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The state-of-the-art of primordial B-modes

PR1 (2013) r<0.11
PR1+BK (2015) r<0.12
PR2+BK (2016) r<0.09

BK15 (2018) r<0.07
PR3+BK15 (2019) r<0.065
PR4 (2021) r<0.056
PR4+BK15 (2021) r<0.044
BK18 (2021) r<0.036

PR4+BK18 (2022) r<0.032
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Requirements

* Instrumental sensitivity

e Control of instrumental systematic

effects

* Control of Galactic foreground

contamination
= Multifrequency observations

= |mproved foreground models
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Requirements
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Rms brightness temperature [UK, ]

* Control of Galactic foreground =F
contamination <L
= Multifrequency observations 1; - L s L
Frequency [GHz]
= |mproved foreground models
(Planck collaboration et al, 2015, A&A, 594, A10)
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Our study

Are there reliable strategies to validate or

invalidate a possible B-mode detection?

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 ot



Bolometric Interferometry (Bl) in a nutshell

56 cm
window _ _
filters
half-wave plate < I )
polarizing grid -

primary horns » ~aK
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- A of BI: the QUBIC

experiment
See D. Mennella’s talk

dichroic
<1K

(S3L Z66) Aelie 2132W0|0G ZHD 07T

150 GHz bolometric array (992 TES)
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Bolometric Interferometry (Bl) in a nutshell

Sky
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The classical imager angular response

/ Sky

Antennas
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The Bl angular response

Signal = Sky * Synthesized beam pattern
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The Bl angular response

Signal = Sky * Synthesized beam pattern
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5 'fpix, 200x200 pix

Spectral Imaging

Observation simulation of a sky patch
close to the Galactic center between

130 to 170 GHz
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Spectral Imaging

Take-home message

* Spectral imaging happens at the data analysis level @ """""

(Mousset et al. 2022)

* |t allows us to play with different spectral resolutions

* We can re-analyse data with different spectral

configurations to search for biases
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Galactic thermal dust emission models

Conventionally modelled as a Modified
E5|Ei(:h(t)()(j\/ (I\/IE;ES) ; I T T T L
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(Planck collaboration et al, 2015, A&A, 594, A10)
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Galactic thermal dust emission models

Conventionally modelled as a Modified
BIaCkbOdy(MBB) ; I l T T T T L
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= PySM model dO: spatially constant
spectral parameters T, ,[; = const

Rms brightness temperature [UK, ]

10"
I

= PySM model d1: spatially varying : D R

. " 10 30 100 300 1000
spectral parameters T;(1n), [4(N) Frequency [GHz]
https://pysm3.readthedocs.io/en/latest/ (Planck collaboration et al, 2015, A&A, 594, A10)
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Galactic thermal dust emission models

Modified Blackbody (MBB) @
= PySM model d0, d1 *!

e Different dust grain compositions
. https://pysm3.
= PySM models d5, d7 (Hensley & Draine 2017) readthedocs.io
/en/latest/

* Sum of single MBBs
= PySM models d4, d12 (Finkbeiner et al. 1999; Martinez-Solaeche et al. 2018)

Dust LOS frequency decorrelations
= PySM model d6 (Vansyngel et al. 2018)
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Galactic thermal dust emission models

* Modified Blackbody (MBB) Ol O
= PySM model d0, d1 o S
We focused i

on this model

e Dust LOS frequency decorrelations
= PySM model d6 (Vansyngel et al. 2018)
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Dust LOS frequency decorrelation: the PySM model

* PySM model d1 : Dust MBB with spatially varying spectral parameters

hVO

Id(ﬁJ V) — Ad,vo (ﬁ) hv
ekpTa(M) — 1

Vo,d

 PySM model d6 : Dust MBB with LOS frequency decorrelations

hVO

ekpTa(@) — 1( v )Bd(ﬁ)ﬂ

Io(7,v) = DEC(v,vo, Lcorr) - Ag, (1)

hv (Vansyngel et al. 2018)

eBTa — 1

Vo,d
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Dust LOS frequency decorrelation: the PySM model

