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What theory said…

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

(well before any observations...)
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The Planck concept/challenge

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 9

 to perform the “ultimate” measurement of the Cosmic 
Microwave Background (CMB)  temperature anisotropies:
– full sky coverage & angular resolution / to survey all scales at which 

the CMB primary anisotropies contain information (~5’)
– sensitivity / essentially limited by ability to remove the astrophysical 

foregrounds
enough sensitivity within large frequency range  [30 GHz, 1 THz]

(~CMB photon noise limited for ~1yr in CMB primary window)

 get the best performances possible on the polarization with 
the technology available

ESA selection in 1996 (after ~ 3 year study)

NB: with the Ariane 501 failure delaying us by several years (03  07) and 
WMAP then flying well before us, polarization measurements became 
more and more a major goal

"Cosmology & Fundamental Physics with Planck", CERN

Visualising the target  

François R. Bouchet,  "Planck main cosmological results", 17/06/2013"Cosmology & Fundamental Physics with Planck", CERN 10

Foregrounds !!!

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 11

H0
=2%

"Cosmology & Fundamental Physics with Planck", CERN
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Planck performance goals summary

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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Planck needed breakthroughs

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 13

 The performance goals of Planck required several technological performances never 
achieved in space before
– Sensitive & fast bolometers with 

• NEP< 2 10‐17 W/Hz1/2 & time constants typically  < 5 msec
(thus cooling them to 100 mK, very low heat capacity & charged particles sensitivity)

– total power read out electronics with very low noise 
• <  6nV/Hz1/2 from 10 mHz to 100 Hz 

– Excellent temperature stability, from 10 mHz (1 rpm) to 100 Hz (cf. Lamarre et al. 04)
• < 10 µK/Hz1/2 for 4K box  (30% emissivity)
• < 30 µK/Hz1/2 on 1.6K filter plate (20% emissivity)
• < 20 nK/Hz1/2 for detector plate (~5000 damping factor needed)

– low noise HEMT amplifiers ( cooled to 20K) & very stable cold reference loads (4K)
 Additionally:

– low emissivity, very low side lobes, telescope (strongly under‐illuminated)
– no windows, minimum warm surfaces between detectors and telescope
– Complex cryogenic cooling chain: 50K (passive)+20K+4K+0.1K active coolers 

• 20K for LFI with large cooling power K (0.7W)
• 4K, 1.6K and 100mK for HFI
• Thermal architecture optimised to damp thermal fluctuations (active+passive)

– NB: 100mK cooling by dilution cooler does not tolerate micro‐vibrations at sub‐mg level or 
7.1010 He atoms accumulated on dilution heat exchanger (typically He pressure 1.10‐10 mb)

 Integration of 3 intertwined complex chains ‐ optical, electronic, cryogenic

"Cosmology & Fundamental Physics with Planck", CERN
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"Cosmology & Fundamental Physics 
with Planck", CERN

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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The Low Frequency Instrument LFI

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 
17/06/2013
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Log Book (``a bit’’ abridged)
 August 13th 2009 : beginning of survey: Instruments very stable, continuously 

mapping the sky
 Essentially no hiccups since, till the end of HFI: Details in 16 monthly reports to MOC, 13 

bi‐monthly to PSO (150 p. each), 138 « operation » teleconf.  minutes,  169 weekly reports to MOC, 
91 « cryo » teleconf., 8 coordination meetings, 978 daily quality reports & 127 HFI weekly health
reports (97 800 plots), 1278 pages wiki écrites ou co‐écrites …: 

 Expectations on sensitivities confirmed in flight: HFI reaches or exceeds its goals.

