefore given by

shot noise(C)) = oq . (2.30)



MegaZ-LRG 29

Similarly we calculated the contribution of the shot noise to the bispectrum and

it is given by

(%+M%+M%+D(hbh

shot noise(By,1,) = \/ o 0 0 0 ) oo.  (2.31)

Hence, the final C; and B,,;,;, can be found by subtracting these shot noise contri-
butions from Eq.(2.2%) and Eq.(2.29), respectively. Note that since we are working
using the overdensity field parameter, o = L;é, we divide the final equations for

the power spectrum and bispectrum by 1/03 and 1/¢3, respectively.

2.5.2 Error Bars

The errors on the angular power spectrum and bispectrum can be approximated

as [37].

1 1
(+0.5) (Ci+ )

1 1 1
O-(Blllzl;;) = \/(Cll + U_O) <Olz + 0_0) (013 + U_0> Al1,12,13 (233)

where Ay, 50 = (14 6;,0,) (1 + 01445) (1 + 83,1,) and it is 6, 2, 1 when three, two and

U(Cl) = (232)

none of the sides are equal, respectively. d;; is the Kronecker-delta function. In
the presence of a sky cut, Eq. (2.32) &, (2.33) will be modified by 1/ fe, factor

to account the incompletness [21]. Where

area of the observed sky
a7

fsky =

is the ratio of the area of the observed sky to the full sky.



Chapter 3

The MegaZ-LRG Catalogue

In this chapter we present both a literature review and a power spectrum analysis
of the MegaZ-LRG Catalogue [541, 7~]. Our power spectrum code reproduces some

of the results found in [54].

3.1 Introduction

Luminous Red Galaxies (LRGs) are one of the old and very luminous populations
of galaxies in the Universe. The gas of these galaxies having being turned into
stars a long time ago, there is typically very little star formation occurring today.
The remainder of the stellar population is primarily old red stars, which give these
galaxies their name. The spectra of LRGs are characterized by the presence of
the 4000A break, shown in fig.(3.1). For this reason the redshift of LRGs can be
estimated with good accuracy (2 — 5%) from their colors only, without taking a

spectrum.

Most LRGs live in massive dark matter halos and often they are found at the
center of these halos [()]. As a result they are good tracers of the underlying dark
matter with a large bias (b) relative to the underlying density distribution. Any
features of the dark matter power spectrum will be observed in the LRGs power
spectrum amplified by the b? factor appropriate for LRGs. For galaxies where b
is small, we need a high number density to resolve these features. However, for

galaxies where b is large, as in the case of LRGs, we need a relatively small number

30
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Fiounre 3.1: Spectra of 5 LIG, with the wavelenpihs shilted o the rest-lrame.

The first three spoctra illustrate & progression of redshift, the fourth spectrum

shows g mild emission line, and the last spectrum shows extry Balimer abworp-

tion, The latier two phenomena occur only rarely in the sample of the SDES

LRGs [54]. We can clearly see the distinet features of the A000A breuk in al)
the spectra. This figure is taken from Kisenstein et al. [540

density. This is one important advantage that LRG survevs have over other galaxy

Evre survevs,

3.1.1 The Sloan Digital Sky Survey (SDSS)

The SDSS is an inaging and spectroscopic survey with a dedicated optical 2.5
meter telescope, The camera consists of 30 2048 x 2048 mosaic CCDs positioned
in six colmmnns and five tows [iil]. The telescope is located in the Apache Point
Observatory in New Mexico, It has @ field of view of 3 % 3deg® with a spatial
seale of D.4%piz~! in five passbands (u, g, r. i, z) with central wavelenzths 35610,
4680, 6180, 7500 and %870 A respoctively [(i2]. The primaryv goals of the survey
are to obtain imaging of 10, 000deg® of the North Galactic Cap in all of five bands,
spectroscople redshifts of 10° galaxtes and 1P quasars. The spectra of objects
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are obtained by a multi-object spectrograph, which has a capability of taking 640
spectra at once. The wavelength range of each spectrum is 3800-9200 A [6:3].

The latest public data release of the SDSS at the time of writing is the Data Release
7 (DR7) [61]. This release consists of a total area of 11663 deg? and contains images
and parameters of 357 million objects over this area. The DR7 spectroscopic data
covers 7500 deg? with a total number of 1.6 million spectra. The contributions
of galaxies, Quasars, and other types (eg. stars, sky-spectra, unknowns) to this
number are 930,000, 120,000, 460,000, respectively [61],[www.sdss.org).

3.2 The MegaZ-LRG Catalogue

The MegaZ-LRG catalogue [5%] is a photometric catalogue of LRGs extracted
from SDSS imaging samples. The redshifts of the galaxies in the catalogue span

0.4 — 0.7 with a number distribution of galaxies on the sky shown in Fig. (3.2).

