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e 2013 data release based on the first 15.5 months of data, temperature only.

e 2014 data release will be based on 29 months HFI, 50 months LFI data, temp +

polarization (full mission)
* Maps at nine frequencies
* Maps of separated components:
 CMB
 “Low frequency” component: synchrotron + free-free + spinning dust
* “High frequency” component: dust + cosmic infrared background

e Carbon monoxide

e Angular power spectrum of the CMB map and the Likelihood function
L(C,)=P(DIC))
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»: Science Extraction from the Multi-frequency

) :
pliﬁ( - CMB Sky Maps (in a Nutshell)
>
Component Separation

Frequency maps directly from sky maps

to the likelihood
Q0 \ /
N, *%

0,8,
Cosmological
parameters Likelihood Angular Power spectrum
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= Planck Likelihood

planck=—— - S o
Hybrid Likelihood

= Low-|
o Commander — Gibbs sampling

= High-|
e Spectra-based:
o CamSpec — Baseline
o PLIK
* Map-based:
o XFcmb
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Planck High-l Likelihoods
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p anc — — — — b m rw - -
 Estimate pseudo-Cls i1 i it
&l = > T, .
26+ 1 4 only cross-spectra is used
e Estimate the deconvolved spectra:
~Ty IT ATy
C S | Il) C .
with

A — (Y N\ WY v\ ~ ~
M= X- XNX- X)) X = Vec(C)
* The deconvolved spectra is efficiently combined within a frequency pair after a small recalibration
factor, taking into account respective beam transfer functions and noise levels; the Covariance

matrix is computed for a fiducial model

Estimate Likelihood as a Gaussian: p= e S with S = %({ - x)T M (\“‘ - \)
coupled to a parametric model

x — (-C"wlOOxlOO.C"-lJBleB.C‘wll?xll?.c‘-lﬁxllTL
Tt Tt e e | of the CMB and FG power spectra

Calibration, beam uncertainties and instrumental noise
construct a Gaussian posterior dist. of beam
eigenmodes from the associated Covariance

> o . - nm5 . . ‘
BY(£) = B’n]]ean([‘)exp[ Z ‘QZJE;J([)] s
k=1 /

o
- v v w e
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Noise pseudo spectra estimated from half-ring difference maps + noise rms /pixel
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Ai:\}-,, Planck High-I Likelihoods
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Start from the full-sky exact likelihood for a Gaussian signal, which for N, detector maps is

given by:

p(maps|#) o exp—iZ(Q[‘ + DK(C,, Cp(8))),
’
K(A,B) - Kullback divergence between two n-variate zero-mean Gaussian distributions with

: ices A and B. 1
covariance matrices A and K(A. B) = 3|tr(:\B—] ) — log det(AB™") — nl.

Bin the power spectra in such a way that off-diagonal terms of the covariance due to sky cuts are

negligible Q X
p(maps|6) oc exp—-L(#), with L(6) = Z ng K(Cq, Cq),
g=1

The Plik bin width is Al= 9 from | = 100 to | = 1503; Al= 17 to |=2013; Al= 33 tol,, = 2508.
This ensures that correlations between any two bins are smaller than 10 %.

Binned Likelihood approximation - Computational speed, and it agrees well with the primary likelihood -
well suited for performing an extensive suite of robustness tests + instrumental effects can be investigated
quickly - assess the agreement between pairs of detectors within a frequency channel, such as individual
detector calibrations and beam errors.

Jointly estimate the noise together with all other parameters using both auto and cross-spectra —
then fix the noise estimates, and use the fiducial Gaussian approximation to explore the
remaining free parameters excluding the autospectra, optionally including only specific data
combinations

- T mE v > v v w - ’ - v
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1 A Planck High-I Likelihoods

-’ XFcmb i L@I
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Band powers estimated with XFaster for each of the CMB maps generated by
SMICA, Commander-Ruler, NILC, SEVEM

XFaster: an approximation to the iterative, Maximum likelihood, quadratic band power estimator
based on a diagonal approximation to the quadratic Fisher matrix estimator

=y ~S l f 0 \ C‘S-:' \ 7Y fFAT A\ ~ S
Ce=> aCii=)_ (;Zf,_,b,l > (264 1)ge @ +*f, ~x v (G2 — (W) )) Cy
y bt P e ",‘ l',",

b b

GSEs.
For =5 ) (20+1)gp——22
2 ij Y (Ce+ (Vo))

The iterative scheme starts from a flat spectrum model - the result is a band power spectrum and the
associated Fisher matrix (hence uncertainty of the band powers)