* PySM model d1 : Dust MBB with spatially varying spectral parameters

hVO

ekBTa() — 1( v )ﬁd(ﬁ)‘ﬂ

[4(7,v) = Agy, (M) —
ekpTa(M) — 1

Vo,d

Decorrelation factor
at the SED level
(Spectral Energy
Distribution)

 PySM model d6 : Dust MBB with LOS frequency decorrelations

hVO

eksTa@ — 1 [ v Ba(M)+1
I;(7,v) S DEC(v, vy, € corr) Ad,vo (1) 7Y y (Vansyngel et al. 2018)
kaT 0,d
ekBlda — 1
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Dust LOS frequency decorrelation: the PySM model

* PySM model d6 : Dust MBB with LOS frequency decorrelations

s O e
T, ;
Io(7,v) S DEC(v,vo, € corr) } Ay, (D) — (v ) e

oRpTa 1 \Vod

Decorrelation factor is randomly sampled from a Gaussian distribution
DEC(v,vo,¥corr) « N (u=1,0= a(1/€c0r+))

(Vansyngel et al. 2018)
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Dust LOS frequency decorrelation: the PySM model
Lcorr = 10

102! Dust MBB model
B 1-0 SED dispersion

2-0 SED dispersion

SEDgrums [UKcmB]

10! 102
Frequency [GHZz]
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Dust LOS frequency decorrelation: the PySM model

SEDgrums [UKcmB]

Ecorr = 20

102_

Dust MBB model

1-0 SED dispersion /
2-0 SED dispersion

102
Frequency [GHZz]
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Dust LOS frequency decorrelation: the PySM model

SEDgums [UKcmB]

Ecorr = 50

102_

Dust MBB model

1-0 SED dispersion /
2-0 SED dispersion’

102
Frequency [GHz]
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Dust LOS frequency decorrelation: the PySM model
Lcorr = 100

102] T Dust MBB model /
1-0 SED dispersion /
TED 2-0 SED dispersion ’
O ,
E 101
S
Q 100 Larger €., — smaller
a decorrelation: Ry, — 1
L~ For #,,,.. — ©, SED > MBB
1071 \
101 102

Frequency [GHZ]
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The pipeline: MC chain
4 N\ a Component N

CMB + noise + separation 4 N
foreground Clean
Dust model = MBB CMB
. Model d0s0 | FGBuster '
map
Il.  Model d1sl (Stompor et al. 2008)
QI. Model dGSl/ Commander o /
@iksen et al. 2006, 20@
4 N\ 4 N\ 4 N
BB
Max-L (1) - L(1r) — D,
o % e % e /
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CMB-S4 & hypothetical CMB-S4/BI
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Polarization sensitivity [K x arcmin]

CMB-S4 & hypothetical CMB-S4/BI
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4 Classical imager / CMB-54
CMB-54 in Bl config. with 3 sub-bands

H,=‘_|H=-=H—|

50 100 150 200
Frequency [GHZz]

250 300

CMB-S4/BI configuration:
S4 frequency band is
subdivided into ng,, sub-bands
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4 Classical imager / CMB-54
CMB-54 in Bl config. with 3 sub-bands
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The sensitivity in each sub-band
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The sensitivity in each sub-band
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4 Classical imager / CMB-54

CMB-54 in Bl config. with 3 sub-bands degrades ds

——e—

Bl _ _S4 .
Oij = 0; *+MNsub @

1 =1, ---:Nbands,SAL

- j — 1, ...,nsub

A 4

Sub-optimality factor ¢ :
| . - increases the white noise level to

account for correlated noise (proxy)
(Mousset et al. 2022)
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CMB-S4 & hypothetical CMB-S4/BI

The sensitivity in each sub-band

40]
4 Classical imager / CMB-54
35 CMB-54 in Bl config. with 3 sub-bands degrades dsS
* Bl _ _S4 .
0ij = 0i "VMsub @
30 A
Since we focus on dust, the i =1,..., Npands s

25
synchrotron frequency .
] = 1, ooy Noyub

20 channels are not subdivided - !

