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Methodology#

!  Hybrid#mul,Ifrequency#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#marginalisa,on#

–  HL:#Parametrised#at#the#spectral#level#

!  Valida,on:#
–  Data#selec,on#&#technical#choices#
–  Null#tests#
–  Simula,ons#

–  Foreground#cleaned#CMB#maps,#LFI#70#GHz#(HL)#
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HL#specific#methodology#

!  Mask#and#beam#deconvolved#power#spectra#(Master/Spice)#for#56#
detector#pairs#in#the#100I217#GHz#range#

!  Data#compression#into#4#combined#crossIspectra:#
–  100x100,#143x143,#143x217,#217x217#GHz#
–  ReIcalibrate#crossIspectra#within#a#given#frequency#pair#
–  Op,mally#combine#crossIspectra#within#a#frequency#pair#

–  Produce#interIfrequency#calibra,on#priors#
–  Galac,c#dust#residual#correc,on###

!  Parametrised#foreground#power#spectrum#templates:#

–  CIB#clustered:#4#parameters#(3#amplitudes,#one#spectral#index)#

–  Poisson#from#unresolved#sources:#4#parameters#(amplitudes)#

–  tSZ,#kSZ:#2#parameters#(amplitudes)#

–  tSZxCIB#correla,on:#1#parameter#

!  Fiducial#gaussian#approxima,on,#covariance#includes:#
–  CMB#+#noise#(correlated,#anisotropic)#+#foregrounds#

–  Beam#errors#marginalisa,on#(using#priors#on#error#eigenmodes)#

ESLAB,'02/04/2013'
'

S.'Prunet ' ' ' '
''

3'



HL:#conserva,ve#data#selec,on#

!  Minimise#foreground#impact##

–  Spa,ally#
–  In#mul,pole#space#

–  Keeping#low#cosmic#variance#

!  Galaxy:#353#GHz#thresholding#
!  Sources:#100I353#GHz#catalog#
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Planck collaboration: CMB power spectra & likelihood
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Figure 11. Planck power spectra and data selection. The coloured tick marks indicate the `-range of the four cross-spectra included
in CamSpec (and computed with the same mask, see Table 4). Although not used, the 70 GHz and 143 x 353 GHz spectra demonstrate
the consistency of the data. The dashed line indicates the best-fit Planck spectrum.

Table 4. Overview of of cross-spectra, multipole ranges and
masks used in the Planck high-` likelihood. Reduced �2s with
respect to the best-fit minimal ⇤CDM model are given in the
fourth column, and the corresponding probability-to-exceed in
the fifth column.

Spectrum Multipole range Mask �2
⇤CDM/⌫dof PTE

100 ⇥ 100 . . . . . . 50 – 1200 CL49 1.01 0.40
143 ⇥ 143 . . . . . . 50 – 2000 CL31 0.96 0.84
143 ⇥ 217 . . . . . . 500 – 2500 CL31 1.04 0.10
217 ⇥ 217 . . . . . . 500 – 2500 CL31 0.96 0.90
Combined . . . . . . 50 – 2500 CL31/49 1.04 0.08

quency combination are shown in Fig. 11, and compared to spec-
tra derived from the 70 GHz and 353 GHz Planck maps.

We use the likelihood to estimate six ⇤CDM cosmologi-
cal parameters, together with a set of 14 nuisance parame-
ters (11 foreground parameters, two relative calibration para-

meters, and one beam error parameter7, described in Sect. 3.
Tables 5 and 6 summarize these parameters and the associated
priors8. Apart from the beam eigenmode amplitude and calibra-
tion factors, we adopt uniform priors. To map out the corres-
ponding posterior distributions we use the methods described
in Planck Collaboration XVI (2013), and the resulting marginal
distributions are shown in Fig. 12. Note that on the parameters
AtSZ, AkSZ and ACIB

143 we are using larger prior ranges as compared
to Planck Collaboration XVI (2013).