3.2.0.1 Selection Criteria

The selection of the LRGs in the redshift range of 0.4 < z < 0.7 is done by using
a series of color and magnitude cuts. The cuts are designed in such a way that
they match the spectroscopic LRG data from the 2SLAQ survey which provide
the training data for the Artificial Neural Networks (ANNs). [73]

When the galaxies are plotted in a color-color (g-r, r-i} diagram, galaxies in the
main sample and the LRGs lie in separate regions of the diagram. This provides
a first list of potential LRG candidates. However, since M-type stars have also
very similar gri colors to the LRGs, color and magnitude cuts cannot remove them
completely. In the 2SLAQ survey these stars are discriminated from their spectra.
Since we don't have the spectra for the photometric data, the MegaZ data will
have a contamination from these stars. The contamination, however, is minimized
by using the ANNs which uses all of the photometry data to produce a star-galaxy

probability that reduces the contamination to 2% [3¥].
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Freure 3.2: Density map of DR LRGs in the 81358 footnrnt for the codshift
bin 7 == 045 — .50 Meost of the palaxies in che Mepa?Z catalogue are foumd in
this redshilt bin, We used the HEALpix [65] pixlization scheme with neide= 128,

4.2.0.2 The MegaZ Window Function

The SDE5 angular region that the DRA (Data Release 4) Mega? catalosue covered
15 110° = @ < 2707 in right ascension and —5° < d < 707 in declination. The
skl galuctic plane (stripes 76, 82, and 86) are excluded as they contribute small
numbers of galaxies and are widely spaced from the rest of the survey region

1 el
| I'1 _|'

The window function for the MegaZ catalogue is constimcted by assigning a “17
for each abserved pixel of the sky sud a “0" otherwise. The resulting surveyed
ared i3 5, D1dddeq® with a lotal volume of 2.567*Gpe? across the redshift range of
Ud =z = LT,
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tale

g

Ficure 3.3 Colonr distribiiions of 25LA0) LIVGH [squares) and MepaZ-LROG
targets (small points). The selection onl cper = 0.7(g v} 1.2(r ¢ 0.18) =16
separates later-type galaxics from the LRG sample while ents above lines of
constanl dyery, = (v — i) — (g —v)/ B4 = 0.8 selecl early-type galaxies with
increasingly high redshilt, g — v and r - 7 in dperp and cpor are colors detined
by the photometric bands of the 5185, This figore is taken from Collister of al.

g

There are different effects that can potentially distort the window function away

from the binery coverage map [06]. These include dust extinetion, sesing varia-

tivns, incompleteness in the vicinity o very bright stars ar galaxics, and systematic
effects induced by star-galaxy separation [01]. It is shown in [51] that a partial
|‘ sky obscrvation leads to the correlation ol adjacent modes in the power spectrom
ar any cther clustering statistics and hence one needs to bin adjacent modes over
a sufficiently large window to remove the correlations. We bin over AF = 10 as we

will disenss later in detail,

ol

e
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3.2.0.3 Photometric Redshifts

The redshifts of the MegaZ LRGs are obtained by using the Artificial Neural
Network package known as ANNz [58, (:7]. Artificial neural networks are mathe-
matical models that simulate the human neural networks in the brain and learn
the relations between input and output parameters by optimizing the weight of
each neuron. The ANNz package used to produce the MegaZ catalogue was first
developed by [67]. It was trained by spectroscopic data from 2SLAQ and SDSS
to predict the redshift of a galaxy from its photometric data. The basic inputs in

the training are therefore the five band colors and the spectroscopic redshift.

The ANNz root mean square error for predicting the redshift of the photometric
LRGs was found to be [5&]:
Ozphor A= 0.041 (3.1)

This accuracy is independent of any systematic error in the spectroscopic training
redshifts. The accuracy of the photometric redshift prediction reaches the 2% level
for the brightest LRGs. Fig.('3.1) shows the dispersion of the photometric redshifts
predicted by the ANNz for the spectroscopic data.

We follow Blake et al. [71] by binning the MegaZ catalogue in four photometric
redshift slices of width Az = 0.05 from 2z = 0.45 to 2 = 0.65. Because of the
uncertainty in the photometric redshift, there is a finite chance that galaxies whose
redshift are close to the bin edge end up in the wrong bin. This will cause a non
diagonal covariance matrix between different redshift bins and therefore one needs
to compute the full covariance matrix before combining statistical results from the

different bins.

The redshift distribution of LRGs across each bin in the MegaZ catalogue is well
fit by a Gaussian curve fig.(3.0).

3.3 Angular Power Spectrum and Bispectrum of

the MegaZ Catalogue

In the previous chapter we introduced the equations for the angular power spec-
trum and bispectrum. Before applying them to the MegaZ catalogue, we carried

out a number of tests that check the validity of these equations and our codes.
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Fioure 4.4 Thspersion of the photemetric redshite determined by ANNz, The

spectroscopic redshills are from 28LAG and SDES8. The rions error on Lhe pho-

tometric redshift (82 = pnar zapee) e indicated, This fipure is taken from
Blake et al. [54]

First we computed the power spectrum and bispectram for a large set of unilormly
distributed points across the whele sky using a Mente Carlo (MC) methnd. We
then checked the partial sky casc which was selected to hasve an similar BA and
Pree range as that of the Mega? catalegue. Since both the power spectrum and
bispreetrum vanish for a uniferm distribution, we demanded that oer code recov-
ercd Ap, = U (when shot noise is subtracted). We also showed the validity of the
error approximations for C and By, by comparing the theorctical estimates of

the errer with the error caleutated from many realizations.