Polarization sensitivity [K x arcmin]

15 Sub-optimality factor ¢ :
Lol e - increases the white noise level to
e account for correlated noise (proxy)
5/ (Mousset et al. 2022)
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Classical imager / CMB-54 Fetereteteteie;
CMB-54 in Bl config. with 3 sub-bands
4 CMB-S4 in Bl config. with 5 sub-bands
re4 CMB-5S4 in Bl config. with 7 sub-bands
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Classical imager / CMB-54 Fetereteteteie;
CMB-54 in Bl config. with 3 sub-bands
4 CMB-S4 in Bl config. with 5 sub-bands
re4 CMB-5S4 in Bl config. with 7 sub-bands
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In total we considered seven CMB-S4/BI

cases with ng,, ranging from 2 to 8

Regnier M., Manzan E. et al. 2023
to be submitted
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Regnier M., Results

Manzan E.
et al. 2023 If we fit with the correct model
to be submitted
0.014 - & s ) fineuw =1 Input: MBB
0.012 - & d1sl, rw —0.006 | fit: MBB
5 0.010 -
9
A
% 0.006 -
O
 0.004 -
0.002 - | . | | | | |
0.000 frFrrrrerr b V R U S .
2 3 4 5 6 7 8
CMBS4 \ Number of sub-bands JCMBS4/BI
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Regnier M.,

Results

If we with the wrong model

+ dosor rinput - 0
dlS]., linput = 0
—#— d1sl, rppu = 0.006
—— db6sl, ripe =0 .
- With Bl the

estimated r

+ + + + { _.-» reduces with
L increasing ng,

-

Manzan E.
et al. 2023
to be submitted
0.014 -
A classical 0.012 A
Imager = 0.010-
would “---
?U.O'O-S-a-,
measure =
r ~0.008 § 0.006 -
)
< 0.004 -
0.002 - |
0.000 deeriferreeens T
@ >
CMBS4 \

4 5 6 7
Number of sub-bands
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Regnier M.,
Manzan E.

etal 2023

to be submitted

0.014 4 —— d0s0, rinpue = 0
dlsl, riqpue = 0
0.012 —— dbsl, Finput = 0

£ 0.010

o
[7]
< 0.004
0.002 .
— |
0.000 reefereererefreneeeeeeieeeeeese T """"" TT
1 2 3 4 5 6 7 8

Number of sub-bands

0.015

0.010

r+ o(r)

0.005

0.000

—i—t

e
—_—

o

- Input r = 0.0
¢S4
BI3
¢ BIS
\ BI7

The advantage of Bl in

* decreasing the biasonr

e diagnosing foreground
residuals

is maintained even in the

case of smaller levels of

dust LOS frequency

decorrelation
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Conclusions

* The in-band frequency resolution provided by Bl and its ability to re-analyze the data
allows us to detect dust LOS frequency decorrelation residuals that could bias an

imager of similar performance.

* These results have been consistently obtained using FGBuster and Commander

* This opens the prospect to exploit this potential in the context of future CMB

polarization experiments that will be challenged by complex foregrounds in their

quest for B-modes detection.
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Dust frequency decorrelation: current constraints

RPB between 217 GHz and 353 GHz

1.000‘0--======-==::::::5::::::::; """""""""""""""""""""
—————— q.‘_“_“_."“‘"‘—-0-—-—-—-—‘,
Correlation Ratio R, (v, v,): 0.975]
0.950
CV]_ XV2 0.925
R,(v{,vy) = L 5
f( L 2) V1 XV1 ~V2 XV>2 « 0.9001
C -C
£ 4
0.875
0.850{ CMB + Dust MBB constant over sky
0.825
(Planck Collaboration et al. 2017) 0-80050"150 200 250 300 350 400 450

[
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Dust frequency decorrelation: current constraints

