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CMB



Primeval Fireball
• compression in the early stages 

of an expanding universe causes 
lots of radiation  arising from 
thermonuclear explosions

• Reactions are rapid enough to 
achieve thermalization and a 
black body spectrum

• It is possible to compute the 
rarefaction caused by the 
expansion since that epoch

• The relic radiation is predicted to 
peak in microwaves,  
temperature of a few Kelvin,  
known today as the Cosmic 
Microwave Background (CMB, 
Gamow et al. 1948)

George Gamow, three years old in Odessa, Ukraine, 1907



Discovery 



CMB: where and when?
• Opacity: 

λ=1/nσ « horizon 
where the horizon is the distance 
at which information get at each 
time, inverse of the Hubble 
expansion rate 

• Decoupling: λ ≈ horizon

• Free streaming: λ » horizon

• Cosmological expansion, 
Thomson cross section and 
electron abundance conspire to 
activate decoupling about 
380000 years after the Big Bang, 
at about 3000 K CMB photon 
temperature



A postcard from the Big Bang
• From the Stephan 

Boltzmann law, regions at 
high temperature should 
carry high density

• The latter is activated by 
perturbations which are 
intrinsic of the fluid as well 
as of spacetime

• Thus, the maps of the CMB 
temperature is a kind of 
snapshot of primordial 
cosmological 
perturbations



COsmic Background Explorer



From COBE to the Wilkinson Microwave 
Anisotropy Probe (WMAP) to Planck

• About 40 years of scientific and 
technological progresses

• Lots of experiments, people
• See lambda.gfsc.nasa.gov



The Planck Satellite
● ESA Medium Size Mission, NASA 

participation for the construction of part 
of the cooling systems 

● About 400 scientists all over the world 

● Two Data Analysis Centers, in Paris 
(IAP, High Frequency Insteument) and 
Trieste (INAF-Trieste & SISSA, Low 
Frequency Instrument)

● About 17 years from the initial ideas to 
the launch in 2009

● End of operations in 2009 

● Data Analysis in progress, two main 
Data Releases happened in 2013, 2015, 
the last and definitive one is expected 
within 2017 or early 2018  

● Tens of papers impacting all major 
aspects of Cosmology, Astrophysics

../../../../../../../SONY_32X/work/physics/cosmology/reports/universities/udine_maggio_2015/movies/PLANCK_LAGRANGE_PC_03.mov
../../../../../../../SONY_32X/work/physics/cosmology/reports/universities/udine_maggio_2015/movies/664_Planck_sky-scan_HD_350x198.mov
../../../../../../../SONY_32X/work/physics/cosmology/reports/universities/udine_maggio_2015/movies/PLANCK_LAGRANGE_PC_03.mov


CMB as seen by Planck

Planck 2018



CMB as seen by Planck

Planck 2018



CMB Angular Power Spectrum

Angle ≈ 200/l Degrees



CMB physics: Boltzmann equation

 d photons  
                    = gravity + Compton scattering
         dt

d baryons+leptons 
                              = gravity + Compton scattering
         dt
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CMB physics: Boltzmann equation

 d neutrinos  
                          = gravity + weak interaction
         dt

d dark matter 
                     = gravity + weak interaction (?)
         dt

gravity = photons + neutrinos + baryons + leptons + dark matter



CMB physics: gravity



CMB Physics: Compton scattering
• Compton scattering is 

anisotropic
• An anisotropic incident 

intensity determines a 
linear polarization in the 
outgoing radiation

• At decoupling that 
happens due to the 
finite width of last 
scattering and the 
cosmological local 
quadrupole

e-



CMB anisotropy: Total Intensity
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CMB anisotropy: polarization

+

+

+

Gradient (E):
Curl (B):



Anisotropies 
T(θ,φ), Q(θ,φ), U(θ,φ), V(θ,φ)

X=T,E,B

X(θ,φ)=Σlm alm
X Ys

lm(θ,φ)

spherical 
harmonics

s=0 for T, 2 for Q and U

E and B modes have opposite parity



Angular power spectrum
T(θ,φ), Q(θ,φ), U(θ,φ), V(θ,φ)

aX
lm, X=T,E,B

Cl=Σm [(alm
X)(alm

Y)*]/(2l+1)

spherical 
harmonics

Lossy
compression



CMB angular power spectrum

Angle ≈ 200/l degrees
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CMB angular power spectrum

Angle ≈ 200/l degrees

Primordial power

Acoustic oscillations



CMB angular power spectrum

Angle ≈ 200/l degrees

Primordial power

Acoustic oscillations

Gravitational waves



The B-modes record GWs mono-
chromatically in angle

e-
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Gravitational waves not supported by 
sources, diffuse out rapidly below the 
Horizon scale, about 1 degree in the sky
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The B-modes record GWs 
mono-chromatically in angle

e-

Decoupling time lasts for about 10 Mpc

No time for longer wavelenghts to contribute

Gravitational waves not supported by 
sources, diffuse out rapidly below the 
Horizon scale, about 1 degree in the sky

1°



Last scattering

Forming structures

CMB and Large Scale Structure

?
?

