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“Here it is standing: atoms with consciousness; matter with curiosity. Stands at the

sea, wonders at wondering: I, a universe of atoms an atom in the universe.”

Richard Feynman



Abstract

Doctor of Philosophy

by Mahmoud Yousif Ali Wahba Hashim

Large scale structure in the universe is one of the most important probing tools for
cosmological modelling. Assuming the hot big bang model of the universe, the expan-
sion history has undergone two phases of acceleration. The primordial phase which
had been considered to be responsible for seeding the structure formation and the late
phase driven by the mysterious component of the cosmos, Dark Energy. Early inho-
mogeneity in the structure formation could though leave a signature on the late time
universe. We assume the cosmos to have non-Gaussian initial conditions. Gravitational
instability is thought to be responsible for late structure evolution. On local scales,
non-linear effects dissipate primordial signal of non-Gaussianity, however on very large
scales, the signal is well preserved. Initial non-Gaussianity introduce a scale dependent
signature on the galaxy power spectrum on very large scales. This could be very useful
to constrain non-Gaussianity parameter via upcoming large scale structure surveys. In
this thesis, we show that on very large scales, interacting dark energy perturbations in-
duce a scale-dependent effect on the galaxy power spectrum on large scales. This could
degenerate with primordial non-Gaussianity signal, though a disentanglement between
the two signatures are necessary for observational constraints. On small scales, N-body
simulations for standard cosmological models are used to investigate the signature of
primordial non-Gaussianity on halo mass function. It has a significant effect on very
large halos however it is negligible for small mass halos. Interacting Dark Energy is
assumed to have a similar effect on small scales. We prepare the basis for future work
that will combine simulations for Interacting Dark Energy models with non-Gaussian

initial conditions.
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Chapter 1

Introduction

One of the main goals of cosmology is the study of the large scale structure in the uni-
verse. Structure formation in the universe mainly arises due to gravitational instabilities
on large and small scales [17, 29, 64]. Upcoming galaxy surveys will allow us to better
understand the process of the structure formation and to constrain the impacting factors

of the initial conditions and the presence of the different components of the cosmos.

Assuming the big bang inflationary model [40], the universe had undergone an early era
of cosmic acceleration which led to the amplification of small primordial fluctuations.
These seeds of perturbation had grown enormously until they exit the horizon and freeze,
keeping all the information about the initial structure of the universe. Simple inflation
models suggest that the universe is homogeneous and isotropic. However different models
assume that the universe is inhomogeneous with the assumption that the primordial
fluctuations are statistically non-Gaussian. Single-field slow-roll inflation model predicts
a very small signal of non-Gaussianity, however multi-field inflation models predict large

signals [10].

After the inflation era, the universe expands until the frozen primordial signal enters
the horizon again and starts to evolve as a seed for late structure formation. Assuming
that gravity is the only factor of interaction between late universe components, gravita-
tional instability is the only physical mechanism that produces the observed large scale
structures (i.e. galaxies, cluster of galaxies, sheets and filaments). By measuring the
statistical nature of the large scale structure, we could constrain the primordial signal of
non-Gaussianity on very large scales. Recent studies suggest that the formation of virial
objects in the universe is affected by the primordial signal of non-Gaussianity. This

leads to a scale dependent bias between galaxies and the dark matter distribution [28].
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Current cosmological observations [2] indicate that the cosmos mostly consists of dark
components (i.e. dark matter and dark energy), known as the dark sector. These two
mysterious components of the universe are responsible for the growth and the decay of
the cosmic perturbations. Recently, clustering dark energy has been proven to intro-
duce a scale-dependent signal on very large scales in the galaxy power spectrum [32].
This could be used to determine the nature of dark energy. Interaction between dark
energy and dark matter is also introducing a scale dependent signal to the galaxy power

spectrum [66].

Other different signals are supposed to affect large scale observables, including general
relativistic effects and false gauge effects [18]. This could raise a degeneracy between

different signals resulting in misinterpreting parameter constraints.

In this chapter, we give a quick review on the expansion history of the universe assuming

homogeneous and isotropic background.

1.1 Expansion history of the universe

The standard model of relativistic big bang cosmology is mainly based on the cosmo-
logical principle [31]. It states that the universe is homogeneous and isotropic on very
large scales. Cosmic Microwave Background (CMB) radiation observation is one of the
main observational tools that support the standard cosmological model (or the Concor-
dance model). By solving the Einstein equations assuming homogeneous and isotropic

background, one can reveal the cosmic expansion history.

Observations of the large scale structures in the universe (such as galaxies and cluster
of galaxies) indicate that the universe is inhomogeneous in the local regime. These in-
homogeneous signatures have evolved in time via gravitational instability. Cosmological
perturbation theory suggests that these levels of inhomogeneities can be regarded as

small perturbations evolving on homogeneous background universe.

1.1.1 Friedmann equations

In order to describe a relativistic 4—dimensional homogeneous and isotropic space-time,
we need to define the Friedmann-Lemaitre-Robertson-Walker (FLRW) line-element as

follows

dr?

d52 = guydﬂj“diﬁ'y = —dt2 + az(t) m

+ r2(d6? + sin® 0do?) |, (1.1)
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where a(t) is the scale factor which is a function of cosmic time and g,, is a metric
tensor. The curvature constant K = —1,0,+1 corresponds to open, flat and closed

universes, respectively.

The Einstein relativistic field equations are given by
GY =8rG TV, (1.2)

where T} is the energy-momentum tensor and we assume that ¢ = 1. From the metric
(1.1), the LHS of (1.2) is given as follows. The Christoffel symbol is given by using the
metric g,

1
F’Z/\ = igua(gow,)\ + Yoy — gzz)\,a)7 (13)

where gapx = 0gar/ dx?. Note that the metric Jav satisfies the relation
g“agal/ = 557 (1-4)

where 4}, is Kronecker’s delta (6) =1 for = v and 0, = 0 for u # v).

The non-vanishing components of the Christoffel symbols are

F?j = 0,2H’yij, (15)
6= Lo = HO, (1.6)
Kr
Elaticasiiiir 1.
"FRSEK® (17)
Lo = =r(1 — Kr?), (1.8)
Tl = —r(1 — Kr?)sin?9, (1.9)
'3, = —sinf cos b, (1.10)
1
I, =I5 =T =T3 = . (1.11)
I3, =T33, = cot b, (1.12)
where ;; is the 3—dimensional metric given as
Y11 = L Yoo =17, 33 =r’sin’@ (1.13)
1—Kr?’ ’ ’
and H is the Hubble parameter defined as
a
H=- 1.14
:, (1.14)

where a dot represents a derivative with respect to the cosmic time t.
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The Ricci tensor is defined as

Ry =19, 4 — 1%, +09, 07 12,18 . (1.15)

v, poe,v pur= af up- av

The non-vanishing components of the Ricci tensor are given by

Roy = —3(H?+H), (1.16)

Roi = Rip=0, (1.17)
2 2 f K

Rij = a <3H +H+2a2> Yij- (1.18)

The Ricci scalar is defined as the contraction of the Ricci tensor such that
R=g""R,,. (1.19)
For FLRW metric, it is given by

K
R=6 <2H2+H+§). (1.20)

The Einstein tensor is then defined as

1
Guv = Ry — §gw,R. (1.21)
The non-vanishing components of the Einstein tensor for FLRW metric are then given

by

K
Gy = -3 (H2+a?)’ (1.22)
GY = Gi=0, (1.23)
i 2 g K 52
Gi = —(8H*+2H+ )4, (1.24)

since we used the relation G, = ¢g**Gy,. By solving the Einstein equations, we can

determine the cosmological dynamics.

By considering the perfect fluid as the background matter in FLRW universe, the energy-

momentum tensor is given by

TV = (p+ P)ut'u, + PoY, (1.25)
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where ut = 6} is the four-velocity of the fluid, p is the total energy density and P is the

total pressure. The non-vanishing components of T}’ are

= -, (1.26)

T = P (1.27)

By substituting in the Einstein field equations (1.2) we obtain

rG K
H? = —)p_— 1.28
5P (1.28)
. K
3H? +2H = —87GP — —, (1.29)

which are the Friedmann equations. These equations describe the expansion history of

the universe.

From (1.28) and (1.29), we get

a 47 G
e P). 1.
d et ap) (1.30)

Differentiating with respect to time ¢ and by using (1.29), we find
p+3H(p+P) =0, (1.31)

which is the conservation or continuity. equation.

Defining the dimensionless density parameters as follows

Qg = — (1.32)

we can write (1.28) as
Q + Qi =1 (1.33)

1.1.2 ACDM concordance model

We consider a single component universe with equation of state w defined as

P
.

w

(1.34)

For constant w and assume a flat universe (K = 0), and from (1.30) and (1.31) we get

the following solution

p o< a 30+, a o (t — t;)2/30+w) (1.35)
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where ¢; is the initial cosmic time. For radiation with equation of state w = 1/3, the

cosmic evolution during the radiation era is given by
proca a o (t— ;)2 (1.36)

For non-relativistic matter with negligible pressure, i.e w ~ 0, the evolution during the

matter domination era is given by

Pm X a3, a o (t—1t;)%°. (1.37)

From (1.30), cosmic acceleration condition is & > 0. This leads to
P<—p/3 — w<-1/3, (1.38)

since we assume p to be always positive. In the case when w = —1, i.e. P = —p, from
(1.31) p is a constant. This case corresponds to the cosmological constant. In this case,

the cosmological evolution is given by

H =4 SW?f;p, a x exp(Ht). (1.39)

The cosmological constant scenario accounts for late cosmic acceleration and it is one of

dark energy models.

For a universe filled with radiation p,, dark matter p,, and dark energy pg4e, the evolution

equations could be written as

aq 4

o= () =Aa+2), (1.40)
ag\3

pm = (2) = ph1+2)" (1.41)

The dark energy component satisfies the continuity equation,
pde + 3H (pae + Pae) = 0. (1.42)

where wge = Pyge/pde is the dark energy equation of state.
At radiation-matter equality (i.e p, = py,), the corresponding redshift z., is given by

0 0
12 Q
1+ 2eqg = —p’:(; = —QEL, (1.43)
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where QU is defined as

87Gp)
Q0 = 0 (1.44)
3H;
By Integrating (1.42), we get
0 e
= pge €X ——dz|, 1.45
Pde = Pde p[/o T2 (1.45)

where we used the relation dt = —dz/[H (1 + 2)].

From (1.28), we get

8rG
H? = T(pr+pm+pde)a (1.46)

since we assume a flat universe with K = 0.

The density parameters at present time satisfy the following relation

QY+ 0%+ =1. (1.47)

Equation (1.46) can then be written in the form

Z3(1
H?(z) = H2 |Q0(1 + 2)* + Q9 (1 + 2) + QY exp {/ (;;WH . (1.48)
0 z
For cosmological constant with wy = —1, we get
H?(2) = HG [01+2)* + Q0 (1 +2)* + 0] . (1.49)

1.2 Thesis outline

This thesis is organized as follows: in chapter 2, a general overview on the linear and non-
linear perturbation theory is given. This is to understand the mechanism of gravitational
instability responsible for the structure formation in the universe. The perturbation
equations are derived for a multi-component dark energy-dark matter universe. For
non-linear perturbations, the phenomenological spherical collapse model is presented

with derivation of the Press-Schechter halo mass function.

The main results are presented in chapter 3, we present the effect of clustering interacting
dark energy on large scale structure observables. We then investigate the degeneracy
with primordial non-Gaussianity in galaxy power spectrum on very large scales. Possible
disentanglement between the two signals is then discussed with a derivation of effective

non-Gaussianity relation.



Chapter 1. Introduction 3

In chapter 4 we perform a set of N-body simulations to measure the primordial non-
Gaussianity imprint on the halo mass function and non-linear power spectrum on non-

linear scales. Chapter 5 contains the concluding remarks and future work.



Chapter 2

Structure formation and

gravitational instability

The large scale structure of the universe presents one of the observational challenges
in modern astrophyiscs and cosmology. The wealth of information contained in galaxy
clustering is very important in constraining different models of cosmological evolution.
During late universe, gravitational instability has been widely accepted to be responsible
for the observed structure formation. In order to quantitatively understand the dynamics

of gravitational instability, one requires a general theory of cosmological perturbations.

In this chapter we review the basic foundations of linear/non-linear cosmological per-
turbation theory within the context of General Relativity. We discuss its application to
different cosmological models including dynamical dark energy. The initial conditions
originating from inflation are explained. The statistical properties of the perturbation
variables required to link with observations are illustrated with the introduction of the
power spectra. We discuss the assumption of the existence of primordial non-Gaussianity
signal and its imprints on large scale structure. For full non-linear perturbation solu-
tions, we introduce the numerical N-body simulations. This chapter is mainly based on
the following books and reviews [5, 6, 8, 15, 34, 63, 65, 90].

