
PLANCK MISSION: 
A CORNERSTONE OF MODERN COSMOLOGY

István Csabai
Eötvös University, Budapest 
Department of Physics of Complex Systems 

Planck Memorial Scientific Symposium – MTA 2018.10.10-11







Borrowing slides, images from: Risa Wechsler, Ken Ganga, David L. Clements arxiv1707.09220, 
Wayne Hu, Martin White, Hervé Dole , COBE-, WMAP-, Planck collaborations 



THE ΛCDM MODEL
OF THE UNIVERSE



The ΛCDM model

• Einstein (1915) + Cosmological constant (1917), unstable „Einstein’s 
biggest blunder”

• Hubble (1929): Expanding universe, „Hubble diagram” (inverted)

Cosmological constant was dropped until the 90’s when it appeared 
again as Dark Energy.



Friedmann–Lemaître–Robertson–Walker (FLRW, ΛCDM) model

• Assuming that the universe is
• Homogeneous
• Isotropic

• Friedmann equations (1922)

• Dimensionless version

scale factor

Hubble parameter

curvature

critical density
radiation matter curvature dark energy



Observables of the ΛCDM model – before CMB

• Redshift                    
• Cosmological distances

Can be calculated from observed 
magnitudes (luminosities) of 
“standard candles”

Can be calculated from observed size
of large scale structures (BAO) : 

“standard rulers”



Fate of the universe
• Density is Destiny!
• Parameters can be estimated with various sensitivities from various observations :

• Matter content: supernovae
• Flatness: cosmic microwave background



SHORT HISTORY OF THE UNIVERSE
From Planck era to Planck





§ <10-43 seconds: Planck era

ú before the Planck time (all known laws of 

physics break down)

§ 10-43 - 10-38 seconds: GUT era

ú all four forces are “unified” (have the same 

strength)

§ 10-38 -10-10 seconds: electroweak era

ú the electromagnetic 

and weak force 

become distinct. 



§ 10-10 - 0.001 seconds: particle era
ú plasma of fundamental particles (matter and anti-matter)
ú for some unknown reason, there must have been slightly 

more matter than anti-matter, at least in our corner of the 
Universe

ú at the end of the particle era, 
matter and anti-matter 
annihilate, leaving mostly 
matter. Photons outnumber 
protons by a billion to 1.



Big Bang Nucleosynthesis
n 0.001 seconds– 3 minutes: nucleosynthesis

temperatures of 109 K allow hydrogen nuclei to 
fuse into helium nuclei.



the density of baryons
§ at very high temperatures (>1011 K) protons and neutrons 

can change into one another
§ as the Universe cools, protons (which are slightly less 

massive) become favored
§ ratio of protons to neutrons at the time when 

nucleosynthesis begins is predicted to be 7 to 1
§ deuterium is formed in the course of fusing hydrogen to 

helium, and some is still left over
§ the observed ratio of deuterium to hydrogen and helium 

tells us the density of baryons (protons and neutrons) 
during the era of nucleosynthesis

§ observations of deuterium abundance show that the 
density of baryons is about 5 % of the critical density

§ hydrogen 75 % , helium 25% (plus small amount of 
lithium)



Recombination
n 3 minutes – 500,000 years : recombination

n hydrogen and helium nuclei capture electrons and 
become neutral atoms. The Universe becomes 
transparent to photons.

n 109 photons for each baryon



electron
plasma
“soup” 
traps 
photons

electrons 
attached to 
atoms, 
photons 
stream 
through

Relic radiation from the last scattering surface: CMB

380 000 yrs

Decoupling mean free path of the photons ~=  
horizon size of the universe



Stars and Galaxies
§ The plasma of neutral atoms gradually cools and 

protogalactic clouds form.
§ The first stars form out of the hydrogen and helium, 

make heavy elements, etc.
§ Supernovae create even heavier elements 
§ Planets
§ Life
§ Physicists, Planck …



Cosmic microwave background

Surface of
last scattering



§ Before recombination: thermal equilibrium ~1100K
§ After recombination: free black body “Planck” radiation
§ Expansion – redshift: redshifted black body radiation is a 

black body radiation at lower temperature



CMB OBSERVATION



Penzias & Wilson, 1964, Nobel prize 1978

§ Predicted earlier, Alpher&Herman ’48, Gamow,  
Zeldovich, Dicke ’60s

§ ’64: Princeton group planned measurement: Dicke, 
Wilkinson, Roll. “we have been scooped”



More history …







Most perfect black body radiation

§ Smaller errorbars
than line width!

§ 2.72548±0.00057 K



Doppler dipole:
Solar system:368 ± 2 km s-1

Local Group: 627 ± 22 km s-1



PLANCK SPACE OBSERVATORY



Predecessors: COBE 1992, WMAP 2003 
(NASA) + Earth based observations





Planck space observatory facts
§ selected in 1996 by ESA 

§ launched in 2009

§ High- and Low 
Frequency Instruments 
(HFI,LFI)

§ HFI cooled at 100 mK -> 
bolometer technology

§ 29 months of operation 
(goal was 12: nominal 
mission)



Cooling!



9 bands:
30,44,70,100,143,217,353,545,857 Ghz



Planck maps



Signal is hidden below several layers of 
noise and foregrounds



Component separation: various foregrounds 
affect each band in different way



The “map”



From maps to cosmological parameters



Sound waves 
and baryonic oscillations



Effect of cosmological parameters
(theory)



Effect of cosmological parameters
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Effect of cosmological parameters
(theory)



Spectrum of temperature anisotropies



6 parameter model fit



Cosmological parameters

|Omega_K| < 0.005



Cosmological parameters



Cosmological parameters



Several other effects can be 
detected: lensing



Without lensing



With lensing



Dark matter distribution



Integrated Sachs-Wolfe (ISW) effect

• Only if expansion is 
accelerated
• Few μK on top of the 

~300μK CMB signal



Results



Concordance model: the other “cornerstones”



Components of the Universe: Lambda CDM model



Precision cosmology: universe got heavier and 
older (WMAP 13.77±0.059 -> 13.799±0.021 Gyr)



Cracks on the ΛCDM theory: the Hubble
constant tension (3.4σ) 

Hubble (1929)

Riess et al. (2016), supernovae 
H0=73.24±1.74 km/s/Mpc

Planck collaboration (2015), CMB
H0=67.74±0.46 km/s/Mpc

“local” universe

“early” universe

Better observations: errorbars shrink



THANK YOU FOR YOUR 
ATTENTION!

Era of precision cosmology:
Planck result together with other new “cornerstone” 
observations may lead to new cosmological model!
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