Component Separation

Building a multi-component sky model from
multi-frequency observations

Jacques Delabrouille

Laboratoire APC, Paris




Outline

w== ¢ Multi-component sky emission
* The Planck sky model
* Topics in component separation
e Validation
* Conclusion

05 july 2012 J. Delabrouille - MG13, Stockholm



CMB contamination by foregrounds

 The sky emission, at a given frequency, is a superposition of emissions
from different sources
— Different emission processes (thermal, synchrotron, Bremsstrahlung, ...)
— Different media/objects (Milky way ISM, CMB, clusters of galaxies)

 Has always been an issue for CMB observations, since early measurements
of CMB anisotropies!

Multi-frequency observations
allow us to check that observed
anisotropies have the correct
emission law

Bennett et al., ApJSS Volume 148, Issue 1, pp.97-117 (2003)
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(false) color image of the submm sky

Planck observations
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The ultimate frontier

e Astrophysical confusion is the
ultimate frontier when instrumental
noise becomes vanishingly small...

* Are there any components besides
the obvious ones that dominate in
one region of the sky?

* Foreground level with WMAP kp2
mask as compared to CMB
temperature anisotropies

Bennett et al., ApJSS Volume 148, Issue 1, pp.97-117 (2003)
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The ultimate frontier

Spectra outside
the P06 mask

Sync @ 23 GHz

Dust@ 94GHz

I(1+1)C /2r [uK?]
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Multipole moment [

Gold et al., ApJS Volume 192, Issue 2, article 15 (2012)
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The ultimate frontier

Spectra outside
the P06 mask 100

10

I(1+1)C,/2n [uK?]

0.1

0.01

0.001

Sync @ 23 GHz

Dust@ 94GHz

WMAP3 fit : WMAP3-t
WMAP?7 fit WMAP?7 fit ..

e ol L 3 aaeyul 1

1 10 100 1 10 100

Multipole moment [

The sensitivity of =2.6 pK.arcmin for cosmological
channels of a future mission such as COrE is
I(1+1)C,/2n = 8.10° @ 1=10
(divide yet by = V6 for final sensitivity...)
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Need a complete, multi-component, polarised model of sky emission: the PSM
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A multi-component model of sky emission

* The ultimate objective of all of our observations!

Our understanding of any emission is summarised in a model
The model can be physical, descriptive, parametric...

 The Planck Sky Model (PSM) is a global model of multi-component sky
emission, in intensity and polarisation, over the frequency range = 3GHz to
= 3THz, currently being developed in the Planck collaboration.

* |t comprises

An underlying cosmological model (standard Big-Bang scenario) with associated cosmological
parameters H,, Q,,, Qg, Qpe, N, ...

A model of CMB emission and growth of structure (density contrast in the linear regime);
A model of Sunyaev-Zel’dovich emission from the hot gas in clusters of galaxies;

Models for the emission of the galactic ISM: Synchrotron, Dust (thermal and spinning), Free-
free, some molecular lines (CO);

Models for extragalactic emission from compact sources (IR galaxies and CIB, radio galaxies).

05 july 2012

J. Delabrouille - MG13, Stockholm 11




> A model that does not use yet Planck observations

The| pre-launch |Planck Sky Model: a model of sky emission at
submillimetre to centimetre wavelengths

J. Delabrouille'* ., M. Betoule™, 1.-B. Melin®, M.-A. Miville-Deschénes®®, J. Gonzalez-Nuevo’, M. Le Jeune',
G. Castex', G. de Zotti’*, S. Basak', M. Ashdown™'”, J. Aumont®, C. Baccigalupi’, A. Banday'', J.-P. Bemard'",
FR. Bouchet'?, D.L. Clements', A. da Silva'*, C. Dickinson"®, F. Dodu', K. Dolag'®, F. Elsner’®, L. Fauvet'”,
G. Fag'®', G. Giardino'”, S. Leach’, J. Lesgourgues'?2"21 M. Liguori®**'2, J.-F. Macias-Pérez”*, M. Massardi®**,
S. Matarrese™, P. Mazzotta®, L. Montier'', S. Mottet'?, R. Paladini®®, B. Partridge””, R. Piffaretti®, G. Prezeau™,
S. Prunet'?, S. Ricciardi™, M. Roman', B. Schaefer’', and L. Toffolatti™?

