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Abstract

We investigate the possibility to apply the cosmic voids properties to evaluate the cosmological
models. Cosmic voids are defined as low matter density regions, such that they seem to be
affected by the nature of the dark energy which accelerates the expansion of the universe. Even
though the ACDM model is regarded as a standard model in which dark energy is considered
to be a cosmological constant that is characterized by the equation of state parameter, w,
corresponding to —1, there would be some possibilities that dark energy is not the cosmological
constant. If w = —1, the energy density of dark energy varies as time passed, and could be
possible to have inhomogeneities. In order to probe the clustering nature of dark energy,
we parameterized its speed of sound and equation of state. Using the spherical model and
excursion set approach for the void abundance, we find that even though the clustering of dark
energy affects each void formation by sub percent level, the abundance of voids is modified
significantly when there is a dark energy clustering.

We also investigate the application of void shapes to distinguish the energy density or the
equation of state of dark energy. The Alcock-Paczynski test is an evolution model-free cosmo-
logical test and it demands only the isotropy of observed objects. The Alcock-Paczynski test
has been applied to averaged shapes of voids found in the galaxy surveys, but the constraint
on the cosmological parameters are not tight enough. The reason is the insufficient number
of void samples so that the shape noise is significant. In order to obtain a lot of voids, we
try to identify voids in the future H1 intensity mapping surveys, in which we trace the large
scale matter distribution based on the emissions from the neutral hydrogen atoms. We also
expand our strategy to conduct the Alcock-Paczynski test with averaged shapes of voids into
the averaged shapes of intensity contour which surrounds void regions. We analyze the result
of the state of the art cosmological magnetohydrodynamic simulation, IllstrisTNG, in order to
simulate the 21cm signal map. We produce particle distributions based on the 21cm intensity
fields to find voids by using the VIDE code which estimates the density field based on the
Voronoi tessellation and identifies voids by the watershed method. The shape of the stacked
void in the 21cm field is flattened along the line of sight due to the peculiar velocities in
redshift-space although it is spherical without the effect of the peculiar velocities. The shape
distortion seems to be independent of the redshift and void sizes so that we estimate the
preferable cosmological parameters by the Markov chain Monte Carlo methods. We find that
the estimations of matter density parameter and equation of state parameter of dark energy
are biased by the effect of the peculiar velocities. However, we can estimate these parameters

with a few percent accuracies only by the test if we can remove the effect properly.



Chapter 1

Introduction

1.1 Large Scale Structure of the Universe

The large-scale matter distribution provides us much insight into the Universe. In 1926,
Hubble pointed out that the distribution of galaxies is close to being homogeneous (Hubble,
1926). The general relativity theory with the isotropic and uniform matter distribution has
a solution that the Universe would expand. The expansion of the Universe yields the galaxy
redshifts and that is confirmed by Lemaitre in 1927 and Hubble in 1929 (Hubble, 1929)
independently. After that, people considered that the matter uniformly distributes in the
universe and this idea had not changed for some decades.

The turning point was in the 1960s. Zwicky, as well as Shane and Wirtanen, observed the
galaxy distribution on the sky and their catalogs showed the different forms of distribution
from the uniform one. One of which was mapped on the celestial sphere by Seldner et al. (1977)
and we show it in Figure 1.1. From this figure, one can see the evidence of the inhomogeneous
distribution of the galaxies.

Even though their galaxy catalogs had only 2-dimensional information on the sky, namely
only the angular positions, the two-point analysis of the catalog such as Totsuji & Kihara
(1969) or Groth & Peebles (1977) indicated the inhomogeneity in the galaxy distribution
because the two-point angular correlation function shows a power law which can never be seen
in the random distribution. In order to ensure the inhomogeneity of the matter distribution,
it is necessary to get the 3-dimensional distribution of galaxies. The location of galaxies along
the line of sight is determined by the cosmological redshift of their spectrum. For example,
the distance can be obtained by the Hubble-Lemaitre law cz = Hgr for relatively nearby
galaxies. For highly redshifted galaxies, the relation is different due to the expansion of the
Universe. Although it was needed to observe the galaxy distribution in the 3-dimensional

survey, it took a significant time to measure the spectrum of galaxies in those days.



Figure 1.1: The map of the galaxy distribution of the Shane and Wirtanen’s galaxy catalogs made by
Seldner et al. (1977) Even though the position of the galaxies are only two dimensional,
we can see the inhomogeneity in the galaxy distribution.

Figure 1.2: The three dimensional galaxy distribution observed by the SDSS. The observer locates
at the center of the map and the radial coordinate corresponds to the distance to the
galaxies. Filaments, clusters of galaxies and voids are seen. This Figure is credited to
“www.sdss.org”.



In the 1970s, the galaxy redshift survey was promoted by the appearance of the image in-
tensifier in the astronomical field. One of the early redshift surveys was conducted by Gregory
& Thompson (1978) and they found that there are large empty regions in the nearby Universe,
so-called “cosmic voids”. In the same period, Joeveer et al. (1978) observed a different region
and reached the same finding. However, at that time, because of the immatureness in the
survey technology, it was ambiguous whether voids really exist or not.

Several years later, the redshift survey conducted at the Center for Astrophysics in the
U.S.A. revealed that such large empty regions are surely located in the Universe (de Lap-
parent et al., 1986; Geller et al., 1987). In the survey, the distribution of galaxies over 100
Mpc/h scales was illustrated and then, we have recognized that galaxies form filament or wall
structures and voids locate surrounded by these galaxies, which is called the “cosmic web”.
After the CfA survey and with a development of the observational instruments, larger-scale
surveys have been conducted (Colless, 1998; York et al., 2000; Dawson et al., 2013) and we

can see the rich structures of the Universe (see Figure 1.2).

1.2 Revealing accelerating expansion

While Hubble had revealed that the Universe is expanding, it was not unclear how the Universe
expands. While the deep surveys of the Universe have revealed the structure of the matter
distribution, they have also revealed the existence of a mysterious substance in the Universe
has come to light, so-called dark energy. In the 1990s, two groups initiated to open the
expansion history of the universe by observing the recession velocities of the distant type Ia
supernovae (Riess et al., 1998; Perlmutter et al., 1999). Both groups have reached the same
answer that our Universe acceleratingly expands (see Figure 1.3), which indicates that there
is a mechanism to vanish the gravity on large scales. Even now, the type la supernovae show
the evidence of the acceleration without combining other observations (Scolnic et al., 2018).
The accelerating expansion of the Universe can be satisfied by introducing a substance which
has a negative pressure into the right-hand side of the Einstein equation with the isotropic
and homogeneous universe. Historically, the cosmological constant is one of the candidates
for the unknown energy which was originally introduced to keep the dynamics of the universe
stable. As described in the next chapter, the candidates for causing the accelerating expansion
are not only the cosmological constant but also any energy fluid with the equation of state

parameter less than negative one-third. In general, such energy is called “dark energy’.
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Figure 1.3: The obsevational evidence of dark energy. It is seen that the universe including a cos-
mological constant explain the data points rather than matter dominant universe. This
figure is from Perlmutter et al. (1999).



1.3 Observational probe of Dark Energy

Although we have known that there is a surely unknown substance which accelerates the
expansion of the Universe, we have not identified itself. It is difficult to find out dark energy
itself since it has not been directly observed and then, a significant number of dark energy
models have been proposed (Yoo & Watanabe, 2012). Then what we can do is to constrain the
nature of dark energy through observations. The nature of dark energy can be traced by the
geometry or the expansion history of the Universe since its energy budget and equation of state
affect the time evolution of the Universe. Otherwise, we can trace its nature by observing the
growth of large scale structures in the Universe since the accelerating expansion suppresses
the growth rate (see Capter 2.2.2). So far many observational probes have been proposed
(Weinberg et al., 2013). Here we would like to introduce some representative observational

targets.

Cosmic Microwave Background

The anisotropy in the Cosmic Microwave Background radiation (CMB) includes much cosmo-
logical information (Hu & Sugiyama, 1996; Bennett et al., 2003; Komatsu et al., 2011; Planck
Collaboration et al., 2018). The effect of the accelerated expansion appears at large scales
through the late-time Integrated Sachs-Wolfe (ISW) effect (Sachs & Wolfe, 1967). This effect
is caused by the time evolution of the gravitational potential at cosmological scales. In other
words, the CMB photons obtain more energy when they come into a gravitational potential
than they spend to it to escape the potential (this is the case that they come into high-density
region, but go through low-density region, they lose more energy after passing the regions)
because the accelerating expansion reduces the amplitude of the potential. Since this effect
is particular at very large scales such that the effect causes modification of the CMB angular
power spectrum at low [ sides. However, at those scales, the cosmic variance is large, so that

using only the CMB power spectrum provides a weak constraint on the dark energy property.

Baryon Acoustic Oscilation

Until z ~ 1100, the typical energy of the CMB photons are enough to ionize hydrogen atoms
and they exist as plasmas. The CMB photons interact electrons through inverse Compton
scattering and the electrons are connected with protons by the electromagnetic force. So,
those photons and baryonic particles were as a mixed fluid. After the matter and radiation
energy equality at z ~ 3000, dark matter begins to cluster based on the density fluctuation.
The photons and baryonic matter fluid also attempt to get into the gravitational potential

of dark matter by the gravitational interaction between dark matter and baryons, but the
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Figure 1.4: The constraint on the nature of dark energy and matter density in the Universe. This
figure shows that a cosmological constant is a preferable model of dark energy. This
figure is from Suzuki et al. (2012)

clustering of the baryonic matter rebounds due to the radiation pressure of the photons.
Until the recombination, the fluctuation caused by the rebound propagates and recorded in
the matter density when the CMB photons and baryons were decoupled. This is called the
Baryon acoustic oscillation.

This fluctuation is observed in the CMB angular power spectrum (Hu & Sugiyama, 1996;
Eisenstein & Hu, 1998), and do not change its scale after the recombination, so that it can be
utilized as a standard ruler to measure the cosmological distance. In fact, the oscillation scale
is detected in the galaxy distribution (Eisenstein et al., 2005) and provide the cosmological
constraint (Suzuki et al., 2012) (see Figure 1.4).



Cluster abundance

The abundance of astronomical objects with a specific mass range provides us with information
about the structure growth, which is related to the time evolution of density perturbations.
The abundance of the massive objects is called the mass function and beginning with the
Press-Schechter mass function (Press & Schechter, 1974), several mass functions have been
proposed (Sheth & Tormen, 2002; Tinker et al., 2008) and utilized to get the information of
the Universe. In general, however, it is quite difficult to model the evolution of the high-
density object, so that the estimation of our cosmology from the cluster abundance is very

model-dependent.

Cosmic voids

In recent years, the wide and deep redshift survey of galaxies enables us to distinguish the large
scale structures. Among them, the formation of cosmic voids is expected to reveal the nature
of dark energy because they contain fewer matter components inside the region (Gregory &
Thompson, 1978). They are expected to be a clean object to see the effect of dark energy
on the formation of them. For example, the dynamical evolution of their shapes are sensitive
to the nature of dark energy, especially the equation of state (Park & Lee, 2007; Lavaux &
Wandelt, 2010; Biswas et al., 2010; Bos et al., 2012). Also, the low-density might lead to the
fact that they are relatively easily modeled because of the amplitude of the density fluctuation,
their growth would be linear or semi-linear regime. For this property, some studies have tried
to obtain cosmological information from its dynamics (Hamaus et al., 2016).

Even though voids are expected to be the probe of the Universe, it still seems difficult to
fully utilize the void property to constrain the cosmological model because they are relatively
larger structures than the clusters, such that the statistical samples are less. However, such
a situation can be improved by more large scale surveys. Even now, the alternative way to
trace the matter distribution is under construction. Thus we are now in the era to investigate

the Universe through voids.

1.4 Purpose of this Thesis

To evaluate the cosmological model precisely, one needs it is important to examine the model
in terms of many aspects. In this thesis, we are going to investigate the possibility of the
application of cosmic voids to the model evaluation in cosmology, especially some nature of
dark energy such as its equation of state, energy budget, and spatial perturbation. To achieve
this purpose, we provide a basic formalism to describe the evolution of our Universe itself and

structure formations in the Universe in section chapter 2.



In the next chapter, we are going to investigate the effect of dark energy perturbations on
the void formations. Some previous studies try to see the effect of dark energy perturbation of
the void formation, especially focusing on the void density profile. On the other hand, what
we will see is the effect on the void size. We provide the equation of density perturbation of
dark energy inside a spherical void and examine how much the perturbation of dark energy
enhances or suppresses the size evolution of individual voids. Then we focus on the effect
of the dark energy perturbation on the statistical property of the void size, namely the size
abundance. We use the void size function derived in the next chapter to see the effect.

In the latter part of this thesis, we are going to investigate the application of the void
shape to evaluate the cosmological parameters. The method is called the Alcock-Paczynski
(AP) test, which is an evolution free method to constrain the cosmological model demanding
only isotropic objects. The concept of the AP test with cosmic voids was proposed by Ryden
(1995) for the first time and sophisticated by Lavaux & Wandelt (2012). The application of
voids to the Alcock-Paczynski test has been conducted in the galaxy surveys (Sutter et al.,
2012a, 2014; Mao et al., 2017a). However, voids in the conventional galaxy surveys have a
large shape noise due to the insufficient number of void samples. Thus we need more void
samples in order to reduce the shape noise.

To obtain a huge number of void samples, we consider identifying cosmic voids in the
Hr intensity mapping survey. An international radio telescope project, called the Square
Kilometre Array (SKA) has been ongoing, in which we survey the emission from the neutral
hydrogen (H1) atom along with the large scale structures. By this survey, we will observe
much more volume of the Universe than the conventional galaxy surveys (Santos et al., 2015;
Square Kilometre Array Cosmology Science Working Group et al., 2018). From this point of
view, HI intensity mapping survey seems to have a huge potential to provide a lot of void
samples.

In chapter 4, we review the Hr signal and introduce some aspects of the SKA experiments.
In chapter 5, we introduce our procedure to make a mock intensity map from the IllustrisTNG
simulation data (Nelson et al., 2019) and how we identify the void structure in the intensity
map. Then we conduct the AP test by using the average shape of the voids in the HI intensity
field and show how much precisely recover the fiducial cosmological parameters by our method

as results.



Chapter 2

Standard Cosmological model

Observations such as Cosmic Microwave Background (CMB) or the galaxy distribution have
suggested that our Universe is statistically homogenous and isotropic at very large scales. This
is called the cosmological principle. On the other hand, for small scales, we can see a rich
structures of the Universe such as stars, galaxies, and the large scale structures. Such struc-
tures are thought to be formed from tiny density fluctuations. Even though the fluctuations
are very small, they have evolved by the gravitational instability. In order to quantitatively
describe the evolution of the Universe and the structure formations, we introduce some fun-
damental equations form them in this chapter. We begin with the evolution of the Universe
as a back ground at first, and then, we introduce the cosmological perturbation theory as a
first oder perturbation. We also show an analytic model to describe the non-linear structure
formations. At the end part of this chapter, we introduce some statistical values to evaluate

the our models.