Use a Gaussian Correlated likelihood and a MCMC sampler and PICO for 70<I<2000
* 6 cosmological parameters
* A, -the amplitude of a Poisson component, C=A =constant
* Acl -the amplitude of a clustered component with shape:

D, at | = 3000 in units of pK? D, = f(€+1)C€ 197 o 008

- & - v i v w - _ - v
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13 Planck Low-I Likelihood

i Commander STRONE
planck=—— - o — - - .
For | <50 - we adopt Gibbs sampling approach as implemented in Commander
Data model - > multi-frequency obs + set of foreground signal: _
CMB field - Gaussian random field with power spectrum C, d,=s+ Z f, +n,.
I

Noise - Gaussian with covariance N,

* Model: single low-frequency foreground comp (sum of synchrotron, anomalous microwave
emission, and free-free emission), a carbon monoxide (CO)comp, and thermal dust component,

in addition to unknown monopole and dipole comp at each frequency.

*  Map out the full posterior distribution, P (s; f ;C,|d), using a Gibbs sampling (MC sampling) .
Directly drawing samples from P (s; fi ;C,|d) is computationally prohibitive, but this algorithm
achieves the same by iteratively sampling from each corresponding conditional distribution:

s — P(s|f,C.d) Multivariate Gaussian distribution

f — P(fls,Cs,d) does not have a closed analytic form, but can be mapped

C, — P(Cys. f",d,). out numerically

Inverse Gamma distribution

« For CMB Likelihood 0_2‘%" ) N amp
2+l @ , - .
Ensemble of CMB L4C)) x [fl e 2 'C% > L(Cp) «x E L5(Cy). BR
sky samples , s CT =1
£
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Planck baseline high-l Likelihood: CamSpec
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D g{"E;ﬂf(f)),
k=1

| 9 4 ¥l H I /S ari =

Gaussian posterior distribution of beam Eigenmodes
from the associated covariance
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Map Mask NT

100-ds1 3 2717 x 107¢
100-ds2 3 1.144 x 107*
143-5 1 6.165 % 1073
143-6 1 6.881 % 105
143-7 1 5.089 % 10-3
143-dsl 1 2.824 % 103
143-ds2 1 2720 % 107°
217-1 1 1.159 % 104
2172 1 1249 % 104
2173 1 1.056 x 1074
2174 1 9.604 x 10-5
217-dsl 1 6.485x 105

1

217-ds2

7.420 %103

s W =

S ERE 1 AW 4B .
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Planck baseline high-| Likelihood: CamSpec
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a> FG model and Sky Masks Fi ruinae
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Figure 2. The set of masks (CL31, CL39, CL49) used for the
likelihood analyses.
- AT 4 -w v s v w ey ’ - v
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o A selection of Cross-Spectra
\Iggyk/ p 1 panck
p anc dF _AEET BN ET EEmw T _ W Y AT W/ EE WTESE S & = PO Qs 5 W LU I Eas . . S EW 1 AW &5 . 9 =
: A " 100051 x 143-5 " 10001 x 317-as CFOSS-S peCtra,'
. o o analytic covariance matrices;
> -l Best Fit Model (bfm)
% w mp After subtraction of the best fit
2 ™
g = 1 ame Foreground (FG) model
-“ﬂ 1000 1000 m -Q“ 1000 1800
- = Scatter varies with cross-spectra
% 15l Due to differences in the
S - 1" =l instrumental noise + effective
. |, = resolution of different detector
3 = q3= combinations
TRE IS
‘ ¢ ‘ The error model has been
- B . are xan-s modified by the non-white noise
v = o P . correction
- S -t 3
g g =
o -,
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Combined Cross-Spectra

planck——————

4 ,;’.jz’gr OPLANCK @
> ..L /7l
Fi F VCK @

Solve for multiplicative Effective calibration coefficients

Intra-frequency residuals

T T T
143x143 cross spectra

%0 y; that minimize: ] .
o 4000 = Z Z(}'i)’jc(.} —(Cp)),
3 s ¢ ijji

> ™y "
S 2000 [/ '._.'{'

Noise dom.
; where

1 .
D il

Nipec 1>

(Cp) =

“ : Spectra corrected for W,

Subject to constraints: y=1 ->143-5and 217-1 detectors
For 5 <I <500 ->signal dom.