 June 2010 : first  complete coverage of the sky by all detectors obtained with 
the first nearly 10 months of survey data. ERCSC release & batch of 25 papers 
on “Planck early results” submitted in Jan 2011; 

 November 27th 2010 : Nominal mission completed, having collected about 15.5 
months of survey data insuring that  all the sky at been seen at least twice by 
each detector:
– 12 “Planck Intermediate results” papers on CMB foregrounds results submitted in 2012. 
– public data delivery on March 21st 2013, together with 28 “Planck 2013 results” papers  

 Jan 14th 2012: all HFI survey data acquired! 885 days of survey, 900 billion 
samples, 5 surveys, twice the nominal duration. With some additional LFI data 
(~3 months) will be the basis of our next data delivery (DD2) in mid‐2014. 
(including polarization)

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 24"Cosmology & Fundamental Physics with Planck", CERN

When I say very stable…

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 25
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HFI Data Processing Centre flow

François R. Bouchet,  "Planck main cosmological results", 
17/06/2013

26

IAP cellar Sisyphus

~ 900 x109

samples now

"Cosmology & Fundamental Physics with Planck", CERN

HFI Raw Detector TOI (Time Ordered Information)

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 27

3 minutes of quasi ‘raw” data (i.e. only demodulated).The Solar (cosmological) dipole is clearly 
visible at 145GHz with a 60 seconds period (the satellite rotates at 1 rpm), while the Galactic 
plane crossings (2 per rotation) are more visible  at 545 GHz than at 143 GHz. The Dark 
bolometer sees no sky signal, but displays a similar population of glitches from cosmic rays. 
. 

One surprise (of very few)

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 28

Many more glitches than anticipated. Need to update the pre-flight processing pipeline
(Deglitching, T decorrelation, nonlinearity corrections, 4Klines, TF deconvolution, RTS)

From μV to femto-Watts
Page 35

The Planck sky

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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143 GHz & 217 GHz maps

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

39
Page 40

LFI-HFI consistency

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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Cleaning the background
from its 7 veils

3% of the CMB sky replaced by a Gaussian Random realisation 
François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Page 51François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Low frequency emission Dust emission amplitudCO “discovery” map

Galactic Foregrounds
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Cleaning the background
with an l-dependent linear combination

3% of the CMB sky replaced by a Gaussian Random realisation 

217 GHz

353 GHz

143 GHz

545 GHz 857GHz

100 GHz

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

One of 5 methods which we developed as respective cross‐checks

Page 54

The cosmic microwave background 
Temperature anisotropies

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Page 55

The cosmic microwave background 
Temperature anisotropies

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 56

Noise distribution

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

(Kߤaverage=17)Kߤ
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Our window

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 57

Difference map (scales  θ < 1 deg) : 
Acoustic oscillations at small scales 

< ct when t=380 000 years (~150 Mpc today). 
Which allows to take a census of the Universe content

Smoothed map (suppressing scales θ < 1 deg) :
Quantum Fluctuations imprinted  

When the age of the Universe was in the  
interval [10‐39, 10‐12] seconds

"Cosmology & Fundamental Physics with Planck", CERN

Page 58François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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The Planck spectrum of Temperature 
anisotropies

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Where b stands for the beam and w for the pixel window function.  
 Trivial (under these assumptions)

BUT… computing this Cl likelihood requires  O(N3) operation       

 Can only be done at 

The straight pixel based approach

"Post‐Planck Cosmology" summer school, Les HouchesFrançois R. Bouchet,  "The Planck mission", 08‐11/07/2013 64

m is the deduced CMB map, s it the true CMB map, and n the noise

Gaussian approximation for the s and n: 

Where, the data covariance matrix is an N X N matrix, for a map with N pixel. And  

And the CMB covariance matrix in pixel space is  

The noise Cov mat. N is supposed given by the exp. 
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Note on Gibbs sampling & Cramer‐Rao

"Post‐Planck Cosmology" summer school, Les HouchesFrançois R. Bouchet,  "The Planck mission", 08‐11/07/2013 65

generalises the sky model to include I foregrounds and n maps

Let’s map out the posterior distribution                                    by Gibbs sampling: 

A multivariate Gaussian conditional distribution

Inverse gamma distribution

This conditional can be obtained numerically

which generates realisation, sk. of the CMB sky, for each of which we can compute 

with

Any one gives the likelihood in the absence of noise, FG, and sky mask.
Which are accounted for by the Blackwell-Rao estimate:

, which can be implemented as likelihood till l ~60…

Likelihood Methodology

Need to provide P(Ctheory(l) | Planck data)
Hybrid multi‐frequency likelihood approach

– Large scales (LL): Gaussian likelihood on maps
– Small scales (HL): Gaussian likelihood approx. on spectra