2.1 Background cosmology

Expansion of the Universe

The line-element of the 4 dimensional homogeneous and isotropic spacetime is called Friedmann-
Lemaitre-Robertson-Walker (FLRW) spacetime, which is described as

dr?

2 _ 2 2

+ r?(dh?* + sin? 0dq§2)> , (2.1.1)



where a(t) is a scale factor and K is a constant curvature which can be 1,—1 and 0 that

corresponds to close, open and flat universe respectively. From the Einstein equation

8tG
with the perfect fluid,
T+, = (p + P)utu, + Pd*,, (2.1.3)
we will obtain two independent equations,
. 2 2
a 81G c’K
<a> =32 2 (2.1.4)
a 4G
P —@(p+3p), (2.1.5)

where p is the total energy density of substances in the Universe including radiation, matter,
dark energy and so on, These are equations which describe the expansion of the universe and
we often write H(a) = a/a on the left hand side of equation (2.1.4). Combining the above

equations, we obtain the equation of energy conservation,
) a
p+3a(p+P) =0. (2.1.6)

By defining the density parameters as

8tGp K
Q=—" Qp=— 2.1.
3H2 ' KT (aH)? (2.1.7)
we can write equation (2.1.4) as
Q+Qx =1 (2.1.8)

” ”

The energy components p in the Universe are roughly divided into ”"radiation”, ” matter”

and ”dark energy”,

P = Pr+ Pm + Pde; (219)
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and we can define the density parameters for them like above respectively,

0 — 87Gpy _ 8nGpm _ 81Gpge
r — 3H2 I m — 3H2 9 de — 3H2 .

(2.1.10)

The relation between energy density and pressure is described by the equation of state, here

we parameterized it as
P = wp, (2.1.11)

Time evolution of the energy density is obtained by solving conservation equation (2.1.6) as

a(t) o
p(t) = poexp [/ (1+ fw(a’))d,] : (2.1.12)

o a
If w is constant, we can conduct the integration in the above equation and get
p(t) = poa=30+w), (2.1.13)

For radiation and matter, w, = 1/3 and w,, ~ 0 respecttively. By using these expressions,

we rewrite equation (2.1.4)

Q

R T 0 Q
H?(a) = H2 <a4+a3+ K de > (2.1.14)

a2 + a—3(1+w)

From the equation (2.1.5), we can also derive the condition for dark energy dandidates. Since
the expansion of the Universe is accelerating, the condition is satisfied if p + 3P < 0, which

can be read as

w < —%. (2.1.15)

This is the condition for the energy source that cause accelerating expansion. In cosmology,

one of the goals is to constraint the w for dark energy. The current situation is consistent

with w = —1 which leads to a cosmological constant since the energy density does not change
along the time (see equation (2.1.13)).

The recent observations such as CMB anisotropy and the BAO and so on, indicate that

the Universe is quite flat, Qx = 0.001 £ 0.002 and the cosmological constant is preferred
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as a dark energy w = —1.028 £+ 0.031. When we stand on the ACDM model in which we
consider cosmological constant A as dark energy and dark matter as a dominant matter
component, the observations show that our Universe is dominated by the dark components
as O = 0.315 £ 0.007 and Q25 = 0.689 £ 0.006 with Hy = 67.7 + 0.4[km/s/Mpc| (Planck
Collaboration et al., 2018).

Cosmological redshift

Since the Universe is expanding, the wavelength of light also expands from it is emitted until
it reaches an observer. How much the wavelength is expanded is quantified as the redshift
and it is described as

Ao Qo

p=21="01, (2.1.16)

Ae Qe

where subscription ”0” and ”e” mean the value at the time when it is observed and emitted

respectively and we set the present epoch as z = 0.

Cosmological distances

The distance between an observer and an object will be different between when the light
emitted from the object and when it reaches the observer because the Universe is expanding
while the light is propagating. It is convenient to define the distance which does not change
along with the time evolution. This is called the comoving distance, x, and its infinitesimal

displacement is given by

dr

dy = ———— 2.1.17
A v (2.1.17)

The integration of this equation results in

r =Sk ={ x (K =0) (2.1.18)
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The light propagates to us satisfying df = d¢ = 0 so that its geodesic satisfies

i dr (2.1.19)

at) T VI_k?

Therefore, comoving distance can be obtained as a function of redshift,

0 edt! Z edz
_ _ @z 92.1.2
X / ot /0H<zf> (2.1.20)

We also define the angular diameter distance d4 and luminosity distance dy, as

da=(1+2)""r(2), (2.1.21)
dr = (1 + 2)r(z). (2.1.22)

2.2 Theory of Structure Formation

While our Universe seems homogeneous and isotropic at very large scale, we can see a lot of
structures such as stars, galaxies, clusters of galaxies and voids. Such objects originate from
very tiny density fluctuations which were exited at an early epoch and carved on the cosmic

microwave background. In this section, we describe the evolution of the density fluctuation.

2.2.1 Cosmological perturbation theory

If the universe is perfectly homogeneous, there will be no structures in the future. However,
our Universe is full of rich structures such as stars, galaxies, and large scale structures. These
structures are regarded as results of the evolution of tiny matter density fluctuations at a very
early epoch, and such fluctuations have been confirmed the CMB observation (Bennett et al.,
2003).

Since the matter and space are connected through the Einstein equation (2.1.2), the evo-
lution of the perturbations are also written by the equation.

Now, we assume the flat universe (ignoring the curvature K') and consider the perturbation

theory in the conformal Newtonian gauge. The metric can be written as
29 20 o
ds® = — (1 + ) Adt? + a? <1 + > dijdx’dax’. (2.2.1)
c c
The ® and ¥ represents the fluctuation in the time and space respectively.
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We also consider the perturbation in a matter. We express the density and pressure with

perturbations, and physical velocity as

1

p=p(1+8), P=P+6P, Uizac%, (2.2.2)

respectively. The equations of the dynamics of the fluctuations are

. X . 2
3% <\1f - a@) — S AV = 4rnGps, (2.2.3)
a a a
. a 4G
<x1/ - a@) i (5 + P)av;, (2.2.4)

)

2

5ij — “ (@ 4+ W) ;; = 4nGOPY;.  (2.2.5)

a 2a?

. LN\ 2 B . 2
2 (4} Jo-F-3% + A@+ 1)
a a 2a2

The trace and the other component of The equation (2.2.5) can be decomposed into the trace

and the other components as

i [(a\? . 2
22 (L) )@ -0 320+ - A@+0)| = 4nGSP, (2.2.6)
a a a 3a?
1
(@+ W) ;= 500 (2 +10). (2.2.7)

For equation (2.2.7), (® + \I/)Z] equal zero when ¢ # j, which indicate ® + ¥ = 0 because

the universe should be homogeneous at very large scale which suggests the integration of

14



(® + W) ;; in terms of space should be zero. Therefore we obtain,

2

S ad 32 (ci>+“<1>> — 47 G,
a a a
.4 4 _
b+ lp = 1TCU (5 pyy,
a cea

. . .2
b 470+ <2““2> ¢ = dnGoP
a aa
where we redefine the velocity in terms of a velocity potential as

Vv
aH’

Combining equations (2.2.9) and (2.2.10) results in

2
Ad — 47Ga

ﬁd—i—i(l—i—w)zp.
Bl

(2.2.8)
(2.2.9)

(2.2.10)

(2.2.11)

(2.2.12)

This is the usual Poisson equation if the second term is lost. The second term is appearing

when we consider a system in a relativistic context such as Hubble scale phenomenon. How-

ever, if we pay attention to the sub Hubble scale, the contribution from the velocity to the

potential will be small. We will see this reason later.

The dynamics of the fluid is written by the continuity and Euler equations, which are

obtained by the conservation law of the energy-momentum tensor,
1., =0.
The conservation law for the time and space components are then

_: a _ _ o= (1 3 .

: 2 2
c _ a cs c© 00P 1
— T =0(G+P)|v+-(1-3=" o, +———— 20,9 =0
e (p+ )|:Uz+a( c2>”’+a(ﬁ+P)a’]
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(2.2.14)

(2.2.15)



where we defined the speed of sound as

i
)

Il
[

[V )
(Y]
<0 I

(2.2.16)

The second equation holds if the adiabatic condition is assumed. In this case, those equations

are written

. 0 (2 1 3
5+ 32 <C;_w>5+(1+w) (V-v—|—2\11> =0, (2.2.17)
a C a C
a c? 2 Vs 1
. 2 (1.3 -s Vo = 0. 2.2.1
v—i-a( 3c2>v+a(1+w)+av 0 ( 8)

These above equations are the basis to describe the dynamics of the space-time. In the next
part, we will see some aspects of the time evolution of these perturbations, especially for the

non-relativistic matter.

Density evolution of non-relativistic matter

For the structure formation of the Universe, the role of the non-relativistic matter is impor-
tant since if the velocities of the matter is close to the speed of light the matter is hardly
gravitationally bounded, so that a lot of objects cannot be formed. Now we consider such
non-relativistic matter evolution in the era in which the matter is a dominant component of
the universe. We note that in our Universe, Cold Dark Matter which does not have interaction
with the electromagnetic wave but has only the gravitational interaction and has a small ve-
locity dispersion is a dominant ingredient of matter component. So, what we are considering
is corresponding to the density evolution of the CDM. We assume the matter dominant era
and a single fluid system in the subhorizon scale. For the above assumption we take the limit
of U — 0, ¢, < ¢,w =0 in equations (2.2.17) and (2.2.18), and then obtain

.1
§+-0=0, (2.2.19)
a

00 a 2 1
— 4+ 0+ 3Z2A-ADP =0 2.2.20
ot + a + a  a ’ ( )
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where we define § = V - v. By substituting 0 of equation (2.2.19) into (2.2.20), we get the

equation of motion of § as
. il [ 1
0+2-0—| SA+ AP ) =0 (2.2.21)
a a a
For the Newtonian limit, the potential satisfies the Poisson equation such that
Ad = 47Ga?gé. (2.2.22)

We note that this is a ) — 0 limit of equation (2.2.12) and g = p/c? is the background mass
density of matter.
Let us consider the qualitative discussion about the equation of motion of ¢ in Fourier-

space. The equation is expressed as
S a < Cg 9\ =
0+2-0— (4nGo— k" | 6 =0, (2.2.23)
a a

where “tilde” denotes that the valuable is a function in Fourier-space. The last term of the
2 ~
equation dominates the evolution of 0 such that when 4nGo — Z—gsz > 0, ¢ evolves while
2 ~
when 47Gp — Z—ng < 0, 0 oscillationally decreases. In this condition, we derive the Jeans’

wavenumber, and equivalently, the Jeans’ length as

gy — 2% _ avinGe (2.2.24)

)\J Cs

We note that these scales are defined in comoving scale. Thus, the condition for the evolu-
tion of perturbation can be in terms of the Jeans scale in other words, if the wavelength of
the perturbation is larger than the Jeans length, such perturbation can evolve, while is the
perturbation scale is smaller than the Jeans’ length, such perturbation cannot grow.

Now we consider a further discussion of the growth of the density perturbation in the
linear regime. The perturbations well enough large scale (at least larger than the Jeans scale)

is written

5+ 2%5 — 4nGod = 0, (2.2.25)
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Figure 2.1: The time evolution of the linear growth factor with different cosmological parameters.
Here we assume matter dominant universe, dark energy as a cosmological constant,
dynamical dark energy model with equation of state parameter w = —1.3 and —0.7.

The solution of the equation can be written as

5= (D (a) + D ()b (22:26)

2 a
Dy (a) = %THOH((;) /0 QT;I?)da (2.2.27)
D_(a) x H (2.2.28)

where D (a) and D_(a) are growing and diminishing solutions respectively. For the structure
formation, the growing solution is important and D, (a) is called the linear growth factor. In
Figure 2.1, we show the time evolution of the growth factor in different universe, which are
matter dominant (2qe = 0,2, = 1), dark energy as a cosmological constant (24, = 0.7,w =
—1), dynamical dark energy model with w = —1.3 and w = —0.7. We see that the matter
dominant universe realizes the growth of the perturbation effectively. On the other hand, the
accelerating expansion of the universe suppresses the evolution of perturbation, so that the
growth factors deviate from the matter dominant universe. If w is less negative, the equality
time between matter and dark energy becomes earlier such that the growth factor begins to

be suppressed earlier.
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2.2.2 Non-linear theory

In a very high-density region, it is difficult to analytically calculate the evolution of density
fluctuation. However, based on using some assumptions, we can obtain some insights into the
evolution of the high-density regions. Here we introduce the spherical collapse model. Let us
consider a spherical mass shell with a physical radius of R. The dynamics of the mass shell is
determined by the gravity caused by the matter which is inside the mass shell. The equation

of motion of the radius of the mass shell is

d’R GM
—_— = 2.2.29
where M is the total mass within the mass shell, which is
4
M= %Ri"*g. (2.2.30)

We assume that the amount of matter is conserved through the time evolution of the mass

shell. Thus we have a conservation law of the matter,

4 47
M = —-oR® = —omiRiy (2.2.31)

h

where the subscription “ ini” means the initial epoch. We decompose the mass density into

the average matter density and the perturbation as
o=o0(1+)9), (2.2.32)

where the matter fluctuation, §, is the averaged fluctuation within the mass shell,

5(R) = 47:;3/ dr36(r). (2.2.33)

The equation (2.2.29) can be integrated over time and we obtain

1<dR)2 1<dR>2 _GM GM

(=) - (5 . 2.2.34
2\ dt it )., ~ R R (2.2:34)

2
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Then, we assume that the initial velocity of the mass shell is approximated to the Hubble

velocity such that

1 (dR\? 1 e
— [ — %*H?- -2-:771111 2 2.2.
2 ( dt )t:tini 2 1n1R1n1 3 Q Rlnl ( 35)
Thus the equation (2.2.34) is written as
dR\? 2GM
— ) ———=2F 2.2.
( dt > R (2.2.36)

where 2F = QGQiHinniéini is a constant value which is determined by the initial condition of

the density fluctuation. The equation (2.2.36) can be solved by using a parameter ©. When

we consider a high dense region such that diy; > 0 or K > 0, the solutions of R and t are

R = A(1 — cos9),
t=B(O —sin0O).

(2.2.37)

On the other hand, if the spherical region is low dense at the initial epoch, din; < 0 or
K <0,

R = A(cosh® — 1),

(2.2.38)
t = B(sinh©® — 0).
The coefficients, A and B have a relation
GM GM

where we defined C' = |2E|. In the matter dominant universe, the background density evolves

as 0 = 1/6mGt?, so that the density contrast in the spherical region evolves as

9(0 —sin ©)?2

ot) = 2(1 —cos©)3

1 (2.2.40)
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for overdense region and

9(sinh © — ©)2

“”:ﬂ&$6iﬁ‘1 (2.2.41)

For the linear regime, we can expand §(t) with parameter  and obtain

2/3
3/2
&@:13<C &) , (2.2.42)

where positive or negative signs are determined by whether the region is overdense or under-
dense, respectively.
For the gravitationally bounded objects, the evolution of R shows a maximum value at

the turn around time ¢ = ¢, and then the objects will collapse at t = t.,. At those epoch,

M
tta = WW, tC = 2tta, (2243)
so that
R(tia) = GTM, O(ta) ~ 4.55, Or(ta) ~ 1.06, (2.2.44)
R(teo) =0, d(tta) = 00,  Op(tta) ~ 1.60. (2.2.45)

For the gravitationally unbounded object, the radius continues to expand. As is the case
of over-dense regions, we can define criteria for the structure formation of low dense regions in
a little bit complex way as well. By comparing equations (2.2.38) and (2.2.39), the solutions

can be expressed

R = —(cosh® — 1),
€ (2.2.46)
t 3
‘E’ = 467/2(8111}1 @ @),
where € = —§; > 0. Let us consider a situation that the inner shell catches up the outer shell

separated § R since the inner regions are more empty so that the expansion of the inner shell
would be faster than the outer shell. The moment that the inner shell reaches the outer shell

can be considered as the epoch that the formation of the underdense region goes into the
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nonlinear stage, which can be considered as a formation of a void (Blumenthal et al., 1992).

