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Context & first results
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_Map-space BB AL WL SR Section 1

For both Galactic Science and CMB science, we need analyses and modelling:

- in map-space,
dust & synchrotron: large-scale non-Gaussian signatures,
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_Mapspace BB AL RN\ o8 Section 1

For both Galactic Science and CMB science, we need analyses and modelling:

: log P [RJ]
- 1IN map-space, A
dust & synchrotron: large-scale non-Gaussian signatures, : J’/;e
|
. |
- at several frequencies, !
in order to distinguish different physical origins, A e, ~ ~ T T~ >

) CMB |Og'l/
- distinguishing between E (- - \)andB(/ , 17X patterns

In “optimal analyses”, B modes shoulh be?h_e contaminant fo?rseaches [log & LIC](P)
E and B patterns are expected from different physical sources.

How to combine all those?

Pol. synchrotron by C-BASS & S-PASS /



_Mapspace BB AL WL AR Section 2.1

Spin-2 polarization field: P.p (M) =

1 (Q U)(n) P(n )(coszw sin 24/ ()

Q sin2yy  —cos2y
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_Mapspace dlB AL WL O Section 2.

Spin-2 polarization field:  ©,, (n) = —— (Q v ) (m) = 2 (COS 20 sy

V2 \U -0 \2 \sin2y  —cos2y
Ways to decompose it into E and B modes: into spin-0 or spin-2 fields.
i ion: map2alm

Concrete implementation (1,0,U) {af)m’ afm’ at’Bm}’

P alm2map

7<) {E.QE.Us} —— {ag,. a;,,0},
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_Map-space &8 L1 W\

Spin-2 polarization field: P, (n) = \}5 (g UQ)( ) = P\(/;) (C;;)If;j _Silcl)szgw (n)

Ways to decompose it into E and B modes: into spin-0 or spin-2 fields.

Section 2.1

Concrete implementation: (1,0.U) mapegim {al .af  aB .
m?’ m?’ m
N\ | “ F N alm2map
;< ) {E.QE, Up} ——— {af ,af .0},
we¥) [ i alm2map
4.2y~ N~ {B,08B,UB} <—{ag 20, ag }-
N /| m m
Spin-2 decompositions:
1) Easy to interpret and manipulate in C: 2) Nice properties: L_and L are linear

2 9 projectors that are orthogonal.
=4/Q% + U}

E
Pp=,/Q% + U} P=0+ilU
S=E

I rticul
LB n particular,

n(U
Yp = tarctan(Up/Qp) Pab (l’l) = (E) (n) + P(B) (n)
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WM“ \ . - Digression data

What is the spectral complexity in each field?

Angle stability, order in spectral expansions...

e inP?

e Additional spectral complexity in P_ & P;?

o Should we model P or PE & PB? In which contexts?

o What field characterizes best Galactic structures?
. is simpler to extrapolate to CMB frequencies?

o Do we prefer to model complex fields spin-2 P_ & P, or real spin-0 |E| and |B|?

o We need an SED beyond rigid-angle power-law (for sync).
Which one to go for?

24



m tral & E/B %& Mion W - Section 2.2

Complex moments , Complex log-Taylor
around uniform rigid-angle power Iaw:/, 5 = 1og(v—0)

B w
X = aa Wo+w s+ — s>+ X =Aexp(Bs+iys*+--
v Vo =0 " =1 9 A, =A4€EXp I~ ZZ
A=w,,
Since P,=Pp, +Pp, . _w
’ ’ Asymptotically B=B+—L,
equivalent: 17" Lid)
W, g =Lglw,l, w, g =Lglw,l, wy (w, )
; -2 ()
Wy = Kn,E + mn,B Wo Wo

Next sections: focus on synchrotron focus.
At 0-th order, we expect a rigid-angle power-law in each LoS.

Derivation of a general formula that, from a modification to a uniform rigid-angle power law
P, allows to predict moments and log-Taylor parameters.