minimize impact of beam errors and noise

500

N atreetr orom specten
- '. For mask CL31: calibration factors™ 0.2% -> same order of
Ng :: statistical errors of the calibration on dipole:
s o000 "ﬁ _;'.I ]
SR PS corrected for beam and eff. map Yi map ¥i
.,Amo _. o w\'\--a.....i.g calibration and mean PS.; 143-5  1.0000 217-1  1.0000
s’ f: 3 | | Error bar- 0.2% cal. Error :jg.? 8:333 g};g 8:%%
. a}|++“||||Hl||HH“|W WMHH ” | i _ i ~ 2174 09985
é.::: DR |3 Consistency of power spectra ::gg:l 8-333 %:;ﬂ:}) g-ggg
Y S0 0 fsoo 2000 at each freq.to 0.1-0.2% -> — —
¢ test consistency of TTFs and W, _ _
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7.0 Combined Cross-Spectra

> Intra-frequency residuals
plaan- — r  aww - == == m o = -

g

A\l

‘\I? Above — before correction for multiplicative

& Intra-frequency calibration

143GHz N Below — after correction

3

%‘

o Reduction of scatter for I< 500

Residual scatter consistent with noise and beam errors
At 217GHz beam errors dominate over noise at <1000

~ No evidence that the excess scatter is caused by a small
3 number of ‘anomalous’ detectors

%‘

& The intra-freq. spectra is consistent to within a few pk? at

217GHz l< 1000

g
A

1
ﬂ,

1 1 1 i
500 1000 1500 2000 2500
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Combined Cross-Spectra

a=> Inter-frequency residuals PPN
planck=—— - o — - - .
100 — — .
N 80 7 (uK) 100 v 143 E _
< 28 = 31 Small-scale residuals at I< 800 larger than expected
S e eteetee o, = =0 % frominstrumental noise:
- . T " This excess scatter arises from chance
< s 3 CMB—foreground cross-correlations
—100 E } } | } } } = E
80 E E 3
L. 6F 19 (uK) 100 v =17 . 1 The observed scatter can be predicted quantitatively
Xi B g_. "o L L | " - "t "
a0 LTt e T T 3 The high | residuals arise from instrument noise,
3 e R 1 beam errors, and errors in foreground modelling
-80 E 3
—100 ; t t z } } " | N 3
~ a0 3 16 (uK) 143 v 217 31 A complete analysis of inter-frequency residuals
%: 0E '3 requires the full likelihood machinery and MCMC
= 0 e .- === analysis to determine foreground, beam and
& -40 - i calibration parameters
<1 -60 3
—80 | . . . . | . . o3
100 500 1000 1500 800 <I< 1500
{
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Planck baseline high-I Likelihood: CamSpec

D\t
a® Set-up
p'anck- — rr amww - = -2 - = am - ~

Set name Frequency Type Detectors FWHM?

IGI{Z] [arcmlnl (100 x 100) x (100 x 100) | (100 x 100) x (143 x 143) | (100x 100) % (217 x 217) | (100 x 100) x (143 x 217)
100-dsO.......... 100 PSB  All 8 detectors 9.65

(143 x 143) x (100 x 100) | (143 x 143)x (143 x 143) | (143 x 143) x (217x 217)| (143 x 143) x (143 x 217)

100-dsl .......... 100 PSB la+1b + 4a+4b M-
lm-d82 e l(x) PSB 2a+2b + 3a+3b (217x 217)x (100 x 100) | (217x 217)x (143 x 143)| (217x217)x (217x 217)| (217 % 217) x (143 x 217)
l43-dSO P, ]43 MIX ll de(cc(ors 725 (143 % 217) x (100 x 100) | (143 x 217) x (143 x 143) | (143x 217)x (217 x 217) | (143 x 217) x (143 x 217)
143-dsl .......... 143 PSB 1la+1b + 3a+3b
143-ds2.......... 143 PSB 2a+2b + 4a+4b
143-ds3.......... 143 SWB 143-5
143-ds4 .......... 143 SWB 143-6
143-dsS5.......... 143 SWB 143-7
217-dsO . ......... 217 MIX 12 detectors 499
217-dsl .......... 217 PSB S5a+5b + 7a+7b Spectrum Multipole range Mask X‘IJ\CDM/VM PTE
217ds2 .......... 217 PSB 6a+6b + 8a+8b 100x 100 ... ... 50— 1200 CLA49 1.01 0.40
217-ds3.......... 217 SWB 217-1 143x 143 ... ... 50— 2000 CL31 096  0.84
2M7-dsd .. ........ 217 SWB 217-2 143x217 ... ... 500-2500  CL31 1.4 010
317-ds5 517 SWB 2173 A7x217 ...... 500-2500  CL31 096 090
2M7ds6 . ... 217 SWB 2174 Combined . . . . . . 50-2500 CL31/49 104 008

Gaussian prior on T (WMAP7), 0.088+0.015 instead of the low-I likelihood at I<50
Estimate angular power spectrum and covariance matrices and combine

Estimate 6 ACDM cosmological parameters + 14 nuissance parameters:

11 foreground par; 2 relative calibration par; 1 beam error par;
Apart from the beam eigenmode amplitude and calibration factors we adopt uniform priors

- T B - v aseE. - - _
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Planck baseline high-I Likelihood: CamSpec
Planck Power Spectra and data selection

Consistency of data

-

1O4§ ' '

Dy[1K?]