Iretails of these tests are given in Appendix Al which show that the A, and errar
estimaters given in Fas (2.02, 2005, 2.26) are very good approsimations, Henee, lor
the rest of this thesis we will vse these equations to compuite the power spectrum

and bispectrum of the MegaZ-LRG catalogue.
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F1ourE 3.5: The locations of the 2000 most huninous galaxices in cach of a series

ol photometric redshift slices of widih Az = 0.03 in a marrow survey stripe. The

characteristic patierns of lurge-scale stoncture may be observed. The wxes are

right asconsion and declination iy decimal degrees. This Gpure i takew [vom
Blake et al. [+H].

3.3.1 The Angular Power Spectrum of the MegaZ Cata-

logne

A detailed analsis of the angular power spectrum for the DIt4 releasi ol MegaZ-
LRG eatalogue has been done hy [54]. In this section we review some of their key
results and reproduce their angnlar power spectrum plots as an additional test of

our code,

In their paper Blake et al. (71] showed that
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Fiounre 3.6 Redshift seloction fonetion of the Mema?-LEGs lor cach of the
lour redshife slices in e range 2 043 to 2 — 07, Wo can clearly see that
the sclection lunction in cach bin is well fit by a4 Gaussian cneve, The buest
fitting (Gaussian parametors o, o and the mamber of galaxics al cach redshift
slice are indicated at the top right corner of the plot. The ftting equation is:

—[z=—p)? e
pey = '\;__.,21”2 ['C‘Xlll{ [zﬁf] :I] [.'Jl-l]

» The correlation between adjacent multipoles of the angular power specioiim
canged by the window function of 1the Mega? region drops 1o 10% [rom its
peak lor Al =~ 100 Therefore one cap safely assume, an the 105 Tevel, 1har
the coovesponding bands of the angilar power spectrum are independent for
AE=10

» "T'he statistical cooor on the angular power speetrum in the quasi-linear regime
can be approsimated by the following formula

T 1
o A S 39
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where At s the area of the sky abserved, in this case 3, 914deg®, fu, = % ia

the fractional arca of the sky observed and N is the number of galaxies. Thae
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FicureE 3.7: The mixing matrix e for multipole £ = 200 as a function of

¢, indicating the range of multipoles correlated by the survey window function

effeets, The range of multipoles correlated by the window [uncvion deops very

rapidhy, For Al = L0, the correlation is less than 105, This fizure is taken from
Blake et al. [54].

two terms on the right hand side of the above equation are contributions from
costnic varance (C7) and shot noise [[N/AQ) 7Y respectively. The 1/{204+ 1)
factor is due to the average over sphetical harmonie index . The eflect of
the sutvey window functien is encapsulated by the 174/ fop, factor. Fo.(2.32)
ig [urther divided by +/ A¢ to account lor the binning of the multipoles which

15 necessary to minamize the correlations hotween adjacent modes.

o 'The best fit cosmological parameter valnes for the angnlar power spectrim of
the Mepnd catalopue over the seties of redshift slices are given by 88, 2= 0,27,
% = 0.17, My - Tkms " Mpe~! and n, — 1, When combining the cillerent
tedshift slices with the appropriate covarianes matrix the constraints on the
cosmic parameters for fixed values of Hy, and n, while marginalizing over o,
and bias are $1,.0 = 0,195 £ 0023, %‘LI == 0,16 4 (.04, These constraints are
similar in precision to those of the constraints from spectrescopic data [65].

Blake et al. in their paper conclnded that photometric redshifl surveys are
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FIGURE 3.5; The angular power speelium of the Moga?-LRGs together
with the theoretical curve for the best firting paramersr valuss, O, =
et % — (K17, Hy — Takms= Mpe™, 0, = L and o5 = 1, The dillerent
figures arve, the 17 redshift Lin, 0.5 < z < 0.5, (top lelt), the 2™ redshilt
bin, 0.5 < z < .55, (top right), 3¢ redshift bin, 0.55 < 2 < 0.6, {bottom
left) and the 4 redshift bin, 0.6 < 2z < 0.65, {battom right). The values
ol the linear bits parameters used are & — 151, b — 168 & — 1.74 and
B =195 [or the 1%, 2% 37 and A** redshift bins respectively. 1o avoid
corrclition botweon adjacent multipoles, the O's are binned over Al = 10

competitive with speetroscopie surveys for the measurement of cosmologi-

cal parameters in the simple "vanilla” model. This i3 because of the large

nnber of galaxies in the photometne surveys,

¢ The DR4 MegaZ photo-z catalogue has shown a visual hint of the barvon

acoustic oscillations despite its sigiihicance level being less than 3o,

o The photommetrie systematies in the MegaZ catalogue have ne sipnificant

effect on the anpular power speetrunm,
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In fig.(3.8) we show our results for the angular power spectrum which agrees very
well with those of Blake et al. [31].