2.1 Dynamics of gravitational instability

Galaxies, superclusters, sheets and filaments are representing the observed large scale
structure of the universe. In an expanding universe, gravitational amplifications of pri-

mordial fluctuations due to the gravitational interaction of the underlying non-relativistic
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cold dark matter is responsible for structure formation seen today [64]. In order to un-
derstand the dynamics of the gravitational instability on linear and non-linear scales,

cosmological perturbation theory is required.

2.1.1 Linear cosmological perturbation theory

The Friedmann Lematre Robertson Walker (FLRW) metric is given by
ds? = gy drtds” = a*(—dn* + &;jdx'da?), (2.1)

where n = [a~'dt is the conformal time and H is the conformal Hubble parameter

defined as
_1da

~— = Ha. 2.2
oy~ He (2.2)

The perturbed FLRW metric at first order is given by

Juv-= G+ 59;“/, (2.3)
where 6g,, is very small with respect to the unperturbed background term.

General relativistic field equations are invariant under a general coordinate transfor-
mation which means that the perturbed metric is not unique. In order to keep the
background FLRW metric invariant under-a general transformation, we choose a set of
infinitesimal transformations that leaves g,, invariant, while the perturbed metric dg,,,

is variant. These set of transformations are called gauge transformations.

The perturbed metric g, can generally be defined as

o —2¥ E;
dguw = a , (2.4)
E,i 2@(5” + Dz]B

where ¥, ®, F and B are spatial scalars functions and D;; is a traceless operator.
From these scalar functions one can construct gauge-invariant quantities, which remain
invariant under any general coordinate transformation. For simplicity, it is better to
work with a specific gauge which could be imposed by putting specific conditions on
the metric. These conditions correspond to gauge coordinate transformations. The
Newtonian gauge is defined by choosing £ = 0 and B = 0. The perturbed metric in

Newtonian gauge is then given by:

ds* = a*(n) [ (14 29)dn* + (1 + 2®)d;;dz"dz’] . (2.5)
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In order to perturb the Einstein field equations, (1.2), we decompose the Einstein tensor
GY and the energy-momentum tensor 7} into background and perturbed parts: Gb =
GY +0GY and T} = T} + 6T}'. The cosmological background evolution is then obtained
by solving the background Einstein equations, G = 87GT}', see chapter 1 for details.

The perturbed first-order Einstein equations are given by

SGH = 8nGSTN. (2.6)

In order to compute the perturbed Einstein tensor in (2.6) we first need to calculate the

perturbed Christoffel symbols 6I'/', by using the formula

1 1
5F5A = §5g“a(gau,)\ + oy — gl/)\,a) + §gua(5gal/,)\ + 6904)\,11 - 591/)\,0()' (27)

The non-vanishing components of perturbed Christoffel symbols for the perturbed FLRW

metric (2.5) are

STY = 6i; |2H(® —U) + |, (2.8)
herllelia (2.9)
eTAUll= A& TH (2.10)
oThy = 6&id. (2.11)

where an overdot here represents the derivative with respect to the conformal time 7.

The perturbations in the Ricci tensor and in the Ricci scalar are given by

0Ru, = 0T, ,— 010, , + 0000 +T0 610, — 6T5,T8, — 9,615, (2.12)

Jn2xe! pou,v wrt o av’

SR = 6¢"Ray+ g"“0Ray. (2.13)

The perturbed Einstein tensors are then derived by

1 1
6G},Ll/ = 5R/“j — i(sgl“/R — ng,(SR, (214)

SGE = 6g"Gay + §"6G . (2.15)
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Using the perturbed metric (2.5), we get

6GY = 2a72[BH(HV — d) + V>3], (2.16)
6G? = 2a7%(d - HD),, (2.17)
0Gh = 2a7%[(H?+2H)T + HT — & — 21 D5 (2.18)

a”? [V2(T + @)5] . (2.19)

The perturbed energy-momentum tensor 57} could be determined for a specified matter

source accordingly.

2.1.1.1 Non-relativistic matter

For the energy-momentum tensor T), defined in (1.25), the perturbed four-velocity

ut = dzt/ds is

s [iu _w), H , (2.20)

where v* = dz’/dn is the peculiar velocity.

The perturbed quantities are defined as

=%

g=1f ¢ 6 = V', (2.21)
p P

where ¢ is the density contrast and 6 is the velocity divergence.

From (1.25) the perturbed energy-momentum tensor for a perfect fluid with the equation

of state w = P/p can be written as

OTH = p[6(1 + Auyut + (1 + w)(Suyut + u,6ul) + c2564]. (2.22)

v

where ¢2 = 0P/dp is the sound speed squared. For barotropic fluid (where P(p) is
function of time-dependent density p(¢) only), the sound speed is defined as

c (2.23)

, 0P dP P
S op o dp p

In general case, where the pressure P can depend on other internal quantities, e.g.

entropy s, the sound speed can be defined as

9 O0P(p,s) 0P OPO0s

s — T —_—

2 2
N 9s 00 2.24
5p op " 95 0p G T Cnay (2.24)
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where cg(a) = P/ p and ci(na) are the adiabatic and the non-adiabatic sound speed
squared respectively. Given the equation of state w(a) and the sound speed ¢s(a) for a

fluid, the perturbed Einstein equation are then fully determined.

The energy-momentum tensor components are

STY = —6p, (2.25)
6T = —6T8 = (14 w)pv', (2.26)
ST = c2op. (2.27)

From (2.16) and (2.25) the perturbed Einstein equations (2.6) are

SH(HT — D) + V2P = —4nGa®dp,

VH® — HY) = 4nGa®(1 4 w)pb,

U =0,

O+ 2HP — HI — (H: 4+ 2H)¥ = —47Ga’c2p.

2.28
2.29
2.30

~—~~ ~~ ~~
~—_ — ~— ~—

231

The energy-momentum tensor satisfies the continuity equation T}, = 0. The perturbed

continuity equation is then
MENEN) (2.32)

The temporal component, i.e. 07p;, = 0, reads
0Ty, — STGTS — TEu6TY + T4, 1Y +1'5,0T) = 0. (2.33)
By using (2.8), we get
0p+3H(6p+ 0P) = —(p+ P)(0 + 39), (2.34)

In terms of w and ¢ and using the background conservation equation p+3H(p+P) = 0,
we get
6+ 3H(c2 —w)d = —(1+w)(0 + 3D), (2.35)

representing the perturbed continuity equation. For non-relativistic matter where w =

c2 = 0, the perturbed continuity equation reduces to
§=—0—30. (2.36)

On small scales (k> ), the ® term may be neglected.
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The spatial component of (2.32) is given by
[a(p+ P)v] + 3H]a(p + P)v] = —a[av + ¥] (p + P), (2.37)

where v is a velocity potential since v* = Viv. By taking the divergence of (2.37), we
get

. w C2
04 | H( 3w)+1+w]9 v <1+w5+ ) (2.38)

Substituting w = ¢? = 0 for non-relativistic matter we get
0 +HO = -V, (2.39)
which represents the Euler equation.

By expanding the perturbation quantities in Fourier space:

o = / X Py d3, (2.40)
ot / B e T (2.41)
0 = / Xt d3k, (2.42)

where k is the wave-vector, the perturbation equations are defined as follows for each

Fourier mode:

K20 + 3H(® — HY) = 4nGa’ps, (2.43)

k2(® — HU) = —47Ga®(1 + w)ph, (2.44)

6+ 3H(2 —w)d = —(1+w)(6 + 3D), (2.45)
H 2

j _ N Ve

0+ |H(1 3w)+1+w}0 k (1+w5+\p>, (2.46)

where V2 — —k2. The relativistic Poisson equation can be derived by combining (2.43)
and (2.44), which leads to
E2® = 4nGa?pA, (2.47)

where
A =6+ 3H(w+1)0/k, (2.48)

is the total comoving matter density contrast.
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2.1.1.2 Dynamical dark energy

For general multi-fluid universe with a general equation of state w(a) and a general
sound speed c?(a), the gravitational field is sourced by the total energy densities. In
the following, the subscripts m, x represent the dark matter and dynamical dark energy

components respectively.

Dark energy density and velocity perturbations in Fourier space obey the following

equations [5, 84],

O +3(2 —w)d, = —(1+w)(39 +6,), (2.49)
H' w' E\2 c2
/ . 4 _ e T .

p (oo Yo o (EV(Ea ), e

where 5 )

Pz —k
xT = ) xT = T 2 1
J o 0 v (2.51)

and v, is the rotational-free dark energy velocity potential. The prime represents a
derivative with respect to the number of folds V- =1Ina. The gravitational potential ®

perturbation equation is given by

) 3 (aH\?

In the Newtonian gauge, the galaxy bias b! is defined by &,(k,a) = b(a)dy,(k,a). How-
ever, this definition fails on very large scales due to gauge-dependence, and we need to
identify the correct physical frame in which the bias is scale-independent on all scales
[19]. This is the comoving frame, so that a gauge-independent definition of the bias that

applies on all (linear) scales is given by

Ay =bA,,, where A, =y + (0),/pm)Vm. (2.53)

For dynamical dark energy, the gauge-invariant perturbation variable is given by

aH

Ap=0,+3 ( - )2 (1+ w)b,. (2.54)

!The term bias refers to the observed spatial distribution difference between galaxies and the underline
bulk matter.
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Equations (2.49) and (2.50) are reformulated in terms of v, and A, as follows. From

(2.51) the first derivative of 6, with respect to N is given by

0 - g2 [(aH)U;—(aH’—Fa’H)vz]

(aH)?
R ()], 259

since a’'/a = 1.
The first derivative of the dark energy overdensity d, in terms of A, and v, is given by
8 = AL +3[(aH)(1+w)v,],

= Al +3(aH) | (1 +w)v), +w'v, + (Ig + 1) (1+ w)vx] : (2.56)

Using (2.55), (2.52) could be rewritten as

o =~ g(aH) [t -(1 4 )] (2.57)

Using (2.56), the LHS of (2.50) could be rewritten as

2 w’
AP G AL () .. 2.
70z aH( 3w+1+w>v (2.58)
While the RHS of (2.50) is given by
kN’ ¢ aH\? & aH\?
— LA, 3| — L H)(1 c— | — | . 2.59
(aH) [1+w }+ <k> T3 o 1+ w) <k> (2.59)

So we get

/ 1 2
v;+[1+3(ci—w)+ v ]vx: [@— e

— Ayl . 2.
I+w aH I+w ] (2:60)

Using the same technique with (2.49), we have for the LHS

!

A +3(aH)(14+w)v,+3(c2 —w) Ay +3(aH) {w’ + <];’[ + 1> (1+w)+3(c2 —w)(1+ w)} Vg
(2.61)
From (2.57), we get

!

o
A 4+3(2 —w)Ay — 32 A, +3(1 +w)d + 3(GH)F(1 + w)vg. (2.62)
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For the RHS of (2.49), we have

2

301 4+ w)® — 2(1 ) (@H) Qv + (14 w)y] + fT{(l +w),. (2.63)

By combining the two sides, we get

H' 9
Al — 3wA, + 3aHﬁ(1 +w)v, = —5(1 + w)(aH) [Qmvm + (1 + w)Qpv,]
ki2
Since )
H 3
2 St wey), 2.
i 2( + wy) (2.65)
we get
, 9 9
Al — 3w, — §aH(1 +w)(1 4+ wQy)v, = —5(1 + w)aHQ v,
—g(l +w)aH (1 + w)Qv,
k2
—(1 z- 2.
+aH( + w)v (2.66)
or
, k2 9
A, — 3wA, — E(l + w)uy, — iaH(l +w)(1 = Qy)[vy —vz] =0. (2.67)

Non-adiabatic sound speed

For imperfect fluids, there exist non-adiabatic entropy perturbations generated from

dissipative processes [84]. The speed of sound is defined as,

2
& =c*+3 <a£> (1+w)(c? - cg)z—x, (2.68)

where, c? is the speed of sound squared and c? is the adiabatic speed squared defined as

2 w’'
=wW—- ——. 2.69

Equation (2.68) could be written as,

=247, (2.70)



Chapter 2. Structure formation and gravitational instability 18

where T is

aH\? k2 —0
= 3(%2) @ 2 _ )~ z
T ( k ) (L w)les =) g A, 4 3aH (1 1 w)oy’

= —3aH(1 2 _ 2 Uz .
SaH(1+w)(e, CG)AI+3aH(1+w)vx

(2.71)

By substituting into Eq. (2.60), we get

/

v+ (14 3(2 —w) + Y v +3T (e + A ) _ L o — c A (2.72)
v s 1+w| © 14w/ aH L+w " 7

Since,
A v?
3T ( vs : = —9aH(1 2 ¢
T<U +14—w> aH({1+w)(c C“)Ax+3aH(1+w)vx
a2 2 Uz Ay
3les = ) Ay +3aH(1 4+ w)v,’
= —3( = A, (2.73)
we get,

wa] . (2.74)

/ 1 G
By defining the dimensionless variables
H Vg k
h=— = —= = — 2.
Hy Uy Hy’ ¢ Hy ( 76)
we get,
; 3
' = -+ i(ah) Qi + (1 4+ w)Qpug , (2.77)
w, = —u —f—i o — Cg A (2.78)
T ) 1+w ")’ '

2
A= 3wA,+ 27(1 +w)ug + gah(l )1 — Q) e — wn]. (279
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Dark matter perturbations

The dark matter perturbations are given by

5;n = 30" -0, (2.80)
H’ E\2
o 24— 10, = —(— )] &. 2.81
w2+ ) o = ~(am) @)
where 5 )
p —k
Oom = —, O = —— VU, 2.82
Pm aHU (2.82)

and v, is the rotational-free dark matter velocity potential. The gauge-invariant dark

matter overdensity perturbation is defined as

2
Ap =6 +3 <a:[> Orn. (2.83)

By using the same procedure for the dark energy perturbations, we have

: 1
X WTEJTC WK 2.84
Uy, [ah U ( )
P | i L A(1 4+ W) [ty — tg] (2.85)
m ahum 2& W)y U — Ug| - .

