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Outline:

** Introduction to CMB
Observables
Anisotropies
' ' Power Spectrums: Temperature, Primordial,” Matter,

* _Variable Dark Energy models
Quintessence model
- IPower-law,Quintessence model

* _Observational Constraints

* _Summary.and Conclusions
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Quserveole gararneters
First set: Related to the background evolution.
About 10 parameters:

Q. ,0,0 .0 Q wt, H,q,1

cdm’ CMB

Second set: Describe deviation from perfect
homogeneity and isotropy. About 6
parameters:

o,A,A,n ,n,dn/dlnk
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CMB Physics

GALAXY EVOLUTION
CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

Q " 13,700,000,000 YEAF

\ e‘) AFTER BIG BANG

=ATINT NAavViILYy A1)

CosMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG

z=1100
T = 4000 K or 0.25¢V T SoL AR SyarEm

8,700,000,000 YEARS
AFTER BIG BANG
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CIVIBANISOLIGPIES

@ Primary anisotropies
@ Sachs-Wolfe effect
@ Doppler effect
@ [Intrinsic temperature variations
@ Cosmic Strings
@ Secondary anisotropies
@ |ntegrated Sachs-Wolfe (ISW) effect
@ Sunyaev- Zel dovich (SZ) effect
@ Gravitational Lensing
@ Cosmic Strings (Gravitational Waves)

Footprint of Power-law Quintessence model on the CMB and Large Scale Structure 5



(almost) uniform 2.726K blackbody

Dipole (local motion)

Observations:
the microwave
sky today




Perturbations ©(105)

* Simple linearized equations are very accurate (except for small scales)
* We can use real or Fourier space
* Fourier modes evolve independently: simple to calculate accurately

UThomson scattering (non-relativistic electron-photon scattering)
- tightly coupled before recombination: ‘tight-coupling’ approximation
(baryons follow electrons because of very strong e-m coupling)
UBackground recombination physics (Saha/full multi-level calculation)
ULinearized General Relativity
LBoltzmann equation (how angular distribution function evolves with scattering)




Com pton\
Scattering

t Dark
Matter
S &5

7N

—>

Coulomb
Scattering
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Einstein- Boltzmann equations

Photons (2 equations)

l CDM (2 equations)

Cl/1

qa _
dr

Baryons (2 equations)

Neutrinos (1 equation)

Einstein-perturbed equation (2 equation)

) ©+k® =~ ikh¥ 0, -6+, ~ PN

. _ 1
2)0, ‘Hk/ﬁp =—1-0, +5 (1-B@ L]
HI=0), 4= 46,

3) 6 +ikv=-3D

v +2y =iy
d
5) 8, +ikv, =30
6)9, +2v, =—ik¥+—[v, +3i0]
a R

1_4p”

R 34°
TN +ikpuN =-D—ikpl¥

8) K D+3% (P2 = 42Ga | 5+ A6, +4(0,8, + AN
a a

9) I(D+F) =-21Ga (.8, + pN;)




% CMBFAST, CAMB, CMBEASY,...

v CAMB, Open source code : http://camb.info

@ CAMB codes Should be modified in right way to
solve equa_tlilglnls .f.9..r. any arbijcra ry que

6000

[(I+1)C,TT/2w [uK?]
S
S

" Source: NASA/WMAP homepage

10 100 500 1000
Multipole moment 1



@ Temperature fluctuation is a random field

¥ We are interested in finding dominant modes
superimposed to make final map

“ Fourier or Legendre transformation of
correlation function

C (i, 5) = (2(3).2(5))
=C,(li-7) =C,(v) =(2(d) 2(i + 7))

S (w) = pve :_TT C (r)e"dr
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Ok, p) O (k', p)
Sk Sk
Ok, k.p) O (k,k.p")

(O, YOk, pY = {5k )S" (k"))

= (27 8> (k —k")P(k) Stky &5k

P(k) > primordial power spectrum

*
<a,ma,,m,> =0,0, C,

C, = (j )P(k)deKm( )®(kkp J[acy *(pn 2kP)

& (k)

0,0

_ _j dide’ P(k)




; =

J

d’k

(27)

3

P(k)® (k) With a Harrison- Zel’ dovich
spectrum predicted by inflation,

P(k) is: 3 ns—1
()S kzp(k):[i]
27 H,

n —1
S dk
O (k)=
] ;7 ( )k

n, = Spectral Index
n, is close to 1 from
inflation



D Density contrast

dk 3eiE'55 k

(27)’
(8()5(2)) = 2]
Sk = 2x)S(k + k)P(k)

. % { D(a)
H3+n D(a _

P(k,a)
2H(a, 1)}

=27°52T" (k)

dD(){c‘i

d2D( )

2

2

5 . Scalar amplltude at horizon crossing

T(k)
Transfer
function: that
determine the
evolution of

potential in the

radiation-matter
equality epoch

D(a) :Growth factor
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Variable Dark Energy moaels
CosmicCoincidence:
Why are the energy
densities of dark energy
and dark matter nearly

equal today?

Eilnestunings

Why the observed value
of dark energy 10’ GeV
is very different from
vacuum energy 1072
GeV?
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POWeEr=law @UIntessence moc

w(a)=wya" (1+Ina”)

“w(a"a,w,)dIn(a)
Generalized EOS —» w(a,a,w,) = -[1 L

[ din(a)

w(a,a,w,) =w,a”

pi(z;a,wy) = p,(1+z) !

H = HO \/Qra_4 4+ (Qm + Qb )a_3 + QQa—3(1+v_v(a)) n QKa_z

23




Juintessence moael

L= %quﬁa‘”qﬁ —V(p) = ¢+ 3%& + V(@) =0

1.,
P, 259’5 +V(9) P
1 9 = ~
p¢:§¢ _V(¢) Y P, V EK
Vo,
1o _1, g
1 MPI

f-)qb n 3H(p¢ Lp ) _0 H?(z;{l}) = H{?[Qm(l +2)° + Qr(l +2)t + Q¢U(z;{l})]

3| (1+w,(z; {l}))dln(l+z)
P¢( ) p¢ I ¢ ( {l}) d¢_+(1+w( {l}))lﬂ 1/2

V() = 21— 0,5V & (+DHED)
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Power-law Otiihtessence model
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Natter Power Spectriim
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NalKINSIRLe the pParametezspace

9 A lot of parameter

9 Impossibility of exact solution: Monte Carlo Markov
Chains

“ MCMC in cosmological parameter space: Open
source codes: CosmoMC http://cosmologist.info/
cosmomc

Modification of CosmoMC in right way
@ Getting best results
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CNB+RAO=l ikelihoods
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cvis CViB+SN
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Temberatiire Anisotrony. Mab for Power-




9 Observable quantities
¥ CMB physics

9% Importance of Power Spectrum: Primordial,
Temperature and matter power spectrum

@ QObservational Constraints



