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Prior to recombination, we have strong
interaction photon-electron plasma

(Thomsom scattering)

. Primary anisotropies (from
recombination)

Intrinsic

Doppler Sach-Wolfe(SW)

] Secondary anisotropies (after
recombination)

Integrated SW, Rees-Sciama
Sunyaev-Zeldovich effect
Reionization (global, patchys,...)
Lensing

Primary Anisotropies

recombinatior

reionization
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Basic formalism for temperature
anisotropies

e Spherical harmonic expansion
AT/T (ea(l)) — 2lm alevlm (9,(]))

— If the temperature anisotropies follow a Gaussian statistics then
their statistical properties are measured by the angular power
spectrum: a function of “multipole moments™ a,_.

.« C=<la.|? >~ VQI+1)=,_ |a, |2
— a statistically isotropic sky implies that all m’s are equivalent
— Each coefficient a,  is a random variable with mean zero and variance C,

» Relationship between angular scales and multipoles
0~ 120°/1

e The power ateach lis 21+ 1) C, /(4n)
* The anisotropy amplitude is defined

(AT; )2 =1(+1) C/(@2n)



Polarization of the CMB

® CMB anisotropies are expected to be linearly polarized (Thomson scattering at
last scattering, Rees 1968)

*Two other potential measurements are Q and U (Stokes parameters). Frequently
decomposed in the so-called E and B modes.

*Temperature and polarization then lead to measurable:

temperatura, EE, BB power spectra (Fourier transform of the two point correlation
functions) and the temperature-polarization cross correlations TE. The additional
cross-correlation spectra between B and T, B and E are expected to vanish for
cosmological signals.

*E and B-mode polarization can be expanded in spherical harmonics



COBE detected
CMB primordial anisotropies

year 1992




COBE/DMR 4yr

For a pure n=1 scale-
invariant

primordial density
perturbation power
spectrum

Q,s.ps =18.4 £ 1.6 pK

(Value of Qs predicted by the
measured higher order moments of the

power spectrum when a power law is
assumed Hinshaw et al. 1996,
Gorski et al. 1996)

Best-fit slope power
spectrum of primordial
density fluctuations

n=1.2+0.3

—-100 K 3

1 +100 K




Dependence on cosmological
parameters

¢ P(k): As (k/kc) n

initial fluctuations
spectrum

0p]

Tilt/high O

Open ,
Textures / |  Different model
parameters give
different predictions
o~ of the temperature
multipole ¢ angular power
spectrum




The parameters

*t, age of the Universe
‘H , Expansion rate at present epoch

* Total matter/energy density: € fraction of the
critical energy density contributed by all forms of matter and
energy at the present epoch

QO = Prot / Perit ~ 2 Qi ., Q= Pi / Perit

Dot = 3 Hy? / 8 G =1.88h2 x10 -29 gcm'?

*p, barionic density

*p, heutrino density

*pgm CoOld dark matter density

o, mMatter density (p,+p,*4n)

*p, photon energy density

*p, Vacuum energy density ---> A /3 H.?

*Ptot =PmTP,FTPA
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Baryon—Photon Ratio
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Cosmological Parameters
in the CMB
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CMB experiments
(after COBE)



Balloon-borne experiments

« ARGO

. MAX

- MSAM

- BAM

- QMAP

- BOOMERANG
. MAXIMA
- TOP HAT
- HACME
NG

- ARCHEOPS
. BEAST




(l+1)c/2m (uK’)

BOOMERANG: Analysis of the complete data set
Netterfield et al. 2001, de Bernardis et al. 2001
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BOOMERANG results
(de Bernardis et al. 2001, astro-ph/0105296)
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Off-axis Gregorian telescope with a 1.3 m primary mirror
mounted on an altitude controlled balloon-borne platform

Array of 16 bolometric photometers operated at 100 mK
Observed a region of 124 deg? of the sky
FWHM 10 arcmin at frequencies 150, 240 and 410 GHz

Scale range 36 < | <785
Calibrator : dipole

Peak with amplitude AT, =78 6 uK at1=220
Amplitude varying between 40 and 50 uK for 400 <1< 785