RPB between 217 GHz and 353 GHz
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—————— q.‘_“_“_."““‘—-0-—-—-—-—‘,
Correlation Ratio R, (v, v,): 09751
0.950
CV]_ XV29 0.925+
R,(v{,v,) = — 5
f( L 2) V1 XV1 ~V2 XV>2 « 0.9001
C -C
£ 4
0.875
0.850{ CMB + Dust MBB constant over sky
0.825
(Planck Collaboration et al. 2017) 0-80050"150 200 250 300 350 400 450
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Dust frequency decorrelation: current constraints

Correlation Ratio R, (v, v,):

CV]_ XV2
— 4
R{(Vly VZ) T V1 XV Vo XV
\/C£1 1-6{,2 2

(Planck Collaboration et al. 2017)

RFPB between 217 GHz and 353 GHz

1.000 {je@=--= i Siit=t=ttet ittt ittty Rttt
_____ PO
E D *———-|--o__
0.975 _
0.9501
0.9251
Q..
0.900
0.875 —
08501 CMB + Dust MBB constant over sky
—@— Planck HM Release 3 (2018)
300 E2E simulations
0.825{ ~®= sing Planck HM Release 3 (2018) -
—4— Planck HM Release 2 (2015)
0.800 : : ; ; ; - ;
100 150 200 250 300 350 400 450

/4
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Dust frequency decorrelation: current constraints

Planck’s data allows
for a small level of
decorrelation

RFPB between 217 GHz and 353 GHz

1.000

0.975;

0.950

0.925+

BB
{

0.900

0.875

0.850;

0.825+

0.800

--@--

e

-
-

CMB + Dust MBB constant over sky

Planck HM Release 3 (2018)

300 E2E simulations
using Planck HM Release 3 (2018) -

Planck HM Release 2 (2015)

100

150 200 250 300 350 400
/

450
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Dust LOS frequency decorrelation: the PySM model

* PySM model d6 : Dust MBB with LOS frequency decorrelations

hv N
X R ekBTdO(ﬁ) 1/ v \PaH
I4(7,v) S DEC(v,vo, Lcorr) } Aav, (M) —5
kgT Vod
efkBld — 1

Decorrelation factor is randomly sampled from a Gaussian distribution

DEC(V,VO,fCOTr) « NWu=10c=0c1/t.0r+))

£VXV0 (1 for £ < 30
R,(v,vy) = 4 = < 1 1 \? v\?
\/ Cyv.cYo Vo expy—s:- ( fcow) -log (v_o) for£ > 30
\ (Vansyngel et al. 2018)
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Our level of frequency decorrelation

In our study we

1.0001
considered 3 types of
dust emissions: 0.975
e dO 0.950 \
Our level of
0.925; . .
o d6 with £,y =10 decorrela’Flon IS.
< 0.900] conservative with
respect to current
0.875{ --®- CMB+d0  — _
CMB + d1 observations

0.8501 @ Planck HM Release 3 (2018)
i CMB + d6; Lo, = 10

] 300 E2E simulati
Regnler M" Manzan E. 0.825| @ using PlaﬂﬂuHaMlg.Tasl‘ease 3 (2018) ——
et al. 2023 @~ Planck HM Release 2 (2015)
to be submitted 080050150 200 250 300 350 400 450
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Spectral Imaging

Signal = Sky * Synthesized beam pattern

primary horns 1.0f AT === 131.00 GHz -
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Spectral Imaging
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Signal = Sky * Synthesized beam pattern
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For v{,V, such that:

I(vy) —9(v1) > Orwum

One can recover the sky
signal at both v; and

Vv, during data analysis.
This occurs for:

9 Ol

10
(Hamilton et al., 2021)
(Mousset et al., 2021)
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Spectral imaging in action

Frequency: 130 GHz - Data Frequency = 130 GHz - Theory

(0,0) (0,90)
I I
o >ooert (Hamilton et al., 2021) ’ e
Elenia Manzan LPSC Grenoble, 2023.06.29
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Spectral imaging in action

Spectral imaging simulation S :
with 5 sub-bands between : :
192 to 247 GHz
@ @
(Mousset et al. 2022)

Th e 230400 pe
O IO P
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Spectral imaging in action

