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On ‘sutticienty small scales the universe is
inhomogeneous

- There are we
* the solar system...



» galaxies...
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» clusters of galaxies...
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Galaxies are arranged in sheets and filaments with
voids in between [ T 7]
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The CMB has small fluctuations,
AT/T ~a few x 105,
As we shall see they reflect roughly the amplitude of the
gravitational potential.
=> CMB anisotropies can be treated with linear perturbation theory.
The basic idea is, that structure grew out of small initial
fluctuations by gravitational instability.
=> At least the beginning of their evolution can be treated with linear
perturbation theory.

As we shall see, the gravitational potential does not grow within
linear perturbation theory. Hence initial fluctuations with an
amplitude of ~ a few x 10-5are needed. In N. Kaloper's talk you will
hear about the main ideas how such fluctuations could emerge during
an inflationary era of the universe.



Cinear cosmological perturbation theory

* metric perturbations
Guv = Guu T @2]1;,51;

hyydatde” = —2Adn*—2Bydnda*+2H; da' da?

‘Decomposition into scalar, vector and tensor components

B; =V;B® 4+ BV

1 1 v v i
Hij = Hpyij+ (V%-Vj - gA%'j) HT+§ (H( )4 B )) +gq'T)
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Perturbations of the energy momentum

Density and velocity

stress tensor

tensor

T = —put, w? = -1

p=p(14+4), u:uoé’t—l—uic‘?%-



Gauge invariance

Linear perturbations change under linearized coordinate transformations,
but physical effects are independent of them. It is thus useful to
express the equations in terms of gauge-invariant combinations. These
usually also have a simple physical meaning.

Gauge invariant metric fluctuations (the Bardeen potentials)

U= A— %(k_2HT kB Kk 2Hp 4+ k1B

1 : ;
© = Hy + ;Hr - k2 — k71B)
a

W is the analog of the Newtonian potential. In simple cases ®=-Y.

In longitudinal gauge, the metric perturbations are given by

RAo) - _9Wdn® + 20, jda’ da?



Gauge invariant variables for perturbations of the
energy momentum tensor

The anisotropic stress potential Il

The entropy perturbation 0

D= — 5§
w=p/p L
ci=p/p’

Velocity and density perturbations

V =¢= %HT = p(long)
1
Dy =06+3(1+w) (HL + §HT) = §(om8) 1 3(1 + w)®
— (long) a\ ¥
D=9 +3(1+w)(a;)k



-Einstein equations inGa?pD = (k* — 3k)®

constraints 5 ,
1rGa’(p +p)V = k ((a) U — CI))

dynamical —k* (® + W) = 81Ga’pll

- Conservation equations

D, + 3 (c?— w) (%) D, + (1 +w)kV + 3w (5) =0

Vo (2) (1 -3V = k(¥ - 3¢20) + 22D,
+k [P - 2 (1- )1

1+w




Simple solutions and consequences

matter Dxa, Voxn, ¥ = const.
. . 2 2
radiation Dy = D> {C()S(!L‘) — — sm(tr)} + Dy {%Hl(“]‘) + (3()8(.‘13)}
4
v = V3 AR A
x=c5kn 4 9 4 + 222

The D;-mode is singular, the D,-mode is the adiabatic mode
In a mixed matter/radiation model there is a second regular
mode, the isocurvature mode

On super horizon scales, x<1, W is constant

On sub horizon scales, Dg and V oscillate while W oscillates and
decays like 1/x2 in a radiation universe.



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+ AT, /T, -AT,/T))
T 1S cor'r'esponds To a femperature var'lcmon In first
order perturbation theory one finds for scalar
perturbations

AT(n 1 - .
T( ) _ LIDFET) + 1/}("’)?15" + 0 — fI)] (Ndecs Xdee) + f?:i}r(lll — ®)(n,x(n))dn
acoustic oscillations integrated Sachs Wolfe

gravitat. potentiel ISW
(Sachs Wolfe)

Doppler term



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. A better way is to split
the polarisation field into a gradient- and a
rotational part:

E-polarisation :%,
(generated by scalar and tensor modes)

S >
B-polarisation \*
(generated only by the tensor mode) w N

Due to their parity, T 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 into
under-densities. To compute the effects of Silk damping
and polarisation we have to solve the Boltzmann equation
for the Stokes parameters of the CMB radiation. This is
usually done with a standard, publicly available code like
CMBfast, CAMBcode or CMBeasy.



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 1 to the last
scattering surface or the redshift of reionisation z,., .



Matter power spectra

The perturbations are random variables. We can only measure one
realization of them, our observable Universe. However, for a
given model of the Universe we can only reliably calculate
expectation values, like P(k), (D(k)D*(k")) = d(k-k")P(k)
where D(k) is the dark matter density fluctuation. Or

P(K) = ( V(V(K)) = 8(k-KP, (k)

We then assume that these power spectra are independent of
direction (isotropic random process), so that we can compare
them with the Fourier transformed data averaged over
directions in k-space.

