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PLANCK 2015: CMB RESULTS 

François R. Bouchet on behalf of the Planck Collaboration  

The Universe in a nutshell: 
from quantum foam  
to the cosmic web 



 
50 000 electronic components 
36 000 l  4He 

12 000 l  3He 
11 400 documents 
20 years between the first 
project and first results (2013) 
 
 6c per European per year 
 16 countries 
 400 researchers among 1000 

4,2$m$

4,2$m$
4,2$m$

2000 Kg 
1600 W consumption 
2 instruments  - HFI & LFI 
15 months nominal survey+4 
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Quietly$cool…$
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2015 release: Planck full mission data 

2015 
 



Planck$2015$temperature$maps$
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Main$characteris=cs$of$HFI$full$Mission$maps$
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Temperature sky model 
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2013 vs 2015 temperature map 

SMICA 
2015 
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2013 vs 2015 temperature map 
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SMICA 
2013 
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2013 vs 2015 temperature map 
SMICA 
2015 

- 
2013 
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2015$

(glon,glat)=(139,43) (glon,glat)=(99,-50) 
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2013$

(glon,glat)=(139,43) (glon,glat)=(99,-50) 



Our$window$
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Difference$map$(scales$$θ$<$1$deg)$:$$
Acous=c$oscilla=ons$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$Fluctua=ons$imprinted$$$

When$the$age$of$the$Universe$was$in$the$$$
interval$[10W39,$10W12]$seconds$
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$$$$$Power$Spectrum$es=ma=on$$

Same$methodology$than$in$2013.$What’s$new:$
! More$data:$48/29$months$of$LFI/HFI$observa=ons$
respec=vely$(instead$of$15),$$enabling$further$checks.$

!  Improved$data$processing:$
$$$$systema=cs$removal,$calibra=on,$beam$reconstruc=on$
!  Improved$foreground$model$

!!!Larger!sky*frac-on!used!for!analysis!
! More$robust$to$systema=cs:$

!!!! !based!on!half*mission!cross!power!spectra!
! The!2015!analysis!allows!using!polariza-on.$

! At$ell$<$30:$T$from$Commander$(fsky=93%),$polarisa-on!
from!70GHz$(WS2$&$S4,$47%),$cleaned!with!30!&!353GHz.$$
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NB: we cross-
checked with 4 

different methods: 
Plik, camspec, 
mspec, hillipop  

(+Xfaster)      



The$highWell$likelihood$(l>30)$

We$construct$a$Gaussian$likelihood,$using$
!  A$parameterised$foreground$model$to$marginalise$over$(12$parameters)$

!  a$covariance$matrix$which$includes$signal,$noise,$FG,$masks…$Full$TT,$
TE,$EE$reduces$to$23002$elements$when$binned$(Cond$Num~$O(1011))$$$$

LLR,$X,$May$4th,$2015$F.R.$Bouchet:$"Planck$2015:$CMB$results"$ 28$

(Instead of 230002) 
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TT$power$spectrum$and$residuals$
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Consistency$checks$(freq,$DS..)$
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$$highL$data$(ACT&SPT)$are$consistent$w.$Planck$
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Synchrotron$(30GHz)$and$Dust$(353GHz)$$

LLR,$X,$May$4th,$2015$F.R.$Bouchet:$"Planck$2015:$CMB$results"$ 39$

Top: Polarisation amplitude, Bottom: magnetic field direction and total intensity 
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LCDM$Polarisa=on$realisa=ons$
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E 

B 

E filtered (no large scales) 

B filtered (no large scales) 

E > 0 E < 0 

B > 0 B < 0 



Polarisation maps @ 10 arcmin 
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E B 

10° x 10° zoom-in of North Ecliptic Pole 
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Half-difference half-ring pol. maps 
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E B 

10° x 10° zoom-in of North Ecliptic Pole 
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@ 10 arcmin 



What$we$already$knew$
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results" 50 

WMAP3 
About 50  
locations? 
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The$Planck$2015$CMB$polarisa=on$sky$



Planck$2015$W$TE$&$EE$spectra$

!  Red$curve$is$the$predic=on$based$on$the$best$fit$TT$in$base$ΛCDM$
!  Albeit$magnificent,$2014$polarisa=on$data$and$results$are$

preliminary$because$all$systema=c$and$foreground$uncertain=es$
have$not$been$exhaus-vely$characterised$at$O(1μK2).$$
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Frequency averaged spectrum reduced 2 = 1.04 Frequency averaged spectrum reduced 2 = 1.01 



T$&$E$–$LCDM$parameters$
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Parameters 
from 
polarisation 
spectra are 
highly 
consistent 
with those from  
TT spectra. 