B i

0| o (-0 e e o e+ |

- lensed CMB

30 to 353
70

100

143
143x217
217
353x143

\—(59 ;Ié—

NNl

2
10%550
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Marginal distributions

—— Camspec reference

planck- _— -

Strong constraining power

:&‘ Planck baseline high-| Likelihood: CamSpec

of Planck data AN "0 N 1006,
B UT L L L L L L
0.0216 0.0224 0.112 0.120 0.128 1.040 1.042
A ‘ ‘ 1, : ‘ 111‘(1010 \

A Planck-alone analysis has
deficiencies:

I I I I ! I I
0.06 0.09 0.12 0.925 0.950 0.975 3.04 3.12

CIB T T AC

143 ‘ ‘ TELIL?XQI ‘ ‘
Upper bound weaker /\

than ACT and SPT

! ! ! ! h ! ! !
15 30 45 20 40 60 0.25 0.50 0.75

Excluded by ACT and SPT

3 16 24 0.25 050 0.7 025 050 0.7
PS P3 T P
Al Ay Asir
L L L L L L L L
100 200 300 30 60 90 40 80 120
P§ T T
T143x217 kS
L L L
04 06 08 10 20 30
- .. r amw - v - - aw

This is why the final

Fiducial model and FG param.
are derived from a joint
Planck+ACT+SPT

- _
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s : e kel i
@. 1A Planck baseline high I Likelihood: CamSpec > | i
4 FG residuals SN
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Planck collaboration: CMB power speotra de like libood

_:: 1mx'|c'o""'||" "””_'_‘m_ioo.m [
é_ ’: ‘l":'" - 3 ?i' ’::“i'i | — + .
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7,“/“3 Planck baseline high-| Likelihood: CamSpec @
R | RESIdua|S VS bfm F1 pLancc\_9%®

planck- LAEESST BN ETTFT EEwW T I I BN ENE W EE T N I S I E /JTES S E LI T EaE W E L S 1 AW 4 _ .,

Planck collaboration: CMB power spectra & likelihood
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Y Y
S 3 s
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> -20 E 3> —-20 b
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N Planck baseline high-I Likelihood: CamSpec L&

W\
W

13
\

!"

z -
a> Planck ML Power Spectrum vs bfm Fi rLinac_ 9%
planck- A - v S & s JF an iy ENW W ALE I H A FJPEm aaau . i . W B W S EpE 1 AW & . B
m L L ] ]
3000
4000
&
If we fix the foreground model CFk é 3000
for each spectrum k, together with )
the calibration coefficients and
beam parameters - we can 1000
minimize the likelihood with
respect to a ‘best-fit’ primary CMB _ a:
spectrum: « 40 &
3%
~  —40
3 =
{
D M EEME = 5 (M CF - C7F) MB  poM o]
& ’ & cor ACMEACTE) = | ) (M '
kke
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1S Planck baseline high-| Likelihood: CamSpec
zoom W|th a ﬁner grld

pIaHCk- R LSS 2 s = A m IwEs awx = AR E SESWE W

)

|
\
W

(

s

Planck collaboration: CMB power spectra & likelihood

- the ‘bite’ missing
g from the third peak
T ] at | ~ 800
T and
5%

. the oscillatory

- features in

| |l 1300<I<1500
e WE o

- e are in agreement with

3 ﬁ Loyl ]||' [ 1) T L Il s ﬁ |||I == What we eXpeCt from
o 20k * I IER RN |||N mln:m”l,“, l'||||l|" L | '|II | i . .
S P Pt 3 dllias i ,I:f:r"*.'ﬁ'ﬁii%'!. ‘]  covariance matrices
T il AR A1 b -1 TN ] . .

