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The Cosmic Microwave Background

• Predicted by     Gamow (1946); 

Doroshkevich & Novikov (1964)

• Discovered by   Penzias & Wilson 

(1964)

• Main properties:

�Planckian spectrum

� high level of isotropy

(1 part in 100,000)
n γ ~ 400 cm -3

T0 = 2.728 ±0.002 K
(Fixsen et al. 1996)

200GHz
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• Planckian distribution with remarkable precision
T= 2.726 ± 0.002 K (95%C.L.)     (COBE FIRAS, Wright et al. 

1994, Fixsen et al. 1996)

• photon density nγ~ 411 cm-3

• ργ= 4.64 x 10-34 g cm-31

• CMB originates in the Last Scattering Surface
(z~1000)

CMB



Dipolo
Dipole

∆T/T=1.23x10-3



The dipole

• Caused by the motion of the solar system relative
to the isotropic Planckian radiation

– T = T0 (1-β2)1/2 / (1- βcos θ) β= v/c

– β = 0.001237 ± 0.000002 (68% C.L.) or
v = 371 ± 0.5 km s-1

towards

(α,δ) = (11.20h ± 0.01h, -7.22° ± 0.08° )

– Velocity for our Galaxy and the Local Group
VLG = 627 ± 22 kms

toward

(l,b) = (276° ± 3° , 30° ± 3°)



COBE detected

CMB primordial anisotropies

year 1992



COBE/DMR 4yr

For a pure n=1 scale-
invariant
primordial density
perturbation power
spectrum

Qrms-ps = 18.4 ±±±± 1.6 µµµµK
(Value of Qrms 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



Angular power spectrum dependence 

on cosmological parameters

• P(k)= As  (k/kc)
n
s

initial fluctuations 

spectrum

• Different model 

parameters give 

different predictions 

of the temperature 

angular power 

spectrum



The parameters
•t0 age of the Universe

•H 0    Expansion rate at present epoch

• Total matter/energy density: Ω0  fraction of the

critical energy density contributed by all forms of matter and
energy at the present epoch

• Ω0 = ρtot / ρcrit = Σ Ωi  ,, Ωi = ρi / ρcrit

•ρcrit = 3 H0
2 / 8π G ≅1.88h2 x10 -29 gcm-3

•ρb    barionic density
•ρν neutrino density
•ρdm cold dark matter density
•ρm   matter density (ρb + ρν + dm )
•ργ photon energy density
•ρΛ vacuum energy density --- > Λ / 3 H0

2

•ρtot = ρm + ργ + ρ Λ





W. Hu





CMB experiments

(after COBE)



Balloon-borne experiments

• ARGO

• MAX

• MSAM

• BAM

• QMAP

• BOOMERANG

• MAXIMA

• TOP HAT

• HACME

• ACE

• ARCHEOPS

• BEAST

• .



BOOMERANG:  Analysis of the complete data set 

Netterfield et al. 2001, de Bernardis et al. 2001

BOOMERANG:  Analysis of the complete data set 
Netterfield et al. 2001, de Bernardis et al. 2001



High Precision Cosmology

• 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.)



BOOMERANG results

(de Bernardis et al. 2001, astro-ph/0105296)

BOOMERANG results

(de Bernardis et al. 2001, astro-ph/0105296)



MAXIMA

• 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 deg2 of the sky

• FWHM 10 arcmin at frequencies 150, 240 and 410 GHz

• Scale range 36 < l <785

• Calibrator : dipole

• Peak with amplitude ∆Trms= 78 ±6 µK  at l = 220 

• Amplitude varying between 40 and 50 µK  for 400 < l < 785

Hanany et al. 2000



Total matter/energy density from

CMB anisotropies

• Ω0 = 1.02 ± 0.06,   BOOMERANG                   

de Bernardis et al. 2001 astro-ph/0105296

• Ω0 = 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 Antarctica



Total matter/energy density from

CMB anisotropies

• Ω0 = 1.02 ± 0.06,   BOOMERANG                   

de Bernardis et al. 2001 astro-ph/0105296

• Ω0 = 0.98 ± 0.14   MAXIMA                            

Abroe et al. 2001,  astro-ph/0111010

• Ω0 = 1.04 ± 0.06    DASI                                    

Pryke et al. 2001,  astro-ph/0104490



CBI Site at 5080m 
altitude in 
northern Chile

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



Tenerife CMB 

Experiments
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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 tracking)

These conditions are met by conical horn 

reflector antennas (CHRA).

The 90º 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 Receivers

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.



CMB interferometry

� CMB anisotropies in small fields

� Statistics:

� Power spectrum:

(valid to 1% for u > 10)

uu≈≈ℓℓ/(2/(2ππ))



VSA simulations



First VSA angular power spectrum (compact 

configuration)

Scott et al. astro-ph/0205380  

MNRAS 341, 1076 (2003)

First VSA angular power spectrum (compact 

configuration)

Scott et al. astro-ph/0205380  

MNRAS 341, 1076 (2003)



Ωb h2

Ωtot

ns

Ωcdm h2

CMB 
constraints on
cosmological
parameters

(pre-WMAP 

Data)
Rubiño-Martín, RRL et 
al. 2003

CMB 
constraints on
cosmological
parameters

(pre-WMAP 

Data)
Rubiño-Martín, RRL et 
al. 2003



Ωm

Ωlambda

CMB 
constraints on
cosmological
parameters

Rubiño-Martín et al. 
2003, MNRAS 341, 
1084

CMB 
constraints on
cosmological
parameters

Rubiño-Martín et al. 
2003, MNRAS 341, 
1084



Extended configuration VSA

(December 2002)