According to the equation (2.2.46), the separation of the shells is expressed as

OR;

€

OR

(cosh® — 1) — &<COSh® —1)de+ & sinh ©40, (2.2.47)
2¢2 2¢
and 00O can be obtained by setting dt = 0 in the second equation (2.2.46).
1, . 3
0=——(sinh©® — ©)de + §(cosh® —1)0. (2.2.48)
€

By substituting eqation (2.2.48) into (2.2.47), we obtain

OR;
OR = 5

(2.2.49)

(cosh©® — 1) <1 Olne [1 3smh8-(smh@—@)]>.
€

9l R; 2 (cosh©® —1)2

At the moment of the shell crossing, the separation § R will be zero. This condition will occur
when the parameter becomes © = O,, ~ 3.488. At this epoch, the linear and non-linear

density contrast inside the void is
5(686) =-0.38, (5L<@sc) = —-2.71. (2.2.50)

Then, we may consider that the low density region with above density contrast has been
reached the stage of non-linear evolution.
We summarize the linear and non-linear density evolution of the spherical model for both

collapse and expansion cases in Figure 2.2

2.3 Statistics of density perturbation

In the previous section, we have derived how the density field in the universe evolves, but we
would not be able to obtain the cosmological information by observing the evolution at each
position. In order to obtain the information on the evolution of the cosmological structure
formations, we need to “statistically” analyze the density filed. The statistical properties of
the density field are represented by two-point correlations of the field which is usually called
the correlation function &(r) or the power spectrum P(k). Another way is to estimate how
many massive structures are formed, which is expressed mass function. In this section, we

provide a basic formula for such statistical properties.
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Figure 2.2: Density evolutions in the spherical model both for a collapsing (left) and expanding
(right) objects. For the left panel, the horizontal dashed line shows the amplitude of the
perturbation as § = 1.69. When the linear density contrast reaches the value, the non-
linear density perturbation goes to co. For the right panel, the above horizontal dashed
line indicate the amplitude of the § = —2.71. when the linear perturbation reaches this
value, the non-linear density contrast is about —0.8 which is indicated by the below
horizontal dashed line.

2.3.1 Correlation function and Power spectrum

The statistical inhomogeneity of the matter distribution is characterized by the relative po-
sition of density fields. Let us introduce the two-point correlation function. The two-point
correlation function is defined by taking the ensemble average of multiplication of density

fields at an fixed separation |1 — @2|, which is expressed as

(o(@1)o(x2)) = 0*[1 + &(|l21 — 22])], (2.3.1)

€lz1 — @2 = (6(21)0(x2)) - (2.3.2)

If the densities with a separation r are not correlate, the value of the correlation function is
zero, &(r) = 0.

The correlation of the density contrast in the Fourier space is the power spectrum. As

is the case of the two-point correlation function, taking the ensemble average of the density

contrast in Fourier space yields
(6(k)O(K")) = (2m)%6p(k + k') P(k). (2.3.3)

The correlation function and the power spectrum connected each other by the Fourier
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transform,

Plk) = / Br e FTE(|2]) = 4 / deSin(’;m)g(gg), (2.3.4)
3 ; 2 gin(kx
&(x) :/(37:;3 e’k’“’P(\k\):/CZjZ ;sl; )P(k). (2.3.5)

We also would like to define the variance of the density contrast because it is one of
the barometers to measure the property of the density fields. For example, let us consider
the matter density field with the smoothing scale R such that the variance of the density
overwhelms unity. If so, we consider the density field smoothed by the scale R is in the
non-linear stage.

Let us define the density contrast smoothed by the scale R as
dr(x) = /d3$’WR(|:c —z')§(z'), (2.3.6)

where Wg(x) is a window function. Here we consider a Top-Hat type window function which

is expressed as

Wg(z) = 47TR3@(R —x), (2.3.7)
ow =1 @20 (2.3.8)
0 (x <0),

where ©(x) is a step function.

Then we can obtain the variance with smoothing scale R from the power spectrum as

o2(R) = (53(x)) = 2%2 / dek2T2(kR)P(K), (2.3.9)

where W (kR) is the window function in the Fourier-space,

W(kR) =

(kz)g (sin(kR) — (kR) cos(kR)] (2.3.10)
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2.3.2 Mass Function

Counting the number of objects at a specific time is also the measurement of the structure
formation of the Universe. Press & Schechter (1974) proposed an analytic model to estimate
the number of an object with a mass M by assuming that the primordial mass density field
obeys the Gaussian probability distribution and if the density contrast smoothed with mass-
scale M reaches a threshold value the object with M has been formed. However, in the
Press-Schechter formalism, there is an unknown factor of 2 in order to fill a lack of matter
which should be contributed to the structure formation. In 1991, (Bond et al., 1991) suggested
another way to derive the mass function by considering a random walk of the linear density
fields according to the smoothing scale. In their way, the theory of Press-Schechter would be
explained naturally. Furthermore, this formalism can be applied to explain the abundance
of the cosmic voids (Sheth & van de Weygaert, 2004). Here we would like to introduce an
idea of the mass function which estimates the number of objects according to their mass by

combining linear theory and probabilistic property of the density fluctuation.

Excursion set theory

In this section, we would like to introduce the concept of the excursion set formalism. We

consider that the linear density contrast with the smoothing radius R distribute in a Gaussian

probability,
1 52
P(6R) = exp (—@) : (2.3.11)
277012{ 20,

where 0% is the variance of the density contrast (see equation (2.3.9)). With a very large
smoothing scale, the density contrast and its variance will be zero. Then let us consider the
trajectory of I1(6,, S, = 02) which take a random walk starting from (Sp, do) = (0, 0), which

also satisfy
11(6,, S,) = / 46, 1 P(6, Snlon 1, Sn 1 )I(Gn1, S 1), (2.3.12)

where P(0y,,S,|0n—1,Sn—1) is a transition probability. This probability is assumed to have a

Gaussian form,

1 AS?
P((Sn, Sn‘(sn_l, Sn—l) = \/ﬁexp <_2AS) s (2313)
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Figure 2.3: Mass functions with different cosmological parameters, but the same initial conditions.
The blue line shows the matter dominant universe, while yellow, green and red lines
show the universe including dark energy. The difference among dark energy models is
represented by the equation of state parameter, w. For yellow, green and red lines we
set w = —1,—0.7 and —1.3 respectively. The figure shows that in the matter dominant
universe there are more massive objects than the universe including dark energy.

where Ad = 6, — d,—1 and AS = S, — S,,—1. Taylor expansion of II in terms of § and §

results in the diffusion equation about II

ol 1971
— = 2.3.14
aS 2 062 (2:3.14)
Then, the distribution of II which satisfies the above equation can be regarded as the distri-

bution of the primordial density fluctuation.

Press-Sheheter Mass function

By solving as the first piercing one barrier problem of the random walk as described by the
diffusion equation, we will obtain the Press-Schechter mass function. As we have already
derived, we can consider that if the linear density contrast within a region smoothed by the

radius R reaches 1.69, mass fragment within the region will be absorbed in the objects with
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mass M = 4mpR3 /3. The probability density that II has never reached d. at scale S is

115, 5) = 271'(;—50) [exp <—M) — exp (— 120 _2?‘;)__%_ 50)]2>] . (2.3.15)

Thus the probability that the trajectory is above the threshold at scale .S is

dc
F(S) =1 / (s, §)ds' (2.3.16)
The probability that the trajectory first cross the threshold is obtained by subtracting F'(S +
dS) from F(S5),

dF b OII
£(8)dS = —=dS = - </OO as> ds
_1|on

2 |90

— _ 2

S ek N, ((5C ) > ds. (2.3.17)

/27(S — 5003 2(5 — S)

The total mass of objects whose masses are between M and M + dM is written as

de
| as

dF
MYMdM = p——dM 2.3.1
where n(M) is the number density of objects with mass M. Recalling that S = o?(M), the

number density n(M) is then

dlno
dln M

2 0
nM) =\ T3m

de 52
(M) exp <202(M)> . (2.3.19)

This is the Press-Sshechter mass function. In Figure 2.3 we show the example mass functions

at present epoch. In order to calculate the mass function, we obtain the variance of the matter
density fluctuation by calculating the matter power spectrum using the publicly available code
“CAMB” Lewis et al. (2000). We calculate the matter power spectrum with the same initial
condition but the different background cosmology such as a matter dominant universe and
dynamical dark energy universe. For the dynamical dark energy universe, we vary the equation

of state parameter of dark energy as wge = —1.3, —1 and —0.7. The w = —1 case corresponds
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Figure 2.4: The void size function at present epoch with different cosmological parameters. The
blue line shows the matter dominant universe, while yellow, green and red lines show the
universe including dark energy. The difference among dark energy models is represented
by the equation of state parameter, w. For yellow, green and red lines we set w = —1, —0.7
and —1.3 respectively. The figure shows that voids of the radius around 10 Mpc are more
abundant in the matter dominant universe than the universe in which dark energy exists.
However, for small scale, the voids are less exist.

to the ACDM model.

In Figure 2.3, we see that there are more massive objects in the matter dominant universe.
This is because in such a universe the density perturbation evolves without any retardation
such as decreasing the potential due to the accelerating expansion. Among dark energy
included universe, wge = —1.3 model is producing more massive objects. When the equation
of state parameter of dark energy is more negative, the equality epoch between matter and
dark energy becomes late, so that until the equality epoch the objects have been formed in
the same way as matter dominant universe, then there are more objects in such universe. On
the other hand, if wqe is less negative, the opposite phenomenon would occur, so that objects

are less abundant.

Sheth-van de Weygaert Void size function

For cosmic void abundance, we may simply think to replace the threshold value 64" with void

formation criteria d,. However, the void case is a little bit different from the case of halos.
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Let us consider a situation that the density contrast smoothed by scale R is below d,, but it
is above 0. when the smoothing scale is larger than R. Such a region seems like a void but
at scale R but should become a halo with M = 4wpR’®/3 where R’ > R. Thus we should not
count such void. In terms of the random walk trajectory, the situation corresponds to that
the trajectory reaches 6. before reaching 6,. What we have to estimate is the distribution of
IT which has never reached both é. and §, until scale S. This was pointed by Sheth & van
de Weygaert (2004) and they suggested this process is solved by setting the random walk as
a two barrier problem.

The solution is

I1(¢, S) =5 ié Z [cos (6 Ti:; 5> — cos <5n_7r5(2(5v —6))]

X exp (—2(;::;0)8) . (2.3.20)

The same as the halo case, the fraction of II that is between J. and ¢, at a scale S is

3
—_

dc
F(S)=1-— /5 (&', 5)dd, (2.3.21)

and the first crossing the thresholds at scale S is

1 [or]%
f(8)ds = —3 [35]&, s
1| om oIl
- - | _ 2 . 2.3.92
2|00 |;s 00 |5, 45 (2.3.22)

As an analogy to the halo case, the first term will produce the probability of the first crossing
of d. which is not our interest here. What we want is the first crossing of §, which is the
second term of the above equation. Then, the fraction that the trajectories first cross &,

without breaking d. before is

1011
fv(S)dS = 395 s as
& D 222
= Z % sin(nmD) exp <n7r2(;§;> ds. (2.3.23)
n=1 Y v
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Thus the number density of voids including mass M is

0 dlnv

-2 o7
ny(M) = e yfv(y)dlnM’ (2.3.24)
where we exchange the valuable S to v = |,]|/SY? and vf,(v) is
. 2nrD? . n2mx2p?
vf(v) = nZ:l 2 sin(nmD) exp (—21/2> , (2.3.25)

where D = |0y|/(dc + |0y]). For voids, it is convenient to express its abundance in terms of

their size. This can be done by the mass conservation low,

4
M = R}

4
5 0B%ag = (14 0) 5 0Rpu, (2.3.26)

3
where Rj, is a radius in the Lagrangian coordinate which corresponds to the initial position
of the mass fragment and Rg, is the radius measured in the Eulerian coordinate by which

we measure the void size observationally. We can change the valuables as

dn(M) _ dn(RLag) _ dn : (2.3.27)
dinM  dlnRp,; dnRpy
with Riag = (1 + 8§)R}, ;. This relations result in
dn dv
= (1+ 03— f(1,6,, 6. : 2.3.28
dREu] ( + ) 47I_Riagf(y’ )dRLag ( )

In Figure 2.4 we show an example void size distribution at the present epoch. Here we
again use the same power spectrum described in the Press-Schechter mass function. The
figure shows that in the matter-dominant universe voids of the radius around 10 Mpc are
more abundant if the initial conditions are the same. However, for small scales, the number
of voids is less compared to the universe including dark energy. The reason might be that for
the matter-dominant universe the expansion is decreasing so that the objects easily collapse
and the void-in-cloud process significantly affects the small scale voids. On the other hand, in
the dark energy dominant universe, the accelerating expansion retards the collapsing process,
so that the number of small voids is abundant compared to the matter dominant universe.

This effect might be significant for the large scales. Thus even though the number of voids
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about 10 Mpc seems to be less for dark energy included model, larger voids should be more
abundant. We can see this at the large radius tails in the Figure, such that the number of
voids in the matter dominant universe lastly decreases at the large scales more than 20 Mpc.

Although we have shown the dependence of the void size function on the budget and
equation of state of dark energy, there is another possibility that affects the size function due
to the nature of dark energy. That is the spacial perturbation of dark energy. In the next

chapter, we will investigate the effect of dark energy perturbation on the void formations.
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Chapter 3
Cosmology with cosmic void

The cosmology with cosmic voids has been paid more attention because of the development of
the theoretical study and numerical way to identify cosmic voids from the cosmic web, as well
as the wider observation of the large scale structures. There seem to be some merits to study
voids in a cosmological context since they are considered to be one of “clean” objects to trace
the nature of dark energy. By definition of them, they are matter less so that dark might be
the dominant component if its clustering is not strong. In this chapter, we would like to show
some topics of voids related to dark energy, especially the void abundance and void shape.
For the void abundance, we first review some previous works and then, we investigate the
impact of the dark energy clustering on the void formation in a numerical way. After that,

we introduce the topic of the void shape, particularly the Alcock-Paczynski test.

