Chapter 1

Introduction

using wavelets, the
function, in both #ime@ng _
impossible for Four1 analysis, awel analysis with many usages in physics.
In addition, the waveléts jis 4 '@%

that is appropriate for

e can choose or construct wavelets
of our interest.! These attractive

properties motivate the physi stigate its implementations [5].

S

In this the§} we review t

tool for detectingsthe non
ground (CMB) te@era ure

the Wilkinson Mlcroyave Anisotropy Probe satelhte (WMAP)?, the most recent
all-sky dat of a Gaussian random
field yieldsﬂlﬂ(ﬂ ?ﬂnﬂeﬂ ?ﬁﬁﬂﬁﬂﬁ: space. For this reason,
ift tr iﬁr G is Gausﬂla'n its wavelet trans-
for]ﬁ ﬁ:ﬁlﬁ &hﬁ ilﬁ ﬁlﬁfe‘tﬁl ould be present

in the wavelet space when the CMB anisotropy has non—Gauss1an1ty which con-
tributes to deviations from Gaussian statistics. The search for non-Gaussian sig-

natures in wavelet space is motivated from the fact that this task is more difficult

in the pixel space (the spherical CMB anisotropy itself) or its spherical harmonic

afelets as a statistical analysis

\"the cosmic microwave back-

MB anisotropy derived from

1There are many good textbooks about the subject of wavelets: for example, Daubechies

(1992) [1], Kaiser (1994) [2], Burrus et al. (1998) [3], and Chui (1992) [4], etc.
2The information of this project can be seen in http://map.gsfc.nasa.gov.
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ed region, the temperature

space, due to the centra \ field. Furthermore, there are
several difficulties for the détegtion ol non ssianity in the CMB which will be

discussed in this chapter.

This thesis ‘(.- o
CMB is. After thaty e

cosmology, because i%lls us

g gection explains what the

"f important in modern
. dlt for the formation of the
cosmic structure. This 19formatlon also };%f us to dlscrlmmate the models of the
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ogy. Moreover the standard model of inflation gives very nearly Gaussian CMB

anisotropy .

In Chapter 3, we briefly explain the concepts and basic properties of the

continuous wavelet transform and the continuous wavelet transform on the plane.

In Chapter 4, the works of Vielva et al. (2004) and Mukherjee and Wang



(2004) on the pursuits of non-Gaussianity using wavelet based method on the
WMAP CMB data are reviewed. Since it is necessary to have the spherical
wavelets for the spherical sky, the spherical Mexican hat wavelet is introduced.
After the wavelet transformation, we describe some statistical tests on the wavelet
space. The results show that some non-Gaussian signals can be extracted us-
ing this method. After that, we describe the nonlinear coupling parameter fui

constraint.

Finally, the Chapter 5.is a sur

From the observati : microway sround (CMB) is the back-
ground of blackbodyfadigtighs’ with the mea rature T of 2.725 K from

all directions in the sk oratt re s extrem; _ Visotropic; the temperature

where the scale factdaa is actexﬁes the size of the universe;
any proper physical vcﬂeume can be wrltbn as the multiplication of a® and the

proper volu rﬁi MW? spatial hypersurface
have no relatlw motion whereas the uni eﬂ ﬂxﬁlﬂnﬁ The scale factor a is
introd to, - th anding universe

(see a ﬁ(ﬁa\ﬁiﬁjﬁgm ﬂlﬁﬁﬁlﬁgjﬁlﬁk umverse H as

H= a/ a where @ is the derivative of a with respect to the cosmic time ¢. From

the relation (1.1), we can imagine that the universe is hotter and smaller as the

time goes backward.

3The dipole anisotropy with the magnitude of order 10~3, which is Doppler-shift effect due
to the motion of the observer relative to the other comoving with the expansion of the universe,

has been removed.