25



fhe spectral camb 3

it

Effect 1: line-of-sight superimposition

Section 3.2, Fig 1

102

1031 P,
102, — 5
101 —— Total
a 109
10—1_
10721
10—3_
1.5 1
1.0
0.51
That induce curvature and angle-evolution 3 0.0
(and also E / B redistribution!) 0.5/
We can also predict spectral parameters... —1.0;
dy o [Aa Ba + Apei?¥e 5 —-1.5; |
ds = %\S[Aaeizwa _,_bAbeiQwab}v 100 101
AoV B2 + Ay ™ (Ao B + A )’ v
v =% Zaei2wa+AZZi2wa b (Aaei%a +bzbei2wab> } 26




fhe spectral cdnibX

Effect 2: synchrotron ageing

That induce curvature but NO angle evolution
(hence no E / B redistribution!)

We can also predict spectral parameters...

—  dlogCyge _
= —+ =
ds 0
_ dlogCye| Ao a
- ds? T o (1+a)?

W

it

Section 3.5, Fig 3

—— Base
----- Ageing mult. effect
Ow,
er/aw
> 0.0
-0.5
—1.01
=5 1 '
100 101 102
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the spectral cqmip Rty jn PEos, - Section 3.6, Fig 4

Effect 3: Faraday rotation

, —— Base
10—~ Internal mult. effect

10% External mult. effect
& 109l snsscmeanernaisn TS Totsl

€x 1071

10—3,
1.5

1.0
0. 57

That induce curvature and angle-evolution 3 0.0
(and also E / B redistribution!) —05!

We can also predict spectral parameters... —1.01

_ dlogCry| - il
+

= - 0
e 10

Y =Sy F(Sp) +SFf'(Sy)
-32 o-l%M,ext('A/V?) + 8iRM gy, c2/v(2),




_First, what's fhe spectral cambRYY i P2 - Sections 3.3 837

Two additional sources of complexity for what concerns P_ and P, and that leads to distinct £ and B complexity.

4)  Sources are extended and they are more or 5) E/B transform is not fully-local
less E- or B- like as an emergent property. Effect 1 occurs.
Q u P
Qe Ue Pe E

0 0.00891641 0 0.00891641
Os Us Pg B

Pg Pe/Pg

0 0.00891641 -2 2

e.g. Loops are more E-like polarization patterns.
(with specific spectral properties)




Toy model #F L1 QY o EE Section 4.1, Fig 5

E/B A B Other prop.

(1) E loop +00 1 -3.4 -
(2) B loop 0 1 -2.6 -
- (3) Random-angle galaxy rand (5°) 1 -3.0 -

(Sec 4' 1 ) Toy mOdeI ' (4) Circular source 0 1 -3.2 Aged
&

(5) Circular source 1 1 -3.2 y>0

« ” « ” (6) Circular source +00 1 -3.2 Faraday

B |OO p E |OO p (7) Stochastic-angle stripe  rand (20°) 1 2.8 =
(8) Random-angle bg. rand (20°) 0.01 -3.0 -

l0910PE/Ps

AN

30



Yy By W' quantify the spectral complexity. Especially ¥, tells about the angle stability.

Those can be numerically fitted or analytically predicted => same maps!
Our analytical formulae are validated & can be used for modelling. 31



Section 4.1, Fig 7

Overlap between “E loop” and “B loop”:

More spectral complexity in P than in P, P!
(Consequence of effect 4) 32



Expanding offir toolbox = & § R\' W " gection 4.1.3 Fig 8

We also can generalise the E-to-B ratio
thanks to spin-2 decomposed moments:

= —arg :

I
I
o
>
<
S
|

Pn

g
o rad np

33



 More realisti@'sky model '\ § R\ e EF Section 4.2, Fig 10

(Sec 4.2) PySM s5 model:

- Rigid-angle (i.e. P morphology is conserved across frequencies),
- Powerlaw in P.

