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CMB POLARIZATION

(Planck Collaboration)
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CMB POLARIZATION

(Planck Collaboration)
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GALACTIC FOREGROUNDS
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GALACTIC FOREGROUNDS

L, \Bs®)
(Q,U}s(v,p) = (Q, U}s(vs, 1) - (7)
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{Q,U}q(v,p) = {Q;U}q(vq,p) -

Commonly used PySM (Zonca et al., 2021) models:
= dO: constant spectral parameters

= s0: constant spectral index

= sl: anistropic spectral index across the sky

<1>"“(”)“ B, Ta(p))

V4 B(vq, Tq(p))

= dl: anistropic spectral parameters across the sky
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FOREGROUND SUBTRACTION

(Bennett et al., 2003) Internal Linear Combination (ILC)

di(p) = aiscvs(p) + fi(p) + ni(p)
StLe(p Z Wi with Z w; - a; =1
SILC (p) — SCMB sz fz _|_ nz( ))

Global variance minimization

(5iLc) = (Somm) + Z wi(Fiir + Nigr )wir
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NEEDLET ILC (NILC)

* Needlets are a particular wavelet system which guarantees simultaneous localization in harmonic and pixel space
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f (Delabrouille et al., 2009)
* NILC CMB solution is obtained by linearly combining maps at different frequencies at

each needlet scale minimizing the variance of the output
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NILC FOR PLANCK

* NILC successfully applied to Planck CMB data (Planck Collaboration)

NILC Planck T map NILC Planck P map

=
-

-0.000887133 Kems

0.000756428 0 KCMB 5e-05

* But:

* [t cannot be consistently applied to partial-sky polarization data from sub-orbital
experiments with its current implementation
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E-B LEAKAGE

SWIPE sky coverage

a, f(Q +iU) -W(n) - Y{’m
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(Lewis et al., 2001)
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E-B LEAKAGE

SWIPE sky coverage

.........
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NILC FOR FUTURE B-MODES EXPERIMENTS

Sub-orbital experiments (partial-sky):

Considered experiments:

Simons
Observatory (SO)

LSPE-SWIPE (+Planck)

Lar ge S ale Polarization E\plorer

 Balloon-borne « Ground-based

e Target: reionization and « Target: recombination bump with
recombination bumps with 6r=0.003 (68% CL)
6r=0.015 (95% CL) * Frequencies (GHz): 27, 39, 93, 145,
* Frequencies (GHz): 145, 210, 240 225, 280

Carones et al. (2023a), arXiv:2208.12059
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LEAKAGE CORRECTION (CMB with r=0.01)

ZB method (Zhao & Baskaran 2010):

y s = y 3 = x xx — — W2 -W?
BEH) = - 2_i[6152p+(7) —5,8,P_-()] ct =U[3cotOWW, + W(W Wyy) = 2(Wy = W,)]

— Q[2cot OWW, + 2WW,, — 4W, W, ]

Bim = N¢Bem, Ny = (€ +2)!/(=2)!
- - 2Wy[(QW)x + (UW)y] + 2Wx[(UW)x - (QW)y]
B=BW ! +ct-W™?
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L EAKAGE CORRECTION (CMB with r=0.01)

Recycling method (Liu et al. 2019):

Q,U (masked)

linear fit (aufir

Recycling method

1078 — swiPE  —— input e ¢ output LC
— SO SAT —-= output noLC -=—- residuals
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E-B LEAKAGE FOR LSPE-SWIPE AT £ < 10

INNOVATIVE EXTENSIONS FOR LARGE SCALE LEAKAGE CORRECTION
* |terative B-decomposition:

1072
n=n+l 1073}
yes
— 1074
N,
Qpg, Ug (masked) Q,(B"), U‘(B")(masked) 3 10-5
Q
~10-6
Q 10
\ / Y
masked B 107} Iterative decomposition, LSPE-SWIPE only Y, /
— input — iter0 —— iter2 \\;'
1078 @ outputLC —— iterl1 —— iter3
=== residuals
10—9 . . . N .
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/
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E-B LEAKAGE FOR LSPE-SWIPE AT £ < 10

INNOVATIVE EXTENSIONS FOR LARGE SCALE LEAKAGE CORRECTION
« Diffusive inpainting:
Equation for ambiguous modes which cause the E-B leakage:

V2(V2+2)y =0 + Neumann and Dirichlet boundary conditions

The approximate solution is given by the diffusive inpainting

1072
10-3
— 1074
o~
AV
21073
&
g0
1077} Iterations vs inpainting, LSPE-SWIPE only
— input —— recycling+iterative
1078 ® output LC ——— recycling+inpainting
—-=—=- residuals
10—9 . . . . .
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!
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RESULTS (CMB with r=0)

—2log L(r) = z (Ci,ids

Lt}

-1 fgd
C};b 1)M‘gb€b(c 2 S

TG

M{’bfb = Cov (Cout (1 AL) Clens Cout . (1 . AL) . Cl{(%ns)

fsiy = 36% sy = 12% foky = 8%
SWIPE+Planck, d®s® | SWIPE+Planck, d1s1 SO SAT, dlsl
Targets r < 0.015 (95% CL) r <0.015095% CL) | r <0.003 (68% CL)
r-NILC r < 0.0027 (68% CL)
rit-NILC r <0.013 (95% CL) r <0.024 (95% CL)
rin-NILC | r < 0.015(95% CL) r <0.028 (95% CL)
HZB-NILC| r < 0.00595% CL) r <0.015095% CL) |r <0.0026 (68% CL)
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NILC FOR PLANCK

* NILC successfully applied to Planck CMB data (Planck Collaboration)

NILC Planck T map NILC Planc P map

-

* But:
* [t cannot be consistently applied to partial-sky polarization data from sub-orbital
experiments with its current implementation Carones et al. (2023a), arXiv:2208.12059
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NILC FOR PLANCK

* NILC successfully applied to Planck CMB data (Planck Collaboration)

NILC Planck T map NILC Planck P map

* But:
* It cannot be consistently applied to partial-sky polarization data from sub-orbital
experiments with its current implementation \/ Carones et al. (2023a), arXiv:2208.12059

* |t suffers high residual foreground contamination when applied to simulated CMB
satellite datasets which target accurate measurements of CMB polarization

A. Carones Prospects for blind CMB B-modes reconstruction 19



NILC FOR SATELLITE EXPERIMENTS

Considered experiment:

_ « Target: reionization and
LiteBIRD recombination bumps with
dr=0.001 (68% CL)
« 15 frequency channels (40 — 402 GHz)

107! 1.0
— dlsl -== noise
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MC-NILC

Multi-Clustering NILC (MC-NILC)

« Perform independent NILC variance minimization in separate patches of the sky, where
B-mode foregrounds present similar properties (SEDS)

« The clusters should be large enough to not introduce a bias in the CMB reconstruction,
but small enough to not include too much foregrounds variability

Carones et al. (2023b), arXiv:2212.04456 for the LiteBIRD collaboration

A. Carones Prospects for blind CMB B-modes reconstruction
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MC-NILC

Multi-Clustering NILC (MC-NILC)

« Perform independent NILC variance minimization in separate patches of the sky, where

B-mode foregrounds present similar properties (SEDS)
« The clusters should be large enough to not introduce a bias in the CMB reconstruction,

but small enough to not include too much foregrounds variability
Carones et al. (2023b), arXiv:2212.04456 for the LiteBIRD collaboration

1. TRACER OF B-MODES FOREGROUNDS SPECTRAL INDICES
Ratio of B-mode Galactic emission templates at two separate frequencies
V1

'Bj, fgds .
IDEAL CASE: —5=— Input foregrounds-only maps

j, fgds
V1

REALISTIC CASE: ﬁ{;o, GNILC  templates of foreground B-modes
PiZo, aniLc  from input data

For LiteBIRD, v; = 337 GHz and v, = 119 GHz

A. Carones Prospects for blind CMB B-modes reconstruction 22



MC-NILC

2. CLUSTERING TECHNIQUES
Clusters of Equal Area (CEA) Random Partitions (RP)
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MC-NILC (IDEAL CASE)

 IDEAL CASE:
RATIO BUILT WITH MAPS OF B-MODES SIMULATED FOREGROUNDS AT EACH NEEDLET SCALE

1071 . . y y 1.0
—— CEA MC-NILC  —— foregrounds [sky = 50%
10-2t T RP MC-NILC -== noise
— NILC re[1073,4-1073] - 0.8
S
AV >ﬂ§0.6
< g
o 2
N 0.4
—— r < 0.00016
— —— r=0.003%0.00
10—7 . . . - \—7 =3 -2
5 10 20 50 100 10 10 10
ltgds
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ROBUSTNESS TEST