Base$ΛCDM$model$
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TT & TE have quite similar uncertainties (but for ns),  
but beware that they are still some low level systematics in the polarisation data 
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GRAVITATIONAL LENSING 
DISTORTS IMAGES 

The$gravita=onal$effects$of$intervening$maqer$bend$the$path$of$CMB$light$on$its$way$from$the$
early$universe$to$the$Planck$telescope.$This$“gravita=onal$lensing”$distorts$our$image$of$the$CMB$

(smoothing$on$the$power$spectrum,$and$correla=ons$between$scales)$

F.R. Bouchet: "Planck 2015: CMB results" 73 LLR, X, May 4th, 2015 
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Projected mass map 

F.R. Bouchet: "Planck 2015: CMB results" LLR, X, May 4th, 2015 

2013 



$$Noise$power$spectra$for$lensing$es=mators$
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Individual$lensing$crossWspectra$
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Lensing$power$spectrum$
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Planck for the first time measured the lensing power spectrum with higher accuracy than it is predicted by the base CDM model that fits the temperature 
data 



ΛCDM$constraint$from$CMB$Lensing$only$
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ΛCDM$constraint$from$CMB$Lensing$only$
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ΛCDM$constraint$from$CMB$Lensing$only$

LLR,$X,$May$4th,$2015$F.R.$Bouchet:$"Planck$2015:$CMB$results"$ 96$



BAO$
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Grey band is Planck TT+LowP 1(2) sigma range 



Op=cal$depth$constraints$
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NB: No lowP 

zre < 6.5 
excluded by 
quasars 

A new, independent, way to look at τ  
" Consistency of lensing versus LowP constraints on τ

Pointing to lower values than previous WMAP based values  



Spa=al$curvature$constraint$
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Ω!=0.000&±0.005&(95%&#$)&! 



Neutrinos$masses$∑m&$<$0.23$eV$(95%)$
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Planck TT+LowP 

Planck TT+LowP+Lensing 

Planck TT+LowP+Lensing+BAO 

H0 = 70.6  3.3 km/s/Mpc 

0.23eV 
is from  
TT+lowP 
+lensing 
+ext 
 
"&Ω'h2  

< 0.0025 
 
 
(slight  
tightening  
with  
TE & EE)   
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Some$tensions$
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WL$from$CFHTLens$

Growth$rate$of$fluctua=ons$from$
redshiv$space$distor=ons$

Planck CMB lensing 

Number$counts$$
of$SZ$clusters$$

i.e. some tensions with astrophysical measurements of  
the amplitude of matter fluctuations (at low z) 



What$these$tensions$can$do…$
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W(a) = w0 + (1-a) wa   

Ref. 



$$$$$Power$spectra$reconstruc=on$
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2015$
TT+lowP$
+BAO+JLA$
+Hlow$

ns=0.968 

9 e-folds 

12-knot 
power 
spectra 
 
Data sets 
in 
common: 
lowP + 
BAO + 
SN + 
HST + 
zre > 6 
prior. 



Planck$2015:$ns$vs$r$
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Similar (indirect) r constraint than with 2013 release (r0.002 < 0.10 @ 95% CL vs 0.11)  



Single$field$slowWroll$models$
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Jeffreys’ categories:  
•  inconclusive: blue,  
•  weakly disfavoured: red,  
•  moderately disfavoured: green 
•  strongly disfavoured: yellow 

archiv/1303.3787


“models” 
include 
different 
priors 
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The world of physics is taken aback by an extraordinary result 
from a beautiful experiment: 
 
The search for primordial gravitationnal waves is over. 
 
It is r=0.2 and it is 5 sigma! 
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$353GHz$reveals$the$Galac=c$magne=c$field$
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Dust$extrapola=on$at$150GHz$in$unit$of$r$
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Sept 2015 
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PlanckWHFI$353GHz$“a$la$Bicep2”$$
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Planck$X$(Bicep2$&$Keck)$

! Since$January$30th$2015,$the$
direct$constraints$on$r$
(Planck$X$Bicep2$&$Keck)$
have$reached$the$level$of$the$
previous$best$indirect$
constraints$(from$Planck$
alone$$T),$i.e.$$

!  r$<$0.11$@$95%CL$
$(r$=As/AT$à,$e.g.,$k=0.05MpcW1)$

! A$new$era$began…$
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Tensor$to$scalar$ra=o,$r$&$BKP$
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r0.002 < 0.10 @ 95%CL,  
Planck TT+lowP+lensing+ext 

NB: ΔNeff=0.39 is disfavoured, but not 
excluded by Planck 

r0.002 < 0.09 @ 95%CL,  
Planck TT+lowP+lensing+ext+BKP 

NB: r0.002 < 0.11 in Planck 2013 
⇔&r0.05 <0.12 BKP 2015 



Random$field$characterisa=on$
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$
 The angular power spectrum compares two points separated by one angle 

2pt 

4pt 

3pt 

To assess non Gaussianity, one must compare 
fluctuations in three points (bi-spectrum), four 
point (tri-spectrum), etc. 
 