?

? ?

? ??



Categories for LSS effects on CMB
• Re-scattering
• Gravitation
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– Deflection 



Categories for LSS effects on CMB
• Re-scattering

– Re-ionization 
• Gravitation

– Dynamics in the metric tensor
– Deflection 



Last scattering

Forming structures

Integrated Sachs-Wolfe

Sachs & Wolfe 1967



CMB lensing



Last scattering

Forming structures - lenses

CMB lensing

Bartelmann, Schneider 2001, Hu 2000

T



Forming structures - lensesEB
CMB lensing 

Last scattering

Kamionkowski, Kosowsky & Stebbins, Zaldarriaga & Seljak1998



Forming structures - lensesEB
CMB lensing 

Last scattering

Kamionkowski, Kosowsky & Stebbins, Zaldarriaga & Seljak1998

Cosmic 
Acceleration



CMB angular power spectrum

Angle ≈ 200/l degrees

Primordial power

Gravitational waves

Acoustic oscillations

Reionization 
Lensing

ISW



Higher Order Statistics
T(θ,φ), Q(θ,φ), U(θ,φ), V(θ,φ)

aX
lm, X=T,E,B

Bl1l2l3=
=Σm1,m2,m3 [(l1

m1
l2

m2
l3

m3)(al1m1
X)(al2m2

Y)(al3m3
Z)]

spherical 
harmonics



Last scattering

Forming structures

ISW-Lensing Cross-Correlation

Last scattering

Spergel & Goldberg 1999



Primordial non-Gaussianities

Φ=φG+fNL(φG
2-<φG

2>)
Gangui et al. 1994



Analysis 



CMB Data Analysis: 
Titanic Compression

Spectra

Time
Ordered

Data

Maps

Frequency × time × detectors

Number of pixels



CMB Data Analysis: 
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Spectra

Time
Ordered

Data

Maps

Frequency × time × detectors

Number of pixels



CMB as seen by Planck 

Planck 2018



CMB angular power spectrum

Angle ≈ 200/l degrees

Primordial power

Gravitational waves

Acoustic oscillations

Reionization 
Lensing

ISW



CMB as seen by Planck 

Planck 2018



Higher Order Statistics
T(θ,φ), Q(θ,φ), U(θ,φ), V(θ,φ)

aX
lm, X=T,E,B

Bl1l2l3=
=Σm1,m2,m3 [(l1

m1
l2

m2
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spherical 
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CMB as seen by Planck 

Planck 2018



CMB as seen by Planck 

Planck 2018



CMB as seen by Planck 

Planck 2018



Isotropy & Statistics

Planck 2018



Sky as seen by Planck 





F=A (sky direction) × F(frequency)



F=A (sky direction) × F(frequency)

Planck 2013

Gas too thick, lots of processes ongoing, very hard to describe with simple models



F=A (sky direction) × F(frequency)

Planck 2013

Gas too thick, lots of processes ongoing, very hard to describe with simple models

Gas thickness decreases to a few Kpc
simple parametrization is possible

Gas thickness decreases to a few Kpc
simple parametrization is possible



Foregrounds and frequency

Planck 2015



Component separation

X = A S +N 
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X = A S +N 



Component separation

X = A S +N 

data
frequency 

scaling amplitudes noise



Component separation

X = A S +N 

data

unknown
frequency 

scaling
unknown

amplitudes noise
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Component separation
● On foregrounds you...

● Know nothing 
● Know something 



Component separation
● Thus if you...

● Know nothing, you
– Look for minimum variance internal linear 

combination
● Know something, you

– Model foreground unknowns and fit 



Component separation

∑iwiXi ∑iwi=1

● If you know nothing, you 
– Look for minimum variance internal linear 

combination, constrained to scale as a black body: 



Component separation 
● Opearting domains: you can choose to 

cast your minimum variance search, or 
your fit, in
● Pixel domain 
● Harmonic domain 
● Intermediate (needlets, wavelets) domain



Component separation
● Thus if you...

● Know nothing, you 
– Look for minimum variance internal linear 

combination
● In the pixel domain 
● In the needlet domain 

● Know something, you
– Model foreground unknowns and fit 

● In the pixel domain 
● In the needlet domain 

Planck 2018



Component separation
● Thus if you...