3.1 Void abundance

In Section 3.1, we have introduced one of the theoretical ways to estimate the abundance of
voids. Even though the theoretical model is not enough to estimate the actual abundance of
the void in matter density fields because of the assumption of the spherical void formulation
and sharp k filtering (Bond et al., 1991). This abundance model has been applied to constrain
cosmology in some studies (Clampitt et al., 2013; Pisani et al., 2015; Zivick & Sutter, 2016;
Endo et al., 2018; Verza et al., 2019).

The cosmological dependence comes through o%(R), 6. and &, which are the variance of the
mass fluctuation, the linear density contrast for the collapsed objects and voids, respectively.
About the void abundance, the cosmological application is focused on the equation of state of
the dark energy (Pisani et al., 2015; Verza et al., 2019) because it affects the growth mode of
the density perturbation (see Section 2.2.1). However, the clustering property of dark energy

also affects the evolution of structure formation. This effect on the high-density objects has
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been investigated by several authors (Chiba et al., 1998; Abramo et al., 2007; Basse et al.,
2011), but not so much on the formation of cosmic voids (Novosyadlyj et al., 2016). Inside the
cosmic voids, the matter is not the dominant component, so that the nature of dark energy
would easily appear in the void formation. In order to investigate the effect, we first consider
a simple model such as the evolution of a spherically expanding object and evolution of dark

energy perturbation inside the void following the formalism of Basse et al. (2011).

Void evolution with dark energy perturbation

We describe the evolution of a void in the presence of dark energy perturbation by coupling
the spherical expansion model and linear perturbation theory.
The evolution of the void radius is
X, X, 4rG

YUY =

SaRlisa 50 [PmOi 4 paedall + 36 PLH). (3.1.1)

where X denotes the void radius in comoving coordinate, H is a conformal Hubble parameter
H = aH, pm and pge are background energy density of matter and dark energy, respectively.
The dot means a derivative in terms of conformal time dr = adt. §1H, 511 and 6PLH are
density perturbation of dark matter, dark energy and pressure perturbation of dark energy
respectively, where we assume a top-hat profile for them. For matter density contrast we use

a mass conservation such that

S (1) = (14 600) [;izj_)r —1. (3.1.2)

On the other hand, we solve continuity and Euler equations. In order to introduce the dark
energy pressure into those equations, we adopt a pseudo-Newtonian approach (Lima et al.,

1997). The equation of evolution of dark energy perturbation in Fourier space is then,

i 4 3(c? — w)HO + (1 +w)dit =0, (3.1.3)
Alin o Alin  KC i 27
de T (1 =3¢ Hbge — 7 dde — k"¢ =0. (3.1.4)

where 04, is a divergence of the velocity of dark energy, ¢, is the speed of sound of dark energy

and qz; is the gravitational potential which satisfies the poisson equation,

—k2¢ = AnGa®[pmdm + Pacdde + 30 Pae). (3.1.5)
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Figure 3.1: Relative evolution of a isolated void with a top hat density profile. We set w = —0.9 for
the left panel while w = —1.3 for the right panel. In both the left and right panels, we
show the deviation from the homogeneous dark energy model such that ¢2 = 1. We find
that in the case of small speed of sound the void evolution is enhanced when w = —0.9
while it is suppressed when w = —1.3. The deviations are expressed by percent, so that
for both cases the deviations are less than 0.01.

Those equations are combined into

O 2 D 4 [E )~ )] = S0+ )i
where
s=lna,
D(s) =1+ ,:[Ci;: — 3w,
k(s) = 3w (1 + ;l(il}l) + g(l + w)Qqe(s),
o =132 e )= 20wl

(3.1.6)

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

We solve the equation numerically with the initial conditions described in Endo et al. (2018).

In Figure 3.1, we show the relative evolution for the void of the radius 18 Mpc at the initial

epoch with different speed of sound of dark energy, c2 = 1071, ¢2 = 1074, ¢2 = 107%,¢2 = 0.
Here we set the equation of state parameter of dark energy w = —0.9 for the left panel while
w = —1.3 for the right panel in Figure. The horizontal axis shows the scale factor and we

have normalized it as 1 at present. We find that in the case of small speed, the evolution of

void is enhanced when w = —0.9 (left), while it is suppressed for w = —1.3 (right). Whether
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Figure 3.2: Time evolution of the Jeans wavenumber for different speed of sound. We set w = —0.9,
and speed of sound of dark energy as ¢ = 1071,10™* and 10~°, which are represented
by the red solid, blue dashed and magenta dotted-dashed lines respectively. The black
lines indicate wavenumbers corresponding to the void radius with the initial size of 0.83
(dotted), 18 (dashed) and 83 (solid) Mpec. The correction of the wavenumber of Jeans
length and void radius means the point that the Jeans length and void radius are equal.

the perturbation of dark energy enhances or suppresses the void evolution is determined by
the sign of 1 — w. In equation (3.1.6), we can see that if w > —1 the density contrast
of dark energy will evolve with the same sign as matter perturbation, which leads to the
enhancement of gravitational potential inside the void as (3.1.1), so that the evolution of the
void is promoted. On the other hand, when w < —1, we see the opposite phenomenon in the
evolution of matter and dark energy, which results in the reduction of the potential inside the
void.

In addition to the above trends, we can find that there seems to be no difference between
c2 =107% and ¢? = 0. This is understood in terms of the Jeans instability as mentioned in
Section 3.1 According to the idea of the Jeans instability, the fluctuation with wavelength k
will collapse if k is smaller than kj, where k; is the Jeans wavenumber. In Figure 3.2, we
show the time evolution of the Jeans wavenumbers with a different speed of sound of dark
energy. We set w = —0.9 and also show the wavenumbers which correspond to the void radius.

According to Figure 3.2, for ¢2 = 107! the Jeans length is larger than any void radius, which
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means that dark energy perturbation hardly evolves inside those voids in this case.

On the other hand, ks with ¢? crosses the wavenumber corresponding to the scales of
about 1 and 20 Mpc very early epoch while it reaches about 80 Mpc later. For this case,
the perturbation of dark energy could grow at the early epoch inside those voids, but the
growth has stopped once the Jeans length overwhelm the void radius. The Jeans length for
c?2 = 107, the length has never become larger than the voids with the initial radius of 20
Mpec. In this case, the perturbation can grow until ¢ = 1 inside the voids larger than 20 Mpc.
We can see those differences in dark energy perturbation with the different speeds of sound
in the different evolution of the void radius in figure 3.1. The perturbation of dark energy
inside the void can grow until the late time if ¢ is smaller than 10°, and if c? is smaller than
the value, the perturbation has not been suppressed such that there is no difference in the
evolution of the void among those cases.

We can see the different time evolution of dark energy perturbation inside void according
to the different speed of sound of dark energy more explicitly in Figure 3.3. In Figure 3.3
we show three wavenumber modes of dark energy density perturbation in Fourier space. For
k = 0.01 mode, the Jeans length reaches very early at this length when ¢? = 0.1 so that
the perturbation does not grow. For this mode, the Jeans wavenumber of ¢2 = 10~* reaches
k = 0.01 while that of ¢ = 10~* has not reached the value, so that perturbation of this mode
stop to grow at the epoch the Jeans length cross the scale of the mode when ¢ = 10~ while
it continues to evolve when ¢2 = 107%. For other wavenumber modes, we can understand

their evolution in the same manner.

Void size distribution with dark energy perturbation

So far we have investigated the effect of dark energy perturbation on the evolution of each
void. However, even though we observe the evolution of each void precisely, we do not obtain
the information of dark energy perturbation because the difference between the growth of
each void is more affected by their uniqueness. To draw the nature of dark energy from voids,
we need to consider the statistical property of them, one of which is the void size function.
In Section 2.3.2 we have derived the size function of voids using the excursion set formalism.
Recent studies have argued that the original Sheth-van de Weygaert void size function does
not fit the void distribution found in the n-body simulation, so some studies extend the model
by setting 4, as a free parameter and so on.

In this work we adopt the original void size function derived in Section 3.1 to see the
effect of dark energy perturbation on the void size distribution. As shown in the previous
section, the dark energy perturbation affects the matter density perturbation. In terms of

the size function, this effect comes through the variance of mass density fluctuation, namely
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o?(M) which is expressed by the integral of the matter power spectrum combined with the
window function (see equation (2.3.9)). In order to calculate the matter power spectrum in
the presence of dark energy perturbation, we utilize the publicly available code “CAMB”
(Lewis et al., 2000). In Figure 3.4 we show the deviations of o(R) from the monogynous
dark energy model. We set the same initial condition but the different speed of sound. For
the left panel, we set w = —0.9 and as we have seen that the fluctuation of dark energy
enhances the matter density perturbation, the variance deviates more when ¢? is small. Also,
the enhancement affects negatively when w < —1.0.

We show the resulting void size distribution as a deviation from the uniform dark energy
model in Figure 3.5. In the left panel of Figure 3.5, for w = —0.9, the relative abundance
is clear at the void radius of R ~ 5 Mpc when ¢ < 107¢, while for ¢2 = 10~% the deviation
appear at the scale of R ~ 10 Mpc and for ¢2 = 107! the deviation can not be seen in
the radius range. This is also because of the Jeans instability. For small speed of sound
small scale but larger than the corresponding Jeans length, the fluctuation in dark energy
can evolve and affect matter density fluctuation. Although we could not see the deviation
from the uniform dark energy model when ¢2 = 107! in the range, we would confirm the
deviation if we observe larger voids. According to the previous discussion of Jeans length,
such deviation could appear at R > 10 Mpc. As we mentioned, the effect of dark energy
perturbation on the void abundance is different between w > —1 and w < —1. When w > —1,
the effect appears as an enhancement of the abundance of large voids while when w < —1 the
effect appears as the opposite. Even though the deviations in 0?(R) are sub percent level,
the deviations in the abundance model are quite large. The reason might be due to the fact
that the model includes exponential terms, such that the model is sensitive to the even small

deviation in o?(R).

Summary of effects of dark energy perturbation on the void formation

We have investigated the effects of dark energy perturbation on the formation of cosmic voids
in this section. We have treated the speed of sound and the equation of state of dark energy as
constant parameters in our model. We studied the dependence of the formation of an isolated
spherically symmetric void on these parameters and the initial size of the void. We found that
the effects of the different values of the speed of sound and initial sizes are much small. These
results are broadly consistent with those of Novosyadlyj et al. (2016), and may lead us to
the conclusion that the dark energy perturbation does not greatly affect void formation. We
also investigated the effects of the dark energy perturbation on the abundance of voids based
on the excursion set theory. We found that the differences between the homogeneous and

inhomogeneous dark energy models are significant when the speed of sound is much smaller
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than that of light.

3.2 Void shape

The shape of cosmic voids is also one of the features of voids and can be applied to prove
the nature of dark energy. In this section, we are going to use its shape to investigate the
expansion history of the Universe. Due to the expansion of the Universe, we can not measure
the size of objects quite far from us directly. What we can observe is redshifts and angle as
the location of the object. To estimate the size of the object, we have to assume a kind of
cosmological model. In this section, we briefly introduce the Alcock-Paczynski cosmological
test which is an evolution model-free method to measure the expansion history of the Universe

and the relation between the test and cosmic voids.

3.2.1 Alcock Paczynski test

In 1979, Alcock & Paczynski (1979) proposed a unique way to probe an expansion history of
the Universe which does not depend on any evolution model of the structure formation, so-
called the Alcock-Paczynski test (AP test). Since the universe is expanding, the observational
shape of an object has a different dependence on the expansion. Let us consider observing a
spherical object which is located quite far from us. The observable about the object is the
redshift span Az and angular span Af, where Az, A0 < 1. By definition of the relation

between the comoving scale and these observables,

z+Az c N
A _/z Wd(z )= HE (3.2.1)

where H(z) and x(z) is the Hubble parameter at redshift z and the comoving distance to
the redshift, respectively. Since we have assumed that the object is spherical, such that
Az = Ax,,

= . (3.2.2)

Again, what we observe is the combination of Az and Af by observing a spherical object at z.
Thus the combination tells us the information included in the Hubble parameter such as {2 or
w. We note that when the AP test was proposed, it was assumed to observe an intrinsically

spherical object to conduct the test. However, one of the powerful points of the test is that it
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can be applied to statistical isotropy. In the next section, we introduce an application of the

AP test to the cosmic void which is not spherical individually but statistically.

Alcock Paczynski test with voids

The application of the observed void shape to the AP test was first pointed out by Ryden
(1995). In their work, they assumed that each void is spherical and expands isotropically with
no peculiar velocities for simplicity. The peculiar velocities of objects are another source of
the shape distortion in the redshift survey. Also, the shapes of voids in the matter density
fields or the galaxy distribution are not spherical (Platen et al., 2008; van de Weygaert, 2016).
Thus, the practice of the AP test with cosmic voids seems to be difficult by the method with
Ryden (1995).

However Lavaux & Wandelt (2012) has improved the possibility of the AP test with cosmic
voids. They noticed the statistical isotropy of the void shape based on the cosmological
principle even though each void shape is not spherical. They show that the averaged shape of
voids will be spherical when they are stacked. However, they also showed that this sphericity
is broken in redshift-space because the peculiar velocities of astronomical objects cause a
Doppler shift, so that the constructed position from the redshifts is not exact. For clusters,
this effect appears in a different way depending on the scales. For a large scale cluster, the
objects tend to gather their center of the gravitational potential which causes the cluster seems
to be flattened along the line of sight, while for small scales in which clusters are Virialized,
the random motions of the objects cause an elongation along the line of sight.

In the case of voids, they found that the redshift-space distortion (RSD) on voids appears
as a flattening along the line of sight. They mentioned some possible origins of this effect. One
of which is that since the void ridge is usually high-dense region such as clusters of Virtualized
objects, so the boundaries of voids are elongated along the line of sight that causes void region
shortened along the line of sight.

One of the interesting features of RSD on cosmic voids is that Lavaux & Wandelt (2012)
found the flattening effect does not depend on redshift, which indicates that the shape dis-
tortion due to the peculiar velocity on the stacked voids can be removable by tracing the
redshift dependence of the signals or multiplying a constant correction factor. According to
their analysis after shape correction, joint analysis of the BAO and the AP test with stacked
voids has a potential of a tighter constraint on the cosmological parameters.

Motivated by the authors, there have been several attempts to constrain cosmological
models by the AP test. The first try was done by Sutter et al. (2012b). They analyzed their
void catalogs (Sutter et al., 2012¢) which were obtained from the galaxy catalog of the Sloan
Digital Sky Survey Data Release 7 (SDSS DR7) (Blanton et al., 2005; Abazajian et al., 2009).
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Figure 3.6: One-dimensional normalized likelihood as a function of €2, for our stacked void mea-
surements, after correcting for peculiar velocities. The left, middle and right panels are
adopted from Sutter et al. (2012b), Sutter et al. (2014) and Mao et al. (2017b) respec-
tively.

They identified voids with a modified void finding algorithm ZOBOV (Neyrinck, 2008) which
is described in the later section in this thesis. Their first attempt was, however, failed due to
the large shape noise which is caused by the insufficient number of sample voids.

They revisited the AP test but with later data set(Sutter et al., 2014), SDSS DR7 and
DR10 LOWZ and CMASS samples (Ahn et al., 2014). In this analysis, they found about
1500 void samples and measured the AP signal by correcting the shape distortion due to the
peculiar velocities by using the correction factor which appears in Lavaux & Wandelt (2012).
Although the final result of their analysis has a large uncertainty and the most preferable
value of the cosmological parameter is deviated from the standard model, their results surely
suggested that the energy fraction of matter density of the Universe is not unity.