Need three numbers to characterize a triangle 
 
One origin of four point signal comes from lensing by Large Scale Structures.   
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CMB$bispectrum$fingerprin=ng$with$Planck$

NG$of$equilateral$type  
(k1~k2~ k3):$
!  NonWcanonical$kine=c$term$

–  KWinfla=on$
–  $DBI$infla=on$

!  HigherWderivate$terms$in$
Lagrangian$

–  Ghost$infla=on$

!  Effec=ve$field$theory$

NG$of$orthogonal$type$
(k1~2k2~ 2k3) :$
!  Dis=nguishes$between$

different$variants$of$$
–  NonWcanonical$kine=c$

term$
–  Higher$deriva=ve$

interac=ons$

!  Galileon$infla=on$$$$$$$$

NG$of$local$type$(k1$$k2$~$k3):$
!  Mul=Wfield$models$
!  Curvaton$
!  Ekpyro=c/cyclic$models$

(Also$NG$of$Folded$type$
!  Non$BunchWDavis$
!  Higher$deriva=ve$)$$

167$F.R.$Bouchet:$"Planck$2015:$CMB$results"$

LEO (Local, Equilateral, Orthogonal) are common outputs 
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Planck$2013$headlines$
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Primordial$curvature$fluctua=ons$at$r=(CMB$CMB$
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Planck T data 



Primordial$curvature$fluctua=ons$at$r=(CMB$CMB$
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Planck T & E data 



2015:$First$NG$constraints$with$CMB$polarisa=on$

! Developed$a$set$of$crossWvalidated$op=mal$or$nearlyW$
$$$$op=mal$es=mators$for$T,$E$and$T+E:$

–  Komatsu,!Spergel!&!Wandelt!for!local,!equilateral,!and!
orthogonal!(LEO)!and!other!factorizable!templates!

–  Binned!bispectrum!
–  2!modal!bispectrum!es-mators!

! An$improved$es=mator$based$on$Minkowski$Func=onals$
for$T,$E$and$T+E$

! A$KSW$es=mator$of$highWfrequency$linearly$oscillatory$
features$for$T,$E$and$T+E$

! And$greatly$extended$analyses$of$template$families…$$
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Bispectrum$constraints$w.$full$mission$data$
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flocal NL = 0.8 ± 5.0  
fequil NL =  - 4 ± 43  
fortho NL =-26 ± 21 

Planck 2015 



Constraints$on$Defects$
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TT+TE+EE 

TT 

95%CL 

Nambu-Goto 
Abelian-Higgs 
Semi-local 
Textures (global) 



NG$summary$

!  Constraints$on$local,$equilateral,$orthogonal$bispectra$improved$by$
up$to$15%$w.r.t.$2013$

!  First$nonWGaussianity$analysis$using$polariza=on$data$–$fill$in$blind!
modes!in$the$curvature$perturba=on$

!  Constraints$based$on$T+E$(2015)$confirm$temperature$results$and$
reduce$error$bars$significantly$

!  2013$"hints“$of$nonWGaussianity$in$oscillatory$feature$models$
remain$in$temperature,$but$decrease$in$significance$when$
polariza=on$is$included;$new$es=mator$for$high$oscilla=on$
frequencies$covering$10$=mes$more$parameter$space$

!  New$constraints$on$
–  Isocurvature!!non***Gaussianity,!with!polariza-on!improving!constraints!

significantly!
–  Tensor!non*Gaussiani-es!analyzed:!the!parity***odd!temperature!limit!

consistent!with!the!WMAP!one!(and!consistent!with!0)!
–  Tri*spectrum!due!to!cubic!non*Gaussianity!(gNL)77

!  The$2015$analysis$contains$greatly$extended$analysis$of$template$
families$
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Large scale feature in 2015 full mission data are very similar to those in 2013 nominal mission data 
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2015$Data$products$
February$2015$
!  Cleaned$and$calibrated$=melines$of$the$data$for$each$detector$at$30,$

44,$70,$353,$545$and$857$GHz,$and$for$the$(unpolarized)$spiderWweb$
bolometers$at$100,$143,$and$217$GHz.$