(Afliatiows can be found after the references)

To be submitted soon to A&A
ABSTRACT

We present the Plansct Sty Mode! (PSM), a parametnic model for the geseration of all-sky, few arcmiste resolution maps of sky cmission a
submallimetre to cemtimetre wanelengths, in both inlensity and polarisation. Several oplions are implemented 10 mode] the cosmac microwave
background, Galactic ditfuse emission {synchrotron, free-free, thermal and spinming dust, CO lines), Galactic Hu regions, extragalactic radio
sources, dusty galaxies, and thermal and Kinetic Sunyaev-Zeldovich signals from clusters of galaxies. Each component is simulated by means
of educated interpolatsons/extrapolations of data sets avalable at the tme of the launch of the Planck mession, complemented by stase-of -the -an
models of the emission. Distanctive featuses of the simwilations arc: spatially varying spectral propertics of synchrotron and dust: different spoctral
parameiers for cach poant source. modeling of the chustering propertics of extragalactic sources and of the power spectrum of Nluctuations in the
cosmic infrared background. The PSM enables the production of random realizations of the sky emissson, constrained to malch observational data
withim their ancertainties, and is implemented in a software package that is regulaty updated with incoming information from observations. The
model s expectad 10 serve as & uselul wol for optimizing planned mecromave and sub-millimetre surveys and 1o est data processing amd analysis
pipelines. It is, in particular, used for the development and validation of data analysis papelines wiathan the Planck collaboration. A versson of the
software that can be used for simulating the observations for a vanely of experiments is made avaikable on a dedicated websile.

Key words, Cosmology: cosme background radiation — [mersiellar msedaum (ISM), mebalae ~ Galavies: clusters: general - Galaxies: general -
Infrared: diffuse background
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The PSM in practice

 DATA

Maps of observed or simulated diffuse components (CMB, synchrotron intensity,
synchrotron spectral index, CO-line emission...)

Constraints on model parameters (e.g. cosmological parameters and errors)
Catalogues of known clusters of galaxies
Catalogues of know point sources

* SOFTWARE

Implements the model in a (hopefully) user-friendly way

Input: choice for global parameters (e.g. cosmological parameters, choice among
alternate options for modelling each component) in the form of a configuration file

Output: maps and catalogues of modelled (simulated or predicted ) sky emission for
each component

Output: sky emission in user-defined frequency channels (total emission, and emission
per component, in intensity and polarisation)

Keyword: Flexibility

05 july 2012
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The PSM website

- B 0wy e g wvy parnt b e ateng, P pam a
B = R s T

THE PLANCK SKY MODEL A website with the official release of the
Welcome to the PSM website! Planck final PSM product is foreseen at ESA

The project

The Phock Sky Model (PSM) s a compiete and versatile set of programs aad data, 10 b0 used for B0 simulation or Hie prodiction of sky emasion i Be frequency range of typical
CMB experimeats, and in particulsr of the spooming Manck sky misdon. It han originally Soen developad as part of the activities of Plaack component separation Workiag Grosp
(or Waorking Geoup 2° - WQG2), sad of the ADAMIS s ot APC,

The PSM software is develioped with two man objecaves in mind:

* The primary objoctve & $o ability 10 vimulste plausidle sky cmision maps, 10 be wsod @ Bpets for fie development 3ad teting of data processmng and analywis techaigues, f
Inciudcs & Baic st of ok 1o vimulue obscrvations taken with 3 parSculsr mstrussent

o The second odjective is the availadilzy of a 1ol which summariazes owr peesent Knowledge of Be GHx sky . For this, the PSM is meant 10 allow pradictng the sky emission in
any divection of the sky, and & any frogeency in the GHz range. dased 00 a0 Isterpretation of prosendy existing and peblically avallable data sots




MULTIFREQUENCY OBSERVATIONS
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Basic ideas for component separation

Consider a single pixel p. The signal observed at frequency

v, in plxel P, 1S Model known a priori ?

dB /dT S‘CMB + Sdust v B (Td) + SSVnC
x(v, p) = Z‘ n(v, p) .