The relativistic Poisson equation is given by
3 .2
b = 5( Ay, (2.86)

where

Ay = 6 4 3¢%0,(1 + weg). (2.87)

The total perturbation variables are given by

5 = Zgiai, (2.88)

14 w;
0, = Q;0;, 2.
R e 2:59)

i
where weg = ), Q;w; is the total equation of state for i = m, .
2.1.2 Non-linear cosmology

Linear gravitational processes only act on very large cosmological scales. In non-linear

regime, gravitational instability responsible for the formation of astrophysical objects is
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replaced with a new physical mechanism and new interactions. Therefore the signature

of the global structure of the cosmos is lost or dissipated.

An intermediate regime, in which gravitational interaction is still effective beyond linear-
ity, begins to be observable. This regime lies between the linear perturbation theory and
the full non-linear dynamics. Full non-linear dynamics can only be dealt with N-body

simulations or by studying individual astronomical objects.

In the following, we present the perturbation equations in Newtonian limit without
any linearization assumption. The continuity equation and the Euler equation for non-
relativistic matter with density p moving under a gravitational potential & with a ve-

locity v are given by [5],

p+V-(pv) = 0, (2.90)
v+ (v:-V)v = -V, (2.91)

where a dot represents derivative with respect to time ¢ and V is the gradient over the

physical coordinate. The gravitational potential satisfies the Poisson equation
V2® = 47Gp. (2.92)

In expanding universe, the the local coordinate is replaced with the expanding coordinate

given the following system for perturbation equation

|
5+-V-(1+dv = 0, (2.93)

1 1
v+Hv+-v-Vv = Vo, (2.94)
a a
and the Poisson equation in the expanding universe is given by
V2® = —4nGa’dp, (2.95)

where ¢ is the matter density contrast.

The total derivative of § with respect to the cosmic time is defined as

s 95 v
= TV (2.96)

The continuity equation (2.93) is then

s

o =0 +9), (2.97)
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where © = V'iy;/H. By taking the divergence of the Euler equation and make use of the

Poisson equation, we get

do 1., 3
—~=_( —-0% - 20,6 2.
= (1+H)6 - 07— (2.98)
From (2.97) and (2.98), we get
25 s 3 4 1 [(d6\*® 3
(4D - 205 =-—— (2] +20,0, 2.
gz T UM G = 5o 31+5<dt> 5t (2:99)

where the RHS represents the non-linear terms. We assume 6 = §(z, a) and only consider

radial perturbations. It corresponds to the density contrast evolution.

2.1.2.1 Spherical collapse

By using the Newtonian picture, (2.99) could be derived assuming a shell of matter with
uniform density p at a distance R from a spherical overdensity center obeying Newton
force law "l CM(R) .

| e ey —§7TG,0R, (2.100)
where M (R) = 47pR3/3 is the constant mass inside the shell. For non-relativistic matter
the background density is given by pg = (3M (Rp)/4m)(Roa(t)) ", where Ry is the initial

size of the perturbation. The density contrast inside the shell can be defined as

5= (fl%ﬁ)?) AP (2.101)

where 0 = 0 outside. By assuming that the density contrast J is a top-hat function, all

spatial derivative are equal to zero. The time derivative for ¢ is then

H' 3 4 7 3
" s 7 2 _ = e 2
8" + <1+ >5 5l = 51535 " 5’ (2.102)

which is exactly the same as (2.99) derived from non-linear perturbation theory.

By multiplying (2.100) by 2dR/dt and then integrating, we get

— —_— = 2.1
- c, (2.103)

dR\* 2GM
- R

where C' is an integration constant. This is called the cycloid equation. The parametric

solution for C' > 0 is

R= 2GM(1—cos7), t=—GM(r—sin7), (2.104)
C C2
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where the parameter 7 is defined within the range (0,27). The radius R first increases
and then reaches and turning point then reduces to zero (perturbation collapses under

its gravity). The linear solution for density contrast § is given by

w(n

5y, = g [2(7 - sinr)] >0, (2.105)

where the integration constant has been set such that 6(7 = 0) = 0.

The collapse value d.,; is defined as the linear fluctuation d; at the time of collapse.
In the Press-Schechter theory [67], d.o; is used to calculate the abundance of collapsed
objects. From (2.105), at 7 = 0, the density perturbation § vanishes. At 7 = 7 when
the perturbation reaches the turnaround, §; ~ 1.063. At the collapse when 7 = 27, the
overdensity becomes singular with a value of

33m%

0, = cotl = —— ~ 1.686, (2.106)

5 2

in the Einstein-de Sitter Universe. For other models, d..;, however, is time dependent

[89] and for coupled dark energy models see [58].

2.1.2.2 The mass function of collapsed objects

The critical value of the overdensity of collapsed objects d.,; within the spherical collapse
perturbation is important because it is used within the Press-Schechter (PS) formula for
the abundance of virialized objects. The importance of the PS formula is that it can be
used to estimate the number of collapsed objects created in a random Gaussian field. It
is simply done by counting the overdensity regions at any given time that have a value

above the collapse threshold ...

At redshift z, a density fluctuation field is distributed over cells of radius R. Each cell
has average mass of M = 471 R3p/3 where p(z) is the background density. The density
contrast d has a variance O'%/[(Z). The fraction of collapsed regions with § > d.,; is given
by
P(M, 2)|556.,, = B S /oo exp (—5%4> ddpy. (2.107)
“ on(2)\/(2m) Js 207,(2)

coll

The fraction of objects of mass within the range [M, M + dM] is then given by

ap(M7 Z) |6>6coll
oM

dp(M, z) = ' dM, (2.108)

where the threshold collapse value .. is time dependent in general. The idea then is

to use the linear regime to estimate the collapsed objects with § > §.oy-
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The volume of N collapsed objects is given by
NVy = Vdp, (2.109)

where Viy = M /p. The number density dn of collapsed halos with mass function dM is

therefore
N _ dp p | Op(M, 2)|5>s
d -  — S i ) coll dM
" V Vu M aM
2 P (500” dln OM| _§2 /(2 2 )
z 2 M cott! 200) A M 2.11
T M2 oy | dIn M e et AM, (2.110)

which satisfy the condition

V/OOO (:AZ) dM = 1. (2.111)

The comoving number density is defined as (M, z) = a®n(M, z) and p is defined then

as the comoving background density.

The number density could be written as

%‘ dn
p

dth‘ — fom, ). (2.112)

where

2 Septt-e %o
Flomray oy Sk (2113)
T

oM 20%/1 4
containing all the cosmological information. The mass M is taken to be the virial mass
of the observed objects (galaxies and clusters). The PS formula is though dependent on

the cosmological model via the term .01 /0 1.

Since the PS approach is based on the assumption of spherical collapse with top-hat
or step filter, many processes like dissipation or merging are not considered. However,
the PS formula is widely used as a first approximation to the abundance obtained via
numerical N-body simulations. Many efforts have been done to improve PS formula
to include non-linear corrections [44, 78] or by directly fitting N-body simulations. A

widely common successful fit is given by [48]
foar, 2) = 0.315exp(—0.61 — In o (2)]>®), (2.114)

which holds for a large range of masses, redshifts, and cosmological models, including

dynamical dark energy [82].
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2.2 2—point correlation function and power spectrum

The large scale structure of the universe could be explained as the present matter distri-
bution in the universe on cosmological scales originates from the propagation of small,
primordial seed of fluctuations and then evolved by means of gravitational instability.
To test different cosmological theories characterizing these initial conditions, we need
to statistically measure the perturbation fields. The idea is to calculate the statistical
properties of the current large scale structure which in turn depend on the the primordial
perturbations. We then consider the cosmic scalar field, which could be either be the
density field, §(x), the velocity divergence field or the gravitational potential, to have a

statistical nature.

The two-point correlation function is defined as
¢(r) = (d(x)0(x + 1)), (2.115)

which represent the ensemble average of the density field at two different points. In

Fourier space, the density contrast d(x) is give by (2.41). Since (k) is real we get
i(k) =" (—k). (2.116)

From (2.115), we can determine the density field by determining the statistical properties
of the random variable 0 (k).

The two-point correlation function in Fourier space is defined as,

3X 31'
(5(K)5(K)) = / (;lﬁ))(iT)S(é(x)(S(x Fr))expli(k+ K)-x— ik 1] (2.117)

From (2.115), we have

((k)o(k)) = /WWC(T)eXp[i(k+k')-xik’-r]

d®r
- 6D(k+k’)/(27T)3C(r)exp(ik-r):5D(k+k')P(k), (2.118)

where P (k) is the density power spectrum. The inverse relation is then

C(r) = / d*k P(k) exp(ik - ). (2.119)
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2.2.1 Power spectrum evolution in linear perturbation theory

The evolution of the power spectrum is simply determined by the perturbation theory,
and since we consider only the two-point correlation function, the linear theory is re-
quired. We assume that non-linear effects are negligible. The evolution of the density

field is given by a simple time-dependent scaling of the linear power spectrum
P(k,n) = D(n)*Pr(k), (2.120)

where D(n) is the linear growth factor. Since the ”linear” power spectrum P (k) is
affected by the linear evolution of density fluctuations during the radiation domination
era, this evolution must be determined by solving general relativistic Boltzmann numer-
ical codes [77]. However analytic techniques can be used for a qualitative understanding

[45, 46]. So the linear power spectrum is then determined as
Pr(k) o< K" T?(k), (2.121)

where T'(k) is the transfer function and ns is the primordial spectral index. The transfer
function phenomenological parametrization is very complicated, however in simple cases
(assuming the baryonic matter is negligible) it can be fitted using the parameter I" =
Qh [11]. For the ACDM scenario, the transfer function is given as follows on small
scales [5],

T2 o In?(k)/K*. (2.122)

2.3 Physical origin of fluctuations from inflation

In Sec. (2.1.1) we have derived the perturbation equations governing the structure
formation of the universe. In order to solve these equations, the initial conditions are
required. The theory of inflation can provide the initial seeds of perturbation. In
different models of inflation, the random stochastic perturbation fields originate from
quantum fluctuations of a scalar field, called the inflaton. Since it is beyond the scope of
this thesis to review inflation models in details, we refer to recent reviews for discussion
[13, 56].

During inflationary era, the energy density was dominated by the inflaton. The inflaton

field has quantum fluctuations which can be decomposed as follows

dop = /d?’k[akwk(t) exp(ik - x) + alwﬂ(t) exp(—ik - x)]. (2.123)
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where alT( and ay are the creation and annihilation operators respectively for a wave

mode k. These operators satisfy the standard commutation relation
[ax, al,] = 6p(k + K), (2.124)

and the wave function ¢ (¢) is obtained from the Klein-Gordon equation for d¢ in an

expanding universe.

In de-Sitter universe, the wave function ¥y (t) is given by [13]

dic(t) = (2]{:)1{/%< + Z) exp [ Z;] , (2.125)

where a and H are, respectively, the expansion factor and the Hubble constant that are

determined by the Friedmann equations.

At k/(aH) = 1, the perturbation modes exit the Hubble radius and from (2.125) that

the dominant perturbation mode is given by

S = e e / dPPkeppe™* (2.126)

\[ k3/2
where d¢y is proportional to ay + aL. Thus the quantum nature of the fluctuations has
disappeared [41], since any combination of ¢, modes commute with each other according
0 (2.124). So the field ¢ can then be described as a classic stochastic field. The ensemble
averages of the primordial perturbation field ¢ is identified with the vacuum expectation

values.

Scalar field fluctuations generate a gravitational potential ®. The imprints of their
energy fluctuations and its statistical properties then appears in the gravitational po-
tential. After the inflation, the gravitational modes enter the horizon. The subsequent
statistical properties that appears in the late cosmic fields can be expressed in terms of

the primordial random variable ®y.

2.3.1 Primordial non-Gaussianity

Deviations from Gaussian initial conditions offer an important window into the very early
universe and a powerful constraint for the mechanism which generated the primordial
perturbations. Large primordial non-Gaussianity could be produced within multi-field
inflation models, while standard single-field slow-roll models lead to a small level of

primordial non-Gaussianity [12].



