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multipoles applied to the CMB
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|. Angular Power Spectrum on the
sphere:; C_|

2. What is | (ell) ?
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|. Angular Power Spectrum on the
sphere: C_|

5. Description of the Angular Power Spectrum
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TT angular power spectrum: 3 regimes
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angle and geometry
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Observer
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TT angular power spectrum: 3 regimes
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angular distance

@z~1100
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GEOMETRY OF THE UNIVERSE

CLOSED

Feb-2015 Hervé Dole, IAS - M2 NPAC - Advanced Cosmology 9

Cosmic Microwave Background

Découvert en 1965 par
Arno Penzias & Robert Wilson.

Nobel Prize 1978 "for their discovery of the
cosmic microwave background radiation"
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Blackbody
Radiation
T=2.725K

L’Univers est
rempli de
rayonnement:
la nuit n’est
pas noire,
mais brillante
en radio.
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|. Observations of the Cosmic
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Microwave Background

1. Measurements
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fond cosmologique CMB

i mK

from J. Aumont
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fond cosmologique CMB

3 mK

from J. Aumont

10 s 7!...
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fond cosmologique CMB

I mK =

10 uK

from J. Aumont
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statistics of anisotropies
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DMR 53 GHz Maps

CMB by COBE in 1992

Nobel Prize 2006: G. Smoot, GSFC
(1992 measurements)
« for their discovery of the blackbody
form and anisotropy of the cosmic
microwave background radiation »

A 18 K

Feb-2015 Hervé Dole, IAS - M2 NPAC - Advanced Cosmology 17

fluctuations de température

fluctuations de température

I’amplitude des fluctuations est de I'ordre de la dizaine de microKelvin !
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fluctuations de température
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fluctuations de température

+ Galaxie et galaxies, amas etc.

Planck 1 an

Planck ESA HFI LFI consortia
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TT power spectrum at high ell
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FIG. 1. WMAPY tempersture dats and ACT
ACT bandp : N

TT power spectrum at high ell
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Calabrese et al., 2013
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latest pre-Planck cosmo. params

TABLE L Standard ACDM parameters from the combination
of WMAPS, ACT and SPT.

Parnmetes WAMAPS  WMAPS WMAPS
et oG - 4EPT SACTHEPT
1000247 2260 = 0041 223120034 2.245 % 0.082
10012.4° 1146043 11162036 11.23+036
1009 4 1.0396 + 0.0019 1.0422 £ 0.0010 1.0420 + 0.0010
r 0080+ 0014 00820013 0.085+0.013
", 0.973 £ 0011 0.9650 < 0.0093 09678 £ 0.00&8
10°a% 2.22+0.10 215+0.10 217+0.10

[ IO 071620024 078720019 073440019
an 0830+ 0021 0S08+0018 0814+0017
t 13.752 £ 0.096 13686+ 0,065 13,682 £+ 0.063
iy 69.7 £ 20 TS5+17 712416
100r,/Dyoys 7.50+0.17 7.65 4 0.14 7.65 +0.14
100r,/Dyvgys 11204031 11564026 11554026
best it x° 7506.0 7617.1 7660.0

Calabrese et al., 2013
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TT cross power spectra
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polarized microwave sky

Radio Poisson
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WMAP 3
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lIl. C_I and cosmological parameters origine of fluctuations

Matiére => puits de potentiel

‘ Puits de potentiel
- les photons qui tombent se réchauffent
(compression)
- les photons qui en sortent sont refroidis
(détente)

Gravity
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O _ 100 (@) Curvature 1L (b) Dark Energy ]

acoustic waves at recombination |
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La physique de ces ondes depend des . \
parametres cosmologiques = \
Hu & Dodelson, ARAA, 2002 . _v :,x\v _&o
IIl. Observations of the Cosmic you play !

Microwave Backgroun
crowave Backgrou d = we give you 600 ME to accurately measure the CMB

o = jts temperature and polarization anisotropies
2. Strategy and Difficulties

» what telescope and instrument would you build ?
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CMB observations

Penzias and
Wilson

MAP
(Simulated)

Even
Better !

site & H. Dole

foregrounds
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figure RUMBA, 1996 Bouchet & Gispert

La poussiére domine a hautes
fréquences et est donc un
avant-plan important pour les
observations bolométriques

« Sandwich Cosmique »

Courtesy N. Ponthieu, IAS
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difficulties
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foregrounds

Courtesy N. Ponthieu, IAS
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Polarisation de I'émission thermique de la poussiére

* These grains align with the Galactic magnetic field and have

¢ ... which in turn leads to selective radiation in the submm

(Stein 66)
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Courtesy N. Ponthieu, IAS
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CMB polarization for dummies

how WMAP sees It...

WMAP
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IV. Polarization of the Cosmic
Microwave Background
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Recombination

Diffusion Thomson : do/dQ ~ |e.€’|? e e st

Rayonnement isotrope
(monopole)

Courtesy N. Ponthieu, IAS
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Recombination

Diffusion Thomson : do/dQ ~ |e.€’|?

Rayonnement isotrope
(monopole)

Courtesy N. Ponthieu, IAS
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Recombination

Diffusion Thomson : do/dQ ~ |e.€’|?

Rayonnement isotrope
(monopole)

A

Courtesy N. Ponthieu, IAS
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Recombination

Diffusion Thomson : do/dQ ~ |e.&’|?

