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A Scenario of Cosmological
Structure Formation

e Small Fluctuations in Dark Matter

e Baryonic Matter condenses in the potential
wells

o /~15-20: First generation of Stars

e Cosmic Reionization

e Temporary Suppression of Star formation
e Growth of DM halos (accretion, mergers)
e Galaxy Formation, Star formation

e |Large Scale Structure of the Universe



Cosmology of Structure
Formation

/\

Origin of Density
Fluctuations
> Quantum field theory
> Inflation

» Power Spectrum of
Fluctuations

» Comparison with
Observations
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Growth of Density
Fluctuations

Gravity as the dominant
force

Gravitational Instability,
Jeans Theory

Linear perturbation theory:

Newtonian vs. Relativistic

Radiation vs. Matter
dominated

Sub-Horizon vs. Super-
Horizon

Jeans-length vs. Horizon




Cosmology of Structure
Formation

Growth of Density
Fluctuations

> Nonlinear Structure
Formation

A Spherical Collapse

d Zeldovic Approximation
 Adhesion Approximation
[ Press-Schechter-Theory

d Numerical N-Body
Simulations




Linear Perturbation Theory
IN Newotonian Limit

e Continuity Equation 8'0+V(,0v) 0

ot
e Euler Equation & (v V)Y =LV -V
£l 2
e Poisson Equation AD = 472G p
e Equation of State
p=p(p)

(adiabatic case)



Newtonian Perturbation

e First order

theory
p=p"+ep

Approximation: v =v’+gy

e Results in:

-

D=0 +& D




Newtonian Perturbation
theory

e In adiabatic case: 1

Vpl—ail V,OI—V 2 Vpl
op
1
2=
ap =const
e In Euler Equation:
ov' v’
=—_Vp' -VO'

Ot o’



Newotonian Perturbation
theory

o After using the perturbed Poisson
and Continuity equation:

52,01

O’

—v *Ap' =47G p°p'

e Ansatz: P _ [ pilbrzar)

e Results in: (k) = k* — 472G p°



Newotonian Perturbation
theory

e Exponential growth occurs if:

0
‘k‘<\/47sz k)

2
VS

e The Jeans-length
_zz

A
J kJ

determines which fluctuations grow.



Perturbations in the
Expanding Universe

e Comoving Coordinates:
X = r a

physical length comoving length scale factor

v =xX=r-a+r-a
e —

v pec

e In Ot approximation:

X . a

Ve =0=v =r-a=—-a=x b



Perturbations in the
Expanding Universe

o After introducing comoving coordinates:

% +3p—+ Vo' + o'Vl =0
ot a

1
v +a L4 (v V)-vlz—LOVpl—Vcbl
ot a a yo,
AD' = 472G p'
VplzvSZVpl

e Coordinate transformation allows: v,=0



Perturbations in the
Expanding Universe

e Ansatz for separating the variables:

! kS
pt,x)=p e

! ik
v (t,x)=v -e

g X

O'(t,x)=0' e a

a

N\

>

J

—~ © o~ 0
0 +38 0 i 2w k)=0
a a

~ oan L k|(v? 4nGa® |
Vo +—v 41 = — |p =0
VT
a’ -~
1
() :—pél'ﬂ'Gpl

We obtain two differential equations



Perturbations in the
Expanding Universe

e We separate the velocity into parallel
and orthogonal part: . _
vi=Ak+v'
vk

with: v',-k=0 1= AT

d/\

e Then we obtain: v +%4, =0
da

2 )
iLd /1+Z—[V——47[Ga ]plzo

0
a a
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Perturbations in the
Expanding Universe

Which results in: v' ~a™

(the orthogonal part doesn’t grow!)

And: —~ | 0
P +35p i 2k a=0
A A

S

1
After defining J6="— and using P ,OOaO
p’
We get: S =—i ‘kf Aa”!
: 2|7 |2
. .. . v Tlk
And finally: 5+235+(S ‘—47sz°}5 0
a a




Perturbations in the
Expanding Universe

e Main Results (cf. Padmanabhan 1993)

Epoch Physics DM Rad. | Bar.
a<a,, Radiation dominated N N 5
i>D, Relativistic theory a a a

Aopier <A <a,, Radiatior_m c.:Iorninated In(a) Osc. | Osc.
A<D, Nonrelativistic theory
a, <a<a,, |Matter dominated a Osc. | Osc.
A<D, Nonrelativistic theory
a,. <a Matter dominated p free "o
A<D, Nonrelativistic theory prop.