Chapter 2. Structure formation and gravitational instability 27

The leading signature of non-Gaussianity is presented in the three-point correlation

function, or the bispectrum in Fourier space
<(bk1 (ka(I)k3> = Bq)(klv k27 k3) (2127)

For homogeneous and isotropic background, the bispectrum only depends on momentum

vectors magnitude
Ba(ki1, ko, k3) = (21)%6p (k1 + ko + k3) Bo (k1 k2, k3), (2.128)

where dp is a delta function over the sum of the three momenta, which means it must
form a closed triangle shape. For a scale-invariant power spectrum, the shape of the

bispectrum depends only on the ratios xo = ka/k1 and x3 = k3 /k1,

B@(k‘l,kiz,k‘;g) == k‘fGB¢(1,ZE2,l’3). (2.129)

The bispectrum is rewritten as

S(ki, ko, k3)

(Fkok)? A2 (k,), (2.130)

Ba(ki, ko, k3) =

where A2 (k.) = k2 Pp(k.) is the dimensionless power spectrum evaluated at k., and S

is dimensionless function.

The amplitude of non-Gaussianity is defined as the size of the bispectrum in the equi-

lateral momentum configuration,
5
INL(E) = [SS(K, K, K), (2.131)

where fn1, depends on the overall momentum. However, for scale-invariant power spec-

trum , fng, is a constant and the bispectrum is then reads

18 . S(ky ko, k
B@(klak27k3>:€fNL Uk, b, k)

2
—=A%. 1
(et Figks )2 A% (2.132)

A common phenomenological parametrization of non-Gaussianity is given as a non-linear

correction to a Gaussian perturbation ¢,
3
® = ¢+ = fiElo” — (¢%)]. (2.133)

It is called local non-Gaussianity since it is local in space [71].
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2.3.1.1 Imprints on large-scale structure: scale dependent bias

In order to probe non-Gaussianity, one way is to investigate its observational signatures
on the large scale structure of the universe. On non-linear scales it is difficult to probe
the primordial signal of non-Gaussianity due its correlation with non-linear signals. The
mass function of massive virialised objects is affected by primordial non-Gaussianity
[14, 59, 74]. This is due to the fact that the very massive virialised objects correspond
to very rare large peaks in the primordial density field. Therefore the number density

is a unique probe of the primordial peak structure.

Another method to probe primordial non-Gaussianity on large scales is by expanding
the clustering of rare peaks calculation in a Gaussian field [11] to include the fnp-type
non-Gaussianity. The clustering of rare peaks have a scale-dependent bias feature on
large scales [28, 79].

We use the peak-background split to determine halo bias on large scales [23]. By splitting

the density field into long-wavelength §; and short-wavelength §; modes, we have

p=p(1+6+35,). (2.134)

The number density of haloes n(x) at position x can then be written as a function of the
long-wavelength perturbation §; and the short-wavelength fluctuations statistics Ps(ks).

For large scale matter perturbations, the number density of halos is given by

n(x) = (1 + bL6), (2.135)

bp =7 ' . (2.136)

The total or Eulerian bias is then b = by, + 1. This leads to a general scale-independent
bias. To specifically determine the bias b(M), the number density function n(M) needs
to be specified by large N-body simulations and then differentiating it.

In the presence of non-Gaussian initial conditions, large and small-scale density fluctu-
ations are dependent. In local non-Gaussian form of fni,, the gravitational potential

fluctuations could be separated into independent long and short modes,

b= b1+ b (2.137)
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By substituting into (2.133), we get

® = ¢+ fang} + (1 + 2fnndi) s + fNrdz, (2.138)

since we assume that fxp-term simply proportional to ¢?. By using Poisson equation,
d(k) = a(k)®(k), we can determine the matter density perturbation in non-Gaussian
case. For ACDM model, « is defined as

alk, z) = W, (2.139)
where T'(k) is the transfer function and D(z) the linear growth factor.
For long-wavelength modes, the matter density field is given by
d1(k) = a(k) (k). (2.140)
The short-wavelength modes are then
5= o Xids + Xa02), (2.141)
where X1 =14 2fnp¢; and Xo = fnr.
The halo bias then reads
br(M, k) =71 gg - szL‘jl?;aa)z : (2.142)

The second term represents the modified non-Gaussian part which appears to be scale-
dependent while first term is the k independent Gaussian bias. By rewriting (2.142) in

terms of the cosmic variance og, we get

d¢; 0lnn
b (M, k) =br(M) +2fNL,——— 2.143
where 0g(x) = 08 X1(x).
By substituting in d¢;/dé; = a~! and dropping the local label, we get
QO HE ol
Ab(M, k, z) = 5 e (2.144)

Ak2T(k)D(z)" "~ 0lnog’
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For halo abundance with a universal mass function, we can use (2.143) to determine the

halo bias. Universal mass function is defined as

dlnv
dln M’

n(M) =n(M,v) = M 2vf(v) (2.145)

where we use the significance v = §2/02(M) and f(v) is the fraction of collapsed haloes.

d. = 1.686 is the spherical collapse over-density.

By using (2.136) and (2.145) we get

2 d
b=1-— ;CVE Injvf(v)]. (2.146)
From (2.144), we have
Jlnn d
Olnos — —QVE Infvf(v)], (2.147)

assuming the universality of the mass function.

Comparing with (2.146), we have

Ab(M, k) = 3fnr(b—1)8 L Ho 2 (2.148)
1o | ‘BRT(k)D(z) \ ¢ )’ '
which represents the scale dependent halo bias correction due to primordial non-Gaussianity
[28].

2.4 N-body simulations

In order to predict the evolution of the structure formation in the universe in the non-
linear regime, cosmological dark matter simulations are required. The idea behind nu-
merical simulations is sampling dark matter distributions in the universe by making
number of elementary volumes of the phase space and distributing particles with posi-
tions and velocities. Then we follow the evolution of this particle distribution due to
the effect of gravity and the universe expansion. The mass resolution of the simulation

is fixed by the number of distributed particles.

The most basic steps for cosmological N-body simulation are as follows; first implement
the initial conditions on the matter distribution [61], then the gravitational force is
calculated by solving the Poisson equation Eq. (2.47). Then update particles positions
and velocities accordingly. Some energy conservation tests are done by the end of each

position and velocities update. The numerical solution of the gravitational force is
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usually performed using time integrators. The Leapfrog algorithm is the most common

used integrator. For a review on N-body simulations see [16].

Linear perturbation theory breaks down when dark matter perturbations reaches the
cosmic mean. In this case full numerical solutions are needed to solve the non-linear
structure evolution. Some analytical approaches can be used to predict the mass function

in a given spherical collapse function, e.g. Press-Schechter formalism [67].

2.4.1 Initial conditions

In order to set up the initial conditions for an N-body simulation, first a homogeneous
distribution of particles is created over a grid. Then density distribution is applied ac-
cording to the appropriate power spectrum. In order to apply the density perturbations
on the homogeneous uniform grid, the Zel’dovich approximation [95] is used which create

a discrete density field according to the following relations

D
= e 2.14
X X0 47TG/)(Z3 V¢0’ ( 9)
1 aD
= 4nGpa? D ofif (2.150)

where z( is the initial Lagrangian position and D is the growth function of linear fluc-

tuations. The displacement field % is related to the input power spectrum P(k).

2.4.1.1 Non-Gaussian initial conditions: local type

The bispectrum for local form non-Gaussianity, (2.133), is given by,
Bq><k1, ko, k3) = 2fNLP<I>(k1)Pq><k2> + cyc, (2151)

where Pg(k;) is the power spectrum at scale k; and ’cyc.” denotes cyclic permutations

over k;.

By defining a quadratic non-local kernel K such that,

= ¢+ frrK[o, 9. (2.152)

In Fourier space it can be written as

o(k) = ¢(k) + / ANLIOD)K (K1, ko) ® (k) @ (ko) dk1d ks, (2.153)
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where the kernel K is dimensionless in Fourier space, and [6p] = dp(k — ki2)(kie =
ki + kg)

From (2.152), the bispectrum simply reads,
Be = 2fNLK(k1, k‘g)P¢(l{71)P¢(k)g) + cyc. (2154)

The kernel K satisfies the exchange symmetry such that K(kj, ko) = K(ko,ki). To
generate initial conditions, (2.154) is used to find the kernel from a given bispectrum
[75].

For local non-Gaussianity, the kernel satisfies the following relation,
2fNLK(k1, kz)P@(k‘l)P@(/{g) +cyc. = 2fNLPq>(]€1)Pq>(k'2) + cyc. (2.155)

The trivial solution for the exchange symmetric kernel K (kj,ks) = 1. The non-trivial

solution is defined such that

—Pyks) (1 1
Kk o) = 2 <P¢>(k1) +P¢(k2)>, (2.156)

where Pg(k3) = Po(|k1 + k2|). This leads to a more general definition of the kernel such
that

K(ky, ko) = (1 —u) + uP‘I’;k?’) (qukl) + P;l@)) : (2.157)

where u is a free parameter. The Bardeen potential for a scale-invariant spectrum is

then given by,
P =¢+ far [(1—u)¢® +uV 20" (¢V?9)] . (2.158)

For u = 0, (2.158) leads to the local form of primordial non-Gaussianity. The CMB

constraint on local primordial non-Gaussianity from last Planck results is [1]

¢ —=25+5.7 (68%CL). (2.159)

2.5 Conclusion

In this chapter, we review the basic analysis of the cosmological perturbation theory
on small and large scales. The linear perturbation equations have been derived for
dynamical dark energy models using gauge-invariant variables. On non-linear scales, the
mass function has been derived for collapsed objects using phenomenological spherical
collapse model. We show that primordial non-Gaussianity introduces a scale dependency

in halo bias.
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Full numerical solution is required on non-linear scales. N-body simulations are the
perfect suit for numerical analysis of structure formations on very small scales. We review
the various methods of numerical simulations and illustrate the creation of primordial

non-Gaussian initial conditions.



Chapter 3

Primordial non-Gaussianity
degeneracy with interacting dark

sector on large scales

Forecasts for primordial non-Gaussianity constraints typically assume the standard con-
cordance model, i.e. with dark energy as the cosmological constant. Dynamical dark
energy models, i.e. with equation of state w, # —1, do not typically introduce signif-
icant changes to the power spectrum on large scales (see [32] and references therein).
However, if the dark energy interacts with dark matter, then there can be significant
effects on the matter overdensity on large scales in some models [33, 66, 85]. This means
that we could misinterpret a large-scale signal as evidence of primordial non-Gaussianity

when in fact it might be a signature of interacting dark energy.

In this chapter we investigate the large-scale effects on the power spectrum from a class of
interacting dark energy models, and consider how to disentangle this signal from that of
primordial non-Gaussianity. Our fiducial (non-interacting) model is a wCDM (i.e. wy =
const) model, with Q,,0 = 0.32, Qp¢ = 0.68, ny = 0.96 and Hy = 67.04 km s~ Mpc 1.

The interacting dark energy models have the same parameters.

3.1 Interacting dark energy dynamics and perturbations

The transfer of energy density between dark energy and dark matter is not ruled out by
current observations (for recent work, see e.g. [25, 72, 73, 86, 88, 91-93]). Baryons, as

standard model particles, do not interact non-gravitationally with the dark sector. For

34
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simplicity, and since we are not producing observational constraints, we neglect baryonic

matter in our analysis, but it is straightforward to include it via the transfer function.

3.1.1 Background dynamics

For interacting dark fluids with energy density p,, (dark matter) and p, (dark energy),

the background continuity equations are (where A = m,x)

a@ A

pa+3(1+wa)pa = 3 @2 =Cm. (3.1)

Here a prime denotes d/dIna. The equation of state parameters are wa = pa/pa and

we assume a constant equation of state for dark energy1
Wy, =0, w, = const # —1. (3.2)

In the non-interacting case, this dark energy model is known as wCDM. The rate of
energy density transfer to fluid A is @ 4, and the conservation of total energy enforces
Qz + Qm = 0. We can rewrite (3.1) in terms of an effective equation of state:

/ eff eff QQA
+3(1 + =0, = wa - :

(3.3)

The Friedmann constraint and evolution equations do not contain interaction terms since

they govern the total density and pressure:

87Ga?
1
H = _5(1 + 3w)H, wy = § :AwAQA = Wz, (3.5)

where w; is the total equation of state.

3.1.2 Perturbations

Scalar perturbations of the flat background metric in Newtonian gauge are given by

(2.5). The A-fluid energy-momentum tensor is

T = (pa + Pa)u'yuis + Padt, (3.6)

Unteracting dark energy models with w, = —1 are also possible, see e.g. [73] and references therein.
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where we assume each fluid is a perfect fluid. Here u/y is the A-fluid four-velocity,
uh=at (1—-@,0",), (3.7)

where v4 is the peculiar velocity potential.