Figure 12 shows the strong constraining power of the Planck
data, but also highlights some of the deficiencies of a ‘Planck
-alone’ analysis. The thermal SZ amplitude provides a good
example; the distribution is broad, and the ‘best fit’ value is

7 The calibration parameters c100 and c217 are relative to the 143 ⇥
143 GHzcross-spectrum, whose calibration is held fixed. Only the first
beam error eigenmode of the 100⇥100 GHz cross-spectrum is explored,
all other eigenmodes being internally marginalised over

8 We use the approximation ✓MC to the acoustic scale ✓? (the ra-
tio of the comoving size of the horizon at the time of recombination,
rS , to the angular diameter distance at which we observe the fluctua-
tions, DA) which was introduced by Hu & Sugiyama (1996). ✓MC is
commonly used, e.g., in CosmoMC, to speed up calculations; see also
Kosowsky et al. (2002) for further details.
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Using here a simplified HL likelihood on binned spectra 
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!  CMB-induced cosmic 
variance removed 

 
!  Compatible with expected 

levels of CMB-FG chance 
correlations 
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HL:#valida,on#test#suite#
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Median, mean, box=68%, line=95% 

Using simplified, binned HL likelihood, and PICO 



Comparison#to#foregroundIcleaned#maps#
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!  4 component separation methods 
 
!  4 Foreground cleaned maps 

!  Fiducial gaussian likelihood 
 
!  2 parameters for extragalactic FGs 
 
!  Multipoles: [2,2000] 
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!  Full focal plane simulation 
 
!  Instrumental complexity: 

!  Beam asymmetry 
!  Correlated noise 
!  Scanning 

 
!  Signal complexity: 

!  Galactic emissions 
!  Extragalactic FGs, 

resolved and unresolved  



HL:#tests#on#simulated#data#(2)#
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Simulated data Planck data 

Recalibration < 0.2% in line with dipole based calibrations 
Using simplified, binned HL likelihood 



LL#specific#methodology#

!  30I353#GHz#frequency#maps#at#low#resolu,on#(40’)#
!  Mul,pole#range:#[2,49],#sharp#transi,on#with#HL#

!  Signal#model#(maps):#
–  CMB#(1#map)#
–  Single#lowIfrequency#Galac,c#component#(2#maps)#

–  1#CO#component#(1#map)#
–  1#dust#component#(2+#maps)#

!  Gibbs#sampling#marginalisa,on#of#foreground#intensity#
and#spectral#parameters#maps#

!  BlackwellIRao#es,mate#of#posterior#on#individual#TT#Cls#

!  Approx.#separa,on#of#temperature#and#polarisa,on:#
–  Assume#negligible#noise#in#TT,#TQ,#TU,#vanishing#B#modes#
–  Use#of#WMAP#9#years#likelihood,#with#Planck#CMB#T#map#

!  Extensive#tests#on#FFP#simula,ons#
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LL#mask#design#and#valida,on#
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!  Thresholding on: 
!  Foreground components 
!  Residual χ2 map 
 

!  87% sky coverage (L87) 
 
!  Validated on FFP simulations 

Planck Collaboration: Planck 2013 results. XII. Component separation

noting that the prior is in practice only relevant at high Galactic
latitudes where the signal-to-noise ratio is low and the domi-
nant foreground component is expected to be synchrotron emis-
sion; in the signal-dominated and low-latitude AME and free-
free regions, the data are su�ciently strong to render the prior
irrelevant. For validation purposes, we have also considered mi-
nor variations around this prior, such as � = �2.9 ± 0.3 and
� = �3.05 ± 0.2, finding only small di↵erences in the final so-
lutions. The reference band for the low-frequency component is
set to 30 GHz, where the low-frequency foreground signal peaks.
The final low-frequency amplitude map is provided in units of
thermodynamic microkelvin.

The CO emission is modelled in terms of a single line ratio
for each frequency. Specifically, the CO amplitude is normalized
to the 100 GHz band, and defined in units of µK km s�1 (Planck
Collaboration XIII 2013). The amplitude at other frequencies is
determined by a single multiplicative factor relative to this, with
a numerical value of 0.595 at 217 GHz and 0.297 at 353 GHz;
all other frequencies are set to zero. These values are obtained
from a dedicated CO analysis that includes only high signal-to-
noise ratio CO regions covering a total of 0.5% of the sky. The
derived values are in good agreement with those presented by
Planck Collaboration XIII (2013).