Moon Spectrum averaged from a
selection of detectors

>- 2 -== moon normalized
m —— tropical
< -l —— south mid latitude
Z
S -
=
— o
Ll < 10-
(a'et
al

0.5 -

0.0 T T T T T T T T T

130 135 140 145 150 155 160 165 170
filGHz]
Credit: G. D’Alessandro
mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 '%P



Sub-optimality

Frequency correlated noise is the price to pay for spectral imaging

Sup-optimality is a proxy that accounts for the increase noise
at the white noise level *’T— opima
$ 220GHz
¢+ 150 GHz
1.8
16 " (Mousset et al. 2022)
§1.4~ + }
1.2 +
: + 1
L e S e R
3 4 5 6 7 8

Number of bands

Within the QUBIC collab we are developing a tool to properly account for Bl’s noise

structure in map-making and component separation: stay tuned!
Elenia Manzan LPSC Grenoble, 2023.06.29 l‘
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The pipeline

Monte-Carlo with 500 iterations:

1.
2.

Generate a CMB realization with given r;,,,;
Generate (two) noise realization for each frequency
channel for each instrument >
Generate the foreground frequency maps in one of
the following three cases:

|.  Model d0sO

II. Model d1sl

lll. Model d6s1
Apply component separation using FGBuster or
Commander. Always assume the dust to be a MBB.

(Stompor et al. 2008)
(Eriksen et al. 2006, 2008)

\ + noise + foreground

MC Pipeline (FGBuster or Commander)

Max-L values
of r

o

[ linput = 0

(o)}

B

Number of sub-bands

N

0.00 0.02 0.04
Reconstructed r

mm-Universe 2023 Elenia Manzan

LPSC Grenoble, 2023.06.29




The pipeline

Monte-Carlo with 500 iterations:

1. Generate a CMB realization with given r;,, .
Generate (two) noise realization for each frequency
channel for each instrument R
2. Generate the foreground frequency maps in one of J——
the following three cases: \ + noise + foreground
|.  Model d0sO
Il. Model disl MC Pipeline (FGBuster or Commander)
lll. Model d6s1
3. Apply component separation using FGBuster or Max-L values
Commander. Always assume the dust to be a MBB. of r
4. Perform the (cross-)spectra of the reconstructed | 6.
CMB map 08, g =0 g
5. Compute the (log -)Likelihood of r. Assume a . E’E
Gaussian Likelihood and a noise covariance matrix | 4“§
N obtained from the simulation with the d1s1 | zé
model 0.00 0.02 0.04 .
6. Compute the histogram of the best fit values of r Reconstructed r
mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29




Dust frequency decorrelation: the PySM model

* Pysm model dO : Dust MBB with spatially constant parameters cxampls of reataations of st decomeltion over feauerey for e = 10
10 {| gogie maization
Ratd— 1 ( v\ S
Iq(v) = Agn, (1) —5 < >
eksTa — 1 Vod The dust SED deviates from
a pure single-MBB emission
 Pysm model d1 : Dust MBB with spatially varying parameters 1o |

hVO

ekeTa(R) — 1( v >Bd(ﬁ)+1
0,d

SEDgms [Kcms]

[4(7,v) = Agy,(R) —F;
ekeTa(M) — 1

10° 1

* Pysm model d6 : Dust MBB with frequency decorrelations

T (A n)+1
—1 Y, Ba(M)
vO,d Frequency [GHz]

https://pysm3.readthedocs.io/en/latest/

TMORLAT

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 {1



Regnier M.,
Manzan E.
etal. 2023
to be
submitted

Results

Maximum likelihood histograms for the reconstruction of r as a function of n_,

normalized counts

normalized counts

1.25

1.00;
0.751
0.501
0.25]

0.00

1.25

1.00;
0.751
0.501
0.251

0.00

......... d0s1, ripput = 0 --------- dlsl, rippue =0
j A
werreee 181, Finpue = 0.006 --------- dbs1, rippue =0
|
|
0.00 0.02 0.04 0.00  0.02 0.04

Reconstructed r

Reconstructed r

(9)] oo

B

Number of sub-bands

Normalized to the
maximum and smoothed
with a kernel density
estimator (KDE)

