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Parameter Extraction from the CMB Sky Maps
(in a Nutshell)
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o) Hybrid Likelihoods - L@/
planck—— —_— o

Low -/ vs High -/¢
=  For Gaussian fluctuations the Likelihood is a Multivariate Gaussian of the observed data:
_ 1 = 1 —1 3t

L(d|p) = TETETSIE exp (—§d C'd )

. Direct extraction of science from the high-resolution pixelized maps is computationally
expensive and in fact unfeasible + different sensitivities to systematic errors at different
angular scales + increasingly Gaussian likelihood at smaller angular scales

. For low - /= feasible for low-resolution maps, for | up to 30 or so

*  Forhigh-/:
o Resort to data compression — estimate angular power spectrum
o Resort to Likelihood (computationally tractable) approximations

o The exact Likelihood in harmonic space takes the form of a inverse Wishardt
distribution (for a perfect CMB sky):

—2In P(C¢|Ce) = (20 + 1) (1n |Ce| + Tr (éeczl)) :

o In real world need to account for noise, mask, beams and residuals foregrounds
o For sufficient large number of modes — CLT - Gaussian (correlated) likelihood
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Types of Power Spectrum Estimators
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In the beginning. .. Fi o %8
planck- - - - - .
Computes the Power Spectrum Cl that maximizes the Likelihood:
MLE MADspec
. 1 | B

Cambridge ML L(d|p)= WeXp(_EdC dz)

BolPol T
Maximum Likelihood Teasing Importance Sampling combined with a Copula based approximation to the

Estimator

Likelihood

Gibbs sampling

MCMC posterior estimation code that samples from the full CMB posterior
by a Gibbs sampling scheme.

It iteratively samples from the conditional densities:

mman r
E LlE P(signal | power spectrum, data), P(power spectrum | signal, data)
MAGIC
Estimates Cl : or C(0)
Pseudo - C (Pol)Spice I+1/2
l E' a P . CO)=(T(g)T(g,)= }‘, C,P,(cosb)
ROMAster C = 2041 L I(1+1)
Master-based Xpol
Monte Carlo CrossSpec Uses either fast spherical transforms or fast evaluation of the
2-point Correlation function (Spice); Covariance estimated from MCs or
from analytic appproximations
Computes the Cl that maximizes the Likelihood:
_ _ (?S _ obs obs _ 0bs obs*
XFaster EFH T ¢ '(c™ - N) Clmtrm = G @i
Hybrid G
Covariance estimated via Fisher
GL- Hybrid Combines a Quadratic MLE at low-l and Pseudo - Cl at high-I

With a smooth transition

- _ - v




How do they compare ?

OPLANCK ®
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i f ICK
— = L . - = =
Computationally expensive —> can
MADspec Exact estimate PS on low-resolution full sky
Cambridge-ML maps _ _
BolPol (can compute high-resolution small
patches of the sky)
Teasing suitable for PSE @
low-I
Slow MCMC convergence for high-I due to
Gibbs Exact low S/N, (this has been solved now)
sampling Unique code that provides the posterior
B . distribution of the C,
ayesian
Commander Unique statistical framework for full
propagation of errors to parameters
Have to assume an approximation to the
Likelihood —> Possibly ok for high-I, There
Pseudo - C Approx is no good approximation at low-I
: Auto-Spectra- requires MC'’s of noise;
signal, signal+noise —> computationally )
expensive; Cross-Spectra Suitable for PSE @
high-|
Same as above but:
Xfaster Approx Auto-Spectra - requires MC’s for noise and
signal separately - no need for MC’s for
signal+noise; Cross-Spectra
e - — - — — — -




785 o . B (i
f\_'.-*“”"-;ﬁ Likelihood approx. for high | '?KL@/

PlanC= e e e e e ——— e ——— i ———

Bond,Jaffe,Knox

. . 1 . PO Verde et al.
— Gaussian PGauss(C|C) x (?.‘I‘]){—‘Z(C -C)'S™(C - C)} Contald!