Total matter/energy density from
CMB anisotropies

. Q,=1.02+0.06, BOOMERANG
de Bernardis et al. 2001 astro-ph/0105296

.+ 0,=0.98+0.14 MAXIMA
Abroe et al. 2001, astro-ph/0111010



Interferometry

CAT
Tenerife 33 GHz
Very Small Array
CBI
DASI
OVRO
VLA
Ryle
ATCA
BIMA
ACBAR




DASI in Antartica




Total matter/energy density from
CMB anisotropies

. Q,=1.02+0.06, BOOMERANG
de Bernardis et al. 2001 astro-ph/0105296

.+ 0,=0.98 +0.14 MAXIMA
Abroe et al. 2001, astro-ph/0111010

.+ 0,=1.04+0.06 DASI
Pryke et al. 2001, astro-ph/0104490



Cosmic
Background
Imager




Very Small Array (VSA)

Array of 14 conical horn
antennas located at Tenerife

HEMT based receivers
working in the range 26 - 36
GHz

Single-channel analogue
phase-switched correlator
1.5 GHz bandwidth.

Horn reflectors mounted on
a tip table. Close packing

Compact configuration

FoV 4.5 degrees. Resolution
element : 15 arcmin.




The Very Small Array

Extended configuration

CAVENDISH
* o ASTROPHYSICS

Jodrell Bank
Observatory



The VSA consortium

Cambridge Astrophysics Group
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The Antennas

» Efficient, unblocked with a clean aperture

« Compact for close packing (small aperture)

* Low cross-coupling

 Can track independently (fringe rate tracklng)

These conditions are met by conical horn
reflector antennas (CHRA).

The 90° reflector gives the antennas a
periscope-like property so they can be close
packed like organ pipes.

This can be rotated to give one dimension
of independent tracking.

Side blinders are required to block cross
Coupling

Primary beam 2 degrees FWHM ,
Synthetized beam approx. 11 arcmin




The Recervers

The amplifiers are based on the 26-36 GHz Pospieszalski
NRAO design were built and modified by Eddie Blackhurst
at the Jodrell Bank Observatory, and use unpassivated
InP HEMTs from Hughes and Fujitsu.

The bias supplies are fed from a battery pack to give
a low noise protected voltage free from switch transients
which can cause damage to the HEMTs.

Each antenna has a 4-stage (Hughes) and a 2-stage
(Fijitsu) amps. Bias conditions can be set individually
for each transistor to optimize sensitivity.

Noise temperatures of 25 K (including horn) are achieved
across the band which is flat to 1dB.



v CMB anisotropies in small fields
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First VSA angular power spectrum (compact
configuration)

Scott et al. astro-ph/0205380
MNRAS 341, 1076 (2003)
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CMB
constraints on
cosmological
parameters

(pre-WMAP
Data)

Rubino-Martin, Rebolo et
al. 2003




Qlambda

CMB
constraints on
cosmological
parameters

Rubifio-Martin
et al. 2003,
MNRAS 341,
1084



Extended configuration VSA
(December 2002)

(Grainge et al.2003)
MNRAS 341. .23
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Bayesian analysis using Monte-Carlo
Markov Chains.

Priors: huble constant, 2dF and SNIa

VS8A Collaboration 2002

Q. h?  0.0219 +0.0014

Qtot 0.99% 0.03

n 1.01% 0.05
Q.. h? 0.128% 0.02
h 0.68 % 0.05
Q. 0.32%0.06

Qqa 0.66% 0.05

Age  13.6+ 0.9 Gyr

(Grainge et al.2003)

Slosar et al.2003
MNRAS 341, L29




Microwave Anisotropy Probe

(WMAP)

Halo orbit about L2 Sun-Earth Lagrange
point 1.5 million km from Earth

Lifetime 27 months

Differential pseudo-correlation with 1.61.6m rimars
polarization

Dual Gregorian 1.4 x 1.6 m primary etesor
reflector
Passive radiative cooling to < 95 K T

Frequencies (GHz): 23, 33, 41, 61, 94
FWHM (deg): 93 .68, .47, .35, .21

Sensitivity better than 20 uK per 0.3
degree square

upper omni

Dual Ba o-Back
Gregorian optics

passive thermal radiator

warm S/C and
instrument
electronics

deployed solar array with web shielding




WMAP
Mapa ILC del CMB




Then

Cosmic Microwave Background




VSA December 2002

¥54A Collaboration 2002
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Table 2. Parameter estimates and 68% confidence limits for the
standard six-parameter flat ACDM model.