Chapter 4

Non-Gaussianity of the
MegaZ-LRG Catalogue

In this chapter we present the main results of this thesis by dividing in two parts:
first we discuss the angular bispectrum followed by the implications of the bispec-

trum for the primordial non-Gaussianity parameter fx.

4.1 MegaZ Catalogue Angular Bispectrum

To calculate the bispectrum for the MegaZ catalogue, we first computed the partial

sky estimator of the spherical harmonic coefficients, a;,, given by [51]:

A =Y Yim(6,6) = 0olim , (4.1)
0,9

where ¢g is the surface density and the geometry term I, is given by

AR

AS) is the area of the sky that is observed. We used Monte Carlo integration to
compute this integral. Since it depends only on the angular coverage, we use the

same I, for all the redshift bins.

Once we compute the Ap,’s for the MegaZ data points, we multiply triplets of
them according to Eq.(2.29) for the different choice of triangles, specified by sides

42
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¢y, ¢, and {3, to get the angle-averaged bispectrum. The choice of independent
triangles is controlled by the Wigner-3j symbols, which will ensure that the three
conditions listed just after Eq.(2.29) are satisfied. Therefore we loop over £;, 5,
¢35, up to €yax ~ 200, which is roughly the limit of the quasi-linear regime for the
mean MegaZ galaxy redshift. Later we will show the sensitivity of our result as
we vary fn.x. The error on the bispectrum estimate is calculated by using the

theoretical approximation given by Eq.(2.33).

Since adjacent multipoles are correlated due to the window function, we binned
the multipoles with A¢ = 10 for each of ¢1,¢5,¢3. As discussed in the previous
chapter this allows us to treat each multipole bin as independent. We use an
inverse variance weight scheme (IVWS) to do the averaging in all the bins. The

equation that describes this averaging scheme is then given by:

ZA& Wlllzla Blllzla

Bl I3ls —
1343 “/
ZAZ- lilals

1

(4.3)

l\?lv—t

Bll’SIS (Z mllzl3) (44)

where i = 1,2,3 and the weight Wy,;,;, = o(Bj,1,) % and o(By,1,1,) is the error on
the unbinned bispectrum which is given by Eq. (2.33)

Fig.(1.1) shows the angle-averaged bispectrum of the DR4 MegaZ catalog with
the multipoles binned over bands of Af = 10 for the different redshift bins and a

variety of triangular configurations.

4.2 Extracting the Primordial Non-Gaussianity,

fye

The main sources of non-Gaussianity in the large scale structure are Primordial
non-Gaussianity, non-linear gravitational collapse during structure formation, and
galaxy bias relative to the underlying dark matter. The contribution of these
non-Gaussianities in the bispectrum are distinct and hence we can treat them

independently and disentangle their effects.



Results 44

As we have discused in the earlier chapters, we will characterize primordial non-

Gaussianity by writing the gravitational potential as

=&, + fnr [0 — (B])] . (4.5)

The non-Gaussianity that we are dealing with by using this form for ® is of a
local type. In these models the signal for the bispectrum comes mainly from the
squeezed triangular configurations, ky < ko, k3. It is shown in [10)] that the local
and non-local types will have the same form when one considers the equilateral

triangular configuration (¢; = ¢ = {3).

The 3D bispectrum in Fourier space resulting from the above expansion of the

gravitational potential is given by [i)]
Bq;(k) = 2fNL[Pq>(k1)P<p(k'2) + cyc.] (46)

where Py (k) is the primordial power spectrum and "cyc“ denotes cyclic permuta-

tions of ky, ko, k3.

The matter density field is related to the primordial gravitational potential through
Poisson’s equation [18], §(k, z) = M (k, z)é(k), where

M(k, 2) = gk T(k)f(zin[—fj—{gz)D(z)

(4.7)

Here T'(k) is the matter transfer function, D(z) is the growth function, and Hy and

Q,, are the Hubble parameter and fractional matter density today, respectively. '

The bispectrum from this matter density field is then given by

B(k1, ky, ks, z) = <5(k1)5(k2)5(k3)> (4.8)
= M(kl,Z)]\/[(kQ,Z)M(kg,Z)B¢(k) (4.9)

1The definition of M (k, z) we use in this thesis is the same as that in [10]
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which can be rewritten as

AJ(k;;,Z)
M(kl, Z)(k‘g, Z)
Af(kz,Z)

M (ky, z)(ks, 2)

M(k)l, Z)

M (kz, z)(ks, 2)

B(ky, ko, k3, z) = 2fnr(Pr(ky, 2)Pp(ks, 2)
+ Pr(ky, 2) Pr(ks, 2)

+ PL(kQ, Z)PL(kg, Z) ) . (410)

Since we are working in harmonic space for the MegaZ catalogue, we need to
project Eq.(1.10) into the spherical harmonic space. Projecting the bispectrum
looses information and decreases the number of triplets we can consider. However,
in our case the signal to noise ratio of the bispectrum will still be strong due to the
narrow width of the redshift slices and the large number density of galaxies in the
MegaZ catalogue. We do the projection of the full 3D Fourier space bispectrum
into 2D spherical harmonics by using the Limber approximation [6:4), 71)], which is
good for small angular scales. The final equation that we will be using to constrain
the non-Gaussianity parameter fy; from the MegaZ-LRG catalogue is therefore

written as [57]

LW I 1 20+ D)2+ 1)(2l3+ 1
Bmgzsz(l : 3>\/( Rl — S5+ 1) g 1,1, (4.11)

xs dz\> 1 _ (L Iy I
B(l,1 = d — ) =B|—,—=,— 4.12
(l, b, ls) fNL/Xi X (P(Z>dx) 7 <X’ X’ X,»Z) (4.12)
where p(z) is the redshift selection function and x is the co-moving radial distance.