Variable Dark Energy

. . ]
e Motivation: Rﬂv—zgﬂv=8ﬂGTﬂv+AgW

(Regard A as some peculiar form of matter)

e Problems:

A _
M - :10 124

p

Cosmological Constant is very small:

And why is: A~Q



Variable Dark Energy

e Possible Solution:

le+130

le+125

le+120

le+110

le+105
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Variable Dark Energy

e Assume.:
1 ) (1.,
L=—g 000V (D) Po =D +V
27" i
r,=0®0®-Lg, P, =—®> -V

o If: OV (D) = p(®)=-p(D)



Variable Dark Energy

CJuintessence Potential Eeference

Vo extp (—Agb) Ratra & Pesbles (1088), Wetterich (1088),
Ferreira & Joyce (1908)
mid?, A Frieman et al (1095)
Vo/d%, a =0 Ratra & Peebles (1088)
Voexp (A ) /™ Erax & Martin (1998,2000)
Volcosh Ag — 1) Sahni & Wang (2000)
Vosinh ™% (Ag) Sahni & Starobinsky (2000), Urefia-Lépez & Matos (2000)
Vo{e™™ 4 P Barreiro, Copeland & Nunes ( 2000)

Volexp Mp /¢ — 1) Zlatev, Wang & Steinhardt (1999)

Vol(¢ — BY* + Ale™* Albrecht & Skordis (2000)



Variable Dark Energy
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Variable Dark Energy

A Simple Parametrization Scheme

(Wetterich 2004)
» Fraction of Dark Energy, now: Q,(0)

> Eq. of State, now: w, |Measure the deviation
» Bending Parameter: b | from a pure A-Term

W

1+bIn(l1+2z)

w,(z)=



Variable Dark Energy

e Assume w,=-1 (and Q,(0)=0.7) :

TCoOOOTOO
nnnni

s 00 8
cohid=b

10° 10° 10’ 10°



Structure Formation with
variable Dark Energy

e Evolution of the Density Contrast:

5+2%6 - 41Gp°5=0
a

e Rewrite in dependence of redshift :

2 2 0) .
CO(d] d00E O s
dz ~\ dt dz dt adz dt

e Use Friedmann Eq. with w(z):

H(z) =H, (QM (+z) +(1-9Q, )(1+Z)3+3W(Z))



Structure Formation with
variable Dark Energy

e Initial Conditions: & =10~

z ., =1100
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Structure Formation with
variable Dark Energy

e Redshift of

(=)}
T

I 1 I I -
Q. =0.3

equivalence of | Q) =0.7 F
dark energy |
and matter s

depending on
parameter b:

Z3_—




Structure Formation with
variable Dark Energy

e Evolution of the |5

growth factor with o
_ 4F b=0.0
b#0.0: .
1.3 :— — b=02
: —_———— b=04
12 NS TR b=1.0
E b=4.0

i 1.1 =

S FE

I -

S F

"S =

=09

S -

O o8

0.73-

0.65—

0.5

& 1 ] ] L

Red Shift (z+1 )



Structure Formation with
variable Dark Energy

e Growth factor depends mildly on b:

0.56
0.5 F
osi Q, =07
053 .
*80.52 f(QM,b)zQM +:Bb
§ 03! a~0.6
= &3 ~
" B ~-0.01
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Outlook

e Growth of structure with spherical
collapse model

e Calculate the effects on CMB
» Newtonian
»Relativistic (Super-horizon)

e Consequences for the observed
Power spectrum P(K) at z=0 ?



Spherical Model

)
(R | R
Hz—Hl.2|:QM [R—l] +QA —(th—l)[R—i) :l

Hﬁ{%(l%)f j +QAZ'—<QM<1+5,->+QA"—1>[R ”

7~ N\

= | .

—
Il

R, R,

l l
L]

Q, ' (1+2,)5R,

R -3-3w (z)
+ QAO (1 + 7 i )3+3W (z) (R_]

1

R -3-3w(z)
+ QMO(l +Zi)3+3w(z) [R_)

1
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Spherical model

imation, since negative
‘e and more spherical as
2l, & Shu 1963). To esti-
simple peak biasing for-

FRIEDMANN & PIRAN Vol. 548
et al. 1991):
R’ = Hi[—Qu(1 + z)’R} 6, — (Q, + 4o — (1 + z)°R;}
+Q(1 + zi)'E'Rf(l + 0)/R + 4, RE] : (1)

lumenthal (1992) for the

3 appear in a relatively
ar why there is an upper
e use it to calculate the
ictor of voids in different

We combine this equation with the equation for the back-
ground’s redshift:

1 d(l+2)
14z dt

= —H,P@), @)



Spherical Model

10:[ 1 1 1 T 0 1 17 |,.J| r r 1 1 1 1 1 1 !]
Initial Conditions: : / i a
ot ! —_— b=00 | ]
, —
5 // / - = = b=0.1 .
[~ . S —— b=03 ]
5 =-10 F /7 == g
i C / P, B -
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