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THE COSMIC MICROWAVE 
BACKGROUND

(CMB)



Before recombination
ω 9ŀǊƭȅ ¦ƴƛǾŜǊǎŜ
ω IƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ
ςElectrons are not in atoms
ςPhotons interact with them

Recombination
ω [ŀǘŜ ¦ƴƛǾŜǊǎŜ
ω [ƻǿŜǊ ¢ŜƳǇŜǊŀǘǳǊŜ
ςe- and p+ form hydrogen
ςPhotons travel freely



CosmicMicrowaveBackground(CMB)

Thermalradiationfrom the
formationof atoms

~380000 yearsafter BB  
orΧΦ оулл Myearsago!! 

Discoveredin 1965
Small anisotropiesdiscoveredin 
1992. Theseare the sedes of all

structurein the Universe

Themostprecise 
measurementsof cosmological
parameterscome from the CMB



Ingredients: 

ïThomson scattering for e-ʴ Ŏƻƭƭƛǎƛƻƴǎ
ïPhysics of recombination e- + p ҭ I Ҍ ʴ
ïGeneral Relativity
ïBoltzmann equation

CosmicMicrowaveBackground(CMB)

= Metric + Compton Scattering

= Metric + 

Compton Scattering+ WeakInteraction

= Metric + WeakInteraction

= Metric + ??



Discovery of the CMB: 
Hornantennafor radio waves

Arno Penzias
y Robert 

Wilson of Bell 
Labs(1965)

Low and 
permanent
noisein the

receiver

Accidental 
discovery



National Historic Landmark (1988)



The frequency spectrum:
A perfect black body at 2.725K

The Universe was in thermal 
equilibrium before 
recombination: The collision 
rate was much larger than the 
expansion rate



Slide from Ned Wright



=̡ -0.007 ± 0.027

CMB Temperature . vs . z

COBE

SZ Effect

CO Moleculelines

C atom lines

arXiv:1012.3164 [astro-ph]
A&A 526 (2011) L7



COBE Satellite

Launchedin 
1989,  for a 4 
yearsmisión

A highprecision
measurement
of the CMB 
temperature
(1990)

Firstdetection
of anisotropies
(1992)



FIRAS detector: Temperatureof the CMB 

TCMB= 2.72548 ± 0.00057 K
(ApJ707 2009, 916-920)



DMR detector: CMB fluctuations



Slide from
Ned Wright



DT  = 3.355 mK

DT  = 18 µK

Dipolar  anisotropyfrom the
movementof the Earth

Solar System: v  =  368 ± 2 km/s
Towardsthe constellationof 

Leo





May 2009 ςoctober2013
More precise thanWMAP

Ableto measurepolarization
Arrivedat L2 in july 2009.

Planck: Themost recentsatellite



ThePlanck telescope
Mirror of 1.5 m diameter

2 instruments: High (> 100 GHz)  and low ( < 100 GHz) frequency



Final results
published17 

july 2018

Highest
precisión 

confirmation
ofɽCDM



¿Howare the data analysed?

Map of the full skyin Aitoff projection



StatisticalProperties

Expansionin Spherical
harmonics(Fourier 
transformin the sphere)
Quantifiesthe clusteringin 
different scales
T0 = 2.726K
ɲ¢ό̒, )˒ = T(̒ , )˒ ςT0



Cosmologyfrom CMB
Measuretemperaturedistribution(fluctuations)
Builda mapof the anisotropies
Obtainpowerspectrumfrom the map
Fit cosmologicalparametersto the measuredpowerspectrum



Spherical harmonics:

Spherical version of sine waves
l=1

by Matthias Bartelmann



by Matthias Bartelmann

l=2



by Matthias Bartelmann

l=3



by Matthias Bartelmann

l=4



by Matthias Bartelmann

l=5



by Matthias Bartelmann

l=6



by Matthias Bartelmann

l=7



by Matthias Bartelmann

Higher l means smaller scales; l~/̄ʻ

l=8



by Matthias Bartelmann

Map reconstruction
l=1



by Matthias Bartelmann

l=1 + l=2



by Matthias Bartelmann

l = 1 - 3



by Matthias Bartelmann

l= 1- 4



by Matthias Bartelmann

l= 1- 5



by Matthias Bartelmann

l= 1 - 6



by Matthias Bartelmann

l= 1 ς7



by Matthias Bartelmann

l= 1 - 8



by Matthias Bartelmann

To higher l



by Matthias Bartelmann

Original map



Planck .vs. ɽCDM

characteristicscale
~̒ 1 degree

LargeScale
Plateau

Acoustic
Oscillations

DampingTail



All CMB experiments. vs. ɽCDM



PLANCK 2018

68.47 ± 0.73 %

26.60 ± 0.73 %

4.93 ± 0.03 %



Large scale
structure



Summaryof the formation and evolution of
structure in the Universe

Quantum 
Fluctuations
during
inflation

Perturbation
Growth: 
Pressure. vs. 
Gravity Matter 

perturbations
growinto non-
linear structures
observedtoday

Photons 
freestream: 
Inhomogeneities
turn into
anisotropies10-35 s ~105 years

V(˒ ) ҠM, Ҡr, Ҡb, f˄

zreion, Ҡɽ, w



Neutrinos

Fluctuationsare small. We can use perturbation
theory

2 typesof perturbations: metricperturbations, 
densityperturbations

Remember: Spacetimetellsmatter how to move, 
matter tells spacetimehow to curve



Matter perturbations

Use newtoniangravity.

Sincedarkenergyissmooth(has no fluctuations), only radiationand matter are includedin the
eqs.

3 regimes:
ŭ << 1: linear theory

ŭ  ~  1: needspecificassumptions(i. e. sphericalsymmetry)

ŭ >> 1: non-linear regime. Solvenumerically, simulations (alsohigher order perurbations)

In general: Universeis lumpy on small scalesand smootheron large scalesïconsider

inhomogeneitiesas a perturbation to the homogeneoussolution



Usingthe Fourier transform, we can write eqs. Forthe Fourier modes:

Forbaryonicmatter

Fordarkmatter

Linearizingthe equation:

Matter perturbations



Matter perturbations
Wecan linearizethis equationbecauseŭisverysmall. Thelinear regimeisveryimportant:

Å Onall scales, primordial fluctuationswereextremellysmall, ŭ<< 1. Onall scales, the seedsof
structureformationwere linear

Å Thelinear stageof structureformation isa relativelylonglastingone. 

Å Onemayalwaysfind largescaleswherethe densityand velocityperturbationsare still linear. 
Today, scaleslargerthan ~10 h-1 Mpc behavelinearly

Å CMB measurementshaveestablishedthe linear densityfluctuationsat the recombination
era. Bystudyingthe linear structuregrowth, we are ableto translatetheseinto the
amplitudeof fluctuationsat the currentepoch, and compare thesepredictionsagainstthe
measuredLSS in the Galaxy distribution



Frozen fluctuations

Linear growth
Structure formation is only 
possible in the matter 
dominated era

No significantgrowth

Matter perturbations

Matter DominatedUniverse

RadiationDominatedUniverse

Lambda DominatedUniverse



the perturbations grow exponentially (if no expansion) with time or oscillate as sound waves 
depending on whether their wave number is greater than or less than the Jeans wave number

For k > kJwe have sound waves, for k < kJwe have collapse. The expansion adds a sort of friction 
term on the left-hand side: The expansion of the universe slows the growth of perturbations 
down.

Baryonphoton fluid
Jeans lengthand scalesfor collapse

GRAVITY PRESSURE

Jeans Length: Botheffectsare equal

> 4̄ 0́ ĄOscillatingsolution

< 4̄ 0́ Ą Perturbationsgrow

Jeans 
wavenumber

Jeans 
wavelength

Matter perturbations



Matter perturbations: dark matter

Å Dark matter is not coupled to 

photons.

Å Density fluctuations in dark matter 

can start growing from the start of 

the matter-dominated era (zrm ~ 

3300).

Å At the time of decoupling, the 

baryons fell in the pre-existing 

gravitational wells of dark-matter 

and the baryon perturbations grew 

from there.

Å This explains the observed 

structure. Ą LSS requires the 

existence of dark matter

CMB shows that at z~1100, perturbationsare of the order 10-5. If they growas ɻ ~ t2/3 , then for
z=0 they growa factor of 1000, becomingof the order 1% ĄNOT ENOUGH!!

DARK MATTER ROLE
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ÅGalaxy surveys provide galaxy 

maps.

ÅSimilarly to the CMB, we want 

to study the statistical 

properties of the density

fluctuations

ÅSince the maps are in 3D, we 

use Fourier transforms and the 

power spectrum:

53

Matter perturbations: Comparingthe theory to the
observations



Matter perturbations: Comparingthe theory to the
observations

Inflation as primordial perturbationsgeneratorĄ initial perturbations
are Gaussian. Thedensitycontrastʵ isa homogeneous, isotropic
Gaussian randomfield (Fourier modesare uncorrelated)

Its statisticalpropertiesare completelydeterminedby 2 numbers: mean 
and variance. Thevarianceisdescribedin termsof a functioncalledthe
POWER SPECTRUM

The initial powerspectrumhas the Harrison-ZelËdovichform: 
ὖὯ ᶿὯ , nS ~1 Spectralindex



Matter perturbations

Thefull powerspectrumshape