Eriksen et al. 2006
Stivoli et al. 2006

- Z a;(v, p) si(p) + n(v, p), Stompor et al. 2009

i

or, 1n vector-matrix format

x(p) = A(p) s(p) + n(p).

If we know the frequency dependence of each foreground in
that particular pixel, then we can invert the system perfectly.

At some frequency v,

05 july 2012 J. Delabrouille - MG13, Stockholm 17



Blind ICA and more

e Classically assumes a linear mixture model

x(p) = A.s(p) + n(p)

* Estimate A so that we can invert the linear system

— FastICA : Find the transformation matrix W that makes Wx as non-gaussian as possible: Hyvdrinen
1999; Baccigalupi et al. 2000; Maino et al. 2002

— Other idea: train a neural network to find W for you: Ngrgaard-Nielsen et al. 2008, 2009, 2012

— SMICA: Compute the second-order statistics of x(p) over independent domains (spectral bands,
needlets, or even independent regions of sky), and fit for A and second order statistics of s and n,
Delabrouille et al. 2003

— GMCA: find W that allows the sparsest representation of the data, Bobin et al 2008

* Main problems
— Inreality A=A(p) for some components
— Some components are not independent

* This has motivated developments such as
— Extended SMICA: Cardoso et al. 2008
— CCA: Bedini et al. 2005, Bonaldi et al. 2006
— Local GMCA: Bobin et al 2012

05 july 2012 J. Delabrouille - MG13, Stockholm
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Linear inversion

x(p) = A.s(p) + n(p)

obs1(v

A-l

Wiener filter
A

\

(
S$=[AR A +R LA 1x

o/

Unknown Unknown Not so sure...
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S peCt ra I M atC h i n g I CA Delabrouille, Cardoso & Patanchon 2003

Cardoso et al 2008
If x=A.s+n
then <xxt> = A<sst>AT + <nnt>
/ ~
N, O 0
/<x1x1> K Xpd e XX D h ' 0 N,
Mixing matrix : 0
(XX (XX
.2 1 222 0 0 N,
(X X1? X X \

~ ~ 4 )
C,(cvs) 0 0
0 C|(dust) 0
0 0 Cs2)
G _/

A
e minimise the mismatch between RX(|) and ARS(|)A+ + Rn(l)
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Many applications !

e Multi-component C, estimation

~ B
C,(cvs) 0 0 f
R(l) = A. 0 C/(dust) O A"+ R(I)
0 0) Cl(sync)
~ / Can estimate
noise levels
as well...
e Multi-component BLIND component separation
g N R
All A12 A13 C|(C|\/|B) 0 0 +
R (1) = Ay Ay Ay : 0 Clawst) X A+ R(I)
A31 A32 A33 0 X C(s nc)
A41 A42 A43 \_ l - _J
- _/
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Least Square linear combination

Suppose that we know only the frequency dependence of
one component of interest,

x(v, p) = a(v)s(p) + r(v, p)

Then the ‘optimal’ reconstructed signal by linear combina-
tion of the input maps is

-1
a'R;
a'R;'a

s(p) = x(p)

05 july 2012 J. Delabrouille - MG13, Stockholm
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Other idea: the ILC

* Usually derived as the (internal) linear combination of the input maps
which minimizes the variance of the output, with unit response to the

CMB

*/S\ILC(p) = Zw'&x'&(p) = th(p) Zw-a- — Wta = ].

minimize ), |s(p) 2

tp—1
a‘R
e Actual implementation Q. - z
P s1Lc(p) = P x(p)
a‘R, "a
— Uses the empirical covariance matrix of the observations (and this is a very important
distinction)
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Woodbury matrix identity and consequences

R = [aa'ofmb - R,,]—l
S P L B |
= R;' i O%mb R:;_zaa '?n—l
| +07 a'R.'a
a(R;‘ - alR;l e 2 a‘R;laa‘R;'

cmb nD-1
1 +02  a'R;'a

a'R;' « a'R;’

ILC = GLS But with empirical statistics R,

29 June 2012 J. Delabrouille
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The ILC on real data

ILC implemented by many different authors/teams

- WMAP team (2003) - Saha et al. (2008)

- Tegmark et al. (2003) - Delabrouille et al. (2009)
- Eriksen et al. (2004) - Kim et al. (2009)