1st year
Parameter Al\-/IZP WMAP+VSA

Wh 0.0240+8:88%\\ 0.0234+9-001¢

“m 0.1177501s | | 011175016

& 0.73%006 0.73+9:99

" 10075 6 0.97+5:58

102 As 2773 ‘ 2317

i L\ 0187 08 0.1415:41
z..  ~92(0.03ht/Q h2)BQ 13



C(k)

2m

I(1+1)/(

WMAP o~ ;
ESaEl

AI_) / AI_)/ I-)
?C/DJJ J‘\C/DJ‘ I
+

2 CJF +++Hh¢-n-

0.0010 0.0100 0.1000 1.0000

k/(Mpc/h)”"

Spergel et al. 2003
AplJS 148,175

WMAP data is combined
with CMB experiments
probing the high-1 region
of spectrum.

In addition, they also
consider information from
large scale structure (2dF)
and Lya forest.

n .y = -0.031+0.016

nS — Ig (kO) + Dyyn

In(k/k,)

Q.h2< 0.0076 (95%)
£=0/Q,
thz — Zmi /94CV




I(1+1)Cy/21 (UK2)

(I+1)Cy/2m (uK?)
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é-Initial spectrum of
fluctuations

+Inflationary scenarios

° Neutrino contribution to the
@matter content of the Universe




The last 3 years



High Precision Cosmology
(the past 3 years)

* High quality data

- better control of systematics
*Methodology

- Models and priors

- Bayesian analysis

- Monte Carlo Markov Chains*

(* see Lewis and Bridle 2002, the appendix
of Tegmark et al. 2004 Phys Rev D 69, 103512,
or Verde et al.)



VSA Extended
Main array configuration Configuration Aperture plane coverage
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Figure 1. Left: Extended array configuration of the 14 anten-
nas on the tip-tilt table. Right: The corresponding u,v coverage
calculated for a 5 hour observation of a source at declination of
+40°.
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Selection of Fields

Fields chosen to limit Galactic and extragalactic emission by avoiding:

* Bright radio sources (>500 mJy) via NVSS and GB6

* Bright galaxy clusters via Ebeling et al. and Abell catalogues

* Diffuse galactic emission: Synchrotron (408 MHz Halslam et al 1981),
Free-free (Ha WHAM Haffner et al 2003),
Dust (100 um Schlegel et al 1998)

The 7 VSA Regions

. VSA1: 7 fields

a 00"19m22s § +29°16°39”

VSAZ2: 7 fields
09 40 53

VSA3: 7 fields
153513

VSAGS: 3 fields
03 05 45

VSAG: 3 fields
07 24 48

VSAT: 3 fields
12 28 14

VSAS8: 7 fields
17 34 58

+31 46 21

+42 45 05

+27 16 35

+55 05 00

+53 48 25

+40 53 07
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VSA CMB angular power spectrum

(compact + extended configuration)

Dickinson et al. 2004
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Table 1. Priors used on each cosmological parameter when it is
allowed to vary. The notation (a,b) for parameter z denotes a
top-hat prior in the range a < x < b.