Mao et al. (2017b) would be the latest practice of the Alcock-Paczynski test until now.
They used the galaxy catalog of the SDSS DR12 (Alam et al., 2015) to obtain the void
catalog (Mao et al., 2017¢) in which they identify 1,228 voids. As mentioned above, the effect
of redshift-space distortion on stacked voids appears in a similar way in any void radius and
redshift, they try to calibrate the effect using mock galaxy catalogs rather than using the
correction factor as mentioned by previous works. Since they stacked all voids by normalizing
the particle position from the center of voids, the shape measurement would be more precise
than the previous works in which those authors stacked voids within a radius bin. Comparing
the calibrated shape distortion and the observed data, they put a constraint on the matter
density which seems tighter than the previous works.

We summarize the previous results in Figure 3.6. The panels in Figure 3.6 is adopted
from those previous works (Sutter et al., 2012b, 2014; Mao et al., 2017b)
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Future prospects

As mentioned by the previous works, one of the essential factors of success in the AP test with
stacked voids is a large number of void samples to determine the shape with small uncertainty.
However, the conventional galaxy surveys need a significant cost to determine the position of
galaxies with large survey volume.

Recently, a quite powerful way to observe the matter distribution in the Universe has
been proposed. In that way, we observe the emission or absorption of the neutral hydrogen
(Hr). The resolution of the observation will not be enough to identify each galaxy, but we
can obtain the distribution of Hi with a huge survey volume.

Therefore we are going to investigate the possibility of the AP test with stacked void
technique in order to prepare the cosmological application of the future large scale Hi survey.
In the next chapter, we explain the mechanism of the Hi emission or absorption and the

survey with the future Square Kilometre Array (SKA) HI intensity mapping survey.
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Chapter 4
21cm signal

So far large scale galaxy surveys have been used to trace the matter distribution of the
universe. In order to examine the cosmological models, we need far larger scales of the matter
distribution. However, galaxy surveys need a lot of time to identify the location of the galaxy,
so that tracing the larger scale of the matter distribution far from us is time expensive.

On the other hand, it has been expected to survey the large scale distribution of the
neutral hydrogen along with the large scale structure. The Hi intensity mapping survey has
a huge potential to observe a quite huge volume of the Universe. Thus if we identify the
void structures from the Hi distributions, we will obtain much more void samples so as to
determine the shape of voids. In this chapter, we introduce the mechanism of the emission

line from the H1 and intensity mapping survey by the future SKA experiments.

4.1 Brightness temperature

In order to derive the emission of the neutral hydrogens (Hi ) in the Universe, we would like
to consider the radiation-transfer mechanism of the Hi clouds. The total difference of the

absorption and emission in a fragment of the Hi cloud is
dl,(z) = —ky ()1, (z)dx + €,(z)dz, (4.1.1)

where I, is the radiation intensity with a frequency v, k, is an absorption coefficient, €, is

an emission coefficient and x is a distance along the line of sight. Assuming those coefficients
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dose not depend on the location, we obtain

L(z) = L(0)e ™® 4 §,(1 — e~™@)), (4.1.2)
T(z) = / Fpda!, (4.1.3)
0
€y
S, = K—V (4.1.4)

where 7, is an optical depth which is an integral of the absorption coefficient and S, is a
source function.

The emission and absorption coefficients are expressed by Einstein’s coefficients,

h

€ = ﬁmAmqﬁ(y), (4.1.5)
hv

Ky = E(”OBM —n1Bio)9(v), (4.1.6)

where h is the Planck constant, n; and ng is the number of neutral hydrogens which is in the
lower and higher energy state respectively, Aig, Big and By are the Einstein’s coefficients for
the spontaneous emission, absorption and stimulated emission respectively, and ¢(v) is a line

profile which satisfy [ ¢(v)dv = 1. There is a relation between these coefficients,
n1Aio + naBiol, = noBo I, (4.1.7)

where I, is an angular averaged intensity I, = [ I,dQ/4r. From equation (4.1.7),

[ fedw _Aw 1
noB12 — n1Byg Byo ng Bo1

v =

(4.1.8)
n1 Bio

If the system is in the thermal equilibrium, the intensity can be written by the Planck’s law,

_ 2hy3 hv -1
II/ = 62 |:eXp <M> — 1:| . (419)

where kp is the Boltzmann constant and T is the temperature of the Hi cloud.

45



The number of particles in each state obeys the Boltzmann distribution,

n1 g1 hv
—=Zexp|——=, 4.1.10
no 9o P < kBT> ( )

where gg and g; are statistical weights, here g9 = 1 and g; = 3, T is called the excitation
temperature which determines the relative number of particles in each state.

By comparing the equations (4.1.8), (4.1.9) and (4.1.10), we get relations

Aig 2 go Bo
Big 2’ g1 B

=1. (4.1.11)

Then we go back to the source function of the Hi clouds, and it is written by those

2h13 hv -t
S, = 2 [exp (kTs> - 1] . (4.1.12)

For the case of 21cm line, v = 1420.4057 MHz, so that we can take the Rayleigh-Jeans limit

and we can write the equation (4.1.2) in terms of the temperature

relations as

Ty =Ty(1—e), (4.1.13)

where Tj, is called the brightness temperature. If there is no other source object behind the Hi

could, the observed brightness temperature is given as a difference from the CMB radiation,
6Ty = (Ts — Toms)(1 —€77), (4.1.14)

where we call §T; differential brightness temperature. The optical depth is given by the
integral of x which is written as (4.1.6), then referring the equations (4.1.8) and (4.1.11),

c? g1 hv
y = ——=noA10=(1— — . 4.1.1
K 82 no 1og0 < exp < kiBTs>> ( 5)

Here, we consider the total number of neutral hydrogen atoms nyy = ng + n; then,

g1 hv
ngy =n1 X |1+ >=exp | — . 4.1.16
HI 1 < % p ( k‘BTs)> ( )
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In a lots of cace, we can assume hv/kpTs < 1 for v = 1420.4057 MHz, therefore

3h02A
= n
327y OTHL T

o(v). (4.1.17)

Ry

In the cosmological context, the differential brightness temperature affected by the expan-
sion of the Universe such that the amplitude of the 67}, emitted from redshift z decrease in

proportion to (1 + z)~ 1,

Ts(2) — TomB()

0Ty (z) = T2

(1—e 7). (4.1.18)

In general, the line profile has a shape broadening around v = 1420 MHz due to the velocities
which Hi clouds have. In the context, the most contribution to the 21lcm signal comes
from the Inter-Galactic-Medium (IGM) which is assumed to expand with the Hubble flow.
Then the broadening of the line profile can be expressed by the Hubble velocity such that

¢(v) = 1/Av ~ c¢/AVv with AV = (dvy, | /dr+ H(z))Ar where v, | is a peculiar velocity along

il
the line of sight. Based on the above discussion, we will obtain the formula of the differential

brightness temperature as a cosmological signal,

6Ty(z)

3¢ Ayoh NHI ( _ TCMB(Z>> (4.1.19)

~ 327 kg2 (1 + 2)(dV/dr) T(2)

Because of the factor of (1 — Teyp/Ts), the differential brightness temperature is observed
as an emission or an absorption line whether the spin temperature is larger than the CMB
temperature. In the next section, we briefly review the behavior of the signal according to
the redshifts.

4.2 Evolution of the brightness temperature

So far there are plenty of studies of the global signal of 6T(z). Since there is a factor of
(1 — Tems/Ts), the signal can be observed differently depending on the magnitude relation
between the spin temperature and CMB temperature. The spin temperature is determined
by interactions with the CMB photons, collision with baryonic particles, scattering of the
background high energy photons (UV background) (Field, 1958; Furlanetto et al., 2006).
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Assuming that the H1 atoms are in the equilibrium of these interactions, we find the relation,
n1(C1o + Pro + Ao + BioTems) = no(Co1 + Por + Ao1 + BoiTemB), (4.2.1)

where Cy; and Cig are excitation and de-excitation rates of the collision, Pjg and Py are also
excitation and de-excitation rates but of the scattering of the UV background. The excitation

and de-excitation rates have a relation

Cot o1 < T, >
— ==—=exp| — . 4.2.2
Cio 9o P Tk ( )

where T, is the temperature corresponding to the energy gap in the fine structure, T, =
hv/kp = 0.068K and Tk is the kinetic temperature of the gas particles. In the same manner,
we can treat the excitation and de-excitation rates due to the UV background scattering by

defining the color temperature of the UV radiation field, Tx. Then,

Pn ¢ < T. )
— ==—exp|— |- 4.2.3

Py g0 Tc ( )
Considering the Rayleigh-Jeans limit, the intensity of the CMB is in proportion to the tem-

perature Toy g,

2hv?
Icvs = 2 kTcMmB. (4.2.4)

Using the relations between Einstein coefficients in equation (4.1.11), we obtain

o Y., T\, , T
( i 10 €XP —E + P10 €xp _Tic* + IOE ( |
exp| —= | = . 4.2.5
T, T,
Cio+Pio+Ap |1+ =

T

In most case it seems to be reasonable to assume T, << Tk, T¢ and T, we can expand the

exponential and defining the coupling coefficients as

_Cu T Py T,

_ Gl Dol 4.2.6
0T, YT AT, (4.2.6)

YK
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we finally get the formula of the spin temperature

_ Tous +9xTy " + el
1+yk +yc

T—l

- , (4.2.7)
Those temperatures and the coupling coefficients evolve with time, so that the behavior of
the signal can be separated into some stages (Furlanetto et al., 2006; Mesinger et al., 2011).

We summarize the behavior of the global signal of the brightness temperature as below.

Collisional coupling; 100 < z: Tx = Ts < TcMmB

After the recombination of the CMB photons and electrons, the collisions of hydrogens each
other occurred most frequently. Then the spin temperature coupled with the gas temperature
which decreased in proportion to (1 + 2)? while the CMB temperature decreases as (1 + 2).

Thus the differential brightness temperature would be observed as an absorption line.

Collisional decoupling; 35 < z < 100: Tk < Ts < TcMmB

Due to the expansion of the Universe, the number density of baryons in the IGMs declined.
Therefore, in this epoch, the collisions of hydrogens each other become less often and the spin

temperature coupled with the CMB photons and it would come up with the CMB temperature.

After collisional decoupling — Wouthuysen-Field Coupling; 25 < z < 35:
Tk <Ts~TcemB — Tk ~Ts < TcmB

After decoupling hydrogens each other, the spin temperature decouples from the kinematic
temperature. Then the spin temperature and the CMB temperature almost the same until
the first stars appear. When the first stars come into existence, the emission of the Ly-«
photons from the first stars interact the Hi gas and the spin temperature couples with the
kinetic temperature again, which is called Wouthuysen-Field effect (Wouthuysen, 1952; Field,
1958).

X-ray heating transition; 16 < z < 25: Tx =Ts > TcMmB

Since the spin temperature tightly couples with the kinetic temperature due to the WF effect,
it decreases as the Universe expands. However, x-rays from the stars heat the IGM gas and
the spin temperature starts to rise. At this epoch, the kinetic temperature of the IGM, as well
as the spin temperature become over the CMB temperature, so that 73 would be observed

as the emission line.
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Figure 4.1: An artistic image of the SKA1-MID dishes in South Africa.This picture is taken from
“https://www.skatelescope.org/the-ska-project /”

Reionization — Present; z < 16: Tk = T > TcMmB

Once the x-ray heat the IGM enough, the spin temperature is so larger than the CMB tem-
perature that the differential brightness temperature does not depend on this temperature.
Furthermore, when the deionization starts due to the high energy photon emitted from the
first generation stars or galaxies, the ionized regions begin to increase. Thus the amount of

the neutral hydrogen diminishes so that the amplitude of 67} becomes small.

4.3 HI intensity mapping survey in the SKA era

The large scale galaxy surveys have revealed the astonishing large scale structures in the
Universe (Seldner et al., 1977; Gregory & Thompson, 1978; Joeveer et al., 1978; de Lapparent
et al., 1986; Geller et al., 1987; Colless, 1998; York et al., 2000; Dawson et al., 2013). On the
other hand, tracing the emission from the neutral hydrogen, namely the 21cm line, with a
significant survey volume is ongoing.

The Hr intensity mapping survey is a technique to trace the line emission of Hr following
the distribution of matter by not demanding to resolve the location of a point source of the
emission (Bharadwaj et al., 2001). Since we know the redshift dependence of the observed

Hr signal, the time consumption to determine the redshift of the emission field is much less
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Figure 4.2: The expected survey volumes by the SKA1-MID intensity mapping survey and HI galaxy
survey as well as other galaxy surveys are shown. Each survey volume is calculated at
the redshift centers. We can see that the HI intensity mapping survey conducted by
the SKA has huge potential to trace the large scale matter distribution. This figure is
adopted from Santos et al. (2015)

compared to the determination in galaxy surveys. Because of the traceability of the redshifts,
we can construct 3D pixels of the intensity fields which will enable us to trace the fluctuation
in the intensity field as a biased matter density field.

The Square Kilometre Array (SKA) is an international collaboration to build a next-
generation radio observatory. The SKA will consist of two telescopes of a dish array (SKA-
MID) in South Africa and an array of dipole antennas (SKA-LOW) in Australia. The project
is separated into two phases as SKA1 and SKA2, the former is planned to begin its operation
in 2020, while the latter about in 2025.

For the SKA1-MID, according to Square Kilometre Array Cosmology Science Working
Group et al. (2018), the adopted design baseline is that it consists of 133 dish arrays with a
dish diameter of 15m, which will provide angular resolution of 0.3 arcmin at 1.4GHz. The
SKA1-MID is planned to use 5 different frequency bands among which the most cosmology
relevant are band 1 and band2, especially for bandl the target frequency and redshift are
0.35GHz < v < 1.06GHz and 0.35 < z < 3 respectively. The wide bandl survey of the
SKA1-MID will cover 20,000deg? of the sky and about 10,000hours will be planned.

One of the main targets for the HI intensity mapping survey is to detect the Baryon
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Acoustic Oscillation (BAO) with a very large scale survey. The measurement of the BAO
is, as mentioned, one of the probes of the nature of dark energy since the measurement of it
with different redshifts provide a strong constraint on the expansion history of the universe
through the angular diameter distance and the Hubble parameter, which is very affected by
the energy budget of dark energy and its equation of state.

For the conventional galaxy survey, it has been detected the peak scale of the BAO in the
galaxy distributions Eisenstein et al. (2005); Beutler et al. (2011); Cuesta et al. (2016). The
distribution of galaxies in the Universe is very distinct, such that we see that it would trace
the underlying matter distribution. However, the determination of the redshift of each galaxy
is much time expensive so that obtaining the large scale distribution of galaxy needs much
time. Also, the large scale distribution of galaxies has a limitation in the radial direction since
it can not be observed as long as they exist in principle.