 Foregrounds:
– LL: Parametrised at the map level, Gibbs marginalisation
– HL: Parametrised at the spectral level

Validation:
– Data selection & technical choices
– Null tests
– Simulations
– Foreground cleaned CMB maps, LFI 70 GHz (HL)

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 66"Cosmology & Fundamental Physics with Planck", CERN

Planck HL: conservative data selection

 Minimise foreground impact 
– Spatially
– In multipole space
– Keeping low cosmic variance

 Galaxy: 353 GHz thresholding
 Sources: 100‐353 GHz catalog
 Maps: keep the easiest to 

model & most informative ones

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 68

Galactic and sources apodised masks

CL31

CL49

"Cosmology & Fundamental Physics with Planck", CERN

Planck angular power spectra

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 69"Cosmology & Fundamental Physics with Planck", CERN

Squares indicate
l-range selection
at each frequency
of the HL Like.
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Spectral Foregrounds modeling

 Even after selection of frequencies, of cleanest 
regions through masking and tailoring l‐ranges, 
residuals need to be modeled and part of error 
budget

We include PS templates for 
– Poisson Point sources (arbitrary level per frequency, Aυ

PS)
– Clustered Infrared sources (CIB) (Aυ

CIB lγ, r υ υ’
CIB )

– SZ clusters (AtSZ, AkSZ *ksz‐l‐template)
– tSZ X CIB correlation (ξtSZ X cib)
– (Dust residual in some configurations – PLIK)

And we include calibration and (correlated) beam 
uncertainties

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 70

100X100

(100X143) 143X143

(100X217) 143X217

217X217

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 72ML fit to Foreground contaminants (for these masks); model / compatible w. ACT & SPT 

Verification and robustness tests

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 78
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Page 81

The Planck spectrum of Temperature 
anisotropies

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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Over 89% of the sky, explain the map spectrum with:
best fit Planck + Point Source + Half-Ring noise

Halfring noise

Point Sources

Map “Model”

LCDM

Checking consistency of the CMB PS/map

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 82"Cosmology & Fundamental Physics with Planck", CERN
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Theory confronts data

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Page 88

Base ΛCDM model 6 parameters

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 90

The 2013 CMB temperature landscape

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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Base tilted ΛCDM model - 6 parameters

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 97

Planck vs pre-Planck

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Conparisons
with other 

“observables”
François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 102

GRAVITATIONAL LENSING 
DISTORTS IMAGES

The gravitational effects of intervening matter bend the path of CMB light on its way from the 
early universe to the Planck telescope. This “gravitational lensing” distorts our image of the CMB

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 102
"Cosmology & Fundamental Physics with Planck", CERN
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GRAVITATIONAL LENSING OF 
THE CMB

A simulated patch of CMB sky – before lensing

10º

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 103
"Cosmology & Fundamental Physics with Planck", CERN Page 104

GRAVITATIONAL LENSING OF 
THE CMB

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

A simulated patch of CMB sky – after lensing

10º

104
"Cosmology & Fundamental Physics with Planck", CERN

Page 105

GRAVITATIONAL LENSING 
DISTORTS IMAGES

The gravitational effects of intervening matter bend the path of CMB light on its way from the 
early universe to the Planck telescope. This “gravitational lensing” distorts our image of the CMB

(smoothing on the power spectrum, and correlations between scales)

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 105
"Cosmology & Fundamental Physics with Planck", CERN Page 106

Projected mass map

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 106
"Cosmology & Fundamental Physics with Planck", CERN
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Another full sphere distribution

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 107
"Cosmology & Fundamental Physics with Planck", CERN Page 108

at our angular resolution…

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 108
"Cosmology & Fundamental Physics with Planck", CERN

Page 109

and noise level!