The covariant form of energy-momentum transfer is given by (we follow the approach
of [85])
VI = Q4 Q) =Qaut + Fj. (3.8)

We have split the energy-momentum transfer 4-vector relative to the total four-velocity,

where

u=a"t(1-®,0), (3.9)
(14 wy)vy = ZA(1 + wa)Qav4, (3.10)
Qa=Qa+0Qa, u,Fi=0. (3.11)

Here v; is the total velocity potential, the energy density transfer rate is Q4 and FY
is the momentum density transfer rate, relative to u*. For convenience, we drop the

overbar on the background @ from now on.

Then it follows that

Fj = a7'(0,0'fa), (3.12)
Q) = —a[Qa(l+®)+6Qal, (3.13)
Qf = adi[fa+ Qavy, (3.14)

where f4 is the momentum transfer potential. Total energy-momentum conservation

0=>) , Qa=) 6Qa=)  fa (3.15)

The perturbed Einstein equations do not explicitly contain interaction terms, since they

implies

govern the total density and velocity perturbations. The gravitational potential evolves
as
3
! —
O+ = 27—[ E AQA(l—I-’wA)UA, (3.16)

and the relativistic Poisson equation is
3
V2o = iHZAQA[dA—B'H(l—i—wA)’UA , (3.17)

where 04 = dpa/pa is the overdensity in Newtonian gauge. Although there are no ex-

plicit interaction terms in (3.16) and (3.17), the gravitational potential ® and the matter
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overdensity §,, are affected by interaction — via the perturbed conservation equations

[(3.21), (3.22) below], which do explicitly contain the interaction.

For general fluid A, it is convenient to use the comoving overdensities, see Sec. 2.1.1.2,
defined as

/

AA=5A+p—AUA. (3.18)
pA

In terms of the comoving overdensities, the Poisson equation becomes

3
Ve = SHY(YD, uBa-Q®), (3.19)
» _ a _a _
Q% = o Y, Qava= thx(vI V). (3.20)
The interaction is now explicitly present through the velocity terms introduced via the

comoving overdensities.

The perturbed conservation equations in [85] are given in terms of d4. We re-express

these in terms of A4 to obtain

4
/ CsA ¢ v
e e~ 3.21
UA+UA+(1+U)A)H A+7—l Q% ( )
k? 9

W= 3waA A — ﬁ(l + whva 57—[(1 +wa) (1 +w)(vg —vp) = Qﬁ, (3.22)

where ¢z 4 is the sound-speed, i.e. the speed of propagation of fluctuations. For dark
matter, cgn = 0. For dark energy, we choose the sound-speed of a quintessence scalar
field [85], so that ¢s, = 1. The source terms on the right encode the effect of interactions,

and are given by

% = Trugpal Qo)+, (323
A aQa QY PfA} _aQa [ aQ A ] B
%4 pA [QA pal T Toa ; (1+wa)paH (v = va)
e [3 M]f —l—M[?)(l—i—wA)—l-aQA] UA—I—LéQ
PA I+ wa)pat | pa paH paH A
Qi [ “Q
-2 {(Hm) +1] Ma+2ne (3.24)

3.1.3 A simple model of interacting dark energy

Dark sector interactions are not ruled out observationally and are theoretically plausible,
given the unknown nature of the physics of the dark sector. We do not have guidance
from fundamental physics for either the nature of dark energy, or the form of a possible
interaction between it and dark matter. Here we choose a simple model of dark energy

and a simple interaction model, each with only a single parameter.
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FIGURE 3.1: Upper: Evolution of effective dark energy equation of state, we, with

x

w; = —0.9 and for different I' > 0, in the interacting dark energy model (3.25). The
I' =0 limit is wgﬂ =w, = —0.9. Lower: The I' < 0 case, with w, = —1.1.

We adopt the interaction model of [22], defined covariantly by

QU = ~Ql = Tpsut, (3.25)

where I' is a constant interaction rate. (Observational constraints on I' are given in [22].)

Since the dark energy has w, = const, we call this model I'wCDM.

In the background, (3.25) gives

Qz =Tpz = —Qm, (3'26)
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and for the perturbations,

0Qr = —0Qm =T'pz0z, fo=—fm = Fp:v(vm - vt)' (3'27)

Since @'} is parallel to uf, there is no momentum transfer in the dark energy frame.
This means there is momentum transfer in the dark matter frame, so that the dark
matter velocity v?, does not obey the same Euler equation as the galaxies, and there
is consequently a velocity bias [52]. The alternative model considered in [22] has Q4
parallel to ul,, without momentum transfer in the dark matter frame and thus with no

velocity bias.

There are two cases for the 'wCDM model:

e [' > 0 — which represents a transfer of energy density from dark matter to dark

energy, with transfer rate I.

Stability of this model requires [22] wy > —1.

e [' < 0 — which represents the decay of dark energy to dark matter, with decay rate
T'|.

Stability of this model requires [22] w, < —1.

From (3.3) and (3.26), we see that w = w, —al'/(3H). Then it follows that wSf < w,
when T' > 0 and wS® > w, when T' < 0. This behaviour is illustrated in Fig. 3.1.
The effects of interaction grow with time, as dark energy becomes significant and then
dominant. It is clear that |I'|/Hy < 1 is required to avoid a background evolution that
will be ruled out by distance measurements. Here we are not concerned with precise

limits on I (see [22] for these).

3.1.4 Initial conditions

At decoupling, we assume that the dark fluids are adiabatic and have equal peculiar

velocities:

0 1)
Sml"‘d = < pp/m - pp/$>d =0, Umd = Vgd- (3'28)
m x

Pm Pz
— ) A== AL 3.29
<p;n>d a <plx>d a ( )

By (3.18), this implies
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FIGURE 3.2: Upper: Relative galaxy overdensity [see (3.45)] at a = 1 with dark sector

interactions, for different I' > 0 and with w, = —0.9. The vertical dashed line is the

Hubble scale, ¥ = Hy. The I' = 0 limit is the horizontal line through 0. We used
b(1) = 2. Lower: The I < 0 case, with w, = —1.1.

Using the Poisson equation (3.19), we get

2 ( k\*(1+p)
Ay = —=(2 o, 3.30
d 3<7{d) Qg (3.30)
2 [ k\? I
Ay = —=(2 Oy, 3.31
d 3<%d) Qg @ (3.31)

where we have defined

Y O] I
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FIGURE 3.3: The relative galaxy overdensity as in Fig. 3.2 but for the case of primordial
non-Gaussianity, with fx, < 0 (Up) and fxr, > 0 (Down).

We find that p ~ 1079 for |I'|/Hy < 0.03 and w, = —0.9. For w, = —1.1, u ~ —1071L,

The gravitational potential at decoupling is related to the primordial potential as follows:

Dulk) = TR (), (3.33)
(ns—4)/2
o, (k) = A(}Z) , (3.34)

where T is the transfer function (— 1 on very large scales), ns is the spectral index of
the primordial spectrum and A is an amplitude determined by the primordial curvature

perturbation.
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FIGURE 3.4: Upper: Galaxy power spectrum P, at a = 1 for an interacting dark energy

model with I' = 0.03H and for a primordial non-Gaussianity model with fxr, = —7.69.

The black (solid) line is the fiducial wCDM model without interaction or primordial

non-Gaussianity. We set (1) = 2 and w, = —0.9. Lower: For I' = —0.03H, and
fnL = 4.81, with w, = —1.1.

We can neglect dark energy and the interaction at decoupling provided that u <« 1 and
IT'|/Hoy < 0.03. This is equivalent to assuming that the universe at decoupling is well
described as matter-dominated, and it implies that ®/, = 0. Then from (3.16), (3.20)

and (3.28), we find
v = — 2 Dy=v (3.35)

Qr = o. (3.36)
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3.1.5 Growth functions

The potential growth function Dg is defined by

Bk, a) = W@d(m, (3.37)

so that Dgg = ag.

We define dark matter and dark energy growth functions

Do (k. a) mad, (3.39)
Dy(k,a) = mad, (3.39)

where we normalize at decoupling. Then it follows from the Poisson equation (3.19) that

de alei Qx ad’Hz
D, = Dy —yn—D, — B———4—
U (1 g0

Q% = aI'O% (vz—vm)- (3.41)

Q°?|, (3.40)

Here B = 5Hé4_ns) /2 /(3A) is a constant. In the limiting case of the concordance model
ACDM (' = 0,w, = —1), we have p = 0 = D, and H?Q,, = a‘lHSQmo. Thus
(3.40) recovers the ACDM relation D,;, = Dg. In ACDM, the matter growth function is
scale-independent, D,, = D,,(a). This also holds approximately for the non-interacting
w, = const models, wCDM. The effect of dark sector interactions on the growth of the

comoving matter overdensity is encoded in the Q% term (3.41).

3.2 Large-scale power in interacting dark energy

We show below that dark sector interactions in our model do lead to a growth or de-
crease of matter power on large scales — which is similar to the effect of primordial
non-Gaussianity on the galaxy power spectrum. This illustrates the point that if we
are unaware of the possibility of interacting dark energy, then a detection of primordial
non-Gaussianity from the galaxy power spectrum could in fact be a signal of dark sector
interaction with Gaussian primordial perturbations. We need to be able to distinguish
the two possibilities, i.e. to break the potential degeneracy between the signals of in-
teracting dark energy and primordial non-Gaussianity in the large-scale galaxy power.

First we need to characterize the galaxy power in the two scenarios.
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FIGURE 3.5: Upper: Effective primordial non-Gaussianity parameter fﬁfﬁ correspond-
ing to interaction rate I' > 0 at different redshift values. We take w, = —0.9. Lower:
ForI' < 0 and w, = —1.1.

non-Gaussianity

3.2.1 Galaxy overdensity in interacting dark energy and primordial

In the absence of primordial non-Gaussianity, the galaxy overdensity in 'wCDM is

related to the matter overdensity on linear scales by

this galaxy overdensity from the non-interacting primordial non-Gaussianity case.

Ag(k, a) =b(a)An(k,a),

(3.42)
where b is the scale-independent bias. We have introduced a I' superscript to distinguish
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In the presence of primordial non-Gaussianity, the bias becomes scale-dependent on
large scales (2.148). On very large scales, where T — 1, we have b < fxp.k~2. Equation
(2.148) is derived in ACDM but can also be applied to wCDM with the replacement

Dun(a) = (1 + p) Dy (k, a), (3.43)

where p is given by (3.32) and D,,,(k, a) is the growth function for non-interacting dark
energy (i.e., I' = 0). This replacement makes only a small change provided w, is close

to —1 and cg = 1. Thus for non-interacting wCDM with primordial non-Gaussianity

Ab(k, )

AgNL(k:,a) =b(a)|1l+ ba)

] A° (k,a), (3.44)

where AY is the matter overdensity in wCDM. We will call this model fx,wCDM.

3.2.2 Comparing the galaxy power

Now we investigate whether the large-scale behaviour is qualitatively similar in the two
cases, i.e. the TwCDM and fyp,wCDM models. In-order to do this, we define for each
model the galaxy overdensity relative to wCDM, i.e.,

AL (k,a) — Ad(k, a) AP (k@) — Ad(k, a)

and , (3.45)
AY(k, a) AY(k, a)

where A)(k,a) = b(a)A% (k,a) denotes the wCDM galaxy overdensity (I' = 0 = fx.).

These relative overdensities are shown in Figs.' 3.2 and 3.3.

3.2.3 Interacting dark energy mimics primordial non-Gaussianity

Figures 3.2 and 3.3 confirm that the effects of I' and of fxi, are qualitatively similar,
giving a growth (I' < 0, fx, > 0) or suppression (I' > 0, fnr, < 0) on super-Hubble scales
(k < H). The effect is stronger as |I'| or |fn1,| are increased. By comparing the galaxy
power spectra, we find numerically the effective primordial non-Gaussianity parameters
that correspond most closely to |I'|/Hy = 0.03. The correspondence is confined to scales
that are not too far beyond the Hubble radius, since this regime is well outside the reach

of observations.
In Fig. 3.4, we compare the resulting galaxy power spectra, where Py (k,a) = (|Ay(k,a)|?).

Figure 3.4 indicates that we can successfully extract an effective primordial non-Gaussianity

parameter when |I'|/Hy = 0.03. We extend this over the range |I'|/Hp < 0.03 to produce
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a curve of the effective primordial non-Gaussianity parameter against I'. We do this for
a range of redshifts, and the results are shown in Fig. 3.5. To account for the redshift

evolution of the (Gaussian) bias on linear scales, we adopt the ansatz
b=bov1+z=bya /2, (3.46)

where by = 2.

3.2.4 Breaking the degeneracy between interacting dark energy and

primordial non-Gaussianity

Figure 3.5, shows a key feature:

e As redshift increases, the value of | fl%fﬂ decreases, approaching zero at redshifts
z 2 1. This follows since the dark sector interaction begins to have an effect on
the galaxy power spectrum only at late times. By contrast, the primordial non-
Gaussianity signal is ‘frozen’ into the power spectrum at primordial times so that

fn1 is independent of redshift.