Foregrounds residuals

1072 : : .
—— dlsl —— d7sl —— MC-NILC fsky = 50%
—— d4sl —— dl12sl1 --- NILC

1073} —— d5s1 —— d1s3 re[1073,4-1073]

Noise residuals

—— dlsl —— d7sl —— MC-NILC
10-6} —— d4sl —— d12s1  =--- NILC .
—— d5s1 —— d1s3 re[1073,4-1073]
— d6sl
-7 . i . . . -7
10 5 10 20 50 100 10 5 10 20 50 100
) /
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MC-NILC (REALISTIC CASE)

REALISTIC CASE:

RATIO BUILT WITH THE Generalized NILC (GNILC, Remazeilles et al., 2011) TEMPLATES OF
B-MODES FOREGROUNDS AT FIRST NEEDLET SCALE

10~1— : : : 1.0 -
—— dls1 —— d6sl --- noise fsky = 50% | r < 0.00034
N d4sl ~ —— d12s1 e NILC foregrounds , r< 0.00026
107“} — gss1 —— foregrounds r€[10‘3,4-10‘3]_,,:;' 0.8 | : r < 0.00029 1
" r < 0.00032
06 r < 0.00028 |
E ' r < 0.00058
% - r<0.00034
S~
o4
0.2
-7
10 5 10 20 50 100 10-2
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CONCLUSIONS

1. Polarized foregrounds will make the detection of primordial CMB B-modes challenging
2. Mis-modeling of their emission can lead to significant biases on the tensor-to-scalar ratio

3. NILC is a powerful blind algorithm, complementary to parametric methods

For sub-orbital CMB experiments devoted to B-modes studies:
* We have to account for the E-B leakage, needlet filtering and beam convolution;

* NILC leads to a level of foregrounds residuals which in most cases would not bias an estimation
of the tensor-to-scalar ratio.

(Carones et al. (2023a), arXiv:2208.12059)
For satellite experiments:

* a new foregrounds subtraction algorithm, Multi-Clustering NILC (MC-NILC), is presented,

* MC-NILC performs an independent variance minimization of the output map on different needlet
scales and different patches on the sky which trace the spatial variability of spectral properties of B-
modes foregrounds;

* MC-NILC lowers simultaneously the foregrounds and noise residuals with respect to NILC when
applied to LiteBIRD simulated data permitting to reach the scientific target of the mission.

(Carones et al. (2023b), arXiv:2212.04456)

A. Carones Prospects for blind CMB B-modes reconstruction 27



Thank you
for your attention




Back-up slides




GALACTIC FOREGROUNDS

« Synchrotron:

Magnetic

N

Spiraling
electrons

L, \Bs®
Xs(v,p) = As(p) - (—)

vS
X=1{1,Q,U}

Popular models in PySM (Zonca et al., 2021):
= s0: constant spectral index

= sl: anistropic spectral index across the sky

0 50 100

(KR @ 30 GHz
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GALACTIC FOREGROUNDS

e Thermal dust;

Background Star Emits
Unpolarized Radiation

A
> A
w17~

-
N

/' A
Most Likely \

N
~
N
~
Grain Orientation T f

8. K. Polarized Light
~ ., Transmitted

Pa®*1 By, T4(p))
B(vg, Ta(p))

Xav,p) = Aa(p) - (1>

Vd
X=1{1,QU}

Popular models in PySM (Zonca et al., 2021):
= dO: constant spectral parameters

» d1: anistropic spectral parameters across the sky

... but many others still

0 20 200

HKRg @ 353 GHz

in agreement with Planck data
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LEAKAGE CORRECTION (CMB with r=0.01)

ZB method (Zhao & Baskaran 2010):
1 - _
B(y) = - 2—1.[6152P+(77) — 010, P_(p)]

Bem = NeBe,

Ny = (€ +2)!/(=2)!

B=BW ! +ct-W?