To obtain a constraint on primordial non-Gaussianity we consider five types of

triangular configurations:

1.0 =ty =¥03=/¢ equilateral configuration
2. by =0y =003 =24 degenerate configuration
3. 6 =0;0y=20;865 =3¢ squeezed configuration
4, by =00y =4¢; 43 =5{ squeezed configuration

5. 0y =146, ="5¢;43 =6/ squeezed configuration
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These choices are somewhat arbitrary and are meant only to be representative
of the interesting triangles for the local (squeezed) and non-local (equilateral)
models. We also summed over all the possible triangular configurations in the
range fmin < €; < fy < 3 < lpax. We use £ = 20 due to the limitation of
the small angle approximation and ¢,,,x = 200 due to the limit of the quasi-linear
region. This provides a total x? which is simply the sum of the individual x?’s for

each triangular configuration [24].

4.2.1 Main Results

In this section we present the final constraints on fy; from the DR4 version
of the MegaZ catalogue. Because of the different redshift bins and triangular
configurations there are a large number of constraints which are summarized in
Tables (1.1 - 4.1) .

The best-fitting theoretical bispectra are shown against the data in Figures (1.1 -
I.1). To derive our constraints we use the x? statistic to find the best fitting value

for fyr in Eq.(+.11). The x? statistic is defined as:

Lrmax Data Theory\2
(BZ?Z _fNLBZ€€ )
XZ(fNL>: § : 1tat3 > 16243 (413)
Cmin Beyeyey

where we typically choose £, = 20 and 4.x = 200 to be conservative. This
expression is minimized to find the best-fit value of fy. Fig.(1.5) shows the x?
as a function of fy; for the sum over all triangular configurations of the first
redshift bin in the MegaZ catalogue. To derive confidence limits we assume that
the x? statistic is quadratic in fy; and hence the 1,2, and 3 o confidence limits
correspond to the distance from the best fitting fyp to those values of fy; for
which the x? is 1,4 and 9 larger than the minimum value of x? respectively. Since
the theoretical predictions are linear in fy the Fisher matrix errors are exact and

the x? is quadratic in fyy, as can be seen in Fig.(1.7).

Many are consistent with fyr = 0 in Tables (1.1 - 4.1). However there are several
notable exceptions. The ¢, = ¢,, {3 = 2¢; configuration in the lowest redshift bin
gives (1 — o error bars)

fnvp =90+23 (4.14)
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F1GURE 4.1: The angular bispectrum from the MegaZ-LRGs together with the

best-fiteing theoretical bispectra for the 19 redudift bin. The different figuns

are the bispectrum for £ = £; = &5 (top lcft), & = £, 45 = 24, (top right},

£, 82 — 24,6y ~ 36y (bottom leRt), £, 62 — 26 & — 36 (bortom right) tri-

angular configurations. To avaid correlation berween adjacent multipoles, the
hispectrum values are hinned in bands of A% = 10.
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fi. 62 — 26, f3 — 0f; (bottom left), £ £ — 26 £ = 1) (hottom right] tri-

angular configuraticons, To avoid correlation between adjacent mltipoles, the
bispectrum values are binned in bands of A6 = 10,
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Triangle type fnr with 1o error | Min x? | Number of o away
from fni =0
=4ty =1{3 —272 + 778 10.5 03¢0
61; 62 = 251; 83 = 352 —449 + 705 04 060
Oy €y = 44y; €3 = B4 —1011 + 592 0.3 170
by; €y = 58q; b3 = 64, 3+ 30 0.0 0.1c

TABLE 4.1: Result for the 15 redshift slice, 0.45 < z < 0.5. The number of
LRGs in this bin is N = 211263. The minimum and maximum £’s considered
here are in = 20 and £payx = 200.

The other non-trivial triangular configuration in the first redshift bin is the ¢;, ¢; =
441,43 = 5¢, which yields fy;, = —1011 4 592 with 68% CL. In contrast to the

constraint in Eq. (1.11), this gives fyr < 0 at nearly 2 — o confidence.

Although the number of galaxies in the high-z bin (the fourth redshift bin) is
small, we found two 2.5 — ¢ positive and negative deviations from fy; = 0. The
¢, = 0y, 43 = 2¢; triangular configuration, which gives a nearly 4 — ¢ positive fy,
in the first redshift bin, yields fn; = 5990 £ 2385 with 68% CL in this redshift
bin; and the ¢;, ¢y = 5¢;, €3 = 64, triangular configuration gives a 2.5 — ¢ negative
non-Gaussianity, fy; = —7250 £ 2863 with 68% CL.