0910P£/Pg

-0.002 0.002 -0.002 0.002 -0.002 0.002 —n/2 n/2 -0.002 0.002

- Very clearly distinct morphology between P_and P, >



_ More realistidsky model_\ { ¥

Complex log-Taylor fit of spin-2:

In general (for realistic morphologies),
/ P_ & P, are spectrally simpler than E & B

logA g Bis

Real log-Taylor fit of spin-0:

IogA|E|

35




application cases

Simplified schematics for CMB and r foregrounds mitigation

Fg Comp. sep. Masking of CIBBand r
modelling (or fg cleaning) residuals estimation

In EE, EB orin P? In EE, EB orin P? In EE, EB or in P? In EE, EB or in P?-




S H ExtraPolation to high frddyéncy ™ -~ “=* (v2) Section 5.1

With limited number of channels & fixed # parameters:
does one prefer to model P or P_& P,?

Q.U
0 Q Qg Uy
Bp Bpe Bpg
_ Q.U P,P_ P
V=9, Q,U Q;Ui I CBBEI‘B

Which path to follow?

37



v2) Sec 5.1 & bonus data

BT ExtraBolation to high -due

With limited number of channels:
does one prefer to model P or P_& P,?

le—10
> 1) Transform Q, U to Qg, Qp, Ug, U
2) Extrapolate Qg, Qp, Ug, Ug with Bp,, Bp,
_._ 1) Extrapolate Q, U with gp MSE of the two paths on data.
41 2) Transform Q, U to Qg, Qg, Ug, Ug

(C-BASS x S-PASS Planck
extrapolated to 33 GHz, and
compared to WMAP 33 GHz)

QUP Q'EUEpE OBUBpB
Which path to follow? Answer is definitely not trivial on data:
P_ P; modelling is perf. viable, & is perhaps already favoured by data! 28



(v2) Sec 5.2

EEFAmapfoaceiLcs AL

What contaminates CMB B modes? Foreground variance!
=> philosophy of minimal variance ILC.

Ly (Cp)™ ] )
S(p)=> wYh, . dy(p) where wY. = _ & Cp = — dy(p)d,, (p)
2o WA Vo 24
ILC weights
RPILC Wy
RP_P_ILC W__, W
... but we have lot of @SFL(? WZE "
freedom left: REBILC W, Wy
CPILC w, +iIW,
@EEEB”‘C WPE + iVvPE’ WPB + iVVPB
CSILC wg +iWg -




Cl space proxy for the residual contaminant to r
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(v2) Sec 5.2, Fig. 14
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Step 2:[yElex
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(1)
S

fhace ILC's residull

(Pe) (Ps) |oglo(PE)/<Pg‘$‘e‘i(;’g)/ (#

(P)
RPILC on
c, do, s5
CPEPB”_C on
c, do, s5
REBILC on
c, do, s5
1..2:1;
RPILC on
¢, do, s5
modif
CPEPB|LC on
c, do, s5
modif
REBILC on
¢, do, s5
modif
[r—— _— = —_—
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(v2) Sec 5.2, Fig. 15
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Mask 'g strategy %&T L~ b - (v2) Sec 5.2, Fig. 15

(Pe) (Ps) |oglo(PE)/<Pg‘$‘e‘i(;’g)/ (#

(P)
RPILC on
c, do, s5
CPEPB”_C on
c, do, s5
REBILC on
c, do, s5

RPILC on
¢, do, s5
modif

CPgPgILC on
c, d0, s5
modif

REBILC on
¢, do, s5
modif

Al
066

map space proxy for the residual contaminant to r

-le-06 le-06 -le-06 le-06 -le-06 1le-06
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Step 3: 'k ‘ strategy %A \dual L A (v2) Sec 5.3, Fig. 17

What masking strategy for further reducing the residuals?