102

103

ct =U[3 cot OWW, + W(Wo, — W) — 2(W2 — W2)]
— Q[2cot OWW, + 2WW,, — 4W, W, ]

= 2W,[(QW)x + (UW),] + 2W, [(UW), — (OW),]

ZB method

— SWIPE
— SO SAT
— input

—-= output noLC
® ¢ outputLC
—=—- residuals

—————
- -
- -
-

———————————
—~

5 10

e =000 ]
BB _ BB
. |D£’,in Df
leak —
_________ BB
T ? . D[,rzl

o ‘

- ,
\\\ *"\\ 4,++F /

S

\ v
—#- SWIPE  —4- SO _SAT
5 10 20 50 100
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L EAKAGE CORRECTION (CMB with r=0.01)

Recycling method (Liu et al. 2019): |

Am aEn
Q,U (masked)

QE, Ue (masked)

QB, Ug (masked)

linear fit (it

(Qs, Us) — ase(Qp, Up)

/ / /! /7
Qg, Ug(masked) Qg, Ug (masked)
10—2 10—2 _______________ -z :.f.’.:f&.\.--_________________________________-_______[-_EQ'_Q;I: _________
o~ AN
_ \
1073 1073 N e
\\ ,’ \\\ /
-4 \ U4 ——
('E 10 10_4 \L n,‘*‘\ ;‘_\¥;
3 105 X ~¥
—_— Q
g <105
cialo_‘5
1077 107
Recycling method o
1078 — swiPE  —— input e ¢ outputLC 10
—— SOSAT —-- outputnolLC === residuals -®- SWIPE —¢- SO SAT
-9 -8 . . . . .
10 5 10 Z20 50 100 10 5 10 20 50 100
{
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E-B LEAKAGE FOR LSPE-SWIPE AT £ < 10

INNOVATIVE EXTENSIONS FOR LARGE SCALE LEAKAGE CORRECTION
* |terative B-decomposition:

n = n+l1

Qpg, Ug (masked)

masked B
1072
1073
— 1074
™~
¥
2107
Q
g0
7 \ /I v
107"} Iterative decomposition, LSPE-SWIPE only Y, /
— input — jter 0 — jter 2 ‘\/
1078} o output LC —— iterl —— iter3
-—- residuals
107°
5 10 20 50 100
/

1.0

0.8

DFB/DPR

0.4

E —¢— iterl
-B —— iter2

—— iter 4
—— iter 9
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LEAKAGE CORRECTION

® RM+iterations —-== Tin

@® RM+inpainting

ideal
RM

0.015 0.020 0.025 0.030 0.035

0.010

Prospects for blind CMB B-modes reconstruction

35

A. Carones



CONVOLUTIONS (CMB with r=0.01)

Needlet filtering:

__._‘_,-""""—__.""l—
106 .
1077
N\ 1-~-¢

ol v L - Needlets filtering

10 \ ;’ — SWIPE — input ——- residuals
‘\l,‘r —— SOSAT e ¢ output

-9 . . . N X

10 20 30 60 80 100 170

/4

Smoothing:

10
1077
1078 Smoothing effect, SO SAT only
¢ after smoothing —— input ---- residuals
10—9 .

——
————
——
R
————
————
——
-
’_—-
——
-
-
I

40 60 80
/
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SO PATCH FOR NILC

A. Carones
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APPLICATION OF NILC

« We have verified that needlet filtering and beam convolutions do not affect
the CMB reconstruction

« We areready to apply NILC on leakage corrected B-modes multi-frequency data:

* r-NILC: recycling method
* rit-NILC: recycling + iterative decomposition method
* rin-NILC: recycling + inpainting method

« HZB-NILC: ZB method

fgds + C™

b

c"“t c *+C,

A. Carones Prospects for blind CMB B-modes reconstruction
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APPLICATION OF NILC

Masking:

No ZB but HZB:

a{z’;m - a{l}m ' \/(£ + 2)!/(€ - 2)!

® dlsl, SWIPE+Planck P
® dO0s0, SWIPE+Planck
101
§ i
3
< 1072
1073
0.08 0.12 0.16 0.20 0.24 0.28 0.36
fsky
10°
SWIPE+Planck, d1sl
— rit-NILC ——- noise residuals
10-1 — rin-NILC re[0.015,0.03]
—— foregrounds residuals
& 1072
AV
=
- e
81073 _z=F
Q _-z2e”
’d
107%
1073

10!

10°

® dlsl, SO SAT
1072
v f
g i
=
1073
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
fsky
10°
— ZB-NILC —==- noise residuals -
—— hybrid ZB-NILC r€[0.015, 0.03] st
10-1} — foregrounds residuals =T

1073

10!