If the random process describing the perturbations is Gaussian,
these 2-point functions contain all the statistical information.
Within linear perturbation theory these power spectra are
related via the conservation equation,

Py(K) ~ QO-6(H/K)2P(K)



The dark matter power spectrum as interred
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The power spectrum ot CMB fluctuations

AT(n) is a function on the sphere, we can expand it
in spherical harmonics

AT ra *
- (%0, 10, 0) = Y @orm(X0) Yo () (Qem * Qppy) = 000 Oy C
{m
consequence of
statistical isotropy
1
observed mean WA - Z jagn|* = CF™

=—/

\/<| obs O%l) B 9

Cf?smlc VG'r'IClnce CE - m
(if the a;, 's are
Gaussian)




The physics of CMB tluctuations

» Large scales : The gravitational potential 0> 1°
on the surface of last scattering, time
dependence of the gravitational potential <100
W~105.
Intermediate scales : Acoustic oscillations of < B< ]°
the baryon/photon fluid before
recombination. 100</ <800
* Small scales : Damping of fluctuations due to B < 6'
the imperfect coupling of photons and
electrons during recombination 800 >/

(Silk damping).



Power spectra of scalar tluctuations




WMAP data
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Newer data 1
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Newer dara 11
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Observed spectrum of anisotropies

Angular scale in degrees
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Acoustic oscillations

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

1 / 1 dz
—"Th =
Hoao Jo  [Oaalz + 1) + Qunlz + 13+ O + Qelz + 1)2}%

1 foo dz
1= ' I
Hoag Jz [Qad(z + 1) 4+ Q2 + 1) + Qp + Q2 + 1)%]2

CsT]1
94 =
x(no — 1)

— temp
— dopp

L0




Dependance on cosmological parameters

LU L) R S R B I B B L o
_ Most cosmological parameters
more : have complicated effects on
Sooo | baryons | the CMB spectrum
=
N ]
’.f L ]
oo |- T ]
g'o
* | Damping Env. Smaller Angles —»
10 50 200 1400 800 800 1000 g PO tential EIIV,
L ) S B B B L L L _‘__"t
larger A\
&i;ooa .
‘&:\J‘ ! AK ! eq Ia / D) 10gf
2 | Qx  Qp Qh? Q2
oo lak + 4 e e ®-nnnnn- e Late ISW
go g T v 4 e o————s Early ISW
In 1 v ¥ A o———— Eif. Temp.
Ip T ¥ ¥ 0 @ - == == =8 Doppler
a il PEEETESN AT N A A A | N 1 P B

10 50 200 400 800 800 1000
£



Geometrical degeneracy

Flat Universe (ligne of
constant curvature Q=0 )

degeneracy lines:
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Primordial parameters

Scalar spectum: scalar spectral index ng and
amplitude A
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Mesured cosmological parameters
(With CMB + flatness or CMB + Hubble)

Table 1. Power Law ACDM Model Parameters- WMAP Data Only

Parameter Mean (68% confidenr~a ranaad Mavimum Tilalihand
= 2 rigid constraint which is in slight
Baryon Density m tension with nucleosynthesis?
Matter Density m'—ﬂllu’a W, = 0.02 +0.002
Hubble Constant \g A
Amplitude A = : 0.80
Optical Depth G 0.166* 357 Z,oion ~ 17
Spectral Index Mg 099+ 0.04 unexpectedly early reionisation
XerrfV 1431/1342

*Fit to WMAPdataonly  Attention: FLATNESS imposed!!!

On the other hand: Q, , = 1.02 +/- 0.02 with the HST prior on 4...
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Parameters trom SIDSS (sioan bigital sky Survey)
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CMB 4 1SS

CMB data

CMB data
+ fv = O,
w=-1

@ -0
. + PS data

Tegmark et al. 03

(ercy/enlu®]

PO [(noiMpey)

a0 |

Unpolarized CMB

e b b e b b b b i b

X—polarized CM 3

2 10 40 10G 200

4060 800 BCD 1000 1200 1400 180D
Multipole 1

104

108 L

T
Matter power

k [1/h Mpe]




Forecastl: WMAP 2 year data
(Rocha et al. 2003)

W, = Q,h?
w, = Q, h?
Wy = Q,\h?

n, spectral index
Q quad. amplit.
R angular diam.
T optical depth




Forecast2: Planck 2 year data

(Rocha et al. 2003)
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Forecast3: Cosmic variance
limited data (Rocha et al. 2003)
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Evidence for a cosmological constant

1 Tegmark et
al., 2003
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Conclusions

S

We know the cosmological parameters with \00) sive
precision which will still improve conside .(\\0 aring the next

years. 006
We don't understand at all the bizz X < of cosmic
components: Q. h%~0.0" q}@c{ld‘ ~0.16, Q,~0.7

10"
The simplest model of ir” <© scale invariant spectrum of
scalar perturbations 0’& g curvature) is a good fit to the
data. SO
O

. N
What 1s d/o\( atter?
O
Wt \(\G‘Viark energy?

Q

N hat is the inflaton?
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