!  Maps$of$the$sky$at$nine$frequencies$in$temperature,$and$at$30,$44,$70,$
and$353$GHz$in$polariza=on.$Addi=onal$products$serve$to$quan=fy$the$
characteris=cs$of$the$maps$to$a$level$adequate$for$the$science$results$
being$presented,$such$as$noise$maps,$masks,$and$instrument$
characteris=cs.$

!  Four$highWresolu=on$maps$of$the$CMB$sky$in$temperature$and$
polariza=on,$and$accompanying$characteriza=on$products.$

!  Four$highWpassWfiltered$maps$of$the$CMB$sky$in$polariza=on,$and$
accompanying$characteriza=on$products.$

!  A$lowWresolu=on$CMB$temperature$map$used$in$the$lowWell$likelihood$
code,$with$an$associated$set$of$foreground$temperature$maps$
produced$in$the$process$of$separa=ng$the$lowWresolu=on$CMB$from$
foregrounds,$with$accompanying$characteriza=on$products.$

!  Maps$of$thermal$dust$and$residual$cosmic$infrared$background$(CIB),$
carbon$monoxide$(CO),$synchrotron,$freefree,$and$spinning$dust$
temperature$emission,$plus$maps$of$dust$temperature$and$opacity.$

!  Maps$of$synchrotron$and$dust$polarized$emission.$
!  A$map$of$the$es=mated$CMB$lensing$poten=al$over$70%$of$the$sky.$
!  A$map$of$the$SunyaevWZeldovich$effect$Compton$parameter.$
!  Monte$Carlo$chains$used$in$determining$cosmological$parameters$from$

the$Planck$data.$
!  The$Second$Planck$Catalogue$of$SunyaevWZeldovich$Sources$(PSZ2),$

comprising$a$list$of$sources$detected$by$their$SZ$distor=on$of$the$CMB$
spectrum.$The$PSZ2$supersedes$the$previous$Early$SunyaevWZeldovich$
Catalogue$(Planck$Collabora=on$XXIX$2014)$and$the$PSZ1$(Planck$
Collabora=on$XXIX$2014).$

!  The$Planck$catalogue$of$Galac=c$Cold$Clumps$(PGCC,$Planck$
Collabora=on$XXVIII$2015),$providing$a$list$of$Galac=c$cold$sources$over$
the$whole$sky.$The$PGCC$supersedes$the$previous$Early$Cold$Core$
Catalogue$(ECC),$part$of$the$Early$Release$Compact$Source$Catalogue$
(ERCSC,$Planck$Collabora=on$VII$2011).$

March$2015$
!  A$likelihood$code$and$data$package$used$for$tes=ng$

cosmological$models$against$the$Planck$data,$
including$both$the$CMB$and$CMB$lensing.$

!  The$Second$Planck$Catalogue$of$Compact$Sources$
(PCCS2),$comprising$lists$of$compact$sources$over$
the$en=re$sky$at$the$nine$Planck$frequencies.$The$
PCCS2$includes$polariza=on$informa=on,$and$
supersedes$the$previous$Early$Release$Compact$
Source$Catalogue$(Planck$Collabora=on$XIV$2011)$
and$the$PCCS1$(Planck$Collabora=on$XXVIII$2014).$

!  A$full$set$of$simula=ons,$including$Monte$Carlo$
realiza=ons.$

Late$spring/early$summer$2015$
!  Cleaned$and$calibrated$=melines$of$the$data$for$all$

polariza=onWsensi=ve$bolometers$at$100,$143,$and$
217$GHz.$

!  Maps$of$the$sky$at$100,$143,$and$217$GHz$in$
polariza=on.$Addi=onal$products$serve$to$quan=fy$
the$characteris=cs$of$the$maps$to$a$level$adequate$
for$the$science$results$being$presented,$such$as$
noise$maps,$masks,$and$instrument$characteris=cs.$

$
The$release$of$2015$products$will$be$completed$in$the$
early$summer$of$2015.$In$parallel,$the$Planck$
Collabora=on$is$developing$the$next$genera=on$of$data$
products,$which$will$be$delivered$in$the$early$part$of$
2016.$
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2015$papers$
!  I.$Overview$of$products$and$results$
!  II.$Low$Frequency$Instrument$data$

processing$
!  III.$LFI$systema=c$uncertain=es$
!  IV.$LFI$beams$and$window$func=ons$
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Conclusions$
"$base$ΛCDM$con=nues$to$be$a$good$fit$to$

the$Planck$data,$including!polarisa-on.$
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" powerful evidence in favour of simple 
inflationary models, that match Planck data 
to very high precision.  
" If there is new physics beyond base ΛCDM, then the corresponding observational 
signatures in the CMB are weak and difficult to detect. 
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Thank you

X, Ferrara, Dec 2014