● Know nothing, you
– Look for minimum variance internal linear 

combination
● In the pixel domain – SEVEM 
● In the needlet domain – NILC 

● Know something, you
– Model foreground unknowns and fit 

● In the pixel domain – COMMANDER 
● In the needlet domain – SMICA 

Planck 2018



Component separation
● Thus if you...

● Know nothing, you
– Look for minimum variance internal linear 

combination
● In the pixel domain – SEVEM (CMB only)
● In the needlet domain – NILC (CMB only)

● Know something, you
– Model foreground unknowns and fit 

● In the pixel domain – COMMANDER (CMB and 
foregrounds)

● In the needlet domain – SMICA (CMB and foregrounds)

Planck 2013, XII, 2015, IX



Component separation

X = A S +N 



The Planck Legacy Archive



Cosmological 
Gravitational Waves



Astrophysical vs Cosmological GWs
1 km

104 Mpc

1 km



Polarized Foregrounds are worse

Planck 2018



Polarized Foregrounds are worse

Planck 2018



Sky masking in polarization 

WMAP 2007



WMAP polarised foregrounds

WMAP 2007



Galactic polarized foregrounds

353 GHz

23 GHz
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Polarized synchrotron               
● Amplitude: cosmic ray electrons spilarizing 

around the Galactic magnetic field 
● Frequency scaling: approximate decaying power 

law frequency scaling (FRJ~f-3), determined by the 
electron distribution in energy 

● Data: total intensity and polarization, several 
surveys at radio frequencies, WMAP and Planck 
at microwave frequencies

● Data at the required quality for B-mode cleaning: 
none



Polarized dust          
● Amplitude: magnetized dust grains emitting almost 

thermally, linearly polarized via local alignment with 
the Galactic magnetic field

● Frequency scaling: grey body FRJ~BB(f)×f 1.5

● Total intensity data: high resolution (few arcminutes) 
and sensitivity (IRAS and Planck) at 3000, 857, 545, 
353 GHz for total intensity, degree scale mapping of 
temperature and emissivity

● Polarization data: Planck 2015 at 353 GHz
● Data at the required quality for B-mode cleaning: 

none



Early 2014



March 2014



March 2014



The B-modes at degree scale

BICEP 2014



Planck observed dust 
polarization at high latitudes

Planck 2014



Planck observed dust 
polarization in the BICEP2 area

Planck 2014



Planck × Bicep2 × KEcK

BKP 2018 



Measuring the Abundance of 
Cosmological Gravitational Waves 
through the Tensor to Scalar Ratio

r = Power in GWs
Power in Density



Measuring the Abundance of 
Cosmological Gravitational Waves 
through the Tensor to Scalar Ratio

r = Tensors
Scalars



Planck × Bicep2 × KEcK

BKP 2021 

r < 0.036 at 95% C.L.



Roadmap till 2030



Future B-Mode Probes: Datasets

Plot by Julian Borrill



2023 2028

LiteBIRD

CMB-S4

Simons 
Observatory

Low 
Frequency 

Surveys

Future B-Mode Probes: Timeline



Future B-Mode Probes: Simons Observatory

simonsobservatory.org 

https://simonsobservatory.org/
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Future B-Mode Probes: LiteBIRD

 LiteBIRD Collaboration, PTEP 2022 
ui.adsabs.harvard.edu/abs/arXiv:2202.02773 

https://ui.adsabs.harvard.edu/abs/arXiv:2202.02773
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Future B-Mode Probes: LiteBIRD

 LiteBIRD Collaboration, PTEP 2022 
ui.adsabs.harvard.edu/abs/arXiv:2202.02773 

https://ui.adsabs.harvard.edu/abs/arXiv:2202.02773


Future B-Mode Probes: LiteBIRD

Campeti et al., 2021 



Future B-Mode Probes: LiteBIRD

Campeti et al. 2021



Future B-Mode Probes: CMB-Stage IV



Future B-Mode Probes: CMB-Stage IV



Future B-Mode Probes: CMB-Stage IV LAT and SAT Receivers



Future B-Mode Probes: CMB-Stage IV

arxiv.org/abs/2208.12619



CMB-Stage IV



Concluding Remarks

● Maps of the CMB contain most important effects from the Early Universe and 
Large Scale Structure 

● Effects extend from the whole sky down to the Arcminute Scale 
● Probes are Signal Dominated till the Arcminute Scale 
● Huge Analysis Infrastructure in Place, mostly focused on the Two Point 

Correlation Function, with most important constraints from the 3 point 
correlation function and overall distribution of perturbations across the Sky

● B-Mode Probes Primary Targets are Cosmological Gravitational Waves and 
Gravitational Lensing 

● Huge Program Ahead, Towards a Network of Ground and Space Based Probes 
● Discussion! 
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