The CMB photons have travelled from the past when the universe was hotter
and smaller. Before the so-called decoupling time, about 379000 years after the
Big Bang (about 13.7 billion years ago) [7] when the size of the universe was about
1/1100 of the present size and T ~ 3000 K, the universe was hot enough so that
most atoms could not be formed because enough photons had the energy more
than the ionization energy of hydrogen atom Ejsnize = 13.6 €V (T'~ 1.58x PK,
This is due to the very high photons to baryons ratio ~ 10°. As a result, the

sisting of free electrons and light

universe was fully occupied b
nuclei, mostly protons, an hotorn &

ightly coupled to this plasma, via

frequent Thomson sca%m free e@hlle free electrons interacted

with protons by Coul terings of the photons with

light nuclei were supp¥e etrons by a factor me/my,~
1/2000. Consequent

term including both fre

fluid, where baryon is the

of photons with the energy creased so that larger number

of atoms can be formed Co&m@%gls}é

photons have no i

is event the recombination. Since

ature decreases. When the
number density of free : mall due@o the combination of them
with the light nuclei to form atoms, the mean-free-path would grow to the Hubble
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surface of last S¢attering.
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1.3 "The CMB Temperature Anisotropy

photons would be™

Since the inhomogeneities both in the density of the photon-baryon fluid and in
the gravitational potential, created in the early universe, at the last-scattering
surface induced the temperature fluctuations of the released blackbody-photons,
we observe them as the temperature anisotropies at the present. Although all
photons have redshifted through the travel, the patterns of the inhomogeneities



at the surface of last scattering have been preserved. In other words, the CMB
temperature anisotropy map is the snapshot of the universe at decoupling. These

anisotropies are the primary anisotropies.

The anisotropies of CMB temperature are created by several processes. We
can classify them into two types: primary and secondary anisotropies. The pri-
mary anisotropies had already been formed at the last-scattering surface, while

e to several processes, including grav-

grescattering effects from reioniza-
tion, during the travel h the surface of last scattering

— T—
to us [8]. Since the primary ani ies ‘were.induced by the processes in the

early epoch, they are wefy amg tant i carlyz universe studies. Mainly, the

the secondary anisotropies were, :

itational effects from metrie

primary anisotropies wefe formecl sources: the primordial gravitational po-
tential and the inhomogéneitiésirésulted from the'dynamics in the photon-baryon
fluid. ’

To extract the
the decomposition of GV

ers >, the cosmologists find that
: 1lar scales is appropriate. This
is because before the decoupling epoch theperturbations were small enough that
their evolution had been KW: .l plinear equation. Consequently, the

perturbations in differént scales had’

bation,

tly. For a generic pertur-

(1.2)

=1 i mm Sfﬁ?ﬁ“ﬁfﬁ?%:;t?;ﬁi:iﬁiz i
AmaanselAnn gy

where %g (t, k) is called the transfer function; k = |k|, which is determined by the
cosmological model under consideration, and ¢ (t.) is the primordial perturba-

tions, created at an early time t,, in the mode k determined by the model of early

universe. Notice that the transfer function Tj(t, k) is independent on the direc-

tions of k since the evolution equations are invariant under rotations. Given the

4The component i of k: k; = 2ma/A;, where ); is the wavelength in component ¢ of pertur-

bations



initial condition i (t.), We can obtain the perturbation with a particular mode k
at time ¢ by multiplying a value of Ty(t, k). While the photons that form CMB to-
day travelled through the space and time, the perturbations in each region of scale
had obtained the evolutions from different physical processes. This is the reason
why the angular power spectrum, the root-mean-squared amplitude depending on
angular scales, is used to test cosmological models and fit cosmological parameters

in current cosmology.

As pointed out in Page et y divide the temperature angular
power spectrum into thr _ scales depending on the dom-

inant physical processes 2. (a)-TheTegion of angular scales g =2

(1.4)

Py 4
where ®(#) is the grav1tatlon¥_}aﬁf‘ nbigE at. last-scattering surface, which is in-
duced from ¢(t.). ﬁom Fig. 1'2' “we cal yw- anisotropy have the nearly
scale-invariant powes spectrum, the amp! e-of-tentpérature in different scales

aionary paradigm. (b) The

are nearly the samepr h is p
region of 0.2° < 6 < 2° or 90 < I < 900, where

gular power E ﬁﬁ(i iﬂ ﬁe acoustic peaks (see
Fig. 1.3). m Ejo,T on-baryon fluid under
the presence o?uthe gravitational potential before decoupling,gmore precisely, the

propabidfet oo} frfidult] e b ApRIS pirfpent for frime

several Gosmological parameters. By fitting the curve using the CMBFAST [12]

e characteristic of the an-

with the angular power spectrum from the observation of WMAP, for example,
we obtain the contents of the universe at the present: 4 % of atoms, 23 % of cold
dark matter, and 73 % of dark energy [7]. (c) The region of 6 < 0.2°, the so-called
Silk damping tail [8] [13] which is due to the imperfections of the photon-baryon

fluid corresponding to shear viscosity and heat conduction in the fluid.