Thermal dust emission is modelled by a one-component
modified blackbody emission law with a free emissivity spectral
index, �d, and dust temperature, Td, per pixel. However, since
we only include frequencies below 353 GHz, the dust temper-
ature is largely unconstrained in our fits, and we therefore im-
pose a tight prior around the commonly accepted mean value of
Td = 18 ± 0.05 K. The only reason we do not fix it completely
to 18 K is to allow for modelling errors near the Galactic centre.
The dust emissivity prior is set to �d = 1.5±0.3, where the mean
is determined by a dedicated run fitting for a single best-fit value
for the high-latitude sky, where the prior is relevant. The refer-
ence band for the thermal dust component is 353 GHz, and the
final map is provided in units of megajansky per steradian.

8.3. Results and validation

The output of the Bayesian component separation algorithm
is a set of samples drawn from the joint posterior distribution
of the model parameters, as opposed to a single well-defined
value for each. For convenience, we summarize this distribution
in terms of posterior mean and standard deviation maps, com-
puted over the sample set, after rejecting a short burn-in phase.
The goodness-of-fit is monitored in terms of the �2 per pixel.
Although convenient, it is, however, important to note that this
description does not provide a comprehensive statistical repre-
sentation of the full posterior distribution, which is intrinsically
non-Gaussian. One should be careful about making inferences in
the low signal-to-noise regime based on this simplified descrip-
tion.

The low-resolution Commander posterior mean amplitude
maps are shown in Fig. 15 for the low-frequency, CO, and ther-
mal dust components, and the spectral index maps in Fig. 16.
The associated �2 map is plotted in Fig. 17. Note that because
we are sampling from the posterior instead of searching for the
maximum-likelihood point, the expected number of degrees of
freedom is equal to Nband = 7 in this plot, not Nband � Npar.

Figure 18 compares the high-resolution Ruler solution to
the low-resolution Commander solution for CMB, CO and ther-
mal dust on a particularly strong CO complex near the Fan re-
gion, centred on Galactic coordinates (l, b) = (110�, 15�).

�30 30µK

(a) Low-frequency component residual at 30 GHz

�4 4µK

(b) CO residual at 100 GHz

(c) Thermal dust residual at 353 GHz

Fig. 19: Amplitude residual maps, Aout � Ain, computed blindly
from the FFP6 simulation. The panels show (from top to bot-
tom) the low-frequency residual at 30 GHz, the CO residual at
100 GHz and the thermal dust residual at 353 GHz. All units are
thermodynamic µK. The white lines indicate the boundary of the
Commander likelihood analysis mask, removing 13% of the sky.

Several features can be seen here, foremost of which is that
the Galactic plane is strikingly obvious, with �2 values exceed-
ing 104 for seven degrees-of-freedom in a few pixels. This is
not surprising, given the very simplified model at low frequen-
cies (i.e., a single power law accounting for AME, synchrotron,
and free-free emission), as well as the assumption of a nearly
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from the FFP6 simulation. The panels show (from top to bot-
tom) the low-frequency residual at 30 GHz, the CO residual at
100 GHz and the thermal dust residual at 353 GHz. All units are
thermodynamic µK. The white lines indicate the boundary of the
Commander likelihood analysis mask, removing 13% of the sky.

Several features can be seen here, foremost of which is that
the Galactic plane is strikingly obvious, with �2 values exceed-
ing 104 for seven degrees-of-freedom in a few pixels. This is
not surprising, given the very simplified model at low frequen-
cies (i.e., a single power law accounting for AME, synchrotron,
and free-free emission), as well as the assumption of a nearly
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!  Based on the CS U78 union mask 
!  Same features as in the WMAP-9 spectrum 
!  Robustness with component separation method 
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Model#tension#at#low#mul,poles#?#
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Planck best fit model, with extra amplitude and tilt 
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Thank#you.#
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A#selec,on#of#foregroundIsubtracted#spectra#
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Correlated#error#modes#
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Examples of simulated spectra, using HL covariance 