® Approximations :

> lll'(‘( *» Xy

M (Cy + x4 'i“lll', - Ty

- Lognormal, Offset Lognormal p, . (¢|C) x ”p{_ %(2 _ M2 z)}

1 : = (s + ¢ &
— Equal Variance Inf = s [f.—(_:-s) —(1=(z-%)) ;2_\",',","*“”"”":)
2 = (’;:[.*"-—[1—0;)]“’
- - 1 2
— WMAPLIkG In 'Pu"\[,,\p(C|C) - ilnp(-'au.y. . ‘; In p[“\'

— Offset Lognormal bandpower (Gaussian for TE and Offset Lognormal for TT, EE, BB)
A Al
— SCR Likelihood (1[3 Like) Gaussian on x=C; Smith, Challinor, Rocha

® Attempts to properly account for the Temperature and Polarization

— Xfaster Likelihood 1 Cobs X Contaldi, Rocha
InL=--5% ge(20+1) [‘— +In ((-‘, 4 (N,))‘
24 (Ce + (Ng))
- HL Likelihood
3 2 .9 .
InL(C,IC;) = -%"; ' Mg, [ = "’; L Trg(D,)] +> with <> g(x) = sign(x~1)y2(x~In(x)-1)  "amimeche, Lewis
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1.2 Sometime later.. D (i
pg‘“ﬁ( Planck Hybrid L‘ikeli__hqod  HFi o (;i:

= Low-|
o Commander — Gibbs sampling — Temperature
o BFLike — Pixel-based - Polarization
o Lollipop

o SimBal, SimLow

= High-I
e Spectra-based:
o PLIK — baseline
o CamSpec
o Hilipop, Mspecg, ....
* Map-based:
o XFcmb - XFaster

- T B B - v LY ™IS __ LJ I B /¥ mEm 2 1 I 4 4 & I F
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2 High - ¢

a=* In the end ... s .
planck=——— - - ——— A - .
A. Spectra based - analysis of Multifrequency maps: 70, 100, 143, 217 GHz
= Employ a pseudo-Cl approach : C 1 ila e
I E

Start with a numerical spherical harmonic transform (anafast) of the full-sky map -> debias and
deconvolve to account for the noise, mask and beam — estimate Cross-spectra of frequency maps

Estimate somehow the bandpowers covariance matrix (MCs, analytical, Fisher,...) — needs to account
for the noise + foreground residuals in the maps

Build the Gaussian correlated Likelihood for the full set of cross-spectra

Account for diffuse and extra-galactic foregrounds at spectra level and separate while estimating
parameters

B. Map based - analysis of CMB maps (cleaned from diffuse foregrounds):

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

= Estimate auto-spectra (can do cross-spectra) of the CMB maps generated with the 4 CompSep
methods

The CMB map, with diffuse foreground removed, still has extragalactic foregrounds residuals —these
are treated at Likelihood level and marginalised over

Graga Rocha, JPL/Caltech
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;’_@ Some common complications - L@/
planck=—=— — —— o ) ]
= Noise

= Accurate characterizing the noise of the instrument is difficult - noise is not white: 1/f noise, correlated
noise,.. - psf measured, fit, use simulations, resort to splits of data eg Half-rings, end2end simulations

- 1¢ - ——  143-1a 2015 Release
: 143-1a EZ2E Simmlations
l=
= 2 o
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Figure 27. The PSD of the true noise for bolometer 143-1a as <“<
compared to that generated using the end-to-end simulation. =}
o~
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Fig. 9. TT and EE power spectra reconstructed from the half-difference between data subset maps for the dipole-calibrated channels.

= Beams

= Estimate the beam transfer function use different approaches (FEBeCoP, QuickBeam) , it might vary
spatially (it does for Planck), account for cross-polar component or show it is negligible, etc..

= Formalism to estimate the full Tensorial beam description in place(for beam and window or
transfer function)

- AT - v w1 - w o 4 - v
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=5 Some common complications

planck == o — - -

L

=  An example - features in the power spectrum
=  For example: 1=1800 feature due to he 4K line removal

217N—hrlxhr2 vs. 217N—dsl xds2
F=Yo N LN L L B L L LN LN L N L L L L L L N L B L 21 7N— hrlxhr2 vs., CMB— SMICA & —SEVEM
51 7N—hrlxhr2 80 [T T T T T T T R

217N—hrlx<hr2

CMB—SEVEM
heavy lines: A=20

60 |
heavy lines: AI=20

40

C H+1)/2m [uK’]
C {t+1)/2m [k

20 =20

P T T A A A AU

I||l||||||||||||||||T|||"‘ i

||I||||l||||l||||l||||||T||

Ol vl v v bev v By v v v bev v v by s v v naas
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Multipole ¢ Multipole ¢

1500 16800 1700 1800 1900 2000 2100

= rhs HR data input to CompSep analysis - full data coaddition washes the feature away — hence this
feature is mitigated by the compsep step