On the other hand in terms of the survey volume for Hi, it is expected to overwhelm
the galaxy surveys by not only the sly coverage but also redshift. In Figure 4.2, we show
the expected survey volume conducted by the SKA as well as future galaxy surveys such as
BOSS (Eisenstein, 2015), DESI (DESI Collaboration et al., 2016), Euclid (Racca et al., 2016),
WFIRST (Kruk, 2019), HETDEX(Adams et al., 2011). The Figure is adopted from Santos
et al. (2015).

As shown in Figure 4.2, the SKA intensity mapping survey will trace the huge distribution
of neutral hydrogen as a biased tracer of dark matter, which will provide not only the detection
of BAO but also the property of cosmic voids. As mentioned in the previous Chapter, It is
important to have much more void samples to succeed in the Alcock-Paczynski test with the
shape of cosmic voids. We consider that the future Hr intensity mapping survey will open
the window of void statistics as well. In the next chapter, we will investigate the possibility

to apply voids in the intensity map to the Alcock-Paczynski test.
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Chapter 5

Alcock Paczynski test with stacked

voids in H. intensity mapping

In this chapter, we are going to investigate the possibility of the Alcock-Paczynski test with
stacked void in the HI intensity mapping survey. First, we would like to introduce how we
construct the mock Hi intensity map and then we will explain the method to detect void
structure with a particle base void finding algorithm. We analyze the average shape pf voids
and practice the AP test and obtain the density parameter estimation. We finally discuss the

effect of peculiar velocities and observation resolution.

5.1 Mock Hi map

In order to investigate the possibility of the AP test with void stacking technique to the future
Hi intensity popping survey, we examine our procedure by using hydrodynamical simulation
data. In this work, we have adopted the IllustrisTNG simulation which is the state of the art
cosmological simulation of the matter dynamics (Pillepich et al., 2018; Naiman et al., 2018;
Springel et al., 2018; Nelson et al., 2018; Marinacci et al., 2018; Nelson et al., 2019). Since
the simulation data include physical valuables of the baryonic components, we can produce
the mock intensity map based on the simulation results. In this section, we will show our

procedure to make mock maps.

Spin temperature

In Section 4.2, we have explained that the spin temperature is determined by the coupling with
the CMB temperature, the kinetic temperature of the IGM gas and the color temperature of
the UV background photons as equation (4.2.7), where the coupling coefficient yx is described
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interns of the number density of the baryonic particle,

*

K pr—
YK = AT,

(knuHT + Kpnp + KeNle) , (5.1.1)

where ng,n, and n. are the number density of hydrogen atom, proton and electron, kg, K,
and k. are the de-excitation rates in collisions with hydrogen atoms, protons and electrons
respectively. These de-excitation has been calculated by previous works, and we follow the
same manner as Kuhlen et al. (2006). For the collision with hydrogen atoms, Allison &
Dalgarno (1969); Zygelman (2005) calculated the de-excitation rates which is fitted by

—32
[Cn’g%l] = 3.1 x 107177 exp <_TK> : (5.1.2)

For the collision with electrons Liszt (2001) provided a fitting formula,

10—9-607-+0.5 log(Ti) exp(—(log Tic)*-5/1800) (T < 10%)
ke _ -7 (5.1.3)
[em?s™H | k(T = 104K)) (Tk > 10%).

Re

For collision with protons, the rate is obtained by multiplying £z by 3.2 (Smith, 1966),
so that
Fp

—— =3.2 . 5.1.4
[cm3s—1] FHL ( )

The coupling coeflicient yc is determined by the process known as the Wouthuysen -
Field effect (Wouthuysen, 1952; Field, 1958). This process tells us the possible transition
that the hydrogen in the ground state (n=1) jumps to the next above energy level (n=2) by
absorbing the Ly-a photon and then emitting Ly-a photon

The coupling coefficient yo is written (Furlanetto et al., 2006)

Ja
S 5.1.5
Yyc Je ( )

where .J,, is the flux at Ly-a frequency, J¢ = 1.165 x 10719[(1 + 2)/20)]em ™25~ "Hz lsr~! and
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Figure 5.1: Collisional rates as a function of the gas temperature. As expected, the collisional rates
become large when the gas temperature is high.

S, 18 a correction factor which is approximated as

106\ /3

v is the inverse Gunn-Perterson optical depth, which is defined by

_ ot = HEve (5.1.7)
XaHI €

where y, = 7’7%20 fa, fo = 0.4162 is the oscillator strength of the Ly-a transition. Those
coupling coefficients include the number density of hydrogen gas, proton, and electron. In
order to calculate those values, we adopted the Cloud-in-Cell scheme to translate the particle-
based data into the grid-based data. The simulation box divided into 2563 grids.

In Figure 5.2 we show example maps of dark matter distribution and 21cm intensity fields.
In the left panels of Figure 5.2, we show the dark matter distribution in the IllustrisTNG
simulation, while in the right panels we illustrate the 21cm intensity fields by the procedure
described above. The top panels show the snapshot at z = 3, the bottoms are z = 0. We
can see rich structures and their evolutions in the dark matter distributions such as voids,

filaments, and halos. For the right panels, we can also see the similar structures found in the
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Figure 5.2: Dark matter density field (left panels) and the intensity map of the 2lcm line(right
panels). The top panels are the snapshots at z = 3 while the bottom panels are z = 0.
In the dark matter distribution, we can see rich structures such as voids, filaments, and
halos. On the other hand, the intensity fields traces the dark matter structures.
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dark matter distributions, so as our expectation, the emission of the neutral hydrogen is a
good tracer of the large scale structures.

We note that what we would like to achieve is to identify voids from the intensity map
and conduct the AP test with stacked voids. However, it also should be noted that the AP
test demands statistical isotropic objects. From this point of view, we do not care about what
the structure exactly is. So we expand our aim that we would like to conduct the AP test
with intensity contour surface surrounding cosmic voids. Similar to voids in the galaxy survey
map, we can assume that voids in the 21cm intensity contour map are statistically spherical
according to the cosmic principle.

In Figure 5.3, we show the original intensity map and the contour maps by separating
regions whether the intensity is larger or not than the thresholds. In this figure, we vary the
threshold value from 0.01,0.1, 1 and 10 times the averaged intensity for the middle left, middle
right, bottom left and bottom right panels respectively. We see that different contour levels
draw different pictures of the structures. For low contour levels, we can surely distinguish the
void structures while some possible void regions are painted out. On the other hand, for a

higher contour level, the structures seem faint, so that the shape of voids is ambiguous.

5.2 Void finding in the H: intensity map

As we have already mentioned our aim is to investigate the possibility of the AP test in
the future Hr intensity mapping survey with the void stacking technique. We have adopted
publically available code “VIDE” (The Void IDentification and Examination toolkit) in order
to find void structure in the mock intensity maps produced from the IllustrisTNG simulation.
We first explain how VIDE finds voids. The core component of VIDE is ZOBOV (Neyrinck,
2008) which finds void structure based on the Voronoi tessellation (van de Weygaert & Schaap,
2009) and watershed algorithm (Platen et al., 2007). The example procedure is in Figure 5.4
which is adopted from Neyrinck (2008)

ZOBOV first does the Voronoi tessellation on the particle distribution to estimate the
density of each particle position which is illustrated on the top right panel in Figure 5.4. In
the panel, each Voronoi cell is colored according to its volume or density. In the panel, the
lower the density is the darker the color is. After the Voronoi tessellation of the space, ZOVOV
finds local minima density cell which is not adjacent to lower density cells than themselves.
Then, ZOBOV ties the local minimum cells with the next cells to them and repeat this process
until the density of the tied cells reaches the density edge. The locally maximum cells are
tied with the lowest density cells among their neighbors. This process is called zoning and

each grouped cells are called zones, the result of this process is shown in the lower-left panel
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The intensity map and its contour maps. The top panel indicate the original intensity
map while the middle and bottom panels are intensity contour maps made from the top
panel. In the contour maps, each region is distinguished by the colors such that if the
brightness temperature is larger than the contour threshold, it is painted as a bright
color while if the brightness temperature is below the threshold, it is colored as dark.
Therefore we can regard the dark regions as void regions. Here we very the contour levels
as 0.01,0.1,1 and 10 times average intensity for the middle left, middle right, bottom left
and bottom right panels respectively.
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Figure 5.4: An example of the Voronoi tessellation and watershed method to find void structures,
adopted from Neyrinck (2008). On the top left panel, the particle distribution is illus-
trated. The first step of void finding by ZOBOV is to conduct the Voronoi tessellation
on the particle distribution, which is illustrated on the top right panel. On the top
right panel, each Voronoi cell is colored according to their volume (density). By zoning
the Voronoi cells, ZOBOV finds primitive voids that are called zones as shown on the
bottom-left panel. The final step is to gather each zone if its boundary is not above a
threshold. After jointing zones, ZOBOV reports voids as the final groups of the Voronoi
cells, shown on the lower right panel.
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Figure 5.5: The example mock particle distribution (right) made from the left panel. We put a
particle if the intensity of the region is above the averaged value. The distribution of
particles reasonably trace the shape of voids.

in Figure 5.4.

The final step of ZOBOV is to joint the zones into voids. We note that each zone is a
primitively void, but if the density of their boundary cells is not high, those voids can be
regarded as one void. By default setup, VIDE reports every pattern of voids, in other words,
VIDE provide voids as resulting in joining zones as well as zones themselves if the size of
zones are larger than that of our demands since zones are in principle primitive voids.

As described above, VIDE identifies voids in particle distributions while what we are going
to do is to find contour surface surrounding voids in 21cm intensity fields. Hereafter we would
like to introduce our method to produce a particle distribution.

We assume that if §73, is large at a position the density of Hi or just matter is also large.
Then we put a particle if 673, is above a threshold. The threshold can take any values in
principle, while we have adopted the averaged value for the threshold. Because of the rule
to make a particle distribution, the particle distribution does not reflect the real density field
since we put a particle both relatively low 67}, and high §73, if both values are above the
threshold. Even though our mock particle distribution never reflects the matter density field,
it does not matter, since what we want is the shape of voids in the intensity fields. For only
this purpose, we consider that the process to make the particle distribution and void finding
will work.

We show the example particle distribution from the intensity map data in Figure 5.5. We
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Figure 5.6: The abundance of voids according to their radius. Different colors indicate different
redshifts. Our void catalogs show that voids of the radius between 5 Mpc/h and 10
Mpc/h are the most popular in the simulation box. Also The number of voids increases
until z = 2 because the large scale structure grows while it decrease after the redshift
since the marginalize process happens.

can see that the particle distribution reasonably trace the shape of voids surrounded by the
average intensity contour. Then we run VIDE to the mock particle distributions made from
the intensity maps for z = 0.5,1.0,2.0,3.01 and 4.01 respectively. We have obtained voids
as shown in Figure 5.6 In the figure, we show the number of voids according to their radius
defined as equation (5.3.5) for each redshift. We note that we do not adopt any filtering on
voids that VIDE outputs. Therefore, in fact, some voids might be just Poisson noise due to
the discrete particle distribution. In the original ZOBOV paper (Neyrinck, 2008), the author
suggested a way to distinguish the fake voids by considering the ratio of the density at the
center to the density at the ridge of voids. For example, if the ratio r of some voids is more
than 1.57, we can regard those voids as true voids with a 20 confidence level.

However, based on the concept of the AP test, we do not have to care about whether the
voids are really ”voids” or not. What is important for the test is to observe the isotropic
objects and this concept encourages us to use any voids which VIDE provides.

When we see Figure 5.6, we notice that our void populations have peaks at 5Mpc/h <
R < 10Mpc/h. Also, we can see that the number of voids increases until z = 2.0 while it

decreases toward the present after the redshift. Since the large scale structure grows as time
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passes, the void structures also evolve and can be of served more as time flow. However, in
the recent epoch, the margin process among voids begins to occur such that the total number

of voids will decreases while the voids in the recent epoch recognized as sure voids.

5.3 Void shape in the H:i intensity map

In the Alcock-Paczynski test, we measure the shape distortion due to cosmic expansion. What
we will observe about the size of a distant object in a survey is the angular and redshift span.
To reconstruct the original size of the object, we have to assume a cosmological model as
described in equation (3.2.1). If the shape of the object is spherical, we have the relation of
equation (3.2.2). Thus, in order to apply the shape of the cosmic voids in the Hi intensity
mapping survey to the AP test, we need to confirm whether the shape of stacked voids in the
H1 intensity fields is spherical or not at first. Then we are going to check the physical shape
of the staked voids.

Before doing that, we would like to introduce our void stacking process. The stacking is
done by setting the position of every void’s center at the origin, where the center of a void is

defined by the Voronoi cell volume-weighted center,

NP
P Vi,
To = # (5.3.1)
>V
where s, is the position vector of the center of the void, s; and V; is the position vector and
the volume of the Voronoi cell of the ith particle which is a member of the void and N, is the
number particle included in the void. Thus the position of the particle when the center of the

void is set at the origin (or the relative position of the particle from the center of the void) is
ox; = x; — T (5.3.2)

Then we define the size of stacked voids along each axis as the second moment of the particle

distribution,

N
1
N 2 2
1 (6x7, + 6x35)
2 _ 7 ?, 1,
A = =y (5.3.4)
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Figure 5.7: An example of 2 dimensional void stacking process. Here we stack voids of the radius
Res = 10£5Mpc/h. Both axes show the relative position of the particles from the center
of voids. From left to right panels, the numbers of voids for the stacking are 10,50 and
100 respectively. The red solid lines in each panel show the averaged radial positions of
the particles within an azimuthal bin. The black dashed lines are the reference circles
whose radii correspond to the averaged radial position of all particles. One can see that
the shape of stacked void seems to be more spherical when the number of voids for
stacking becomes large.

where N is the number of total particles which are stacked and we suppose the third axis of
the simulation data as the line of sight and the first and second axises as the angular direction.
We stack voids within the narrow radius bin like Reg +0.5Mpc/h, where the effective void

radius is determined by the volume of it,

Reg = <3v> " (5.3.5)

where V' is the volume of the void.

In Figure 5.7, we show the shape convergence of the 2D stacked voids. The numbers
of voids to be stacked are 10, 50, and 100 from the left to the right panels, respectively.
The dots indicate relative positions of the void particles. Here, we have stacked voids of the
radius of 10 £ 0.5Mpc/h. The red solid lines show the averaged positions of the particles
within azimuthal bins, while the black dashed lines represent the reference circles. One can
see that the red line in the left panel is fluctuating along the black circle, which indicates
that if the number of voids for stacking is not enough, the shape of the stacked voids is
ambiguous. On the other hand, if the number of voids to be stacked is large, the red line
converges towards the black circle as in the right panel. Thus, our hypothesis that the shape
of stacked voids found in the intensity map is spherical is correct when we stack the enough

number of voids. In Figure 5.8, we show the ratio between Az and Az for stacked voids
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Figure 5.8: Top: The normalized AP signal of stacked HI voids, where efi is calculated by adopting
fiducial cosmological parameters adopted in the HlustrisTNG simulation. The error bars
show the 1-0 confidence regions around the data points. One can see that the normalized
signals are consistent with unity which suggests that the shape of the stacked void is
spherical. It seems that this property does not depend on the redshift and the size of the
stacked void.
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of the radii with Reg = 5,10,and 15Mpc/h at z = 0.5,1,2,3, and 4. Since we have only one
realization simulation data, we evaluate the variance of the shape measurement by means of
the bootstrap method. We reconstruct mock catalogs by sampling the same number of voids
in a radius bin from the original catalog has. In the sampling process, we allow overlapping
voids. By the above process, we produce 100 mock catalogs and calculate the size ratio of
stacked voids for each catalog, and evaluate the mean value and variance among the catalogs.
One can see that the ratios are consistent with unity, which also indicates that the shape of
stacked voids is spherical. We have confirmed that this trend does not depend on the void
size and redshift so that we can perform the AP test by using the stacked voids in the Hi
intensity map.