1014

)

fg res

M(C

fg res

/4
=
o

o

QU with@ QU with Pg —— QU with |B]

field thatis ~— | - sWithP -~ QgUg withPg  -—— QgUg with |B]
being masked | o Bwith P - BwithPg ... B with |B|
/

field that is used 10! 102
as a tracer /

Cl space proxy for the residual contaminant to r
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_ Polarized vesSels LA W\A " _ . “%0  Bonus data

Inputs:
sync: C-BASS x S-PASS
dust: Planck 353

|41 (0:m)] < |A2(o;sm)|  are eigenvalues of Hyp,(o7im) = VoV, for ()

where fo(n) = (Go * f) (n) are smoothed P (sync or dust) maps.

d f anisotropy (‘blobness’): Ry (sn) = [SLZ D)
r nisotr n , M) = ;
egree of anisotropy (“blobness™): &Xp Aolarsm)
d . . 2 2 1/2
overall 2"¢ derivative contrast: S(o;n) = [/ll(o-;n) + A>(o;n) ] i

Multiscale analysis:
Done for logspace(2°, 30°, 12).

V(n) = max V(o;n),
o€eX

x\ N T (n) = arg max V(O-a n) .
\ oex

46
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MN‘ \ . - Bonus data
Rp(co;n)? S(o;m)?
. 5 1 - eXp —2—2
2B & (i) in regions with

V(oin) = L2, (oin)<0 €Xp
Vi =
(iii) for valley-like (ii) for blob-like negligible curvature (S
=B features (12> 0) structures (R, -> 1) ->0),
ressed: ' B ’

3 dofs: 3, y, C

Will affect:

. i 0 0.6
We represent on common maps those adimensional scores...
(allow to do a complementary non-Gaussian diagnosis to power spectra)



P, P_, P, Syn€hrotron vessé ‘Bonus data

7 & {“".
\£ /} Q’ \I‘\r"
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3

o) 1 w@ *f:f-? ""M ’

: L
~’.\l ’ '/
AR “ A



P, P_, P_Dusfvessels \ \.?. = A rBon(js data

dust P PE PB



Bonus data

v U i T - B IR S
81 .}' - ’.. CR T ol e ) VR '&%‘! \ﬁg ’ﬁ . YA
1 okt s o ;\ B! i g 44

A\ 7 (54
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P synchrotroll curvature {1 \

Higher orders:

e Curvature
(first results)

e Rotation measures
(first results)

107!

1072

pix n°170 at Ngige = 16

4 CBASS ¢ CGWMAPK CG Planck 30

¢ CG WMAPKa

10! 10?2
v [GHz]

pix n°22511 at Ngjge = 64

¢ C-BASS ¢ CGWMAPK

CG Planck 30 ¢ CG WMAP Ka

.k‘\

102

10™

1672

1073

P [K]

104

1073

10-°

Bonus data

pix n°10914 at Ngjge = 32

¢ CBASS

¢ CGWMAPK

¢ CG Planck 30

¢ CG WMAP Ka

10!
v [GHz]

pix N°37153 at Ngjge =128

‘{ $ CBASS ¢ CGWMAPK

» CG Planck 30 ¢ CG WMAP Ka

10?
v [GHz] 51



Conclusionsf A1 W\

Why should we care about E and B decomposition? Yes!...

1) Some sources emit more E modes than B modes,
2) B modes are the contaminant of C 5.
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Bt i B

Why should we care about E and B decomposition? Yesl!...

1) Some sources emit more E modes than B modes,
2) B modes are the contaminant of C 5.

Why are P_ and P, especially appealing for that?

1) Nice mathematical properties,
2) Easily interpretable,
3) Better tracer of astrophysical structures.

53



_conclusions® _______\ 1\

Why should we care about E and B decomposition? Yesl!...

1) Some sources emit more E modes than B modes,
2) B modes are the contaminant of C 5.

Why are P_ and P, especially appealing for that?

1) Nice mathematical properties,
2) Easily interpretable,
3) Better tracer of astrophysical structures.

Should we worry about additional spectral complexity there? Yes, but...

1) We already expect spectral complexity in P,
2) Theoretically justified that in some specific cases, P_and P, are simpler than P.
3) Available measures indicate first hints for this!

54



1 .‘. \ -_ --‘l"-._.‘..-‘- '-—',,

Conclusions!



https://arxiv.org/abs/2603.02177

Conclusions! L3 WRNE,

What’s next?