If instead we sum over all triangular configurations, the same low-z bin gives a

constraint of (1 — o error bar)
fnp =57 +52 (4.15)

which is consistent with vanishing primordial non-Gaussianity. Given the specific
triangle constraints of Table 1.1, this result can be be explained from the fact that
we have a conflicting result of a 4 — o positive value of fy; and that of the 2-¢
negative values. However, this is an ad-hoc explanation and hence we need to
carry out a detailed analysis to confirm whether this is the case or not. We leave

the confirmation and investigation of the origin of these results for future work.

How do these results compare with other constraints in the literature? As we
discussed in section 1.3.4, the current best constraints on fn; come from the
WMAP data which are (95% CL): 14 < fy; < 147 from Yadav and Wandelt
(10], from 3-year WMAP data; —9 < fyr < 111 from Komatsu et al. [I¥], 5-year
WMAP data; and —4 < fyr < 80 from Smith et al. [20], 5-year WMAP data.
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Triangle type fyr with 1o error | Min x? | Number of 0 away
from fnp =0
b=t =1; —-340 £ 1635 6.1 020
é] = 62; 63 = 281 21 + 46 7.4 050
gl; €2 = 261; 63 = 362 211 + 1448 2.8 0lco
by by = 44y; 43 = Bl —1697 + 1187 0.1 l4o
81; €2 = 561; 63 = 661 75 + 56 0.0 130

TABLE 4.2: Result for the 2" redshift slice, 0.5 < z < 0.55. The number of
LRGs in this bin is N = 172413. The minimum and maximum £’s considered
here are in = 20 and ¢, = 200.

Triangle type fni with 1o error | Min x? | Number of o away
from fnr =0
by =40y =13 —4430 + 5625 2.8 08¢
b =1y U3 =20, 170 £ 153 4.5 110
61; €2 = 261, 63 = 362 4410 £+ 5028 2.6 090
61; €2 = 461; €3 - 5(1 1580 + 4088 0.0 04 ¢
by by = 54y b = 64, =150 4 200 0.0 08¢

TABLE 4.3: Result for the 3™ redshift slice, 0.55 < z < 0.6. The number of
LRGs in this bin is N = 111100. The minimum and maximum #’s considered
here are £min = 20 and fna = 200.

Triangle type fni with 1o error | Min x? | Number of o away
from fnp =0
b =0y =15 —25150 £ 68264 3.7 04 ¢
b =Ly U3 =20, 5990 + 2385 43.4 250
O1; by = 20q; 3 = 36y | —129940 + 91673 3.1 l4o
Oy; Uy = 4by; b3 =50 | —62150 £ 65257 0.0 09¢c
by; €y = 54y; b3 = 64, —7250 4 2863 0.0 250

TABLE 4.4: Result for the 4 redshift slice, 0.6 < z < 0.65. The number of
LRGs in this bin is N = 51222. The minimum and maximum £’s considered
here are fmin = 20 and £pax = 200.
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Ficuue 4.5 The v? distribution as a funclion of fa lor the firse redshifl bin,

The %? is caleulated at cach point in the fap grid vsing Fg. (4.12). We use the

theory wnd dats bispectoam froen all possible trinnpolar conlignrtions to pet

this plot. As we can see [rom the plot the »* distdbution in g is quadratic,

Hence, the 1,2, and 3 o confidence Iimits of the best-ftting fyr correspond to

the values of frp for which the 32 is 1.4 and 9 Lirger than the mioimue yalue,
respeciively.

Wo see that our results are consistent with these resules, as cen be seen in Fig,
(4:2.1).

4.2,2 Effect of I, on the fy; constraint

lu this subsection we consider the robustness of our main results presented above
as we vary £, 1n Eq. (1.14). In Table {122} we show how the estimates of fyg
vary as we change the maximum £ {rom 200 to 400, As we can see {rom this table,
our result s consistent across the weak non-lincer regime. What this is telling us
i# that the signal for our resule comes mainly from the large scale limit, £ < 200,
and hence the exclusion of the non-linear gravitational collapse fram our analysis

can not have a large eflect on our result.
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FiauRE 4.6: Comparison of the the farp constraints from our aeealysis ad the
latest WMAD constraints.

Triangle tvpe

; Fne = 200 [ Frne =200 | Frop=300 | Fenps = 106
) f1 = {3 —= & — 1790708 | 2724778 | 264 £ 775 | 277 =774
- Bl e 00 + 23 66423 | 100+23
CE e 2Eg W | SR 920 | 440 4 T0S — 330 £ 6RO — 307 = BRT
Ty =0 fa =50 19=90 | —1011£392 | —1127 £ 563 | —1108 £ 359
B F =080y = 6 3=30 724 1+23

TAbLE 4.5; Thix table illusirales the effect of f5,.. on the constraint of far in
the fipst redshift bin, 045 < 2 < 0.5, [n our aoalvsis we owse £, — 200, the
timnit of the gquasi-linear region for the MegaZ-LRO mean redshift, 2 = 0.5
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4.3 Implications and Future Work

Taken at face value, the result (1.11) suggests a detection of primordial non-
Gaussianity and fy; > 0 at more than 4 — o, which would be the strongest
detection so far and would put severe constraints on models of inflation. We
have ruled out the obvious possible sources of error in obtaining these results by
rigorously comparing our code against a range of tests, many of them discussed
in the appendices. We are condent, therefore, that our data analysis results are

robust, within the limitations of our analysis.

