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The homogeneous and isotropic universe

cosmological parameters

Hy = %(ty) = hl00km/sMpc Hubble parameter
B — %Hg critical density

Qp = %{f_o) matter density parameter

O = £ b;()ZO) baryon density parameter

Q, = £ "f)ﬁ‘)) radiation density parameter
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* Description of perturbations

Ag amplitude of scalar perturbations

Ng spectral index of scalar perturbations

R = Agp/As amplitude of tensor perturbations
ny spectral index of tensor perturbations

(og amplitude of perturbations at 8h™'Mpc)
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Brightness L [erg cm

The CMB

After recombination (T ~ 3000K, t~3.8x10% years) the
photons propagate freely, simply redshifted due to the
expansion of the universe

The spectrum of the CMB is a ‘perfect’ Planck spectrum:
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CMB anisotropies

COBE (1992)

WMAP (2003)
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lightlike geodesics

From the surface of last scattering into our antennas the
CMB photons travel along geodesics. By integrating the
geodesic equation, we obtain the change of energy in a
given direction n:
E(/E; = (nu){/(nu), = [T,/T,]J(1+ DT /T, -DT,/T,)
This corresponds to a temperature variation. In first
order perturbation theory one finds for scalar

~_ perturbations
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The power spectrum of CMB anisotropies

DI'(n) is a function on the sphere, we can expand it
in spherical harmonics
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Boltzmann egn. |

Integrating the 1-particle distribution function of photons over
energy, one arrives at the brightness,

J(£,x,0) = p(t) [1 44 (%(t,x, ) — cb(t,x))]

Taking into acount elastic Thomson scattering before decoupling, one
w1 + R1g0Rs &the gl o g zmann Sn R o My, 4R
with ’
M = %:(26 + 1) (=) My(t, k) Pp(p)

we find the Boltzmann hierarchy
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Boltzmann egn. Il

Integral 'solution’, x=s aocyn, dt
_ [P ikul—to) —k [ e . 1
Mto) = [ dte™(-t0)e=r [ _iky(® + W) + aornee™ (Mo + inVi + SPa()Ms )
g

Via integrations by part we can move all u dependence in the exponential,
M) = [ a0 5k, 0
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Polarisation

+ Thomson scattering depends on polarisation: a
quadrupole anisotropy of the incoming wave
generates linear polarisation of the outgoing wave.




Polarisation can be described by the Stokes parameters, but
they depend on the choice of the coordinate system. The
(complex) amplitude

gie' of the 2- componen’r electric field defines the spin 2
m’rensn‘ry Aj; = & ¢;(n) which can be written in terms of Pauli
maTrlces as

1
= 5[[0‘0+U0‘1—|—V02—|—Q0'3] = 5[IO'O+VO'2+(Q+iU)U++(Q_iU)O'—]

QS iU are the helicity § 2 eigenstates, which are expanded in
spin 2 spherical harmonics. Their real and imaginary parts are
called the ‘electric’ and ‘magnetic’ polarisations.

[Q(n) +iU(M)]o+(n)g = Za<i>[ﬁnm<n>]ab
m

(aﬁfmazy /> — 5@@/5 / QXY

(Seljak & Zaldarriaga, 97, Kamionkowski et al. '97, Hu & White '97)



Under parity operation ¢,Y, . !(-1)", Y, Hence
E has the same parity as AT while B has parity
(-1)+1. E describes gradient fields on the
sphere (generated by scalar as well as tensor
modes), while B describes the rotational
component of the polarisation field (generated

only by tensor or vector modes). |/
E-polarisation —
(generated by scalar and tensor modes) / N
B-polarisation \
(generated only by the tensor mode) N

Due to their parity, T and B and E and B are not
correlated while T and E are.



An additional effect on CMB fluctuations is Silk damping:
on small scales, of the order of the size of the mean free
path of CMB photons, fluctuations are damped due to
free streaming: photons stream out of over-densities
intfo under-densities.

To compute the effects of Silk damping and polarisation
we have to solve the Boltzmann equation for M, E and B
of the CMB radiation. This is usually done with the 'line
of sight method' in standard, publicly available codes like

CMBfast (Seljak & Zaldarriaga) CAMBcode (Bridle & Lewis) or
CMBeasy (Doran).