MJ

= (9] oo

Number of sub-bands

MJ

mm-Universe 2023
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Results

Histogram of the max-Likelihood values of r for an Imager (CMB-5S4)

1.2 === NoO decorrelation, constant 8, r=0
== No decorrelation, varying B, r=0
1.0 === No decorrelation, varying B, r=0.06
=== [Decorrelation, varying g8, r=0
0 0.8- Normalized to the
- maximum and smoothed
8 0.6 with a kernel density
O estimator (KDE)
0.4 1
0.2

0.60 0.01 0.02 0.03 0.04 0.05
Reconstructed r

5
L

=
=
AL i
Z >
(E’Pi.‘ J"‘J_ ;r-?'
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Regnier M., Manzan E. et al. 2023 Results

to be submitted
The recovered tensor-to-scalar ratio r as a function of n_
0.014 - —&— d0s1, rinpue = 0 Input: dO - fit: dO
0.012 - * Reconstructed r weakly depends on
_ N, (slightly increases due to higher
5 0.010 - noise)
)
s
= 0.008 * Small bias: E - B leakage caused by
wn .
€ 0.006 - the power spectra computation on a
o sky patch.
T 0.004 -
* The bias could be mitigated by
0.002 1 + F increasing the mask apodization
0.000 F ................................................................................. radius at the expense of a smaller
1 > 3 4 5 6 7 3 effective sky fraction (< 3%), but it
Number of sub-bands was outside the scope of our study

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 \



Regnier M., Manzan E. et al. 2023 Results

to be submitted
The recovered tensor-to-scalar ratio r as a function of n_
_ —&— dOsl, rippye =0 . - fit-

0.014 deL g Input: d1 - fit: d1

0.0127 The dust spectral index varies in the sky
5 0.010 -
9 Reconstructed r weakly depends on n,,
§ 0.008 - (slightly increases due to higher noise)
0
C -
S 0.006 Bias due to the aforementioned leakage
)
« 0.004 -

Bias also due to the difference in pixel
0.002 - | | : , i , | size of the reconstructed maps (N, 4, = 8)
0 000 _r ...... _-Tj' ......... T ......... TT ......... T ....... T ..... Compared to the inpUt Sky (NSide=256)

Number of sub-bands

mm-Universe 2023

Elenia Manzan

LPSC Grenoble, 2023.06.29 §,



Regnier M., Manzan E. et al. 2023 Results
to be submitted
The recovered tensor-to-scalar ratio r as a function of n_
i —— dOsl, ripp,: =0 : _ fit
0.014 deL g Input: d1 - fit: d1
0.012 - —— d1s1, rippu = 0.006
' * Same as before, just different r, ) .:

£ 0.010- linput = 0-006 instead of r; ;=0
v
5 0.008 - + +
2
S 0.006 -
O
U
% 0.004 -

0.002 | | | - | | |

0.000 fr Tt s 'r S P SR

1 2 3 4 5 6 7 8
Number of sub-bands

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 \




Results with Machine Learning
Regnier M., Manzan E. et al. 2023

to be submitted
] dl1sl, rinpu: = 0.006

0-014 DA The reconstructed r would be

0-0127 the same for an imager
5 0.010
3
g 00081 & + + + + + + % Decision Tree: are we fitting for
0 00067 the wrong model?
© 0.004

0.002 1 This allow us to compare CMBS4

O.OOO----I- R B e R e oy 3 nd CMBS4/B| on a Single

1 2 3 4 5 §) 7 8 . .
Number of sub-bands realization (measurement)

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 {1



Regnier M., Manzan k.- Ragylts with Machine Learning
et al. 2023 to be

submitted

Confusion matrix

* GradientBoostingClassifier

Test Sample

500 realizations of both models: — 1.0
|. d6 Wlth I’input —_ O Pure MBB(~~>§ ‘ ’0.8

. d1 withr, = 0.006 i

* Splitin half : training + testing . C

MBB with g _

_ _T(Msup) decorrelations =

* Compute p(n = 2
P ,0( sub) r(Meyp=1) < _>§ .