This feature should be generic for interacting dark energy models that cause large-scale
deviations in the power spectrum. It is exactly what allows us to break the degeneracy
between primordial non-Gaussianity and interacting dark energy using the galaxy power
spectrum. If we establish a value of fﬁf{ at redshift z = 0, then we can compare the
observed power at another redshift, e.g. 2z = 0.5, with that predicted by primordial
non-Gaussianity with fnp, = fﬁf{. Significant disagreement indicates that the large-scale
signal is not due to primordial non-Gaussianity, but could be a smoking gun for dark

sector interaction.

For our interacting dark energy model, the relationship between f§f£ and I' can be
estimated analytically as follows. We take the limit k& < #, so that (3.44) implies
AgNL — AbAY . In the Poisson equation (3.19), we neglect k2® to obtain A, — Q%/Q,,.
Thus by (3.42), A} — bQ® /Q,,. Then we can write (for k < H)
eff @
AN~ AT = ADAY, ~ . (3.47)
O
From (3.38) we have A% = DY A® /a,. Then (3.30), (3.33) and (2.148) (with T' = 1)
imply

NET 94 QuoHZ (b—1)0: Qm \Ho,

off , |50d aQmati b Qo (K <4—ns>/2( ;
HO Ua:—’Um)
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(3.48)

Clearly fl%f{ is in general redshift dependent, and this is confirmed by Fig. 3.5.

3.3 Interacting quintessence with an exponential potential

As an alternative model for dynamical dark energy, we consider the quintessence model.
Quintessence is defined as a canonical scalar field ¢ governed by a potential V(¢) that
is responsible for the late-time acceleration of the universe [21]. The equation of state
of quintessence varies with time. The background dynamics of the various quintessence

dark energy models could be understood using the dynamical system approach [36, 69].

Interaction between dark energy and dark matter has been proposed in several forms.
One proposal is the interaction between quintessence dark energy field ¢ and dark matter
of the form Qp,,¢" [4]. This type of interaction is familiar within scalar-tensor theories
context [3]. In Brans-Dicke theory, the interaction between a Ricci scalar and a scalar
field introduces a constant interaction with non-relativistic dark matter in the Einstein
frame [83].

Another phenomenological approach to the interaction between dark energy and dark
matter is in the form I'p,,, where T' is normalized such that I'/ H is dimensionless [20, 27].

This represents the fluid description of interacting dark energy models (see Sec. 3.1.3).

3.3.1 Background dynamics

The interaction between quintessence scalar field and dark matter is given by
VTl = —QTm)Vvd, VT, = QTm)Vuo, (3.49)

where Tl’f (@) and Tﬁ(m) are quintessence and dark matter energy-momentum tensors re-

spectively.
Interacting quintessence Lagrangian density is given as
Ly= 1 HY0,,¢0, v L
6 = —59"0ud0s6 = V(9) + Lint, (3.50)

where Liy is the interacting Lagrangian. We assume the exponential potential form for

the quintessence field given by

V() = Voexp(—A9), (3.51)
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where ) is taken to be a positive constant [5].

In FLRW metric, the background continuity equations for interacting quintessence dark

energy and dark matter are given by

a

Pyt 31t ugdpy = 5@, (3.5
3 = — Qs 3.53
P+ 3p HQ (3.53)

where pg.,, is the energy density for quintessence field ¢ and dark matter respectively
and wy = P4/py is quintessence equation of state. The interaction terms Qg are
defined as

Qs = @ﬂpm;, Qm = — Qo (3.54)

where [ is the interaction constant. The scalar field ¢ satisfies Klein-Gordon equation

in the interacting from

2 /
" +3HY + V= \fﬁpmqj. (3.55)
’ 3 H
The Friedman constraint equation is
, 8mGa?
H2 = L (o + ), (3.56)

where G is the Newtonian constant.

In order to solve for the background dynamics, we introduce the dynamical variables &, €

defined as
a |V
—1/ —=. 3.57
= (357)

g = @ -E-1)+ Vet + 81— - €Y, (3.58)

§

K
\/6’

Equations (3.52) could be written as follows,

W W

€ = 56(52 — @+ 1) = Ve, (3.59)
and the Hubble evolution equation is given by

H = —%H({Q — € +1). (3.60)

Form the definitions (3.57), the dimensionless density parameters €2y ,, are given by

Qp=8+€, Qp=1-¢-¢, (3.61)
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for quintessence dark energy and dark matter respectively. The equation of state for the

scalar field ¢ is given as follows
52 _ 62

1.0
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FIGURE 3.6: The equation of state of interacting quintessence dark energy at different
values of the interaction parameter .
Fig. 3.6 shows the equation of state of interacting quintessence dark energy models at
values of interacting constant 8 = 1.0,2.0,3.0x 103 Hy. It appears that the quintessence
field has a tracker solution towards wg = 1.0 at the initial redshift. The equation of
state approaches the value wgy = —1.0 at redshift z = 0.0. The initial conditions for the
dynamical system has been chosen such that the current values of the density parameters

are the same as ACDM model.

3.3.2 Perturbations

For quintessence field ¢, we define the fluid variables as follows

1 o
po = —5970ab5+V, (3.63)
1 o
Py = —566a05-V, (3.64)
2
Uy = (3.65)
: |gaﬁ¢,a¢,ﬁ 1/2

The energy-momentum tensor is given by

Ty = (pg + Pp)upuy + guwPy. (3.66)
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The perturbed energy density and pressure for quintessence dark energy are given by

bps = H($54 — 67®) + V400, (3.67)
6Py = H(¢'0¢/ — ¢2®) = V436, (3.68)

The sound speed is therefore defined as

) 6Py  H?*(¢/6¢' — ¢"®) — Vb0

S0 Spy T HAGST — 97) + V480 (369

For interacting fluids with generic equations of state and sound speed, the perturbation
equations are given by (3.16), (3.21), (3.22). For interacting quintessence model (3.54),

the perturbed coupling terms are given by,

3 85
m = —0Q4=Qm|0m+-®+3%——"—|, :
6Q 0Q¢p = Q <6 +50+3 ¢2¢'2(1+C§,¢)) (3.70)

fm = —fom-CQumlr=itig (3.71)

where 04 = dpy/pe is the quintessence overdensity.

3.3.3 Galaxy overdensity in interacting quintessence model
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F1cURE 3.7: Relative galaxy overdensity for interacting quintessence dark energy at
a = 1.0 for different values of the interacting constant 3.
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Fig. 3.7 shows the relative galaxy overdensity for interacting quintessence dark energy

defined as
A (k,a) — A(k, a)

AY(k, a) ’

(3.72)

where Ag(k,a) represents the galaxy overdensity for quintessence model with no in-
teraction. On super-horizon scales, the galaxy overdensity (and so the galaxy power
spectrum) shows a scale dependent effect decreasing with the interaction parameter
increase. On sub-horizon scales, the galaxy overdensity also shows an increasing devia-
tions with respect to the background model with interaction. These signs of interacting
effects allow for possible observational constraints on super and sub horizon scales via
upcoming large scales surveys. Approaching non-linear scales, interacting quintessence
dark energy is assumed to leave an imprint on small structure formation as well. See

Sec. 4.3 for further details.

3.4 Conclusion

We have shown that for a simple class of models, interaction in the dark sector causes a
growth or suppression of matter power on very large scales, relative to the non-interacting
case. Furthermore, these large-scale deviations can be approximately mimicked by pri-
mordial non-Gaussianity in a non-interacting model. This raises a potential problem for
attempts to constrain primordial non-Gaussianity through the galaxy power spectrum
— such attempts could be confused by interaction in the dark sector. One way to break
this degeneracy is by looking at the power spectra at two redshifts. If the two effective

parameters f§f£ are not equal, then this is a strong indication of interacting dark energy.

We also considered interacting quintessence dark energy models with constant interac-
tion rate. The galaxy overdensity shows that the interaction between quintessence scalar
field and dark matter leaves a scale-dependent signal on super-horizon scales. On sub-
horizon scales, interacting quintessence model shows deviation form the non-interacting
case, which could be a very suitable constraint within current large scale observational

limits.

There are serious obstacles to the observability of any effect that arises only on very
large scales — including interacting dark energy effects and primordial non-Gaussianity.
The fundamental problem is cosmic variance, which grows on large scales and typically
swamps any small signal. The current state of the art in constraining primordial non-
Gaussianity via galaxy surveys [37] is unable to detect |fni| < 20, and Planck has
already placed the constraint |fnp| < 10 (2.159). In the interacting dark energy model

that we investigate here, fﬁff is in the range compatible with Planck, and therefore not
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currently detectable. In order to overcome the problem of cosmic variance in galaxy
surveys, we need either three-dimensional data (i.e., the power spectrum measured over
a significant range of redshifts) or the application of the multi-tracer method [60, 76],
or both. (The multi-tracer method requires that we have two or more different tracers
of the underlying dark matter overdensity.) Future surveys such as Euclid and the SKA
will be needed in order to detect primordial non-Gaussianity or large-scale interacting

dark energy effects at the level | f§f£| < 10 considered here.

There is an important further point about observability on very large scales: on these
scales, there are general relativistic corrections to the standard power spectrum, which
are also potentially degenerate with primordial non-Gaussianity [19, 49, 68, 94]. There-
fore one needs to include the relativistic effects in any analysis of primordial non-
Gaussianity, as in [19, 49, 68, 94]. The same applies to an anlysis of interacting dark
energy on very large scales. The relativistic effects for our interacting dark energy model

and others are investigated in [33].
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Imprints of primordial
non-Gaussianity on non-linear

scales

The abundance of galaxy clusters in the universe is considered as one of the large scale
structure observational probes of non-Gaussianity. Since large objects formation origi-
nate from the initial density distribution tails, which is nearly Gaussian, it is sensitive
to primordial non-Gaussianity [59]. The abundance of large objects, i.e. galaxy clusters
and large voids, allows to measure primordial non-Gaussianity on small scales of order
10 Mpc. Different estimates of fll\?f have been derived from very massive galaxy clusters
observations which is fi&€ ~ 400 [35, 62].

On non-linear scales, where the fluctuations are not governed only via gravitational
interactions, numerical simulations are required for more accurate predictions. Since the
abundance probe of non-Gaussianity are affected by non-linear gravitational evolution,
N-body simulations are considered. Local type non-Gaussianity N-body simulations

have been considered with good agreement with the analytical predictions [28, 39, 87].

In this chapter we study the effect of non-Gaussian initial conditions on non-linear
dynamics via a set of cosmological dark matter only N-body simulations. We show
the effect of non-Gaussianity on non-linear power spectrum and cumulative halo mass

function.

53
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4.1 N-body simulation setting

Cosmological N-body simulations consist of an expanding box containing N particles
with periodic initial conditions. The mutual interaction between particles, which traces
the matter density, are only via Newtonian gravity. The Friedmann equation is used to
determine the expansion rate of the expanding box. On non-linear scales, other physical
processes are considered such as hydrodynamics which is referred to as baryonic physics.
Except on very small scales, baryonic physics are less important and hence gravity-only

N-body simulations are good enough for the purpose of this thesis.

Two common algorithms are used for the solution of the N-body problem, the particle-
mesh (PM) and the tree particle mesh (tree-PM). The PM method is very good in
speed and error control, however it has limits on force resolution. Tree-PM method
is used to combine long-range and short-range force computations. Short range force
computations are done by tree algorithm. In this thesis we are going to use the tree-PM
publicly available code GADGET-2 [81] for all simulation runs.

Parameter Value
Q. 0.2678
Qa 0.6817
O 0.049
Tg 0.9619
og 0.8347
Hy 67.04 km s7' Mpc~!

TABLE 4.1: Cosmological parameters used to generate initial conditions and simulation
runs [2].

The choice of cosmological parameters are for a flat ACDM cosmology with Planck
results [2], see Table 4.1. We consider different sets of medium resolution simulations for
different local non-Gaussianity realizations to measure the effect on non-linear scales.

Table 4.2 contains the setting of the simulations suits done in this thesis.

Name Zini B [MPC3] Npart Mpart [MQ} €soft [Mpc] JNL
ACDM 49.0 2503 2563 6.92 x 1012 0.0244 0.0
fNL-ACDMO | 49.0 2503 2563 6.92 x 10! 0.0244 250.0
fnL-ACDM1 | 49.0 2503 2563 6.92 x 10! 0.0244 500.0
fnL-ACDM2 | 49.0 2503 2563 6.92 x 101! 0.0244 1000.0
fNL-ACDM3 | 49.0 2503 2563 6.92 x 10!t 0.0244 -250.0
fnL-ACDM4 | 49.0 2503 2563 6.92 x 101! 0.0244 -500.0
/nL-ACDM5 | 49.0 2503 2563 6.92 x 10!t 0.0244  -1000.0

TABLE 4.2: Set of N-body simulation runs.
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All the simulation runs have been done on SCTAMA cluster at Portsmouth University
via CosmoSuite code (see Sec. 4.1.3). The total running time on 128 cores is around
six hours. Since high resolution simulations are very computationally consuming, we
restrict our set of runs to medium resolution setting. We considered high values of the
primordial non-Gaussianity parameter fyy, > 100, which are ruled out by recent Planck
results (2.159), in order to have a qualitative measurable effect on a medium resolution
box considered in our simulation runs. For near-Planck fyi, values, it requires very high
resolution simulations, which is very time and computational consuming and will be

considered for future work [30].