We note that in the future intensity mapping survey conducted by SKA1-MID, we will
observe 20,000deg? of the sky. This corresponds to 20, 61,149,225 and 286 time as large as
the IlustrisTNG-3 simulation size for z = 0.5,1.2,3 and 4 respectively. Thus, if we obtain a
similar intensity map from the actual observation to our simulation, the error bars are reduced
by at least 1/ V20 if noise-free situation. We note, however, for making the simulation map,
we do not include any contaminations such as the resolution effect, noise, foreground and
so on. Even though it is possible to obtain a different result from this study in the real
observation, one of our aims is to investigate the possibility of the application of the test to

the Hr intensity mapping survey, we conduct the AP test with our signals.

5.4 Performing the AP test

In the previous section, we confirm that the averaged shape of voids in the H1 intensity field
becomes spherical when we stack enough number of voids. Now we are going to consider
performing the AP test by using the shape of stacked voids. Here we adopt the Markov Chain
Monte Carlo (MCMC) method to estimate the cosmological parameters. In this method, we

calculate the probability distribution of the parameters based on the Bayes’s theorem,

P(p)L(e|p)
P(p')L(elp)dp”

P'(ple) = T (5.4.1)

where p and e are a set of model parameters and observation data, L(e|p) is a probability to
obtain the data e when the parameters are p, which corresponds to the likelihood. P(p) and
P'(ple) are called prior distribution and posterior distribution respectively. The latter is the
probability distribution of the parameter set after getting the data, which is what we want

here.
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When we assume that the probability of the observation data follows the Gaussian distri-

bution, the likelihood of this measurement is given by

2
1 (et —er)
Lielp) = [[ —=——=exp |- ~Ls52 |, (5.4.2)

ij 27o;

f‘;‘ta and o? ; are the observation data and the variance of the data, e;(p) is the

theoretical value determined by the model parameters. Here the observation data can be

where e

produced by the relation of observable and the physical size in equation (3.2.1) as

SR C XH (2, Qid, wia) Az
) — A0 i CZ; A.ZUJ_ ij’

(5.4.3)

where the subscript ¢ and j are the index of redshift and the stacked void radius. The

theoretical value of the AP signal can be obtained by assuming Az = Az, namely

Az xH(z;,Q,w)
= . 5.4.4
zAO cz ( )

ei(p)

As described above equation, our model parameters here are matter density parameter and
the equation of state parameter of dark energy, which appear in the Friedmann equation

(2.1.4). For the prior distributions of them, we assume a step function such as

P(Q,) = 1 (0<8a <), : (5.4.5)
(otherw1se)
1 (w< -y,
Plw) = (otherw1se) (5:49)

In Figure 5.9, we show the parameter estimation result by the MCMC analysis. For MCMC
calculation, we utilize a python module called EMCEE (Foreman-Mackey et al., 2013). In the
figure, two circles in the contour map indicate 1o and 20 confidence region of the estimation.
On the other hand, the vertical lines in the one-dimensional estimation show the 1o confidence
region. The blue solid lines show the fiducial values of the parameters, which are {2 = 0.3089
and w = —1.0. We can see that the estimation of the parameters is consistent with the

fiducial values by the 1o confidence level. The result of the estimation of the two parameters
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Figure 5.9: Parameters estimation by MCMC sampling. The contour map shows 1o and 20 confi-
dence regions while dashed vertical lines in the one dimensional estimation indicate 1o
confidence regions. The blue solid lines show the fiducial values of each parameter, for
which we assume the ACDM model as a fiducial model. The estimation is consistent
with the fiducial values by the lo confidence level. The results are Q = 0.30307 5055
and w = —1.01179-0%3.
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are Q = 0.3030150005 and w = —1.01170573. This result suggests that the AP test in the

intensity map with the stacked void method can be possible in principle.

5.5 Redshift space distortion effect

So far we have investigated the possibility of the AP test with stacked voids surrounded by the
Hr intensity contour surface and we confirmed that the averaged shape of the voids is spherical
so that we can estimate the cosmological parameters by measuring the shape distortion of the
voids due to the expansion of the Universe as Figure 5.9. Even though the AP test can be
achieved by the procedure we have proposed in principle, there is a big problem in the test,
that is to say, the redshift-space-distortion (RSD). This distortion is caused by the peculiar
velocities of the objects along the line of sight. The observed redshift of the objects includes
the effect of cosmological expansion as well as the Doppler shift due to the motions along the

line of sight,

_ v — UO,
tops = % + A0l (5.5.1)
ca
where v and v0, || are the peculiar velocities of the objects and observers along the line of
sight, respectively. z represents the redshift due to the expansion of the Universe. Then, the

comoving distance to the object is

Zobs Cdz B e UO,

e (5.5.2)

Thus, the observed positions of the objects would be different by the effect of the peculiar
velocities. In the Hi intensity mapping surveys, we observe the redshifted 21cm lines, which,
of course, include the effect of peculiar velocities, and then the estimated positions of the Hi
gas are also distorted compared to the one with no peculiar velocities. This RSD effect causes
a systematic error in the AP test, and we should take care of these distortions in order to
take the true cosmological expansion history. In the previous studies, the effects of RSD on
the stacked void’s shape were reported (Lavaux & Wandelt, 2012; Sutter et al., 2014; Mao
et al., 2017c). Among those studies, the RSD effect has appeared as a flattening of the void
shape along the line of sight.

Here we also would like to investigate its effect on our procedure. In order to introduce
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Figure 5.10: A comparison of 2-dimensional stacked void in real-space (left) and redshift-space
(right). Here we stack voids of the radius Reg = 10 & 5Mpc/h. Both axes show the
relative position of the particles from the center of voids. For both panels, we stacked
100 voids. The red solid lines and black dashed lines in each panel are the same ones
as in Figure 5.7. The yellow dotted line in the right panel indicates an ellipsoid fitted
to the void particle positions in redshift-space. One can see that the shape of stacked
void in redshift space seems to be squashed along the line of sight.

the effect of peculiar velocities, we shift the gas-cell positions when we make a grid field,

(1 + Z)U”

=T T HG

(5.5.3)
where x| and v are the position and velocity of a gas cell along the line of sight in the
simulation box, and therefore, s| is the position of the gas cell in the redshift-space. For
simplicity, we set the observer’s velocity equal to zero.

Then we make mock intensity maps in redshift-space and finds void structure in the same
manner as we have conducted in the real-space in which we do not include the effect of the
peculiar velocities. Here we again ignore the resolution and noise effects, so that we construct
256 grid fields and calculate the brightness temperature.

Figure 5.10 shows the 2D stacked void in real-space (left panel) and redshift-space (right
panel). The left panel is the same one in the right panel in Figure 5.7. In the right panel,
we notice that the red solid line seems to come into the black dashed circle in the line of
sight direction, while the red line goes out the black circle along the horizontal direction. We
have fitted the particle positions in the right panel by an ellipsoid, which results in the yellow

dotted line in the panel. In this case, the ratio between the major axis and the minor axis
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was 0.9075. One can see that the yellow line reasonably traces the red line.

This result indicates that the void shapes in the Hi intensity field in redshift-space are
squashed along the line on average. This is the same trend as reported in the previous studies
with the dark matter or mock galaxy distributions.

In Figure 5.11, we plot the ratio between As)/As, for several stacked void radii and
redshift. Those ratios result in to be less than unity as expected in Figure 5.10. The ratios
are about 0.9, which is consistent with the previous works. In the figure, only R = 15Mpc/h
at z = 4 deviates from the trend, but we think this is due to the small samples in our catalogs.
So if we observe larger volumes and obtain more samples, the signal would be shifted as other
signals do.

We can understand this flattening effect in 2 ways. One of them is the elongation of the
void ridges along the line of sight, which is so-called the finger-of-god effect. This elongation
is caused by the random motions in the clusters. The other one is the Kaiser effect (Kaiser,
1987) which is the large scale coherent motion of clusters. In both cases, the void region is
squashed along the line of sight and due to the definition of the stacked void sizes is calculated
as the second moment of the mock particle positions around the center of voids in our analysis,
the size of the stacked void along the line of sight tends to be flattened in redshift-space. To
perform the AP test, we produce the AP signals in the same way described in the previous
section but exchanging the size ratio Az|/Az) to As)/As].

To estimate the cosmological parameters correctly, we must remove the effect of peculiar
velocities properly, otherwise, we fail to estimate the cosmological parameters. As already
mentioned, previous works try to remove the effect by calibrating how much the shape distor-
tion due to the RSD effect appears. For example, Lavaux & Wandelt (2012) proposed that
multiplying by 1.16 £ 0.04 is reasonable to restore the sphericity of the stacked void in the
dark matter distribution. According to their suggestion, we first try to remove the effect of
the peculiar velocity by multiplying a constant. Then, we calibrated the constant to recover
the sphericity in our simulation results and found that the stacked voids in the Hi intensity
fields are squashed by the factor of 0.9071f8:88§% along the line-of-sight direction on average.
Thus, we can recover the sphericity of the stacked voids by multiplying the inverse of the
factor.

After we corrected the AP signals, we conducted the MCMC analysis to estimate the
cosmological parameters. In Figure 5.12, we show the result of the parameter estimation.
One can see that the estimated cosmological parameters are different from the fiducial values
even though the correction factor is optimized to restore the theoretical curve with {2 = 0.3089
and w = —1. We notice that the deviation in the estimated equation of state parameter from

the fiducial value seems larger than that of matter density. We would like to note that this
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Figure 5.11: The ratio between sizes along and perpendicular to the line of sight direction including
the effect of peculiar velocities of HI gas. The ratio of several radius of stacked voids
are plotted from z = 0.5 to 4. Even though the shape of the stacked void is spherical
without including the peculiar velocities, the RSD effect breaks the condition. The
RSD effect appears as flattening of void shape along the line of sight. It seems that the
flattening effect does not depend on the void radius but redshift. The blue dashed line
indicates the theoretical model prediction, which is fitted to the data points in advance.
The black dotted line is the result of the model fitting with the AP test at the same
time.
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Figure 5.12: The same as Figure 5.9, but using corrected AP signals in redshift-space. The estimation
of both the matter density and the equation of state parameter is inconsistent with the
fiducial values.

result may be ambiguous since the accelerated expansion is more effective in the late epoch
universe so that we need more samples at the late epoch to constrain w.

Although we have estimated the cosmological parameters after calculating the correction
factors so far, the estimation is very dependent on the correction factors. In order to see
the dependence on the estimation of the correction factors, we reanalyze the AP signals by
adopting the correction factor to be a free parameter. So we conducted the MCMC estimation
including the correction factor. In Figure 5.13, we show the results of the parameter estimation
including the free correction factor which is represented as “offset” in the figure.

Even after we correct the AP signals, the parameter estimation seems to fail. This result
indicates that the correction by the constant factor is not suitable for our analysis. We

consider that this is because of the time evolution of the peculiar velocities of tracers. In fact,
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offset

Figure 5.13:

Q) w offset

The parameter estimation by the AP signals with binned stacked voids in redshift-
space. The dashed vertical lines indicate the 1o confidence region while blue solid lines
indicate the fiducial values of the parameters. For offset, we set the optimized value as
the fiducial value. The difference between Figure 5.12 is that we estimate the correction
factor as a free parameter at the same time. We can see that the matter density and
correction factor are tightly degenerate each other.

73



(G
N

i [
3 N ,
o 1|
E 1 1
" I 1 1 1
Pl 1 1 1 1
A - 1 1 1 1
7 1 1 1 1
1 1 1 1
1 1 1 1
T T T T T T T T
o % N\ Q) > o) Q » \
Q) @ S % N Q)
Q Q Q Q Q o~ »~ o~ S
Qm w

Figure 5.14: The parameter estimation with removing the RSD effect by the linear theory formula
as indicated as blue lines. The red lines indicate the results by the constant fit as shown
in Figure 5.12. We obtained €, = 0.309375-057% and w = —1.008T) 572 after recovering
the AP signals by the linear theory fit model.

the previous works analyze a narrow redshift range compared to our analysis so that the time
evolution could not be seen in their results. Here we are going to take the time evolution of
the peculiar velocity into account to remove the RSD effect properly.

The size ratio in redshift-space can be expressed as

Asﬁ 1 ) (14 2) (0z) - vp|)) N (1+2)? <U2H>

A2 T A2 (o)) +2 H(z) H(z)?

(5.5.4)

If the gas velocity is approximated to the dark matter velocity, the peculiar velocity can be
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expressed by using the linear theory as

R
vp(x) = — Mt /d3x’H5(:r’), (5.5.5)
where D(z) is the growth factor defined in section 2.2.1, f(z) is the growth rate defined as

fla) = dlglfia) = IfD. (5.5.6)

In this case, the size ratio in redshift-space can be expressed as

As|
As, = (ID() + 5. (5.5.7)

Thus, if the dynamics of the void tracer particle can be written by the linear theory and
there is no velocity bias between the dark matter and the tracers, it is possible to forecast the
RSD effect so that we can estimate the coefficients o and 8 analytically.

However, this trial does not work when we try to estimate the RSD effect only in the
analytic way. This result indicates that even though the density fluctuation inside the void
region is mild, the void ridge which makes the shape is composed high-density objects. Thus,
there might be some non-linear effect in the void dynamics. And also, there should be velocity
bias between the dark matter and the Hi gas, so that it is a quite hard problem to estimate
the RSD effect only by the theoretical way.

Then, we leave o and [ as free parameters and we fitted them to describe the signals. As
a result, we have obtained a = 0.1329701530 and 8 = 0.901675:075. By using these values,
we can reasonably describe the AP signals including the RSD effect as shown in Figure 5.11.

Then, we correct the AP signals by using the equation (5.5.7) and conduct the MCMC
parameter estimation. We show the results in Figure 5.14. In the figure, we also show the
parameter estimation results with the constant fit, which is indicated by the red lines. On the
other hand, we show results with the linear theory fit by the blue lines. One can see that the
correction by the linear theory fit seems to be a success so that we can recover the fiducial
cosmological parameters as indicated by the solid vertical lines. In the linear fit case, we have
obtained the cosmological parameters as Qy, = 0.309370:397¢ and w = —1.0087)932.