Rayonnement isotrope
(monopole)

A

Courtesy N. Ponthieu, IAS
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Recombination

Diffusion Thomson : do/dQ ~ |e.€’|?

Rayonnement isotrope
(monopole)

A

Pas de polarisation
Courtesy N. Ponthieu, IAS

Feb-2015 Hervé Dole, IAS - M2 NPAC - Advanced Cosmology 48



Recombination Recombination

Diffusion Thomson : do/dQ ~ |e.€’|? Diffusion Thomson : do/dQ ~ |e.€’?
Dipole Quadrupole X
y Y
9 9 ]
| . / z & /
e /
y
X
X m
z
> Polarization >
Pas de polarisation
Courtesy N. Ponthieu, IAS Courtesy N. Ponthieu, IAS
Feb-2015 Hervé Dole, IAS - M2 NPAC - Advanced Cosmology 49 Feb-2015 Hervé Dole, IAS - M2 NPAC - Advanced Cosmology 50

Perturbations scalaires

quadrupoles at recombination surdensité sousdensité

%, _ / _\ /_ Parité

/ _ e ™ /|\ « modes E »

Perturbations ﬁwwoiozom
z

L SR | larisati .
es sur (sous) densités généerent de la polarisation (vitesse) |/ _ Y _ o N \ La polarisation permet de
On sonde directement la recombinaison 7 LY Pax¥{é distinguer les différents types
— - _ /7 \ de perturbation
_ / \ « modes B »

Over (under) densities generate polarization (speed)

Rees. 1 o . o : .:. \. ..
ees, 1968 Polarization: a direct probe of recombination processes _uqu_m.ﬂm vom.m_c__;m.am a.mﬂmoﬁ_o: des ondes @qm.,.\_”m:n::m__mm
Courtesy N. Ponthieu, IAS primordiales générées pendant la phase d’inflation

Courtesy N. Ponthieu, IAS
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polarization data ! polarisation: bilan

Temperature Polarization
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55 _ générer de la polarisation
p v.llu . oz .
w = v’ Les fluctuations de densité (scalaires) et les
S m Temperature Polarization ondes gravitationnelles (tensorielles) créent des
quadrupoles
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5 S v Lesf d | t t différent
] 8
53 %z
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© physique...
83
D
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Courtesy N. Ponthieu, IAS
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les parametres de Stokes [T, EE, TE: behaviour
4 -
M I=1+1y e I I | |
= 1 1 1 1 TTTemperature
- & 1 1 1 1
VA Ly 1 1 1 1
a0t 1 1 1 1
/ 4
v LN
D¢ - & [ ]
~ J % 6Uf 1 1 1 1
—_ - 3 20 1 1 1 Polarqation (E mode)
1 1
phase shift: opposition - 1 1
Q=11 [déphasage: opposition . .
x oy de phase]

TE Cross-correfation

phase shift: half
[déphasage de pi/2] &

[, Q, U donnent une description =100
compléte de 'etat de 2
polarisation = 0

1000 1500

. Balbi et al., 2006
Courtesy N. Ponthieu, IAS
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4 CMB anisotropies power spectra
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Distorsion par effet de
lentilles faibles

Dark Energy + Neutrinos +
Large Scale Structures
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why polarization helps

Babietal, 2006 -

Seules des observations en polarisation peuvent 10
discriminer entre le « CDM standard » et le « CDM + :
energie noire + ondes gravitationnelles +

reionisation »
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qques résultats WMAPS

WMAP 5-year Cosmological Interpretatio B e
0 05 | 4
- .d o . -
B wmap 1
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[ T 15
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15f W WMAP:BAO+SN ] B WMAP4SN
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Io [kmvs/Mpc) Komatsu et al., 2008, WMAP5
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Wayne HU, Chicago: http://background.uchicago.edu/~whu/intermediate/intermediate.html
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polarisation et spectre de puissance

— B polasization
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Il. Observations of the Cosmic
Microwave Background

7. Origin of fluctuations
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create your own CMB !

= with CMBeasy: http://www.cmbeasy.org
= pased on CMBfast
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origine des fluctuations

" y Matiére => puits de potentiel
Gravity

Puits de potentiel
- les photons qui tombent se réchauffent
(compression)
- les photons qui en sortent sont refroidis
(détente)
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Ondes Acoustiques a la Recomb.

Recon Recombination

La physique de ces ondes dépend des
parametres cosmologiques
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Contenu en Baryons

Wayne HU, Chicago: http://background.uchicago.edu/-whu/intermediate/intermediate.html

Position du 2nd pic acoustique <=> contenu en baryons
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Wayne HU, Chicago: http://background.uchicago.edu/-whu/intermediate/intermediate.html
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Wayne HU, Chicago: http://background.uchicago.edu/-whu/intermediate/intermediate.html
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Courbure

Position du 1er pic acoustique <=> courbure de l’Univers
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Matiere Noire

Position du 3éme pic acoustique <=> contenu en matiére noire

Hervé Dole, IAS - M2 NPAC - Advanced Cosmology
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Wayne HU, Chicago: http://background.uchicago.edu/~whu/intermediate/intermediate.html
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Pics Acoustiques dans le Sp. P.

Ist
flat universe

¥

3rd

dark matter

¥

checks

W. Hu 11/0( 10
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