4.1.1 Initial conditions generation

The initial conditions for our set of N-body simulations are generated by displacing N
number of particles on a regular grid using the Zel’dovich approximation (2.149). We use
a realization of a random Gaussian field for the Bardeen potential. The transfer function
T (k) for the initial power spectrum is numerically computed using the numerical code
CAMB [54], see Fig. 4.1. The initial redshift has been selected at z = 49.0 so radiation
could be safely neglected.

4.1.1.1 Local non-Gaussianity implementation

For local type non-Gaussianity, we used 2LPT-PNG code to generate initial conditions
[75]. Tt simply computes the non-Gaussian contribution using the kernel defined in

(2.158) to compute the non-Gaussian density field from a given Bardeen potential.

4.1.2 Simulation settings test

In order to test our simulation setting for local primordial non-Gaussianity model, we

compare our results with [87] for the halo mass function.

Fig. 4.2 shows the the ratio between Gaussian and non-Gaussian halo mass function at
redshift z = 1.5 for local fi¢ = 500. The plot shows that our results are in agreement
with [87], considering the same setting for initial conditions generation and N-body
simulation runs. We used the same halo finder (AHF halo finder) as in [87] to avoid

numerical errors.
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FIGURE 4.1: Initial matter power spectrum and transfer function at redshift z = 49.0
calculated using CAMB.

4.1.3 CosmoSuite: A toolkit for running and analysing cosmological

N-body simulations

For the simulations done in this thesis, a Python package with Graphical User Interface
(GUI) has been developed for the purpose of creating the initial conditions, running

the simulations and doing the post-analysis including snapshots visualization and data
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FIGURE 4.2: Halo mass function ratio for f%¢ = 500 at redshift z = 1.5 compared with
Wagner et al results [87].

plotting, halo mass function and non-linear power spectrum calculations. Fig. 4.3 shows
the GUI for CosmoSuite code. The code is publicly available on the following address,
https://github.com/mwhashim/CosmoSuite.

eoe CosmoSuite v.1
| 3| | Perturbative Cos... | |[% cave | ¢ C e N :| D) |6
Run Name & Directory
Local Directory Run Name 10
Cosmological Parameters:
Select B 0.8
Q4 00 Q00 Q oo 0.6
Hy 0.0 75 00 ns |00 0
Model Selection
Select B 02
wr 00 oo @y 0.0 r oo 0.0
) 0.0 0.2 0.4 0.6 0.8 10
fve 0o
Run Setting
Select B A

Jobs List

QSub || QStat | select | Log | QDel

Runing Jobs

Welcome to CosmoSuite

FIGURE 4.3: CosmoSuite Graphical User Interface.

The GUI is user friendly and allows for entering all the simulation settings without any
file editing. The code runs over three stages. The first stage is code compilation; in which

editing to makefile options of the various codes supported by the GUI is simply done
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by multi-choice buttons. Then after choosing the running platform from the settings,
selected code could be compiled by a simple click. The GUI is supported with different

compiler settings for different platforms.

The second stage of the GUI run is the simulation parameter entering. All parameter files
for the various supported codes are implemented in the GUL. Common parameter fields
are filed simultaneously. The GUI support different model and cosmological parameters.
Then, by adding tasks to the task menu, you can run or submit your simulation job to

the running cluster.

The final stage includes the post-analysis of the simulations output. Many different
analysing functions are supported, including the calculations of the non-linear power
spectrum and the halo mass function. Snapshot projection plotting is also implemented.

The code is supported with remote connection for parallel computation.

4.2 Results

We study the effect of primordial non-Gaussianinty via a set of dark matter only N-body
simulations for different values of non-Gaussianity parameter fll\?f = 0, 250, £500, ££1000.
We plot the output snapshots at four different redshifts z = 0.0,0.55,1.0,2.01. In Figs.
4.4, 4.5, 4.6, 4.7, we plot time evolution of particle distribution in a box with size
2503 Mpe? and projection depth on the z-axis 7 Mpc at different redshifts. The par-
ticle distribution changes between Gaussian and non-Gaussian cases. Also structure

formation differs with the inclusion of non-Gaussianity.

Figs. 4.8, 4.9, 4.10, 4.11 represent the four different realizations of non-Gaussianity for
positive and negative values at different redshifts. The particle projection plots show
that the structure formation at higher redshifts are sensitive to the non-Gaussianity
parameter than at low redshifts. The statistical properties of structure formation at
higher redshifts is a very good probe of non-Gaussianity parameter. Also higher mass

objects distribution differs with different non-Gaussianity parameters.
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F1GURE 4.4: Particle projection plot of GADGET-2 output snapshots of redshift series

z = 2.01,1.0,0.55,0.0 for different values of non-Gaussianity fi2° = 0.0,250.0 from

upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the plot is
weighted with dark matter halo mass.
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F1GURE 4.5: Particle projection plot of GADGET-2 output snapshots of redshift series

z = 2.01,1.0,0.55,0.0 for different values of non-Gaussianity fi¢ = 500.0,1000.0 from

upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the plot is
weighted with dark matter halo mass.
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F1GURE 4.6: Particle projection plot of GADGET-2 output snapshots of redshift series

z = 2.01,1.0,0.55,0.0 for different values of non-Gaussianity fll\}’f = 0.0,—250.0 from
upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the plot is
weighted with dark matter halo mass.
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F1GURE 4.7: Particle projection plot of GADGET-2 output snapshots of redshift series

z = 2.01,1.0,0.55,0.0 for different values of non-Gaussianity fi& = —500.0, —1000.0

from upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the
plot is weighted with dark matter halo mass.
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FicURE 4.8: Particle projection plot of GADGET-2 output snapshots of different

values of non-Gaussianity fni, = 0.0,250.0,500.0, 1000.0 for redshift series z = 0.0,0.55

from upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the
plot is weighted with dark matter halo mass.
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F1GURE 4.9: Particle projection plot of GADGET-2 output snapshots of different

values of non-Gaussianity fxr = 0.0,250.0,500.0, 1000.0 for redshift series z = 1.0, 2.01

from upper-left to lower-right respectively. The projection depth is 7.0 Mpc and the
plot is weighted with dark matter halo mass.
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F1GURE 4.10: Particle projection plot of GADGET-2 output snapshots of different

values of non-Gaussianity fi&¢ = 0.0, —250.0, —500.0, —1000.0 for redshift series z =

0.0,0.55 from upper-left to lower-right respectively. The projection depth is 7.0 Mpc
and the plot is weighted with dark matter halo mass.
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FI1GURE 4.11: Particle projection plot of GADGET-2 output snapshots of different
values of non-Gaussianity fi&¢ = 0.0, —250.0, —500.0, —1000.0 for redshift series z =

1.0,2.01 from upper-left to lower-right respectively. The projection depth is 7.0 Mpc
and the plot is weighted with dark matter halo mass.
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4.2.1 Halo mass function

Large gravitationally bound objects are supposed to be sensitive to the value of pri-
mordial non-Gaussianity parameter. In this section we study the effect of non-Gaussian
initial conditions on the halo mass function. In order to identify halos in the simulation
data we use AHF [38, 50], the publicly available Amiga’s Halo Finder. AHF identifies
halos as gravitationally bound objects with spherical overdensity. Redshift dependent
virial overdensity is used to calculate the specific overdensity for a bounded object. We
assume the minimal number of particles inside a halo to be 20 particles. The halo masses

for the set of simulations are larger than 1013Mg, /h.

The high mass tail of the halo mass function is very sensitive to primordial non-
Gaussianity. Galaxy cluster surveys are very good probe of the primordial non-Gaussianity

parameter.

In Figs. 4.12, 4.13, 4.14, 4.15, 4.16, 4.17, 4.18, 4.19, we present the cumulative halo
mass function for different values of fny, at four different redshifts. The bottom panel
in each plot shows the residual with respect to the Gaussian case. The black solid
line represents Reed analytical fit [70]. At redshift z = 0.0, the large mass tail of the

halo mass function with masses > 10'35 M, increase with increasing positive Il\‘ff and

decrease with decreasing negative ll\?f At very large masses, the halo mass function
diffuse due to stochastic effects originate from medium resolution masses. For higher

resolution simulations, the systematic errors decrease with higher mass resolutions.

At higher redshifts, the change in the mass function shifts towards lower mass halos,
< 10'3 My, and the change increases with a factor of 20% for large mass halos. Future

galaxy surveys at higher redshifts will be a sensitive probe to the early universe physics.
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F1GURE 4.12: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fll\}’f = 0.0,250.0,500.0,1000.0 at redshift z = 0.0. Black solid line represents

Reed 2007 analytical fit. Lower: Cumulative halo mass function residual with respect
to Gaussian ACDM model at redsift z = 0.0.
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F1GURE 4.13: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fll\?f = 0.0,—250.0, —500.0, —1000.0 at redshift z = 0.0. Black solid line

represents Reed 2007 analytical fit. Lower: Cumulative halo mass function residual
with respect to Gaussian ACDM model at redsift z = 0.0.
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F1GURE 4.14: Upper: Cumulative halo mass function for different non-Gaussianity pa-

rameter fll\?f = 0.0,250.0,500.0,1000.0 at redshift z = 0.55. Black solid line represents

Reed 2007 analytical fit. Lower: Cumulative halo mass function residual with respect
to Gaussian ACDM model at redsift z = 0.55.
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F1GURE 4.15: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fll\?f = 0.0, —250.0, —500.0, —1000.0 at redshift z = 0.55. Black solid line

represents Reed 2007 analytical fit. Lower: Cumulative halo mass function residual
with respect to Gaussian ACDM model at redsift z = 0.55.



Chapter 4. Imprints of primordial non-Gaussianity on non-linear scales

72

—3.0L . -- f¥ =00
flee =250.0
—-3.5¢ fie =500.0
— 0 fie =1000.0
w =4.0 4
=)
~
= —4.5} .
& 50/ ]
=
S _55| |
2
—-6.0t .
-6.5} SR
125 13.0 135 14.0 145
logg(m [M])
2.0 ‘ . . . .

¥ ¥ flr=250.0
a4 fl2=500.0

1.5H e—e sl =1000.0 .

An(m) fn(m)

—0:5 125 13.0 135 14.0 145

logip(m [M])

F1GURE 4.16: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fll\}’f = 0.0,250.0,500.0,1000.0 at redshift z = 1.0. Black solid line represents

Reed 2007 analytical fit. Lower: Cumulative halo mass function residual with respect
to Gaussian ACDM model at redsift z = 1.0.
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F1GURE 4.17: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fif =

represents Reed 2007 analytical fit.

0.0, —250.0, —500.0, —1000.0 at redshift z = 1.0. Black solid line

Lower: Cumulative halo mass function residual

with respect to Gaussian ACDM model at redsift z = 1.0.
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F1GURE 4.18: Upper: Cumulative halo mass function for different non-Gaussianity pa-

rameter fll\?f = 0.0,250.0,500.0,1000.0 at redshift z = 2.01. Black solid line represents

Reed 2007 analytical fit. Lower: Cumulative halo mass function residual with respect
to Gaussian ACDM model at redsift z = 2.01.
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F1cURE 4.19: Upper: Cumulative halo mass function for different non-Gaussianity

parameter fi&¢ = 0.0, —250.0, —500.0, —1000.0 at redshift z = 2.01. Black solid line

represents Reed 2007 analytical fit. Lower: Cumulative halo mass function residual
with respect to Gaussian ACDM model at redsift z = 2.01.
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4.2.2 Non-linear power spectrum

Non-linear power spectrum prediction at high precision is required to estimate the un-
biased results from weak-lensing and Lyman-alpha forest surveys [47]. Primordial non-
Gaussianity affects the non-linear power spectrum at a few-percent level. In this section
we calculate the non-linear power spectrum for the simulation runs using POWMES code
[24]. This power spectrum estimator relies on a Taylor expansion of the trigonometric

functions.

In Figs. 4.20, 4.21, 4.22, 4.23, 4.24, 4.25, 4.26, 4.27, we show non-linear power spectrum
for different values of the non-Gaussianity parameter at different redshifts. The black
solid line represents the analytical non-linear perturbation theory with HaloFit model
prediction [80]. In the bottom panel, we calculate the residual with respect to the

Gaussian case.