= On the other hand - poor understanding of the residuals in the CMB maps — resort to simulations
to characterize them

- AT _ - v i - w - r - _
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{2 Sometime later.. > (i
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I\!Q:( Planck Hybrld Likelihood SN
panc - A - v - LS ™ I I w75 m 3 . i I S S aau . 3 s 3 X IS = " 8 BV "B e =

= Low-|
o Commander — Gibbs sampling — Temperature
o BFLike — Pixel-based - Polarization
o Lollipop
o SimBal, SimLow

= High-|
* Spectra-based:
o PLIK — baseline
o CamSpec
o Hilipop

* Map-based:
o XFcmb - XFaster

- A - v LI YT ENES Wi Eu ™ Ly i I & JFES Sl = I r ¥ I am = 4 AW B o
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OPLANCK ®
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v

= In the end... PN
planck—— - — o . -

A

e Commander — Gibb Samples the Power Spectra and constructs Blackwell-Rao
likelihood

* BFLike - Pixel-based Likelihood — needs an accurate description of the pixel noise
covariance matrix ( non-diagonal)

e SimLow

* Estimates spectra cross - spectra: PCL or QML — still needs a description of the noise
covariance matrix to construct the bandpowers covariance matrix

* Lollipop is an approximation to the Hamimeche & Lewis Likelihood for cross-spectra at
low multipoles

e SimBalis a simulation based Likelihood targeted at T

- T mE v > v v w - ’ - v
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D Simulated systematics

T propagated to EE-spectra for HFI
Planck == o —— - —
10° ™ T T — 10°

107
ADC NY

ol .'“x,."\\";‘/I‘N‘v's"f‘.""'o‘/“\w\v‘w\m

i M} \fv\ ,\ﬁ \'\NM,\‘WM\AM'

all effects

Noise

—— ADC NL total residual
—— ADC NL no distorsion
———— bandpass leakage
107 miss calibration . 107 -

10~k

107 T | . 10" M R |
Systematics at low ell in HFI channels dominated by ADC nonlinearity

Purely instrumental -> Analog-to-Digital Converter (ADC) nonlinearity; Time response residuals;
Relative gain between detectors; Possible time-variable gain

Scan-strategy related -> Far sidelobe pickup; Zodiacal light emission; Bandpass mismatch T > P
leakage

ADC nonlinearity: Can be (mostly) corrected by applying a time-variable linear gain
correction.
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Simulated LFI systematics

in EE spectra
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I—‘:'u”—j‘:( XFaSter ‘Fil /ICK L@l
plancke——— - -

Band powers estlmated W|th XFaster for each of the CMB maps generated by

COMMANDER, NILC, SEVEM, SMICA

XFaster: approximation to the iterative, Maximum likelihood, quadratic band power

estimator - based on a diagonal approximation to the quadratic Fisher matrix
estimator

. S — C o o 8 AN S
Ce=Y aCf = Z( Zfbb}z (26 +1)g T *2 = ))2)( —'= <M))) be
b

1 C5C5,
Fr =32 O Do, iy

The iterative scheme starts from a flat or some initial guess spectrum model - the

result is a band power spectrum and the associated Fisher matrix ( eg. the uncertainty
of the band powers)

» Half-Difference of data splits used to estimate the noise bias in the power spectra
extracted from.the Half-Sum maps

Graga Rocha, JPL/Caltech
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o) XFaster - XFcmb

planck=—— - -

= Use a Gaussian Correlated likelihood and a MCMC sampler (CosmoMC) for
50 <1<2000
* 6 cosmological parameters
* impose a Gaussian priorontau:eg 7 =0.07+0.006
 also considered the low- | Likelihood (TEB)
T EE
 5(6) foreground parameters: (Aps’Aps’Acib’(”cib)’Arsz’Aksz)
* A, for TT and EE - the amplitude of a Poisson component,
C=A,s=constant

* A, ie ,og -the amplitude of a clustered component with
shape D, =((l+1)C, /2w (** | D at|=3000in units of uk2

* A, A, Amplitude of thermal and kinetic SZ template with amplitude set
at 1=1000