- Park et al. (2007) -Samal et al. (2010)

26 May 2011
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Optimisation ?

Latitude

high

low

Delabrouille, Cardoso, Le Jeune et al. 2009, A&A, 493, 835

In the absence of foregrounds

2
A 2
]
KKaQVw VW 3
Harmonic mode |
kKaQVvVw kkaQ VW
P>
large Scale small




The Needlet ILC

* Use needlet (wavelet) decompositions for defining domains of
the data set that are localised in both space and harmonic
domain;

* Implement an ILC independently in each needlet domain;

* Reconstruct the final CMB map from CMB needlet coefficients
obtained by the local ILCs.

Delabrouille et al., A&A 493, 835 (2009)

Used on WMAP data =——> = Basak & Delabrouille, MNRAS, 419, 1163 (2012)
Basak & Delabrouille, arXiv 1204:0292

Used for CMB subtraction in Planck
Used for COrE proposal and white paper
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The CMB

5 year needlet ILC map

~0.50 o ommesssssm 0 50 mK CMB
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CMB and foreground emission

Around b = (70°,-30°) — Moderate galactic latitudes

K-ana

- SR Y 2k
Original map ppae AR

WMAP K band at 23 GHz dominated by galactic synchrotron

In a given pixel:
- CMB?
- galactic ISM?
- radio source ?

05 july 2012 J. Delabrouille - MG13, Stockholm 29




CMB and foreground emission

Original map

Delabrouille, Cardoso, Le Jeune et al., 2009, A&A 493, 835

K—Tand

-

-

Estimated CMB
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CMB and foreground emission

Delabrouille, Cardoso, Le Jeune et al., 2009, A&A 493, 835

Original map

CMB
subtraction

Map with no CMB

Ghosh, Delabrouille, Remazeilles et al., 2011, MNRAS, 412, 883

K—Tand
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Estimated CMB

Map after

Additional filtering
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Planck Maps after subtraction of the CMB

Planck all-sky foreground maps
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I(I+1)C,E7(2n) in ml(é“a

10 100
Multipole(l)

Basak & Delabrouille, 2012
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Limitations of the standard ILC

* You can only recover a component which
Has a known emission law — see however Remazeilles, Delabrouille & Cardoso 418, 467 (2011)

— Is not correlated with anything else

 Empirical correlations do matter (they induce a bias)
— Afraction of the CMB modes are “killed” by the minimization (N ,nnels

— See appendix of Delabrouille et al., A&A 493, 835 (2009)
Compromise between localisation and number of modes used to compute statistics

-1 modes)

e Calibration accuracy does matter
If the emission law is not well known (or the instrument is not well calibrated) then the ILC
constraint does not preserve the CMB well enough

— The minimization then “conspires” to kill away some of the CMB

— This happens for high S/N measurements
— Dick, Remazeilles & Delabrouille, MNRAS 401, 1602 (2010)

 Minimum variance criterion (does not guarantee vanishing FG contamination)
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How do we know that it works ?

Solution 1:
Simulations

COrE: COrE collaboration, arXiv, 2011

Planck: Leach et al. A&A, 2008

= Obvious caveat: are the simulations representative ?
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How do we know that it works ?

Solution 2: The dimension CMB  Foregrounds Noise

of the signal subspace AN / A

x(v, p) = s(p) + ulv, p) + n(v, p)

We suppose that the three terms are pairwise decorrelated.

Then we have
R,=R;+R, +R,

We suppose that R, is known. Then we can whiten the data
by multiplication by R}/ 2. For the new data set,

R.=R;+R, +Id

We can diagonalise R,. In the basis of diagonalisation, the
covariance becomes

R.=A+Id

Remazeilles, Delabrouille & Cardoso, MNRAS 418, 467 (2011)
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How do we know that it works ?