5The discussion of the horizon will be described in chapter 2.
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Hence, ‘o i ‘1’ 1 tools in cosmology,
in spite of it%fxﬁqoﬂﬂmﬁeﬁﬁgﬂh CMB anisotropy and
large scale structure data have enébled us to fitsthe cosmologigal parameters with
i oy OV Bt Y bR G e
“seeds” for cosmic structures such as galaxies, clust‘ers of galaxy, and superclus-
ters, etc., it is very useful for testing the models of the early universe. In modern
cosmology, inflation has been established to be the reasonable model of the early
universe. While all models of inflation suggest that the primordial perturbations
were generated from quantum fluctuations during inflationary epoch, when the
universe expanded accelerately, the different models predict different features of

the perturbations. Furthermore, there are the models other than the inflationary



paradigms possible to be either the alternatives for the creation of the cosmologi-
cal perturbations or the mechanisms that partly contribute to the perturbations.
Therefore, one purpose of analyzing CMB anisotropy data is to discriminate be-

tween these models for the creation of the perturbations.

[) f the early universe using CMB

ss1d& m% al. [15], the primordial non-

stics of the primordial per-

1.4 The Search for Gaussianity in CMB

There are a few ways to di
anisotropy. According t
Gaussianity, the deviation

turbations that retai observable being expected

to be the discrimina t be disentangled by using

and the measurement‘of tral inde: g curvature perturbations.

More precisely, differen adictdi rees of non-Gaussianity that

the cosmological perturbation:: .Iy; S¢

e «
ditional, but only vy}&ak non-Gaussxa&ty_“

especially in theory, liave jus jiofl during about the last two

6 non-Gaussianity studies,

years, it becomes a h‘j)e for uneco ormﬂion about our universe.

For CMB anisotropyfield the angular n-point corre-
lation functi 1s<lAe él w@ q ﬂ % the bracket denotes
the ensemble a&'erage B pert%rbatlon ﬁeld is Gaussian, its jOll’lt probability
dlstrl e completely
charactq(ﬂ e twﬁﬁwmﬁvmﬁ E‘lhal]&@f igher correla-
tion can be expressed as a sum of products of two-point correlations while all odd

higher correlations are zero (see appendix B). In contrast, if it has a non-Gaussian

signature, we find the presence of the extra terms in some higher correlations,

6The ensemble average is obtained by averaging over many universes. Obviously, it is impos-
sible for us to obtain it because we have only one universe as one realization of the ensemble.
We have to assume that the anisotropy field is ergodic so that the ensemble average can be

reasonably replaced by the average over the whole sky.



i.e. we need higher-order correlation functions to specify the statistical properties.
Hence, we need to have a complement to the angular power spectrum, the spheri-
cal harmonic transform of the angular two-point correlation function, of the CMB
anisotropy for describing the statistical properties of the CMB sky. Note that the
angular power spectrum is an observable of the CMB anisotropy which has been

widely used in a variety of tasks in cosmology.

The pursuit of the primordial non-Gaussianity is a challenging work in cur-
rent cosmology because of \:‘x_ ) ‘ eason is that the non-Gaussianity
seems very weak for deteetion in th&C f
that the CMB anisotropyisseonisistent withb sing. Gaussian to a high level. In ad-

dition, many models fg / / 5 n ‘ :"?:i verturbations predict that the

observational tests conclude

non-Gaussian signatureds »are the contaminations from

other sources of non-Gauss g x e @ und contamination, instrumen-
tal noise and secondary solirg 'ga sotropies e search for non-Gaussianity is
difficult since the presesce of non-Gaussia signatureis possible in many ways and
then a non-Gaussian signature ‘; 0 t"; present in one statistical method

than in the others. This makes the conclision of a Gaussian test complicated.

é
The consistency with Gaussiahi statistical method does not imply
that CMB is really Gaussiai =
to the statistical flcts -2 m\? ause of the uniqueness of

the observed CMB ': e ‘
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on-Gaussian signatures are due
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