* Also considered code tailored FG templates based on FFP8 simulations

Graga Rocha, JPL/Caltech B-mode from Space, Berkeley, 6th of December 2017 16
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o) Component Separation A %/

planck——— - e —— - ——

= Commander — parametric model fitting in pixel space

= NILC — needlet internal linear combination in harmonic space

= SEVEM - template fitting in pixel space

= SMICA — parameter fitting in harmonic space

- & - v i v w - _ - v
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Fig. 8. Total intensity (left) and polarization (right) union masks.
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XFaster BandPowers
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XFaster BandPowers
_(after EGF subtraction Fi rinee
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=) Higher order statistics
planck—— - — - -

=  Non — Gaussianity

» After subtraction of the lensing-ISW correlation contribution,
For SMICA - within 1 sigma from other methods and FG cleaned maps

Flre0.6+50

* Temperature alone and same SMICA map
local
fa=13x5.7

* Polarization alone

floca 28 4310

Consistency with Gaussianity

- AT - v ] v w - _ _
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= Lensing B-modes

plaan- — - - - = - - mow = -
= @Gravitational lensing by large scale structure

- “
o \_9%®

Predicted lensing B modes of CMB polarization

! [
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xbv‘ Planck Low-I Likelihood

U Commander T
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,.
1

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, Cr.d) Multivariate Gaussian distribution

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

C, P(C(|s.fi,d). out numerically

Inverse Gamma distribution

* For CMB Likelihood 0_2{{' . Namp
] _2Usl Ty X . :
Ensemble of CMB LY L TEG. > LCHx Y LC). gR
sky samples , sk CT k=1
£

Graga Rocha, JPL/Caltech B-mode from Space, Berkeley, 6th of December 2017 27



/(;:Q};\ N Z’i"‘éj
\ﬁ /‘ LOW- g i peancic\_9%®

plaan- R IS T ENET W W e LE S IS S M INES S W I E TS W K Swanw BR-.-_ =

Commander T map l . . . .
- — - LCDM 2013
S I — - LCDM 2015 -
A I I WMAP oyr
i & RN S — i } Planck 2013
£ ;',., Y Ty HOF » SRE :; NM = f ' Planck 2015
iy e # ‘-."'!‘ SEar " N 5 8 r ]
> TN Ta PN ‘v'-;'v- d B I m
R RS TR R A N = |
] ' R g o X
‘ 4 G L 5 2 [H
e —
e 93% sky fraction g ' HLH' H E{ Mq
S8 (] i
—250 1Kemb 250
70GHz pol. Foreground cleaned with 30GHz and 353GHz

~0200 02-0200 02 -50 5 10
H
I|'|'|

m
!

|
o
1
gl

£

-
ro -
U :

i o

L
1
o
|
[y
'

j

i

!

' o
i
e
Ea
.
]

]

)

{

H—— —a——

{
|;|

!BBiiifiii}-{-} {k

Power spectrum, Dy [1K?|

s | ;TB i i
M M 0 1 i ¢
= s Ee ' ' $ 1
_— 46% sKky fraction § i T i--—i--i—-;—--;--'-;-E"I' } T { 1

-2 -1 0 1 2

& AEEm S TrarTr -71K WL YT ENE W ENEE "W §LE A= l.z.m‘;l6'm@. -191| l‘u-l-JA‘ - 16

Multipole £




-0.10f

PCL Cam blas
PCL Cam deblas
PCL %Pol

-0 150 oo e s s b o s g ol oy ay

C‘.'lC"" Ty vy Tr T ™Y

0.08F

PCL BB

PPN B | 1

L e e
OML. bias
OML. debias

" e IF"\ﬂ#‘% *’.“HV.LH' WULIE

(900 [0 BB LA e B

0081

ML, bios
OML, debios

4 il* h '.. I:ll’

i i

Nultipole ¢

1 oML, 88
SIS W W S
-, ALy 3 20
Multipole ¢

Main results: Use 100 x 143 (foreground cleaned)
Cross checks from 100 x 70 and 143 x 70, 100x100
and 143x143 autospectra
Use multiple spectral estimator techniques

e Pseudo-Cl (PCL) - Lollipop

* Quadratic Maximum Likelihood (QML)
Use instrumental simulations to compute and
subtract bias due to systematics (very small), and to
construct pixel-pixel noise covariance
Simulation based Likelihood - SimBal
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Black lines - Model for t=0.05 (dotted), 0.07(solid) and 0.09 (dashed)

QML computed with

40 T

FTE[QML] 2-20 = 0,03
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two different simulation sets
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Instrumental cross-check: HFI x LFI
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T = 0.049770)3 for the 70x100 cross-spectra
T = 0.0537901% for the 70x 143 cross-spectra

w - r - _



\ OpLancic @
Summary g