1) Build a new model of polarised synchrotron ...
... with novel C-BASS data (morphology, g, ...)
... with physical spectral complexity in P (relaxing the rigid-PL-in-P assumption).
2) Apply novel P, P ideas for CMB analyses -> improving our syst./stat. error on r



https://arxiv.org/abs/2603.02177

Additional material



Section 4.2.2, Fig 11

— Br.j0l — Yral

106 ﬁ: QLU ] Vz [Ql. U]
n 10°1 e Yl R 1*
)
C wpnd — Bs i —
8 10 ————- B|E| SRR Y|E| o
“ 1031 = Bis|

102

10!

-6

10’

106_
_‘tg 105
S 10*
S

103_

107

10!

-15 -1.0 -05 0.0 05 1.0 1515 -1.0 -0.5 0.0 05 1.0 1.5

|E| & |B| are spectrally more complex than others. s



logTaylor or floments? - { Ri\} W <% Section 4.2.3, Fig 12

With limited number of channels:
does one prefer to model with log-Taylor or moments?

N Xmodel 2
_ 1 =i

D X = Neh Xinput el
=1 Ay

DIog(P)/Dmom(P) DIog(PE)/Dmom(PE) DIog(PB)/Dmom(PB)

For P: log-Taylor exact (expected for PySM),
for P_ & P_: no clear preference. 59



logTaylor or i ? - o il Bonus data

WMAP 33

1)goinEB
2) extrapolate

1) extrapolatef
2)goinEB




Extrapolatiofto high frequentyRly | | ~ = %% Section 5.1, Fig 13

With limited number of channels:
does one prefer to model P or P_& P,?

1072 g

2 S — O ---@—Ee—@-m——m=mm—=m o | SRS s
L1078 oner lawin ) MSE of the two paths for two models:
‘;_4‘ 10_17 | s s5 modif (power law in Pg, Pg)
S - power law in P or
£ 0 1 — - power-law in P, P,
| 1025/
o
L) 1) Transform Q, U to Qg, Qp, Ug, Up
g 10291 2) Extrapolate Qg, Qg, Ug, Ug with Bp,, Bp,
N 1) Extrapolate Q, U with Bp
o Zg 10-33 = 2) Transform Q, U to Qg, Qg, Ue, Us
10—37_
Q U P Qe Ue Pe Qs Us Ps

Which path to follow? Answer is ret-a-priorit trivial for PySM models.
(because rigid-angle power-law in P) o



EB:E] vasking strategy otiile}

109-

Var(X with Y)/Var(QU with P)

107

107_
105_
103_
101_

10—1_
10—3.
10—5_

E loop B loop
— QU with P — QU with P — QU with P
OBUB with PB OBUB with PB — OBUB with PB
———- B with |B] ———- B with |B] - B with |B|
1
s = \
~ 2533 » - ‘
v 1 St = m— : |
20 40 60 80
fsky [%]

100

(v2) Sec 5.3, Fig. 16
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8 with upcomipd diB/




Bonus data

C-BASS
S-PASS
Preliminar



_Model buidin§ with upcomigd diB¢

s1

s’

C-BASS
S-PASS
WMAP
Planck %?EI[?RUUNDH
Preliminar 65



8 with upcomigd deb/

1071

‘e,
0_2 v S
1 N L
. 23
e .
Ted .
.

Bonus data

1044
10—5_
1076 |—— Clr Chobre  ___ CPriPry
———— Sl ........ S7 data \\I‘
10_7 T *lA A\
109 101

More spatial variability than expected? To be continued...
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Model buidin§ with upcomigd GeBASS dfta . - =~ Bonus data

P RM [rad/m?] Pe RM [rad/m?] Pg RM [rad/m?]
s1

. some PEPB-transform-induced RM ..

s’

P RM [rad/m?] Pe RM [rad/m?] Pg RM [rad/m?]

N
AT, \ Moy
o . P

C-BASS * " »; I
S-PASS ¢ o
Planck SRR
Preliminar



nmlu@ Input

FOREGROUNDS —

the European Union

C-BASS DR1 [4.78 GHz]
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