¢ ¢
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Planck baseline high-l| Likelihood: validation .
CamSpec vs PLIK S

LI I N NS W EE T N I IS I E /JTES S E LI TESE W E s SEpE 1 AW &5 _ .

planck=——————e
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spectra-based vs map-based

Planck baseline high-I| Likelihood: validation

Fi r

VCK
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<= Parameters from CMB maps
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OPLANCK ®

4
»

) ACDM model parameters - | L(@
plaan- =T - - -4 - = = - —
- T T T — 0.992 » With accurate measurements of 7 acoustic
I peaks Planck determines the acoustic
0.984 : )
scale (angular size of the sound horizon at
nr 1 | o976 last scattering surface) better than 0.1%
precision at 10
68 | | | 0.968
T - N
4 0960 ¥ * parameter combinations can be
66 |- . constrained as well — 3d
X ] 0952 Q.-h-0Qh2 PCA->~Q_h3
64 | g 0.944
. . . . 0.936
0.26 0.30 0.34 0.38 « H,, Q,,_are only constrained by Q_h3
Q. degeneracy limited by Q_ h?(rel heights of
peaks)

The projection of the constant elipse onto the axes yields useful marginalised
constraints on Hy and Q_, (or equivalently Q,) separately

H,=673+12kms™ Mpc™

- T mE v > v v w - ’ - v
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@@ ACDM model parameters
\w p F1 peanci
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= Yo
------------------------- 08 | ! : s AL (Planck+WP-+highL)
b ,'| A, (Planck+WP)
2600 ﬁ 06 : :""'. Planck — lowL+high L+ 7prior)
e o
—~ "
Lensing potential power spectrum G 0.4l !
Best fit model ACDM model from CMB '
Temperature power spectrum (black 02l CpY S\
line C\ \
) 4 _/ | l\\ \\ \
0.0 = : P
_ 0.8 1.0 1.2 1.4 1.6
Cg’q) Derived from the measured Amplitude relative to physical
trlspectrum (4_p0|nt funCtlon) Fig. 13. Marginalized posterior distributions for ALM
(dashed) and Ap (solid). For A?* we use the data combi-
nation Planck+lensing+WP+highl.. For Ap we consider
Planck+lensing+WP+highL (red), Planck+WP+highL (green),
Planck+WP (blue) and Planck—lowL+highL+7prior (cyan; see
text).
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e ACDM model parameters 3
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s Set- up
planck=—— - e — -
Separate the Temperature and PoIarlzatlon parts of the Likelihood

;.N‘ Planck baseline low-| Likelihood: Commander Vt Li@/

* Low-|l Temperature Likelihood:
* Consider frequencies between 30GHz to 353GHz

* Each frequency map is downgraded to a common resolution of 40’ , and projected onto
an N 4, = 256 HEALPIx grid

* Uncorrelated Gaussian regularization noise is added to each frequency map, (with an
RMS proportional to the spatial mean of the instrumental noise of the corresponding
channel, <o,>, conserving relative signal-to-noise between channels. The resulting
signal-to-noise is unity at |= 400, and the additional uncertainty due to the regularization
noise is less than 0.2 uK? below I= 50,and less than 1uK? below |= 100)

* Mask: 87.5% sky coverage (mask B)

e Low-| Polarization Likelihood:

* 9-year WMAP polarisation likelihood derived from the WMAP polarisation maps at 33,
41, and 61 GHz (Ka, Q, and V bands)

* Introduce one modification to this pixel-based likelihood code - replace a',, with those
derived from the Planck temperature map derived by Commander, for which the
Galactic plane has been replaced with a Gaussian constrained realization
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Planck baseline low-I| Likelihood: validation
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Top: Temperature power spectra estimated with Commander, NILC, SEVEM , or SMICA , and the 9-year
WMAP ILC map, using the Bolpol quadratic estimator; Grey band - 1o Fisher errors. Solid line is Planck
best-fit ACDM model.

Bottom: Differences w.r.t. Commander . Black lines - expected 1o uncertainty due to (regularization)noise
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3 Planck Likelihood

planck=—— -

li,2ns=50 -> acompromise between obtaining robust convergence properties for the low-|
likelihood, and ensuring that the Gaussian approximation holds for the high-I likelihood

To combine the likelihoods, we must account for the weak correlations between the low-l and
high-l components, 3 options:

1. Sharp transition: low-I 1 ,,=39; high-I1_. =50
Gap: low-l1 _.=32; high-l|_;, =50
Ovelap with correction: low-I | .,=70; high-I1_..=50; the double counting of the overlap

region is accounted for by subtracting from the log-likelihood a contribution only
including 50 <I< 70 as evaluated by the Commander estimator

* Posterior means of cosmological parameters vary by 0.10 (mostly from case2); case 1
and 3 are indistinguishable — we adopt a Sharp transition

Graga Rocha, JPL/Caltech
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_,‘:2? CMB angular power spectrum from Planck > fii
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TE and EE Power Spectra (preliminary!) - red line is not a fit to the polarized
spectra — it is the TT best fit model
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