10°
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MC-NILC

3. NUMBER OF PATCHES
CMB reconstruction bias:

cbias — cout _ clens _ Cfgds _ "ol
' 4 £ £ 4
) N=50 - ligds
‘\ =8 |rbias|
\\
1
Q
\
A
\
\
< 104 ...
hoginink SEERY SRR ST S S
."."'..h
SR S .___./,.—5_',_,4-_5‘_,,4
20 40 60 80 100 120

number of patches

Solution to the CMB bias:
The computation of the covariance in each point excludes the
point itself and a circular region around it (Coulton et al., in

prep)

103

I'fgds
-
o

1073

107*

F'tgds

4. FREQUENCIES

‘‘‘‘‘ N EininCC FO S —— R
ik EEEETPED Shbbiunie ettt :-_-_-_:—_-_1
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~$- 402/100 -¢- 402/140  -¢- 402/195
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-$- 402/119  -¢- 280/119 -¢- 195/119
-$- 337/119 -¢- 235/119
..___::-""0- ——————— -——___ L1
E==:;;§¥:::::::: :::::::1::::557-'{:::::'
SSIIIIogr oo - CIz====
----- O———a_
Rl TEEEEEE
30 40 50 60 70 80

number of patches
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CEA VS RP

101 . . : 0.009
—— CEA MC-NILC —— foregrounds
10-2| — RPMC-NILC --- noise 0.008
SP MC-NILC re[1073,4-1073] 0.007
__ 1073
~ —0.006
X A=)
=104 Tc';o.oos
B, )
Q 10-5 = 0.004
0.003}
1076
0.002¢}
-7 . . . . .
10 5 10 20 50 100 0.0014 10 20 30 40 50
/ number of partitions
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B 7
337 337 337 337 1+ % 37
Bjgas _ Bgust + Bsync _ Bust .
119 =~ p119 119 = p119 119
Bfgds Bause + BS}’nC B st Bsync
1+
B119
dust
1071 —— :
—— RP-MCNILC, B{"/B}*° —— foregrounds
102 RP-MCNILC, BA"/B A0 --- noise
RP-MCNILC, B119/B}1° ref1073,4-1073]

__ 1073 /,/".
N ”__4

~x L e T

E," 104 =TT e et

o | —— e T za

Q. -~

Q 105} =77 il

1076
107 o 55 . -
/
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Foregrounds residuals

RP-MCNILC

A. Carones
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Generalized NILC (GNILC)

At each needlet scale: —=_iph=o_
RNI 2R HNI /2 _

(A + 1 .
Us|Un | | E; (Remazeilles et al., 2011)
Am + 1
Il UL
Ry/°RR,* = UsDsUT + UxUT, Ry = R-Ry

B2 (B-1285-1/2 51/2
= Ry (RYRRy —I)ARN
= RY? (Us (Ds - ) U) RY?.

where

Dg = diag[4; + 1, ..., 4, + 1]

—

F = RY*Us

w=F(FR'F) F'R"'
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MC-NILC RATIOS

4 . .
SYNCHROTRON DUST Cantor pairing function
B;(40 GHz) + B;(402 GHz) ‘ I NxN-N
B;(50 GHz) B;(280 GHz) L n(kq, k2) = E(kl +ky)(ky +ky+ 1)+ k; )
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BIAS in MC-NILC
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SEMI-BLIND APPROACH

In case of no significant deviations of thermal dust emission from a MBB, given the
LiteBIRD sensitivity, we develop an alternative semi-blind method to build the ratio

HIGH-FREQUENCY TEMPLATE : GNILC

CMB-CHANNEL TEMPLATE :

I. LiteBIRD full QU maps at 40 and 337 GHz considered as synchrotron and dust

templates
li. Lower noise and CMB contamination at 40 GHz with the application of cPILC on

the LiteBIRD QU data
lil. Re-scale these maps with the mis-modeled "d1s1" spectral indices to the

frequency of interest
Iv. Add the two obtained QU templates and compute the corresponding B-modes map

MIS-MODELED SPECTRAL INDICES
X=X+f-W(a(X)), withX ={Bg4,BsTq} and f =[0,0.5,1,2]
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SEMI-BLIND APPROACH

In case of no significant deviations of thermal dust emission from a MBB, given the
LiteBIRD sensitivity, we develop an alternative semi-blind method to build the ratio
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102l T MC-NILC, f=0 —— foregrounds _ \ —— r < 0.00022
—— MC-NILC, f=0.5 === noise o 0.8} —— r < 0.00023 1
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FULL COMPARISON

jp— MC-NILC, semi-real

—— NILC —— foregrounds
—— MC-NILC, ideal -=- noise
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100
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