We note that as in the case of the constant fit, in the actual observation we do not know
the true parameters o and 5. To see the relationship between those parameters and the

cosmological parameters, we have conducted the MCMC analysis including a and g at the
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Figure 5.15: Same as Figure 5.14 but all the parameters are jointly fitted at the same time. We find
that the RSD correction parameters and cosmological parameters are largely degener-
ate with each other. The estimated value for the cosmological parameters are biased;
however, it is still consistent within 20. The best-fitting values are Qy, = 0.172375-073%,

w = —1.69270563, o = 0.132977 1355, and 8 = 0.9016¥5:0357.
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same time. In Figure 5.15, we show the parameter estimation results. We can see that each
parameter largely degenerates and the preferable values are different from the fiducial values.
For parameters « and 3, we set the fiducial values as the one which has been obtained in the
previous analysis. Even though the likely values are different from the fiducial values, the

estimation is consistent with the values within 2-o level.
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Chapter 6

Conclusion

In this thesis, we have investigated the possibility of the application of the cosmic voids
properties to the constraints on cosmological models. In terms of the void formation, we
confirmed that void formation will be affected by the dark energy clustering if the void size
is larger than the Jeans length of dark energy clustering which is determined by the speed of
sound of dark energy fluid. To see the effect, we adopted the spherical void model and solving
the evolution of the dark energy perturbations inside the void region. Even though the effect
of dark energy clustering is sub percent level on each void formation, on a statistical property,
namely size abundance, the effect is significant in which we confirmed that there are more
than ten percent level deviations above the Jeans scale. The deviation can be found when the
void size is larger than the Jeans scale. From this point of view, void size abundance can be
one of the tools to distinguish the speed of sound of dark energy. However, the modification of
the size abundance degenerates to the difference in the equation of state. So, in order to solve
the degenerate, we need to determine the equation of state by the independent observations.

In addition to the possibility to distinguish the clustering nature of dark energy, we also
study an application of void shape to constraint the cosmological models. The method is
evolution model-free and it only demands either intrinsic or statistical isotropy of the observed
objects, which is called the Alcock-Paczynski test. There have been some candidates to be
proposed for the AP test. Among them, the averaged shape of voids has been paid attention
to the test, since our observation region in the Universe is getting larger so that we can treat
voids statistically. The averaged shape of voids is expected to be spherical even though each
void shape is far from the sphericity. Thus it can be applied to the AP test. For now, there
have been some studies that try to get the background energy budget of dark matter by
combining the AP test and the shape of stacked void in galaxy surveys, but due to the shape
noise, the constraints were weak.

In this study, we attempt to find voids in the Hi distributions, which are also the biased
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matter tracer and can be detected by the redshifted signals of the 21cm line. In order to
trace the shape of voids in the intensity fields, we developed a method to identify the void
region from the intensity fields by particle void finder, VIDE. In the process, we expand the
concept of the void, in other words, we defined voids as low-intensity regions surrounded by the
averaged intensity contour regions. We also assume that the shape of voids in our definition
is expected to be spherical when they are averaged due to the cosmological principle.

We confirmed the sphericity of the stacked void surrounded by the intensity contour and
that can be applied to constrain cosmological parameters such as matter density and the
equation of state parameter of dark energy more precisely than the previous works with
galaxy surveys. However, as is the case of galaxy surveys, the peculiar velocities of the gas
along the line of sight distort the shape of voids systematically. So, if we do not remove the
RSD effect properly, we misestimate the cosmological parameters.

Even though the previous works try to remove the RSD effect by multiplying a constant
factor since the distortion does not seem to depend on the redshift, the procedure fails in
our analysis. One of the reasons for the failure is that we analyze a wider redshift range. To
introduce the time dependence of the RSD distortion, we adopt the idea of the cosmological
linear perturbation theory. The theoretical model reasonably traces the shape distortion due
to the peculiar velocities if the calibration of model parameters is conducted in advance.
We confirmed that the RSD effect degenerates with the cosmological parameters estimation
especially.

According to our study, we have shown that the void size property is very sensitive to
the clustering nature of dark energy and the averaged void shape can be used to constrain
the cosmological parameters such as €2 and w through the expansion history of the Universe.
These results suggest that the cosmic voids can become one of the important observation
targets although we have paid attention to bright or matter clustering regions. Thus, we

conclude that voids are essential observable in order to know our Universe more precisely.
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Appendix A

Derivation of the halo mass

function from a random walk model

Here we solve the diffusion equation appearing in Section 2.3.2

d11(5,5)  1911(5,5)
s 2 0%

(A.0.1)

as the one barrier problem for the halo formation or the two barriers problem for void forma-
tion by the same manner of Zentner (2007) The diffusion equation often appears in a thermo
dynamics in which the coefficient in the right hand side is called heat conduction coefficient.
For the halo formation case we will use the Fourier transform method while for void formation

case we will use the valuable separation method.

A.1 Single barrier problem

Now we consider the random walk trajectory of § at scale S. The condition of the trajectory
is that the trajectory has never reached a threshold value §.. This condition implies the
boundary condition II(d.,S) = 0 and we set the initial condition as II(d,.Sy) = dp(d — o).
The initial condition comes from the fact that the trajectory starts only the point (dg, So)
Now, we change valuable from ¢ to v = 6. — d such that II(y = 0,.5) = 0 for the boundary
condition and II(v,Syp) = dp(y — 7o) for the initial condition. The Fourier transform of the
II(y, S) is

II(v,S) = 71T/000 A(k, S) cos(kvy)dk + % /000 B(k, S)sin(kv)dk (A.1.1)
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where the coefficients A(k,S) and B(k, S) are determined the inverse Fourier transform,

Ak, S) = / TGy, ) cos(ky)dy, Bk, S) = / TGy, ) sin(k)dy. (A12)

The boundary condition II(0, S) = 0 demands

10, §) = = /Ooo Ak, S)dk = 0, (A.1.3)

s

thus we know A(k,S) = 0. Then, the diffusion equation can be written

0B(k,S) k2
———=——B . Al14
The solution of the above equation is
k2
B(k,S) = C(k)exp (—2S> , (A.1.5)
so that we obtain
1 o0 ' k2
II(y,S) = — C(k) sin(kvy) exp —55’ dk. (A.1.6)
T Jo

Since the Fourier transform of II is written by only sine functions, its inverse Fourier transform

should be,

2 o0
C (k) exp (—ZS) = 2/0 II(vy, S) sin(k~y)d~y (A.1.7)

Now using the initial condition,

C(k) exp <—k2250> =2 /OOO I1(~, So) sin(kvy)dy

= 2/ dp(y — o) sin(kvy)dy
0

= 2sin(kvo) (A.1.8)
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Thus,

C (k) = 2sin(kvp) exp (S;H) : (A.1.9)
and
% /0 - sin(kvg) sin(kv) exp < (S_QSO)k;?> dk
717/000 cos(k(y — o)) — cos(k(y +70))] exp [—(S_QSO)H] dk. (A.1.10)

The integral in the right hand side finally results in

11(5, ) = 27T(;—50) [exp (—M) —exp <_ 200 ;fg}:éi)— 50)]2” (A.1.11)

where we use a formula

o0 —bSC2 ]. Vs a2
=—4/T - . A1.12
/0 cos(ax)e " dx 2\/;exp ( 46) , (b>0) ( )
By setting the initial condition (¢, Sp) to (0,0) we obtain
1 52 [§ — 26.)
I1(6,5) = —— — - A.1.13
6.5) = o [ow (~55 ) -~ (252 (A1.13)

This is the probability distribution of the trajectory which reaches (§,.S) without crossing 6.

earlier.

A.2 Double barrier problem

The next one is the case for the formation of the low density regions. The required condition
for the trajectory is that it has never reached both §. and J, which is the criteria of the
void formation. It is analogous to the Press-Schechter case that the boundary conditions are
I1(6y, S) = (0, S) = 0. We again change the valuable as v = d — §,, so that II(y =0,S5) =
II(y. = 6 — 6y, 5) = 0 and (v, Sy) = dp(y — ). To solve the diffusion equation as a two

barriers problem, we adopt the valuable separation method this time.
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We assume II(v, S) = G(v)P(S) and then the boundary conditions imply
G(0)P(S) =0, G(v.)P(S) =0. (A.2.1)

If P(S) = 0, it is nothing to do with the random walk model. Therefore the boundary
conditions indicate P(S) # 0 and G(0) = G(v.) = 0.
The diffusion equation (A.0.1) is

1dP 1 &G

1aP 1 d4°G A2.2
PdsS _ 2Gdz2 " (A-22)

where £ is some constant. It is straightforward to derive P(S) o exp(xS). Even though x can
be any constant, because of our interests, x should be k < 0. For example, when k = 0, the
general solution of G(v) is G(I') = ay+b. For this solution, the boundary conditions demand
a,b = 0. The other case is when £ > 0. The general solution is G(v) = A exp(kvy)+B exp(—k7)
and the boundary conditions tell us A = B = 0 as well.

Hereafter we consider x = —k? < 0. The general solution is then,
G(y) = Acos(\/§k’y) + Bsin(\/ik’y). (A.2.3)

The boundary condition of G(0) = 0 indicates A = 0 Furthermore G(v) satisfies G(v.) = 0,
so that v/2k = nm /., where n = 1,2, 3, ... Therefore,the general solution of G(v) is written

G(v) = g C,, sin <7fy”7> (A.2.4)

where C), are some constants Then the general expression of II(vy, ) is,

o0 2,2
II(y,S) = Z Cy, sin <7}yﬂfy> exp (—T;;;S) (A.2.5)
n=1 ¢

C

The final step is to determine the coefficient C,,. Recalling the initial condition Sy = 0,

(.00 = sin (j”v) — by — ) (A.2.6)
n=1 ¢
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By the orthogonal relationship,

L nm mm L _
/0 sin (Lx> sin (Lac) =<2 (n=m) (A.2.7)
0

we multiply (A.2.6) by sin(mmy/~.) and integration of it from vo — 7./2 to Yo + 7¢/2 results

m

2
Cp = —sin <n7r70> . (A.2.8)
Ve Ve

Thus the general solution of II(vy, S) with two barriers is

2 nmw nm n2m?
- — sl — 1 — - . L.
(v, S) g sin < -~ 70) sin < - 7) exp ( 202 S) (A.2.9)

Finally we recover « to 9,

(A.2.10)
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Appendix B

Resolution effect

Even though we revealed that the AP test in the Hr intensity contour with stacked void
technique has a huge potential to put a tight constraint on cosmological models in principle,
our simulation setup has been a very simplified and idealized one. Here, we are going to
evaluate the feasibility of the AP test by assuming future SKA observation detectabilities.

One of the biggest concerns is whether we can detect the fluctuation in the intensity field.
In the previous analysis, we detect void shape by setting a threshold that corresponds to the
spatially averaged brightness temperature. Our concern is that whether we can trace the void
shape by the threshold. In order to outline the void shape by the average threshold, we need to
detect intensities at least less than the average intensity otherwise the noise will overcome the
intensity field and we cannot trace the Hi structures. Here we consider only the instrumental
noise. The noise amplitude can be determined by the angular and redshift resolution as well as
the observation time. Assuming the SKA observation, such noise amplitude can be estimated
as (Furlanetto et al., 2006; Horii et al., 2017)

1'\? (MHz 100h\ /2 /1 + 2
0T hoise &~ 264 | — K. B.0.1
noise (59) < Av tobs> < 1 ) a (B0.1)
By assuming the observation time to be t,,s = 1000h and the resolution in the previous

sections produce the noise amplitude as the left panel in Figure B.1. As shown in the panel,
our previous situation can be achievable only for z = 0.5. For higher redshifts, the averaged
signals are below the noise temperature. In order to solve this situation, we need to vary the
threshold value to trace the shape of voids or observe the intensity field with lower resolution
or take both procedures. The right panel in Figure B.1 shows the noise level when we fix the
angular resolution which corresponds to 2 arcmins as well as setting the frequency resolution

to correspond to the angular scale. In this case, the averaged signal can be detectable until
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Figure B.1: Signal and noise of the brightness temperatures. For the fixed resolution of our idealized
analysis, the signals are beneath the noise amplitude at z > 1.0. If the observation is
conducted with a lower resolution, the signal can be detectable. For the right panel, we
assume the angular resolution to be 2 arcmins.

z = 2.0. For higher redshifts, we can trace the void shape by modifying the threshold into 10
times larger the averaged value. We then make intensity maps with the 2 arcmin resolution
and make mock particle distributions in both real-space and redshift-space by setting the the
threshold to be the averaged brightness temperature until z = 2.0 and for higher redshifts
than z = 2.0 setting the threshold to be ten times larger value. However, we cannot find
enough voids for stacking at z = 3 and 4 since the structures are too smoothed and the mock
particles are too discrete to trace the void structures of the scale we have focused on. Thus
we simulate the AP signals until z = 2.0 and add additional redshift data at z = 0.3 and 1.5
so that the number of data in terms of redshift is the same. We note that when we make
the intensity map at z < 0.5 we fixed the number of grids as 2562 to reduce the calculation
time and the memory. This resolution is rougher than the even 2 arcmin resolution at the
redshifts. In this analysis, we have stacked all voids within the radius range by normalizing
the relative position of the particles from the center of voids.

In Figure B.2 we show the AP signals for this setup.

The figure shows that the AP signals in real-space keep unity which indicates that the
sphericity of voids is maintained in the relatively low resolution compared to the previous
analysis. On the other hand, we notice that the AP signals in redshift-space getting close to
unity at higher redshifts (1.0 < z) while at low redshifts they show the systematic deviation
as we have already observed. The reason we consider is that for higher redshifts the position
shift of the gas sells along the line of sight in redshift-space could not be resolved due to
the low resolution at higher redshifts. In this setup, the resolution scales are 1.339,1.767,
and 2.095 Mpc/h at z = 1.0,1.5 and 2.0 respectively. We analyze the peculiar velocities of
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Figure B.2: The normalized AP signals by the fiducial values for 2 arcmin resolution in both real-
space and redshift-space. Here we have stacked all voids within the radius range we have
focused on. The AP signals in real-space seems to keep unity for the redshifts while the
signals in redshift-space are close to unity at 1.0 < z and getting close to 0.9 at z = 0.5
and 0.3.

the gas cells in the simulation and obtain their velocity dispersions along the line of sight as
oy = 242.7,222.9 and 205.2 kms ™! for the redshifts, from which we expect the position shifts
are 2.730,2.374 and 2.047 Mpc/h respectively. These shift scales are close to the resolution
scales so that the position shifts have not been resolved and we could not detect the systematic
distortions.

Since it seems to be difficult to remove the RSD effect with the low resolution set up, we
perform the AP test only for the real-space data set. In Figure B.3 we show the results of the
MCMC parameter estimation. One can notice that the estimations are very close to the 1o
confidence region, especially for w the most preferable value is almost the fiducial value. This
is because we include the low redshift point (z = 0.3) in the analysis. So this result suggests
that it is important to observe the low redshift data to confirm the deviation in the equation
of state parameter of dark energy from —1. Also, this result suggests that even with the low
resolution, we can estimate the cosmological parameters by the stacked void shapes if we can

+0.0124

remove the effect of the peculiar velocities in principle. The estimations are {2 = 0.29577 5,5,
and w = —1.0161557¢.
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Figure B.3: The parameter estimation with the stacked voids found in the intensity maps with
2 arcmin resolution. Here we stack all voids in the radius range. In this analysis,
we do not include the effect of the peculiar velocities. Even with the low resolution,
we can reasonably estimate the parameters. The results are Q = 0.295770 0133 and
w=—1.016+397
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