o If p(ng,p) #+ 1:it’s likely that we are fitting for -
v 0.0

the wrong model clean Predicted |at§2?tammated

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 |



Results on the spectral index

d0s0, finput = 0 disl, finput = 0
1.0 1.0 ';.I 1.0 g
B 8 :
H i 7w
0.8 0.8 | 7w 0.8 \g S
\ 2 | 68
| 6 & | =
0.6 06 |' || g 0.6 il 5 §
53 \ —
i 2 ' 4o
0.4 0.4 . 490 0.41 H @
@ H 3 'g
32 =]
E | i 2 =
0.2 0.2 5 3 0.2 H
[ 1
I / X
0.0 0.0 s 1 0.0 i R
—0.06—0.04-0.02 0.00 0.02 0.04 0.06 -0.06—0.04—0.02 0.00 0.02 0.04 0.06 -0.6-04-02 0.0 02 04 06 ~06-04-02 0.0 02 04 06
A.Bd ABS ABd ABS
db6sl, linput = 0
1.0
8
0.8 7 n
C
. 6 ©
Regnier M., Manzan E. et al. 2023 oo 2
3
wn
: S
to be submitted g 48
' Q
3E
3
0.2 2Z
1
0.0 | 0.0 — -
-0.6-04-0.2 0.0 02 04 06 -0.6-0.4-0.2 0.0 02 04 06
ABd ABS

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 & 5



Commander results

le=2
>0 T — r=0 dbs1, linput = 0
2.51 —4— rss = 0.0144 + 0.0151 10 ’ 1.0 i|
rg;z = 0.0043 £+ 0.0065 - . |
2.0 _} Igis = 0.0030 = 0.0034
—+— rg7 = 0.0026 = 0.0034 0.6 0.6
< 1.5 | N N
1.0 o .
0.5 1 T 0.0 / | 0.0 |
s —0.6-04-02 0.0 02 04 06 —0.6-0.4-02 00 02 04 06
? 6Bd e ﬁBs
0.0 - 1 3 5
B o Number of sub-bands
1 3 5 7

Number of sub-bands
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Parametric component separation

Solve d=A-5+n Vv,V pixel

-

s = lacup ,aq , as] A=A(w)
Inverse problem: find s given d
P(d |6)P(@)
P(d)
Find L(6) — find P(8| d)

Bayes Approach:  P(6|d) = o L(6)

-

Gaussian Likelihood Hypothesis: d — A+ s =71 « N (0,02)
AT B,
—2InL(&,8) « (A(@) -5 —d) N (AD) s —d)

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 £l



Parametric component separation: FGBuster

Maximum likelihood approach: find maximum of spectral likelihood

W = [Ba, Bs, T4

[aCMB y Ad aS]

S

05(—2InL(@,$)=0 > (Az-3) N"1(4-3 —d) =0
0:(—2InL(@3,9) =0 » 5 = (A@)TN"TAX)) LA(@)TN"1d

(Stompor et al. 2008)

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 0 ‘



Parametric component separation: FGBuster

Maximum likelihood approach: find maximum of spectral likelihood

W = [Ba, Bs, T4

> T -
—21InLgyec (@) <« —(ATN"1d) (ATN"1A)"1ATN"1d

Max-L of @ (e.g. with CG sta"rting from an initial guess)

A@)

(Stompor et al. 2008) S = (A(@)TN_lA(a))_lA(J)TN_167

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 -



Parametric component separation: Commander
:,Bdugs» Td]

_aCMB y Ad aS]

el
1

Samples the parameter space {s, w}
Recovers P(é‘ci) from L(é) using Gibbs Sampling, i.e.

y
|l

Gibbs Chain: R
W1i+1 < P(a)1| d, W2 i) W3 i, ) wn,i)

%
Wy i+1 < P(w2| d, W1 i+1, W3 i) ---»wn,i)
%
W3 i+1 < P(ws] d, W1 i+1, W2 i4+1) W4y ) wn,i)