Basic Parameter Prior
Wh (0.005,0.10)
Wdm (0.01, 0.99)
h (0.4,1.0)
nsg,ni,n (0.5,1.5)
Rre (4,30)
1019 Aq (10,100)
Brun (—0.15,0.15)
Ax [ (bK)? (—500,500)
I (0,0.2)
Dark energy equation-of-state§2x (—0.25,0.25)
parameter > w (—1.5,0)
R 0,2
Ratio of the amplitude of -~ nT ((1 5?3)

Tensor to scalar fluctuations \\

Spectral index of tensor
i1~ t11041 1A A



Methodology

Adiabatic models

Initial fluctuation spectrum

k. = 0.05Mpc~*



Table 3. Limits on ng and nyun in the flat ACDM model with a

running spectral index for different CMB data sets and external ConStralntS
priors. 5
on tilt and
CMB External ns Nrun .
Running
COBE+VSA None  0.931013  —0.08113:97 Index n q

WMAP None  0.94700f  —0.06010 056 Flat ACDM

WMAP+VSA  Nome  0.967397  —0.06919:932

Rebolo et al. 2004

COBE+VSA HST 0.921917  —0.08119-99%
WMAP HST 0.9579:95  —0.06019-9%7

0.06 0.036
CWMAP+VSA  HST 093709 (06910086 —>

COBE+VSA odF  1.0010-12  _g,4410-058

—0.13 —0.061
+0.05 +0.025
WMAP 2dF 0.9575 06 —0.038T4 037

+0.05 +0.0
CWMAP+VSA  2dF 0034388 —0.0403 308>




What 1s the role of external priors on the imposed
limits ?

e 2dF (Percival et al. 2001, 2002)

« 2df + fgas (gas fraction in dynamically relaxed
clusters of galaxies Allen et al. 2002)

» 2df+fgas+XLF (observed local X-ray luminosity
function of clusters of galaxies, Allen et al. 2003)

« 2dF+HST (Key project Freedman et al. 2001)

P ol ~gg— | g— ® g~  —~——— —~~—— > Pl S PN PN s O\
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Priors adopted:
2dF + SNIa

Cosmological
parameters (68 %C.L.)

For neutrinos and R
(95% upper limits)

Rebolo et al. 2004 (MNRANS)

WMAP WMAP+VSA  ALLCMB
O N (0253 e 10245505 S 028 TE002
Qamh?  0.10810-022 0.111+3:22L 0.113+9:017
h 0.66700% 0.661000 0.651007
e 1 gL lrgals
ot —0.025gGs  —0.01%gG;  —0.02%55y
fo < 0.093 < 0.083 < 0.083
w —1.001+0-27 —0.9912-27  —1.0610:2%
ns 1041913 0.9970-09 0.9610:07
nr 0.2610-53 0.1375-57 0.1210-28
T —0.0210-0% —0.04109%  —0.0410-0%
1010 Ag 2713 2617 2518
R < 0.78 < 0.77 < 0.68
QA 0.7113-97 0.7019-96 0.6919-97
to 14.1+7- 14.1+73 14.4113
O 1} lnhe DRI o 0:33u0 00
£ 0761514 077551 076157,
- 0201312 0207318 0a7dR2




General Lambda CDM analys1s
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WMAP 3rd
year

WMAF Cosmological Parameters WMAP Cosmological Parameters
Model: ledm Model: ledm

Data: wmap Data: wmap-+cbi+vsa
10200, k> 2.230100%3 10°0 k> 2.208 40,071
AZ(k=0002/Mpc) (23.74£14)x107% A2 (k=0002/Mpc) (23571 3) x 10710
k 0.735 + 0.032 k 0.742 £ 0.031
Hy 73.5 £ 3.2 kmm/s/Mpc Hy 74.2 4+ 3.1 km/s/Mpc
| ns(0.002) 0.951 +£0.016 ns(0.002) 0.947 +£0.015 |
Qpk? 0.0223010.00078 Qpk> 0.02208 + 0.00071

Spergel et al. 06

0.00073
QA 0.763 £0.034 Qa 0.774 £ 0.031
0.237 £ 0.034 0.226 £0.031

0.1265_ 5 0080 0.1233%5 0074

0
0.742 £ 0.051 0.721 5 hie I
08575 ¢ca

1.00+0.64 g —0.58
13.731018 Gyr 13.76 + 0.15 Gyr

Y_0.15%

0.08819 230 0.087 4 0.029

0.594815-002% © 0.5942 4 0.0020 °

109+ 2.5 108+24




Current CMB data
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CMB+ Lyman-alpha forest + galaxy clustering
+ SN constraints
Seljak et al. 2006

Q,h>  0.0230 +0.0006

r <0.22
>m, <0.17 eV

Q. 4, h? 0.117% 0.003
Upp. Limit 95 %

h 0.705 * 0.013
Q, 1.003 * 0.006

oy 0.847% 0.022 Gyr
68% C.L.



