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Expanding universe & the Big Bang



Hot, dense objects glow

Blackbody radiation - Planck Spectrum



Cosmic Microwave Background

Hot, dense initial state Relic Background Radiation

Redshifted to microwaves

COBE, 1990

Cold: ~3 K above abs. zero
Bell Labs, NJ, 1964

Each resulted in a 
Nobel prize!







~ few hundred μK around mean T

CMB fluctuations



Overdensity

Potential cold photon!

Probing gravitational potential

Recombination



Inflation and initial fluctuations

If new physics at GUT/EW-
scale causes exp(60)-fold 
expansion it explains:

spatial flatness
rarity of monopoles
uniformity of CMB sky{

Expand by 1026 in 10-32 s (!) driven by a scalar field.

Nearly scale-free spectrum of initial fluctuations

quantum
fluctuations
in field value macroscopic cosmological



Gravity - from matter-
energy density

Pressure - from
collisions between
particles

Evolution of overdensity

dm, gas, 
γ, ν

Expansion of 
the universe

Streaming of 
neutrinos



Gravity - from matter-
energy density

Pressure - from
collisions between
particles

Evolution of overdensity

dm, gas, 
γ, ν

Expansion of 
the universe

Streaming of 
neutrinos

Acoustic 
Oscillation









Average Planck map around extrema



Correlations in harmonic space

Power Spectrum
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(movies)

1.5 million km away at L2





spin axis

optical axis

Sunlight
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Focal plane



Focal plane

HFI

LFI



Planck focal plane



Capabilities
"3 times better resolution 

& 
10 times lower noise than WMAP"

Planck: 9 channels
30  44  70  100  143  217  353  545(I)  857(I) GHz 

                   HFILFI
(20-30% bandwidth)

WMAP Planck



30 44 70

100 143 217

353 545 857

Maps







Finite resolution damps small scale power
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Must know beam well to unbias spectrum.
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Pipeline to reconstruct beam

1.
2.

3.
Huffenberger et al., A&A 510 (2010)

sparse signal, noise,
electronics, etc.

reconstruct beam

repair spectrum

Characterize with 
Monte Carlo



  



  

Note the offset between Planck/WMAP.  This is 
significant and its cause is unknown.



  

 WMAP errors start to get 
large because we're now on 
the scale of the WMAP beam



  

 Here ACT/SPT/Planck 
are all sample variance 
limited but Planck has 
much larger sky 
coverage



  

 Finally, at around 
l=2000, ACT/SPT 
become a tighter 
constraint because their 
beams are smaller
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Acoustic Oscillations 
in 

galaxy density



Parameter extensions to base model

Spatially flat to 1%

Tight limit on sum of neutrino mass... (osc: m > 0.05 eV)

No extra relativistic species.  Standard Helium abundance.



CMB lensing

cosmic web 
at 

z ~ 2-3

backgroundobserved



CMB (Hu & Okamoto 2001)



CMB lensed (Hu & Okamoto 2001)

foreground mass

sky no longer isotropic





Conclusions

Next: Polarization

Large scale anomalies?

Planck has produced a rich store of data and 
cosmological results.
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6 6 K. M. Gorski Planck at JPL 

The Observed CMB Sky 



7 7 K. M. Gorski Planck at JPL 

The Corrected, More Manifestly Isotropic CMB Sky 



8 8 K. M. Gorski Planck at JPL 

A Paradoxical “solution” to the 
Idiosyncratic Appearance of Our CMB Sky 

+ = 

Real CMB Sky 

Corrected CMB Sky 

Correction that fits the sky:  
a homogeneous, anisotropic Bianchi VIIh model 

The Bianchi model must be open to fit the 
data, and cannot be merged with the overall 
flat cosmology that describes the observed 
universe 