Probably the three biggest limitations of our analysis are the fact that we do
not marginalise over the bias parameters, we use the theoretical estimates for the
error on the bispectrum and we have not removed the non-Gaussianity that will
inevitably be produced by nonlinear gravitational collapse. Let us discuss these

in turn.

If we marginalised over the bias parameters it would somewhat reduce the statisti-
cal significance of our results by increasing the error bars associated with fyr. In
the case of local non-Gaussianity that we focus on here, this is expected to have a
small impact (unlike the non-local case where the degeneracy is strong) as shown
in Fig. (1.7) [10]. Marginalisation over bias parameters is an important issue left

for future work.

Next consider the theoretical estimate, Eq. (2.33), for the error on the bispectrum.
This may be a poor approximation for two reasons. Firstly we are dealing with a
partial sky and one might worry that the theoretical prediction is bad. And sec-
ondly if the non-Gaussian signal in the data is significant, the theoretical estimate
of the bispectrum co-variance will have an additional more complicated term and
hence our estimate will be wrong. However, since we are expecting the departure
from Gaussianity to be small, the theoretical estimate of the error we are using

here is a good approximation [25, T1].

Next let us consider the non-Gaussianity induced by nonlinear collapse. This will
mimic a non-zero fur, particularly for the equilateral configuration. We filtered
for this contaminant however by limiting our analysis to relatively large angular
scales, f,,ax = 200, where the non-Gaussianities from nonlinear collapse should be

negligible. We have seen from the above section that our our choice of the £,
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FiouRe 4.7 Degeneracy of the local and non-local {equilatoral, denuted here

a Cequil’) fap wille the linear and won-linear bisy parweters. We see that

the local type 13 nncomrelated with the bias purameters whereas the equitatersl

fapis very depenerate wich bolle tle lnear and non-linear blas paranietors 41y .

Since we focus on squeessd configurations we arpue that bias is ess iinportant
for our results,

is conservative, Our result is not dominated by laree £ and hence it exeludes the

posaibility of the non-Caussianity {ron nonlinear collapse.

Finally, there may be soime unknown error or, more excitingly, our results may
recct true non-Gauasianity in the large scale structure of the lute universe, In this
case what we neecl 1o ynclerstand and interpret in the context ol inllation is what it
means to have a positive sigaal for the type of triangular confignrations for which
we detected positive far. One interesting althoush speeulative possibility ia that
there may well be primordial non-Caussianity but it may nol be of the simple
[orm parameirised by far. We leave the investigation of this possibility [or furuge

WoTk-
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4.4 Conclusions

Using thoroughly-tested code we have computed the angular bispectrum of the full
photometric MegaZ LRG catalog and undertaken parameter estimation to com-
pute the best-fitting values of fn; which parametrises primordial non-Gaussianity
in the expression (1.3). We have found strong evidence in one triangular con-
figuration for fyp > 0 at nearly 4 — ¢ and other configurations that favour and
disfavour fyr > 0 by 2.5 — 0. However, summing over all configurations produces
a result consistent with Gaussianity and hence further work will be required to

denitely settle the issue.

If confirmed, our results would have important implications for models of the
early universe since the simplest models of inflation predict small non-Gaussianity,
|fvr] < 1, and hence would be ruled out, implying that more complex models of

inflation, or new physics completely, are at work.



Appendix A

A.1 Test of the power spectrum and bispectrum

equations

The aim of this appendix is to show that the angular power spectrum and bis-
pectrum equations we used in the analysis of the MegaZ-LRG catalogue are valid
in the weak non-linear regime. We illustrate this by recovering the fact that the
bispectrum is zero for a Gaussian distribution and also since the power spectrum
for a uniform random distribution is just the shot noise, we demonestrate that it

is equal to zero when the shot noise is subtracted.

A.1.1 Uniform distribution - with sky cut

For the partial sky, we have chosen the region 105 < RA < 270, —10 < Dec < +70,
since this is approximately the Sloan region we will be analyzing with the real
survey. Since the window function mixes the different multipoles, we need to
incorporate this effect in the angular power spectrum and bispectrum. Hence the

final equation that we need to evaluate are:

Am =Y Yim(0,0) — 0olym. (A.1)
6,9
1 Z |A1m|2 }
C = T -0 A2
: Ugfsky { Jlm 0 ( )
1
Biy,1 UST ZAllmlAlzmzAlsma - le,lzylsaoil (A3)
sky | 7

58
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where Il!m, Jl,m and Kll,lz,ls are

i = [ Y0 (A4)
AQ
Jim :/ Y] |%d2 (A.5)
AQ
20 + 1)(2 + 1)(203 + 1 L 1y 1
Ko = \/( L 1) + Dk >($ : g>. (A6)

The second terms in the right hand side of Eq. (\.2) and Eq. (A.3) are the
contribution of the shot noise to the power spectrum and bispectrum. The factors

1/02 and 1/03 in these equations are because we are working using the over density

field )

‘bl]

The 1/ fsy factor controls the partial sky bias in estimating the power spectrum
and the bispectrum. We evaluate the integrals in Eq. (A.1) and Eq. (\\.5) using

Monte Carlo integration.