((GraingeGrainge et al.2003)et al.2003)

MNRAS 341, L23MNRAS 341, L23



VSA extended configuration (Dec 2002)

((GraingeGrainge et al.2003)et al.2003)

ºº

Ωb h2       0.0219 ±0.0014

Ωtot 0.99± 0.03

n            1.01± 0.05

Ωcdm h2  0.128± 0.02

h            0.68 ± 0.05

Ωm 0.32 ± 0.06

Ωlambda      0.66± 0.05

Age 13.6± 0.9 Gyr

Bayesian analysis using Monte-Carlo 

Markov Chains.

Priors: huble constant, 2dF and SNIa

SlosarSlosar et al.2003 et al.2003 

MNRAS 341, L29MNRAS 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

polarization

• Dual Gregorian 1.4 x 1.6 m primary

reflector

• Passive radiative cooling to < 95 K

• Frequencies (GHz): 23, 33,  41,   61,  94

• FWHM (deg):        .93  .68, .47, .35, .21

• Sensitivity better than 20 µK per 0.3 

degree square





Cosmic Microwave Background
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Constrains ΩΛ + ΩM



WMAP results

Feb. 2003



VSA December 2002 WMAP Feb. 2003

Boomerang

2001



Zreion ≈ 92 (0.03 h τ / Ωb h2)2/3 Ωm 
1/3

1st year1st year



WMAP

CMB power

spectrum

High l multipoles

bring information on :
•Initial spectrum of

fluctuations

•Inflationary scenarios

• Neutrino contribution to the

matter content of the Universe

•....



WMAP 1st year data
WMAP data is combined 

with CMB experiments 

probing the high-l region 

of spectrum.

In addition, they also 

consider information from 

large scale structure (2dF) 

and Lyα forest.
2dF2dF

LyLyαα

CBI, ACBARCBI, ACBAR

WMAPWMAP

n run = -0.031±0.016

nS = nS (k0) + nrun

ln(k/k0)

Ωνh
2< 0.0076 (95%)

fν= Ων/Ωdm

Ωνh
2 = Σmi /94eV

Spergel et al. 2003

ApJS 148,175



VSA extended: Dickinson et al. 2004 (MNRAS )

Typical rms values of 5-25 microK beam-1



VSA CMB angular power spectrum

(compact + extended configuration)

Dickinson et al. 2004

(two alternate binnings)



Dark energy equation-of-state

parameter

Ratio of the amplitude of

Tensor to scalar fluctuations

Spectral index of tensor 

fluctuations



Constraints

on tilt and

Running

Index in a 

Flat ΛCDM 

Rebolo et al. MNRAS (2004)



Partridge 2008



What is the role of external priors on the imposed

limits ?

• 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)

• 2dF+ Cosmic Shear (Hoekstra et al. 2002)



Flat Lambda CDM models



WMAP 3rd yearWMAP 3rd year

Spergel et al. 06



CMB data   (in 2006)



Ωb h2       0.0230 ±0.0006

n        0.964± 0.012

n_run -0.015± 0.012

Ωcdm h2  0.117± 0.003

h            0.705 ± 0.013

Ω0 1.003 ± 0.006

σ8 0.847± 0.022 Gyr

68% C.L.

CMB+ Lyman-alpha forest + galaxy clustering

+ SN constraints

Seljak et al. 2006

r    < 0.22
Σmν <0.17 eV

Upp. Limit 95 %



Dark energy

constraints



CMB constraints on cosmological

parameters

without WMAP?

control on systematics



ARCHEOPS

Tristram et al. 05



ARCHEOPS + VSA

Ωb h2       0.0217 ±0.004

n            0.95± 0.09

Ωcdm h2  0.128± 0.02

h            0.69 ± 0.06

Ωm 0.29 ± 0.05

Ωlambda      0.71± 0.05

Age 13.5± 0.6 Gyr

σ_8       1.00 ±0.15

Assuming

Flat model

SNIa+2dF priors Rubiño et al.



Results from WMAP 5yr



WMAP 5-yr

Nolta et al. 2008

Hinshaw et al. 2008





ACBAR

Reichardt et al. 2008



. .

Ωtot 0.97± 0.05

n            0.968± 0.015

Ωm 0.26 ± 0.03

Ωlambda      0.71± 0.05



WMAP 7-yr







Komatsu et al. 2011





Komatsu et al. 2011



Latest results: CMB+ BOSS 

(SDSS·3)
Sánchez, et al. 2012 astroph



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 0.4%)

-Dark energy density and for the parameter of the

equation of state (consistent with cosmological

constant w = -1 ± 0.06)

- Index of scalar perturbations n_s=0.961 ± 0.009



Conclusions (II)

Parameters of inflationary models:

Increasing evidence for a tilted scalar spectral index ns =0.96

...but not so clear evidence when a non-zero value of the

running index is allowed.

Strong upper limits on the ratio of tensor to scalar

perturbations r < 0.16  for flat lambda cdm models.



Planck:

3rd Generation 

CMB space 

experiment

Follow 

cosmological 

results  early 

2013

and 

J. Tauber´s

talk tomorrow

2011



Dark energy

constraints