 Gibbs sampling: most of the computational time is spent sampling regions

where the probability is higher
* End up with a numerical estimation P(w) marginalized on all the others

(Eriksen et al. 2006, 2008)

LPSC Grenoble, 2023.06.29 §
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Parametric component separation: Commander

Metropolis - Hastings Gibbs sampling
I 1
g = s LY
-Fs T oe—eP(xy)n)
2 2
Xai V
Y 3 Y o3 2
P—____________-r + P(x3,3)
P .
, f ) Pixs, 1) Pf’.x:_r-,}_h Py
p P(xo. ) Ix‘".- S
5 5
1 2 3 4 5 ! 2 3 4 5
X X

 Gibbs sampling: most of the computational time is spent sampling regions
where the probability is higher

* End up with a numerical estimation P(w) marginalized on all the others
(Eriksen et al. 2006, 2008)

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 :



Parametric component separation: Commander

Gibbs Chain:
Q
W1i+1 < P(a)1| d, Wy iy W3y ) (Un,i)
9
Wy i+1 < P(CU2| d, W1 i4+1) W3 i) e (Un,i)

e

W3 i+1 < P((U3| d, W1 i4+1) W2 i+1) W4y ) (Un,i)

S =lacyp,aq,as] sampled from a Gaussian distribution

w = [By, Bs, T4] sampled from a Cumulative distribution

(Eriksen et al. 2006, 2008)

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 :



Dust emission complexities

Dust grains ID Q \
/°Sub—um ©© ©
* Silicate, carbonaceous, iron ©

* Asymmetric
<lum

* Aligned with magnetic field B along short axis
* Absorb nearby starlight : T; =10 — 30K

* Thermally emit it with polarization along its major axis -> linear polarization
* Emits at lower frequency (energy) : IR

e Emission: MBB,i.e. I; = B,(Ty) - €(v).

B
* Emissivitye(v) =1 — n(v) =1 — e”™ W) > 1(v) = To (vl) d
0

Emission depends on the 3D structure of the InterStellar Medium (ISM) :
composition, molecular clouds distribution, temperature and magnetic field

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 | 4




Dust frequency decorrelation

Emission depends on the 3D structure of InterStellar Medium (ISM) : composition,
molecular clouds distribution, temperature and magnetic field

LOS (Line of Sight) frequency decorrelation means: the polarization angle Y4 = Y4 (v)
Pa * la

B J1+ tan2(y,)
Ug = Qq - tan2yy

Qa

- IfB changes along the (LOS), the grain alignment changes
« Ifalso T4 and/or 4 change along the LOS

Then g = P (v) 05 ==~ 5

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29 !



Dust frequency decorrelation

Even if @ = const. over pixels,

M3s3 = Mg 353 + Mcyp R, #1
RPB between 217 GHz and 353 GHz
My17 = a-Mg3s3 + Mcyp R I e
0.975; —
0.950
V1 XV
C 1 2
0.925
Ry(vy,v2) = d .
V1 XV Vo XV 0.900;
C 1 1 C 2 2
1 ?
0.875
— @ C&d + C&CMB 0.850{ —* CMB + Dust MBB constant over sky
2 2
2. 2 . 0.825;
\/“ (Coa)” + (Cocmp)” + (A +a®)Coq - Cocup
0.800

100 150 200 250 300 350 400 450
?

mm-Universe 2023 Elenia Manzan LPSC Grenoble, 2023.06.29



Synchrotron emission models in our study

Conventionally modelled as a Power Law

fs+C ln(L)

Vo,s

10

1%
I,(7,v) = Asy, ()| —
Vo,s

10’

= PySM model s0: spatially constant
spectral parameter [, = const and no
curvature (C = 0)

Rms brightness temperature [UK ]
10"

10"

—
[ UL

= PySM model sl: spatially varying
spectral parameter (1) and no

curvature (C = 0)
https://pysm3.readthedocs.io/en/latest/ (Planck collaboration et al, 2015, A&A, 594, A10)

| | 1 1 | L1 I | | 1 1 1 1 L1 l ]
30 100 300 1000

Frequency [GHZz]
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