When evaluating the power spectrum and bispectrum error bars one has to take
into account the correlations between adjacent multipoles caused by the presence
of the sky cut. Correlation between adjacent multipoles can also be caused by a
non-smooth window function. In order to use the x? statistics therefore, one needs
to compute the full co-variance matrix that includes all sources of correlations.
However since this is time-consuming we prefer to bin up the measurements in
bands, average over A¥¢, so as we can treat each bins as independent. The size of
A{ which result in independent bands can be estimated by calculating the mixing
matrix Ry, which given in Eq.(11) of Blake et al. [31]. As shown in [51] binning
in bands of A¢ = 10 results in less than 10% correlation between adjacent bands
(see Fig. 3.7). Hence for our analysis we took A¢ = 10. The modified equations
of the power spectrum and bispectrum errors in the case of the partial sky is then
given by [57]

o(C) = ! ! (A7)

1
o(Bliy;) = \/fsky(czl+a—0)(ctz+ WCiy + =) A0 100s (A.8)

1 1
g9 0o

The foy factor comes to our equations due to the presence of the sky cut [24].
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Froure A.1: Angular power spectii of 10° points uniformly distributed over
105 < BA < 2T, =10 < flec < 470, Sloan-like sky region. The red line is the
theoretical power spectrun when the shot nolse is subtiweted, e zem,

For the real data, we will want to evaduate the power spectrum or the bispectrum
for multipoles up t0 Lyge s 300, because this is roughly the extent of the linear
regime for the MegaZ catalogue mean redshift.
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Fioune A.2: Equilateral triengle {8 = €2 = £5) anpular bispectrum of 10°
uniformly distribited points over 105 < RA < 270, — |0 < Dee < +70, Sloan
like sky vegion, The red line is the theoretical bispeetom, which is zern,

A.2  [y; estimate from a Uniform distribution

To estimate the fyr from a uniform random distribution, we follow the same
procedure as deserbed in section 1.2, The necessary steps mvolved towards im-
plementing this is as follows.

I. Compute the bispectrum and its associated error bar for the uniform random
distribution as described in the previous section.
2, Compre the theoretical bispectrum given by Eqg. (1.11).

3. Compnte the y* over a grid of fy;. The Lest-fitting fyp corresponds to the
Sar that yields the minimum 32

4. Given that the x? is quadratic in fyp, the 1.2, and 3 - ¢ conhdence limits
eotrespond to the values of fyp for which the v is 1,4 and 9 larger than the
minimum value, respeetively,
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Ficrre A-3: Degenerate triangle (£ = 4. #5 = 24, anpular bispeetrum of 10°

uniformly distributed points over 108 << B4 = 270, =10 < Dec < 470, Sloan-

like wb repion. The red line is Lhe thegretical bispeciim, which vanishes for

a nmiformn distribntion, This shows that onr code does not introdinee spnrions
nem-Craassian signals,

Following these steps for 1{* points nniformly distributed over the SDSS MegaZ-
LRG sky, we recovered that the fap is statistically consistent with zero {or all
the triangular confipurations, Fig. {A 1) shows the equilateral {8, = f, = &)
and degenerate (£; — £, 85 — £ triangle bispeetrum of the neiformly distributed
points together with the best fitting theorctical bispectrum, In Table {A1) we
pravide the best firting fap value and the associated l-o errar bar. We also
recovered a vanishing primordial non-Gaussianity, fxp = 4=20 with 68% CL, when

we average over all possible triangular configurations for a uniform distribution,

The tests presented in this appendix show that onr code does not introduce any
spurious non-Gaussian signals, whether at the level of estimating Lhe Wspeciium

or in the estination of farp.
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FIGURE A.4: The bispeetrum of 10° points distributed uniformly over 105 <

14 < 270, -1 < Dre < +70 together with the theoretical bispectrum assun-

ing non-zero primordial non-Gaussianity (the salid curve). The figures wre the

bispectrum for £ — & — €3 (top). £ f2.£63 — 26, (bottom) triangular config-

urations. The theoretical curve 1s evaluated at = = 0.43. 'U'he best fitting value
of the fxp is consistent with zero. as it is expeeted,
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Triangle type fng with 1o error | Min x? | Number of ¢ away
from fyr =0
by =4y, =103 —385 4+ 248 44 160
51 :gz; 63:261 049 28 0lo
ly; Uy = 20y by = 30, 250 £ 326 2.3 08¢
61; €2 = 461; 53 = 551 —311 + 399 0.1 08¢
fl; 52 = 581; 53 = 6[1 2+23 0.0 0lo

TABLE A.1: The constraint on fy from 10° points distributed uniformly over
105 < RA < 270, —10 < Dec < +70. The minimum and maximum ¢’s consid-
ered here are £y, = 20 and £ = 200.
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