The physics of CMB fluctuations

- Large scales : The gravitational potential q>1°
on the surface of last scattering, time /<100
dependence of the gravitational potential
Y~103.
Intermediate scales : Acoustic oscillations of 6 < g < 1°
the baryon/photon fluid before <)<
recombination. 100<£<800
- Small scales : Damping of fluctuations due to g < 6
the imperfect coupling of photons and 300 > /

electrons during recombination
(Silk damping).
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Reionization

The absence of the so called Gunn-Peterson trough in quasar
spectra tells us that the universe is reionised since, at least,
Z» 6.

Reionisation leads to a certain degree of re-scattering of
CMB photons. This induces additional damping of anisotropies
and additional polarisation on large scales (up to the horizon
scale at reionisation). It enters the CMB spectrum mainly
through one parameter, the optical depth t to the last
scattering surface or the redshift of reionisation z,., .



Gunn Peterson trough

In quasars with z<6.1 the photons
with wavelength shorter that Ly-a
are hot absorbed.

normal emission

fy (107" ergs™ ' em™? A7)

(Becker et al. 2001)
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WMAP data
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WMAP and other polarisation data
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Acoustic oscillations

Determine the angular distance to the last scattering surface, z,

1 1 dz
Th—"n = /
Hoto Jo  [Quq(z + 14 + Qun(z + 1)3 + Qa + Qe + 1)2]2

| /OO dz
Hoag J2 [Qaa(z + 1)* + Q2 + 1)3 + Q4 + Q2 + 1)2]2

m=

C
9 sT1

A

X x(n0 —n1)
{known with 1.7%
wacy from WMAP dat
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Dependence on cosmological parameters




Geometrical degeneracy
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geometrical degeneracy ll

Q,

- - WMAP

= WMAP 4+ HST
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Spergel et al. 2007




Primordial parameters

Scalar spectum:
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Primordial parameters
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Measured cosmological parameters
(With CMB + flatness or CMB + Hubble)

Parameter | First Year WMAPext | Three Year First Year WMAPext | Three Year
Mean Mean Mean ML ML ML
100,27 | 2387015 2.321017 | 228888~ 2.30 2.21 2.23
2 41 4+0.016 2 41+0.00, Y- AW ATATS) 1=
el g DD oo RN w =0.758007
0 (2.5 (375 (475 it "1 ' 3
T 0.17790  0.15X507 | 0.093 =007 0.10 0.10 0.092
ng 0.99%001  0.98%005 [ 0.961 +£0.017 0.97 0.96 0.958
Q.. 0297007 0.25T005 | 0.234 £0.035 0.32 0.27 0.24
o5 0.92797  0.84700e | 0.76 4 0.05 0.88 0.82 0.77

(Spergel et al. 2007)

Attention: FLATNESS imposed!!!

On the other hand: W_, = 1.02 § 0.02 with the HST prior on #...




Galaxy distribution (LSS)
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Sloan LRG combined with WMAP 3

(Tegmark et al. 2006)

e 2: Cosmological parameters measured from WMAP and SDSS LRG data with the Occam’s razor approach d
marginalized over all other parameters in the vanilla set (wy., we, 24, Ag, e, T, b, ¢

Parameter

Value

Meaning

Definition

Matt

Total density fcritical density
Dark energy density parameter

Baryon density

Qtot = 2m + 04 =1—¢
Qp s h—2pp (1.88 x 10~

wy = Qbh2 A3 pp f(1.88 x

“b —0.0007

We 0.1050"_'%'_8%’1'(13 Cold dark matter density We = Qchz A peof(1.88 x
(W < 0.010 (95%%.) Massive neutrino density Wy = Quhg /& pwr,/(1.88 >

w |—D.941 igf%i Dark energy equation of state PAfpA (approximated as

Seed fluctuation parameters:

Ag O.GQOtg:gji Scalar fluctuation amplitude Primordial scalar power &
a < 0.30(95%.) Tensor-to-scalar ratio Tensor-to-scalar power ra
tFﬁ?ﬁB Scalar spectral index Primordial spectral index

ne + 1 O.QSGIi%:gggg Tensor spectral index n¢y = —7r/8 assumed

fa’ —0.0JOig'_gg; Running of spectral index a =dng/dlnk (approxin

Nuisance parameters:

T 0-087ig:g§% Reionization optical depth

b 1.80610-07¢ Galaxy bias factor b= [Pgalaxy(k)/ P (k)|

Qnl 303tj'i Nonlinear correction parameter [29] Pg(k) = Pdewiggled(k)bz




Sloan LRG combined with WMAP 3

Other popular parameters (determined by those above):

h 0.730tg'gig Hubble parameter h = V"‘(u)b + we + wp ) (Lot — 2A)

Qm 0.239tg:g}'§r. Matter density /critical density OQm = Qgotr — O

Q 0.041619-0019 Baryon density /critical density Qp = wy/h2

2 . o 0018 aryon density fcritical density Qy = wp/

Qe 0.19?tg'gig CDM density /critical density Qc = u)cth

Q. < 0.024 (95%%) Neutrino density /critical density Qu = Wy fh2

Q. —0.0030i00'00?gg Spatial curvature Qp =1 — Qtot

Wan 0.1272ig'ggig Matter density wm = wp, + we +wpy = th2

fu < 0.090 (95%.) Dark matter neutrino fraction fv =pviprg

Ay < 0.21 (95%) Tensor fluctuation amplitude Ap = TAg

My, < 0.94 (95%) eV Sum of neutrino masses My /= (94.4 eV) x wyp  [105]

A 002 0.s01+5-042 WMA P3 normalization parameter Ag scaled to k = 0.002/Mpc: A ggg = 251~

T 002 < 0.33 (95%) Tensor-to-scalar ratio (WMAFP3) Tensor-to-scalar power ratio at &k = 0.002 /Mpc
e nt0.035 . . .  fam [OO —— 2 ooy £2dk

og 0.7561 5" 935 Density fluctuation amplitude og = {4~ [ [;%-(snn:c x cos x)| P(k)-(hz—ﬂ_%é-

ag Q?ﬁs 0.320tg:8§_‘}13 Velocity fluctuation amplitude

Closmic history parameters:

Zaq SOSTtigg Matter-radiation Equality redshift Zaq &~ 2407dwm — 1

Zrec 1000251923 Recombination redshift Zrec(wm.,wy) given by eq. (18) of [106]

Zion 11.1tg'?. Reionization redshift (abrupt) Zjon A~ 92(0.03hT fwy )2’/39'}{:3 (assuming abn

Zace 0.85515-059 Acceleration redshift zace = [(—3w — 1)24 /Qm]~ 13 _ 1 if w <

taq 0.0634ig'ggii’ Myr Matter-radiation Equality time taq ~5(9.785 Gyr)xh-1 f;':"q[HO;’H(z)(l + z)]

trec 0.38561'00'80018 Myr Recombination time treq ~=(9.785 Gyr)xh_1 I;;Dec [Ho/H(z)(1 4+ =
g2 1+0.20 . iz ati ; ~(Q =R . -1

- 0...1.3_0.10 Gyr Reionization time tion ~(9.785 Gyr)xh j?i?:)n[HofH(z)(l + =z

tace 6.74tg'gi Gyr Acceleration time tacc ~(9.785 Gyr)xh ™1 [2 [Hg/H(2)(1 +

tnow 13761018 Gyr Age of Universe now tnow ~9(9.785 Gyr)xh—1 J§° [Ho/H(2)(1 4 2)

—0.15




Forecast2: Planck 1 year data vs. WMAP 4 year
(Planck consortium e
2006)
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Forecast3
limited data (Rocha et al. 2003)
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Evidence for a cosmological constant
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Conclusions

The CMB with its small perturbations has h- o@\enormously
in determining properties & parameters - @inverse and it
will continue to do so. 005

We know the cosmological parame \(\ ' impressive
precision which will still impro» (Q aerably during the next

years. \VJ

We don't unders’rand a’r s (olnzarre mix" of cosmic
components: xQéz W.h~0.13, W~ 0.73
The simplest m~ Oonflahon (a nearly scale invariant

spectrum of @ Lerturbations, vanishing curvature) is a
good fit t- (\0’\ Jdta.

K\ %
Wk Ok matter?
SWJ
\ V.. 1s dark energy?

What is the inflaton?