The non-linear power spectrum changes with different values of ll\?f On scales larger

than k > 10~ h/Mpc the non-linear power spectrum increases with increasing positive

11\}’15 and decreases with decreasing negative fll\?f values. At redshift z = 0.0, the non-
linear power spectrum residual peaks at scale k& ~ 0.5 h/Mpc. This peak shifts with
increasing redshift towards small scales at k& ~ 1 h/Mpc. The change in the non-linear
power spectrum is almost constant with increasing redshift and it stabilize on very small

scales k > 1 h/Mpc.
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F1cURE 4.20: Upper: Non-linear power spectrum for different non-Gaussianity pa-

rameter fll\}’f = 0.0, 250.0,500.0,1000.0 at redshift z = 0.0. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with
respect to Gaussian ACDM model at redsift z = 0.0.
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F1GURE 4.21: Upper: Non-linear power spectrum for different non-Gaussianity param-

eter fll\}“f = 0.0, —250.0, —500.0, —1000.0 at redshift z = 0.0. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with
respect to Gaussian ACDM model at redsift z = 0.0.
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F1GURE 4.22: Upper: Non-linear power spectrum for different non-Gaussianity pa-

rameter fll\?f = 0.0,250.0,500.0,1000.0 at redshift z = 0.55. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with
respect to Gaussian ACDM model at redsift z = 0.55.
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F1GURE 4.23: Upper: Non-linear power spectrum for different non-Gaussianity param-

eter fllﬁ’f = 0.0, —-250.0, —500.0, —1000.0 at redshift z = 0.55. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with re-
spect to Gaussian ACDM model at redsift z = 0.55.
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respect to Gaussian ACDM model at redsift z = 1.0.
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F1GURE 4.25: Upper: Non-linear power spectrum for different non-Gaussianity param-

eter fll\}“f = 0.0, —250.0, —500.0, —1000.0 at redshift z = 1.0. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with
respect to Gaussian ACDM model at redsift z = 1.0.



Chapter 4. Imprints of primordial non-Gaussianity on non-linear scales

83

2.01,k)

AF, /P, (=

-0.1

-- 00
-
10° \'\ flee =250.0
NG Flor —500.0
5 3 « o« fle —1000.0
=
b
=
=
— 10%} .
R
=
=
o1
I
2
£
H
10} :
10" 10° 10
k [h/M,]
0.5 . . .
¥ ¥ flr=250.0
a4 fl2=500.0
0.4 :
oo fl%=1000.0

k [h/M,]

F1GURE 4.26: Upper: Non-linear power spectrum for different non-Gaussianity pa-

rameter fll\?f = 0.0,250.0,500.0,1000.0 at redshift z = 2.01. Black solid line represents

CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with
respect to Gaussian ACDM model at redsift z = 2.01.
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F1GURE 4.27: Upper: Non-linear power spectrum for different non-Gaussianity param-

eter fllﬁ’f = 0.0, —-250.0, —500.0, —1000.0 at redshift z = 2.01. Black solid line represents
CAMB Halo-fit model prediction. Lower: Non-linear power spectrum residual with re-

spect to Gaussian ACDM model at redsift z = 2.01.
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4.3 Qualitative comparison with interacting dark energy

simulations

Numerical N-body simulations have been tested so far for the simplest standard ACDM
model with much agreement with analytical predictions. For more complex cosmological
dark energy models, the use of N-body simulation becomes more relevant to identify
small deviations from the standard model on non-linear scales. The significant progress
made to the numerical simulations allows to investigate the nature of dark energy and

to study different scenarios of interaction between dark energy and dark matter [53].

Interacting dark energy N-body simulations have been done firstly by [57] using a mod-
ified AMR, code, which consider a range of scaler field dark energy models interacting
with dark matter only. The first hydrodynamic simulations of interacting dark energy
models are done by [9]. The evolution of the halo mass function with respect to red-
shift has been studied in [26] showing a significant effect of the interaction between dark

energy and dark matter at high mass tail.

4.3.1 CoDECS simulations

For our qualitative comparison with interacting dark energy simulations, we are going to
use the CoDECS simulations [7]. It includes interacting quintessence model simulations
with interaction term of the form (3.54) with variable interaction rate [3(¢) given as

follows,

B(¢) = Boexp(B19), (4.1)

where fy and 81 are constants. In our analysis we only consider simulations with constant
interaction rate, i.e. B; = 0.0. There are different simulations runs within CoDECS
including investigation of the effect of baryon dynamics via hydrodynamical simulations.
Since this is out of the scope of the thesis, we only consider the L-CoDECS, see Table
4.3, runs which only represent interacting dark energy-dark matter simulations with the
existence of baryons but without hydrodynamics. It consists of 2 x 10242 dark matter and
baryon particles in a periodic cosmological box of 13[(h~'Gpc)?] size. The simulations
are done using the modified TreePM N-body GADGET code [9]. The mass resolution
of L-CoDECS simulations are m, = 5.84 x 10'°°h=1 M, and my, = 1.17 x 101°h=* M, for

dark matter and baryons respectively at z = 0.0.

The initial conditions for L-CoDECS simulations are generated using the Zel’dovich
approximation on a homogeneous glass-like particle distribution [95]. The initial matter

power spectrum are computed at z;; = 99.0 via a modified Boltzmann code CAMB
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Model Bo B1 weg(z=0) og(z=0)
L-ACDM - - -1.0 0.809
L-EXP001 | 0.05 O -0.997 0.825
L-EXP002 | 0.1 O -0.995 0.875
L-EXP003 | 0.15 O -0.991 0.967

TABLE 4.3: Set of L-CoDECS N-body simulation runs.

[54] for interacting quintessence cosmology with "WMAP7 only Maximum Likelihood”

cosmological parameters [51].

4.3.2 Halo mass function

In order to compare primordial non-Gaussianity effect with interacting dark energy on
non-linear scales, we compute the halo mass function for L-CoDECS simulations using
the same halo finder we used for primordial non-Gaussianity simulations (see Sec. 4.2.1).
We apply AHF halo finder [50] to L-CoDECS snapshots at z = 2.01 for three realizations
of interaction parameter 5= 0.05,0.1,0.15.

Fig. 4.28 shows halo mass function for interacting dark energy and the residual with
respect to ACDM model. The halo mass function appears to show an increasing be-
haviour at high mass tail with the increasing interaction parameter 8. At low mass tail,

the halo mass function slightly deviates from the non-interacting case.

By qualitatively comparing with primordial non-Gaussian halo mass function Fig. 4.18,
we notice that the high mass tail of the halo mass function apparently experience a
similar effect from both primordial non-Gaussianity and interacting dark energy. This
could lead to possible mutual degeneracy of primordial non-Gaussianity and interacting

dark energy on non-linear scales.

4.4 Conclusion

In this chapter, we show that primordial non-Gaussianity leaves an imprint on non-linear
scales of the structure formation of the universe. Via a set of cosmological mark matter
N-Body simulations, we show that local primordial non-Gaussianity affects large mass
halos. The calculation of the halo mass function indicates that large mass halos are
very sensitive to primordial non-Gaussian initial conditions. This indicates that galaxy

surveys are very good probes of primordial non-Gaussianity.

Non-linear power spectrum on scales k ~ 1 h/Mpc are also sensitive to the value of non-

Gaussianity. We show that for different non-Gaussianity realizations, non-linear power
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FI1GURE 4.28: Upper: The halo mass function for L-CoDECS simulations of interacting
dark energy at z = 2.01 for different interaction parameters 8 = 0.05,0.1,0.15. The
solid-dashed line represents ACDM mode. Lower: The halo mass function residual with

respect to ACDM model.

spectrum residual peaks around k ~ 0.5 h/Mpc at redshift z = 0.0 and stabilize on very

small scales.

In this chapter, we have used GADGET-2 and the initial condition code 2LPT-PNG

with our CosmoSuite tool in order to investigate local primordial non-Gaussianity. This
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work is part of a major project [42], which aims for the first time to include non-Gaussian
initial conditions in N-body simulations with interacting dark energy. The project will
advance our understanding from the large scales where perturbation theory is effective
(see chapter 3) to small non-linear scales where N-body simulations are essential. The
project combines the work presented is this chapter with previous work on N-body

simulations with interacting dark energy and Gaussian initial conditions [9].



Chapter 5

Conclusion and future work

Large scale structure of the universe is a very promising tool for exploring the early
universe physics. Mapping the universe on large scales gives us a very accurate constraint
on many cosmological parameters including dark energy equation of state and primordial
non-Gaussianity. In chapter one, we review the cosmic evolution history of the universe
assuming the standard model. The dynamical evolution of the universe is described by
the Friedmann equations derived by solving Einstein field equations for FLRW metric,
assuming homogeneous and isotopic background. The expansion rate of the universe
changes according to the different components of the cosmos. For accelerated expansion,

the universe has to be filled with a negative pressure component.

In chapter 2 with discuss the dynamics of gravitational instability responsible for the
evolution of the structure formation of the universe. Cosmological perturbation the-
ory on linear/non-linear scales has been discussed with the derivation of perturbation
equations for different dark energy cosmologies. We considered dynamical dark energy
models with variable equation of state. We discussed the spherical collapse phenomeno-
logical model with the derivation of the mass function of collapsed objects. For statistical
measure of the large scale structure, the 2-point correlation function has been discussed.
In Fourier space, the power spectrum evolution of matter component of the universe has
been derived using linear perturbation theory. According to inflation model, the quan-
tum fluctuations are the physical seed of structure formation of the large scale structure
in the universe. With the assumption of non-Gaussian curvature primordial field, we
discussed the possible imprint of primordial non-Gaussian signature on late large scale
structure. We showed that primordial non-Gaussianity leaves a scale-dependent effect

of galaxy bias on very large scales.

Evolution is the interacting dark sector has been discussed in chapter 3. In this chapter,

we derived the background and perturbation equations for interacting dark energy model
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with constant interaction rate proportional to dark energy density. After numerical
solution of the perturbation system we calculated the galaxy power spectrum. On very
large scales, interacting dark energy perturbation leaves a scale-dependent signature
similar to primordial non-Gaussianity. The two signals provide very similar features
on very large scale galaxy power spectrum. At higher redshifts, the interacting dark
energy signal decrease however primordial non-Gaussianity signal stay constant due to
its primordial origin. So we can disentangle between the two signals by measuring the

galaxy power spectrum at two different redshifts.

In chapter 4, we perform a set of cosmological N-body simulations to measure imprints
of primordial non-Gaussianity on non-linear structure. Calculations of cumulative halo
mass function show that it is sensitive to the value of primordial non-Gaussianity param-
eter fnr, on large mass tail. The change increase with higher redshifts. Non-linear power
spectrum measurements also indicate that primordial non-Gaussianity affects non-linear
power spectrum on scales k ~ 1h/Mpc. The change is stable with redshift changing how-
ever the peak of the residual change shifts towards small scales with higher redshifts.
Future galaxy surveys are very good probes to the estimation of non-Gaussianity pa-

rameter to a high precision.

Measurements of halo mass function suggests that very large mass halos are affected
by primordial non-Gaussianity. In the following section we discuss the future work
investigating possible degeneracy between primordial non-Gaussianity an interaction in

the dark sector via N-body numerical simulation.

5.1 Future work

Dark sector N-body simulations are a very promising tool to test the theoretical mod-
elling of dark energy and dark matter components of the cosmos. The halo mass function
are very sensitive to the nature of dark energy. The formation of dark matter halos on
small scales is modulated by the primordial non-Gausianity, leading to a scale-dependent
bias on very large scales. Cosmological N-body simulations show that primordial non-
Gaussianity strongly affects the clustering of rare objects on large scales and the mass

function of massive halos.

Several scenarios have been proposed in the literature to account for the unexpected
energy component of the cosmos - dark energy, responsible for the late time cosmic
acceleration. This include the existence of a light minimally coupled scalar field called
quintessence. Other proposed scenarios incorporate deviations form standard general

relativity on cosmological scales. Recently, there has been a growing interest on whether
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the physical nature of dark energy could be settled by the clustering of large-scale
structures. This is also include the possible degeneracies between the clustering effect

of interacting dark energy and the primordial non-Gaussianity constraint [43].

Numerical simulations used to investigate the evolution of the universe and the for-
mation of cosmic structures beyond the linear regime has proven to be an extremely
valuable tool. It has allowed to study the nature of dark matter and dark energy and
its role in driving the growth of cosmic structures starting from the primordial density
fluctuations generated in the early universe by the inflationary accelerated expansion.
Many different codes have been developed for dark energy N-body simulations [7] and
for alternative modified gravity scenarios [55]. This creates an essential studying tool
and a link between theoretical modelling and direct observations for any present and

future of the accelerated expansion of the universe.

In the presence of primordial non-Gaussianity, the formation of dark matter halos on
small scales is modulated by the large-scale overdensity, leading to a scale-dependent
bias on very large scales. Cosmological N-body simulations shows that primordial non-
Gaussianity strongly affects the clustering of rare objects on large scales and the mass
function of massive halos [28]. However dark sector interaction has its own imprint on
the halo mass function as well [26] leading to a possible degeneracy between primordial

non-Gaussianity and interacting dark energy on non-linear scales.

In future work, we will investigate different forms of primordial non-Gaussianity via its
imprint on the halo mass function and the bias of the galaxies using N-body simulations,
and determine how this form: of non-Gaussianity is affected by various dark energy
scenarios. Also, We will investigate a possible degeneracy between primordial Non-

Gaussianity and Interacting dark energy on non-linear scales.
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