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 109
"Cosmology & Fundamental Physics with Planck", CERN Page 110

The lensing challenge

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 110

Sky‐averaged lens reconstruction noise levels

CV-limit  @ lmax = 
1000, 1500, and 1750

Relative contributions of CMB, instrumental 
noise, and foreground power terms to the lens
reconstruction variance

"Cosmology & Fundamental Physics with Planck", CERN
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The lensing potential spectrum

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 116

Redshift distribution

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 116
"Cosmology & Fundamental Physics with Planck", CERN

Page 117

Lensing potential versus distribution 
of external tracers

No particular effort here to optimize the model for the external survey
François R. Bouchet,  "Planck main cosmological results", 17/06/2013

117

"Cosmology & Fundamental Physics with Planck", CERN Page 118

Polarisation around hot spots

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 118
"Cosmology & Fundamental Physics with Planck", CERN

Red is prediction in base model from fitting T alone 
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Primordial nucleosynthesis

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

He

D

Echos of the primordial drum…

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 126

Changing equality rad/mat:
Ωmh2 = 0.12 (green), 

0.13 (red), 
0.14 (blue), and 
0.105 in pure CDM

Watch baryon/Photon 
at z ~1100 decoupling

"Cosmology & Fundamental Physics with Planck", CERN

Page 127

BAO  acoustic-scale distance ratio

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

6dF
WiggleZ

SDSS
-DR7 
2010

BOSS
-DR9

SDSS
-DR7
2012

Page 129

Base ΛCDM model 6 parameters

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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Sound Horizon

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 133

The basic content of the Universe

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Page 134

The rate of expansion

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Planck H0 is 67.95 ± 1.5 km/s/Mpc

Pap IV replacement on water 
maser UGC 3789: it is now at ~ 
50 Mpc: H0=68.9±7.1km/s/Mpc

Freedman et al. (2001)

Riess et al. (2011)

Freedman et al. (2012),

Page 135

Tension with SNLS result…

François R. Bouchet,  "Planck main cosmological results", 17/06/2013
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The total matter density

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 140François R. Bouchet,  "Planck main cosmological results", 17/06/2013

(R. Pain)

Page 142

Beyond the standard model

–
–
–
–
–
–

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

flocal=2.7±5.8, 
fequil =‐42±75,   fortho=‐25±39 68%CL

Page 145

Full grid of results available on line

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Planck
+WP

Planck
+WP
+BAO
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Geometry

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Data 100 Ωk

Planck+WP+HL -4.2 ± 4.5

Planck+WP+HL+lensing -0.69 ± 1.0

Planck+WP+HL+lensing+BAO -0.07 ± 0.33

Page 150

Neutrinos 

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

Σm < 0.23eV (95CL PT+WP+HL)

Page 152

Number of neutrinos

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 Page 153

The end of a confusing situation? 

François R. Bouchet,  "Planck main cosmological results", 17/06/2013

9
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SZ / CMB tension

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 157

CMB –
No mυ

Planck SZ 
+BAO+ BBN

Tinker mass function (ref)
Watson mass function

1‐b in [0.7‐1.0]

0.6േ0.5 in scaling evol. with z=ߚ

݁ݎݑ݂݃݅	݀݁ݐܿ݁ݎݎ݋ܥ
with mnu > 0.06eV 
in both cases

"Cosmology & Fundamental Physics with Planck", CERN

CMB with 
mυ > 0.06eV 

Physics rather than Gastrophysics?

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 159

Planck CMB 

Planck CMB + SZ
1‐b in [0.7, 1] 

Planck CMB+SZ+BAO
1‐b in [0.7, 1] 

Planck CMB + SZ
1‐b=0.8 

"Cosmology & Fundamental Physics with Planck", CERN

Constraint on representative Inflation models

François R. Bouchet,  "Planck main cosmological results", 17/06/2013 163

Exponential potential models(power‐law inf.), simplest hybrid inflationary models (SB SUSY), 
monomial potential models of degree n >2 do not provide a good fit to the data. 

(Higgs ߦ ≫1)

Chaotic

68% & 95% 
CL contours

V*=(1.9 x 1016 GeV)4
௥∗
଴.ଵଶ

"Cosmology & Fundamental Physics with Planck", CERN

Being systematic!

"Cosmology & Fundamental Physics with Planck", CERNFrançois R. Bouchet,  "Planck main cosmological results", 17/06/2013 164

70 models
(essentially all 
single field slow-
roll) from the 
``encyclopaedia
inflationaris’’
of  Martin, 
Ringeval, Venin, 
archiv/1303.3787

(Assuming a flat 
prior in log(ε1), 
since inflation can 
be anywhere in 
energy)