CMB constraints on cosmological
parameters

without WMAP?




ARCHEQOPS
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M, Tristram et al: Archeog

2000
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Tristram et al. 05



ARCHEOPS + VSA

Q, k2 0.0217+0.004 | [N A

Q.. h? 0.128% 0.02
h 0.69 % 0.06
Qm 0'29 i 0'05 . . DB 0.9 1.1 12 3 356

log[10~§10¢ A_s]

Q. .. 0.71%0.05
Age 13.5% 0.6 Gyr
c 8 1.00+£0.15

05 08 07 08
mega_ambda Age/GYr

Flat mOdel 08 08 .;ma 182 14 o :?rei % 40 _
SNI&""Q, dF p riOrS Rubifio et al.




Comparison with other
astrophysical constraints on
cosmological parameters



Baryonic density from Primordial
nucleosynthesis

Baryon density based on
abundances of light elements

Q, h?=0.020 + 0.002 (95%
C.L.) Burles et al. 2001

pp, =6.881 x10 2?2 gcm -3
Q,=0.045 + 0.025

Density of luminous
matter 1n galaxies
Q. ~ 0.003

6/11/2007
(Persic and Salucci, 1992)
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Lithium versus metallicity in old stars
Rebolo et al. 1988 A&A
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Fig. 3. Lithium abundance against metallicity for stars with T, > 5500 K. Typical error bars for log N(Li) and [Fe/H] are 0.1 —0.2dex. Temperature ranges:
® T+ > 6000 K: + 6000 K < T, < 5500 K. Sources of data: Spite and Spite (1982, 1986); Spite et al. (1984); Boesgaard and Trippico (1986a, b); Rebolo et al. (1987b).
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The Expansion of the Universe

distances to 25 galaxies

HST-Key

project Based on Cepheid luminosity

_I | I I | I I I I | 1 1 | | I 1 . I ] J s
- e I-band Tully—Fisher 9 AR within 25 Mpc
- 4« Fundamental Plane e m . | . | :
—_ - ¢ Surface Brightness
g [ ¢ w2 c =72 + (3), + [7],
n n | b=
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Sunyaev-Zeldovich
Carlstrom et al. (2001)

EffeCt 33 clusters
Shift in the CMB spectrum H,=63£3 (staltistical) km/s_ec/Mpc
as radiation passes SUARALERY
clusters of galaxies:
Compton scattering
of electrons on CMB photons

Temp. of electron gas ~ keV
Thermal emission in X-rays

_—
o
(=
[=
Y]
=)

S
(&3
=
[a]

SZ : AT ~ [ dl ne Te

X-ray ~ # n 2 dl

Birkinshaw (1 999) . s SRA (J2000;
H,= 60 + 10 km/sec/Mpc
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Dark matter density

Use clusters of galaxies as a tracer of the total clustered
mass of the Universe.
Gas 1s determined by :
measuring the x-ray flux from the intracluster gas
or by Sunyaev-Zeldovich effect - %%

\
‘& Y

The total cluster mass can be determined: < ’ e ‘ g ®
1) virial theorem k- B e,
2) assuming that the gas is in hydrostatic '~ *~ “" = .&*
equilibrium

3) by gravitational lensing

=10-20% Qy~ 0.2-0.4




Planck and future polarization experiments



Planck:
3rd Generation
CMB space
experiment
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Inflation requires accuracy

WMAP
n,=0.95, dn,/dlnk=—0.03

Planck
na=ﬂ.95, dna_fdlnk=—ﬂ.(]3
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Fic 2.12.—Same as Figure 2.11, but now comparing the concordance ACDM model, having ng = 0.95 and zero
run (solid line), with a realisation of a model having with ng = 0.95 (at a fiducial wavenumber of ky = 0.05 Mpe—1)
and a run of dng /dInk = —0.03.
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Fic 2.17.—Forecasts for the +17 errors on the B-mode polarization power spectrum (_'-'f from Planck (for
r = 0.1 and 7 = 0.17). Above £ ~ 150 the primary spectrum is swamped by weak gravitational lensing of the

E-polarization produced by the dominant sealar perturbations. The cosmological model, and the assumptions about
instrument characteristics, are the same as in Figure 2.13.