Solution 2: The dimension CMB  Foregrounds Noise

of the signal subspace "\ / A

x(v, p) = s(p) + u(v, p) + n(v, p)

We suppose that the three terms are pairwise decorrelated.
Then we have

R,=R;+R, +R,

We suppose that R, is known. Then we can whiten the data
by multiplication by R, 2 For the new data set,

R.=R;+R,+1Id
- ™
1+61 We can diagonalise R,. In the basis of diagonalisation, the
covariance becomes
1+6,
' <« R.=A+Id
1+s,
g J

Remazeilles, Delabrouille & Cardoso, MINRAS 418, 467 (2011)
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Rank of the signal subspace: example

Effective number of FG components at a scale 512 < | < 1100

We know a posteriori

where to mask !
Remazeilles, Delabrouille & Cardoso, MINRAS 418, 467 (2011)
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Summary on component separation

* Increasingly important (the ultimate challenge !)
— Significant progress in the past 15 years

 Number of bands AND angular resolution are important
— The future CMB space mission must have both

 The EASY things (at least conceptually)
— Fit for parameter values of a parametric model, and propagate errors

— get an ILC map of a component that has a known fixed emission law and is not correlated with other

emissions
— Do ablind ICA assuming a perfect linear mixture

« The NOT SO EASY things
— Optimize the above approaches
— Get reliable errors (contamination, biases)
— Interpret ICA outputs

* The DIFFICULT (and interesting) things

— Learn the model from the data
— Make a universal pipeline that works for all components

05 july 2012 J. Delabrouille - MG13, Stockholm
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The future

* Progress towards a coherent, global model of multi-component sky
emission
— A pre-launch PSM is about to be published
— Extensively used as a simulation tool for Planck
— Being enriched by the Planck observations

e Tight connection between sky model and component separation

— Learn and develop methods on simulated data sets
— The sky model summarises our understanding in a single coherent picture

* Crucial research for preparing the future CMB / millimeter-wave space
mission
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For the future

More channels for future experiments
— COBE-DMR had 3 channels
— WMAP had 5
— Planck has 9

Cosmic Origins Explorer

v (Av) | nger | Ofwhm Temp (1) Pol (Q.U)
K -arcmin pK -aremin
| Gliz | GHx | | aremin | HJ | CMB | R | CMB A satellite mission for probing cosmic
45 15 64 233 | 498 | 525 | 861 | 9.07 e AT = 2
o 5 300 140 |236| 273 | 400 | 472 origins, neutrino masses and the ors;;mpf
105 15 100 100 203! 268 | 350 | 4.63 stars and magnetic fields through a high
135 15 550 7.8 1.68 | 263 | 290 | 4.55 sensitivity survey of the microwave
165 | 15 | 750 | 64 138 2.67 | 2.38 | 4.61 polarization of the entire sky
195 15 | 1150 5.4 1.07 | 263 | 1.84 | 4.54
225 15 | 1800 1.7 082 | 264 | 1.42 | 457
255 15 575 1.1 1.40 | 6.08 | 243 | 105
285 15 375 3.7 1.70 10.1 2.94 174
315 15 100 3.3 325 | 269 | 562 | 46.6
375 15 64 2.8 4.05 | 686 | 7.01 119
135 15 64 2.4 .12 | 149 | 7.12 | 258
555 195 64 1.9 1.23 | 227 | 339 | 626
675 195 64 1.6 1.28 | 1320 | 3.52 | 3640
705 195 64 1.3 | 1.31 | 8070 | 3.60 | 22200

COrE summary (4 yvear mission)

Further investigation requires simulations and a
realistic model of sky emission: the Planck Sky
Model...
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— V band (61 GHz) Units inmk
S s R Original map

V band (61 GHz) ;
Processed map

The CMB subtraction implemented by the DPCs for preparing the data used in the
Planck early papers is very similar to this (except for the final localized filtering)

05 july 2012 J. Delabrouille - MG13, Stockholm 45



Constrained ILC

x(p) = as(p)|+/bz(p) Hn(p)

/S l

CMB Thermal SZ Everything else

Two constraints

- o consre
Scipy="Y " wisl) = wxis) > v = wia =1
) 1
(

minimize ) 5 s(p) |2 Z w;b; = w'b =0

(b'R;'b)a’R;! — (a’R;'b)b'R !
(atR; 'a)(b*R; 'b) — (atR; 'b)?

x(p)

/S\constr.ILC (p) =

M. Remaczeilles, J. Delabrouille, J.-F. Cardoso, MNRAS 408, 2481 (2011)
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