Detection probability

o}
10—11

10710 107°?

Tensor amplitude 4,

Fic 2.16.—The probability of detecting B-mode polarization at 95% confidence as a function of A, the
amplitude of the primordial tensor power spectrum (assumed scale-invariant), for Planck observations using 65% of
the sky. The curves correspond to different assumed epochs of (instantaneous) reionization: = = 6, 10, 14, 18 and 22.
The dashed line corresponds to a tensor-to-scalar ratio r = 0.05 for the best-fit scalar normalisation, Ag = 2.7 x 10—9,
from the one-year WMAP observations.
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HFI & LFI (DDCU & REB:

panel)







- cryo-qualification tests at Centre Spatial de Licge
successfully completed

- Flight Service Model completed and delivered
 LFL

- FM testing completed (Sept 2006) - 3
- Delivered for integration October 2006 A

RC-‘T:;III‘I'ILT:'_‘ homs
. HFL i -.

b
Waveguides %

- FM tested and delivered (August 2006)

- Integration with LFI starting October 2006
« Telescope:

- flight reflectors delivered to Alcatel

- reflectors tested at cryo T

- radio-freq model test campaign on-going







e

P
sl |







Satellite
assembly




X

'ﬁﬁﬂn










QUIJOTE CMB experiment

* Aim : perform high sensitivity observations
of the polarization of the CMB and Galactic
foregrounds in the frequency range 10-30
GHz at large angular scales

e Collaboration: IAC, IFCA, Univ. Manchester
and Cambridge



QUIJOTE CMB experiment

« Basic features:

Site: Teide Observatory

Frequencies: 11, 13, 17 and 30 GHz. Receiver (see Roger’s talk)
Angular resolution: ~1 degree

Antennas: 3 independent antennas

Observing strategy: each antenna mounted on a fast spinning
system (1-0.2 Hz) . Earth rotation provides daily sky coverage of
several thousand sq degrees. Each antenna operates with an
Indepenedet cryocooled multi-channel receiver.

Sensitivity: adequate to measure tensor modes of amplitude r=0.10

at 30 GHz after two years of data. Complement Planck at low-
frequency



SCIENCE

The goal for QUIJOTE is to provide at 10-30 GHz
a sensitivity 1-2 microK per 1 degree beam over 10000 sq
deg. after one year of operation.

QUIJOTE CME Experiment
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Sensitivity of the proposed experiment as compared with theoretical
predictions for B-mode component of r=T/S=0.1.




Foregrounds at 33CHz. QUIMOTE CMB Ezperiment
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Foreground contamination at 33 GHz as compared with BB modes.

The synchrotron signal (large dashed line) corresponds to the total expected
contribution in polarization based on La Porta et al. (2006).

Radio source contribution (short dashed line) for the case of subtracting sources
down to 1 Jy in total intensity (upper line) and 300 mJy (lower line)).



Conclusions (I)

* Good agreement on the constraints imposed using
CMB and various data sets for:

- baryonic density,

- Cold dark matter density,

- Curvature parameter (flat within less than 1%)

- Dark energy density and for the parameter of the
equation of state (consistent with cosmological
constant w = -1 +0.06)

... However, not so good agreement among the various

estimates on the Hubble constant (discrepancies at the level of
few per cent, larger than claimed statistical errors)



Conclusions (11)
Parameters of inflationary models:

Increasing evidence for a tilted scalar spectral index ng in the
range 0.95-0.96.

...but not so clear evidence for a non-zero value of the running
index.

Strong upper limits on the ratio of tensor to scalar
perturbations r < 0.22



Conclusions (I1I)

Neutrinos:

Stringent upper limits on neutrino masses
appear to imply the masses are not
degenerated.

Amplitude of fluctuations:

The values estimated for o, appear
to converge in the range 0.80-0.85
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