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Multiple polarized astrophysical sources

Galactic foregrounds
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Galactic foregrounds
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The diffuse polarized components of the ISM in the
microwave:

30 44 70 100 143 217 353

Two main contributions:

* Low frequenues ( < 1()() GHZ):'
Synchrotron radlatlon g

e High frequenmes ( > lO()G Hz):'
Thermal dust radiation

. - 100
° i | | Frequency |[GHz]

+ AME ... _
[Planck 2018]
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Polarized synchrotron signal

Canonical spec:tra\ energy
dlstrlbutlon (SED) the power- _

§\
synchrotr

I 1) ( ﬁS) ' : ‘ ASUﬁS | o ; .' . emission cone )

With typicaHy ﬁS ~ —3 o B Beckmann, Shrader
» - . 2012
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Crab Nebula

Radio

Infrared

Optical

e -

UItravioI"et_-.

M1, the crab nebula
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Thermal dust polarized signal

Background Star Emits
Unpolarized Radiation
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NASA/SOFIA; NASA/JPL-Caltech/Roma Tre Univ.
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How to properly model the dlffuse polarlzed astrophyswal
S|gnal on Iarge scales’? .

L. Vacher- Cmb-france 3 2022 | 11



Il -How to describe properly the polarized signal ?

' Stokes parameters

|- — v \ /

0° 90° 5° 135°

@ - G

12 Z @2 — Q2'—|— U2—|— V.2 _‘ - Positive, right Negative, left
o handed: (/+V)/2 handed: (/-V)/2

_ I|nten5|ty '
Q,U ||near po\anza’uon -
V circular polarization.

c
O
i3
£
©

©

Q

-

o
o2

®
o

L. Vacher- Cmb-france 3 2022. 12 [Deg|’|nnocenti (2006)]



Il -How to describe properly the polarized signal ?

While | and Vare frame |
mdependent (sca\ar ﬁeld) .3

|- — v \ /

0° 90° 5° 135°

c
O
i3
£
©

©

Q

-

o
o2

®
o

a and U are not they are L
components in a g|ven baS|s

of a more complex obJect /= Q O
equivalently: o

=i | S g Positive, right Negative, left
e 3 2x2 (STF) tensora = handed: (I+V)/2  handed: (I-V)/2

* aspin-2spinor

L. Vacher- Cmb-france 3 2022. 13 [Deg|’|nnocenti (2006)]



Il -How to describe properly the polarized signal ?

‘Qand U can be united to form the complex number (spinor)
Q and U can be umted to forrh the édmplex humber ( pmor) o

o It's modu\e P is ca\led the polarlzed |nten5|ty
Under reasonable assumptlon P x I is the SED
e |t's phase yis cal\ed the polarlzatlon angle ..

L. Vacher- Cmb-france 3 2022 14



Il -How to describe properly the polarized signal ?

‘Qand Uca n be united to form the complex number (spinor)
' . ‘@-v.‘ ,_*'V' _HUV_ PV -e' b

The «spln 2» nature of 93 is hldq‘en -m the way it transforms .
under a nght handed rotatlon of angle 6’ around the Ime of

~ ’~'_. --—21(9.__. i
Z, e @U -

S|9ht

° L

L. Vacher- Cmb-france 3 2022 15



Il -How to describe properly the polarized signal ?

You expect that every voxe\ (3D Plxe\) of the ga\axy emlts W|th
a hnear polanzed SED Wi ' '

Ly (v ) e 5 chrOffOﬂ e
thls assumptlon what |

g, ¥ L - ' W|H present st|H ho\ds) ‘
T 2 A (V ) (Td) 32”/ Dust i . -
‘ Gl T ‘

16



lll - The problem of averaging

Spectral parameters (e.g. f, T for the MBB) of SEDs change with physical conditions across the sky/galaxy
(Predicted theoretically and veritied observationally e.g. [Pelgrims 2021]

[Planck 2018 V]



Averaging SEDs (spectral energy distribution /(7))

Fixed SED in every volume element

* Line-of-sight average (always there!)

[Planck 2018 V]



Averaging SEDs (spectral energy distribution /(7))

Fixed SED in every volume element

* Line-of-sight average (always there!)

* Experimental beam and frequency average

[Planck 2018 V]



Averaging SEDs (spectral energy distribution /(7))

Fixed SED in every volume element

* Line-of-sight average (always there!)
* Experimental beam and frequency average

* Map operations average (e.g., spherical harmonic expansion)

[Planck 2018 V]



Theconsequences are:

. SED dlstortlons SEDS are not ||near (e g I\/IBB) SO the sum of
two canomcal SEDs s not a c:anomc:a\ SED anymore

L. Vacher- Cmb-france 3 2022 21
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The consequences are:

« . SEEY dlstortlons SEDS are not hnear (e g I\/IBB) SO the sum of '
two c:anonlc:al SEDs s not a c:anon|c:a\ SED anymore - |

. Frequency decorrelatlon SED are drstorteol dncferent\y at every
“point of the sky. One can not extrapolate a map at a g|ven
frequency to another frequency anymore (olltferent banols
becomes decorrelated) [see €. g Pe\gnms 2021]

L. Vacher- Cmb-france 3 2022 23



The consequences are:

« . SEEY dlstortlons SEDS are not ||near (e g I\/IBB) SO the sum of -
two c:anonrc:al SEDs s not a c:anonrc:a\ SED anymore - |

. Frequency decorrelatlon SED are d|storteo| dncferent\y at every o

“point of the sky. One can not extrapolate a map at a grven
frequency to another frequency anymore (olltferent banols
becomes decorrelated) [see e.g. Pe\gnms 2021]

. Polarisation angle mlxmg Summlng poIanzeol SEDs W|th
different (constant) polanzatlon angles and spectra\ parameters '

lead to a resu\tmg frequenc:y dependent po\ angle L 7

L. Vacher- Cmb-france 3 2022 24



Polarization angle mixing
And SED distortions

Let's now look at the power-law sum:
~ ggy i P 62% e

= A, (v / Vo )ﬁ e¥n + Az (v / VO)'B e’ o i

L. Vacher- Cmb-france 3 2022 | 25



Polarization angle mixing
And SED distortions

Let's now look at the power-law sum:

U

P =P ez% .

= A (v/vo)ﬂl e 2% + Az(v/vo)ﬁZ ¢ 2Y

a) P, # AP e’ not a power \avv-.
b) You can witnessiy — 7, |
HARD TO MODEL!

L. Vacher- Cmb-france 3 2022 26
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60°
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IV- The moment expansion for intensity

Moment (Taylor inspired) expansion of 1, in p: -

. plp]<

Moment expansion arOU”d’thé'I\/IBBin‘ﬂ; el

]V(507 TO) :
L, (Bo, Tol o

Ip(v,n) =

L. Vacher- Cmb-france 3 2022 28

st o 2) F0 1 (2) .

Chlubaetal,2017]
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IV- The moment expansion for intensity |

K AHows to model very ac:curate\y SED dlstortlons and -
frequency decorrelatlon due to averagmg of non hnear =
|nten5|t|es hEs o - |

e Apphed succ:essquy for componeé.’t,.separatlon and Spectra\ .

CMB distortions at the map Ievel see e. g Rottl et aI (2021) =
Remazeﬂ\es et al (2021) | e o e R S

e And at the power—spectra Ievel see e. g I\/Ian9|H| et a\ (2021)
Azzoni et al (2021) Vacher et al (2022) _

L. Vacher- Cmb-france 3 2022 30



V- How to generallze this expansion to polarized S|gnal
- |e to splnor flelds’? = '
Not so easy question but surprisingly easy answer:
- Moo oD O,

Let’s sKip the mathematlcal derlvatlon shall we’?
(If you are curious, see Vacher et al 2022 arX|v 2205 01 049)

.

L. Vacher- Cmb-france 3 2022 31



Generalizing to polarization with the spin-moments

Moment (Taylorinspired)expa nsi,o nofl,in p:

P,(p) = & (Po)‘l‘ > 7740 “P» -po+ ZW’”’% b p,P(p» ppot e

L. Vacher- Cmb-france 3 2022 32

[Vacheretal,2022]



Generalizing to polarization with the spin-moments

Moment (T=yigig i lagiension of fyinp .

l/

9’ (p B )+

' « Spm moments »

L. Vacher- Cmb-france 3 2022 33
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Generalizing to polarization with the spin-moments

Moment (TaylQPiiiSSL.allagsion of [ inp:.

9’ (p) =230 ) +

—

e _ s O

L. Vacher- Cmb-france 3 2022 34



VI - Applications : power-laws

The spin-moment expansion for power-laws take the form:

L. Vacher- Cmb-france 3 2022 35




VI - Applications : power-laws

The spin-moment expansion for power-laws take the form:

(P = PIHA) % { o+ Wiln| = ptageIn| — |

~ Can be interpreted as a correction e "y
Complex®correction to f 111727 . /&

L. Vacher- Cmb-france 3 2022 36



VI - Applications : power-laws

In the perturbatlve reglme WO > Wp the Ieadmg order can be rewntten

L. Vacher- Cmb-france 3 2022 37



VI - Applications : power-laws

In the perturbative regime %, > /%, the leading order can be rewritten

(F05 A(_) e x { 1+AfIn| — J+..0p ~A| - 2iyq
v e e AT e

e

B =p+Re(Af) . - p EEGETHM (Af) ln(—)

analytical expression
L. Vacher- Cmb-france 3 2022 38 fOI" }/I/ at Ol‘del" 1 !



Q(0)
Q1)
0(2)
O(3)

signal

()

10

A =2y.sr7l, A, =1]y.sr!

By =—28, B,=-36
27, = 10°, 2y, = 80°
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10
0.006{ = O(0) 1
- 7o10v
0.005 0B3) = 410
—f= signal =
A; 10
0.004 1
— 107%
| .
—_
o 0.0031 o
E | 2 v |GHzl
~ 80
0.002 .
A=A, =2]y.sr} .
0.001 =
h=1 P=2 e
-, | 2y, = 180°, 2y, =0.1° <
\\—b—_
0.000 ‘ « 20
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Q [Jy.SI' _1] 10!

v |GHgz]



VI -Applications : Gray-bodies

e B

The spin-m om ent fex’p a'nf'S"i .Q.n' fO rpower—IaWStake th e" form.: -

<93PL> —PGB(A Tx W0+WT(~)1 - @2+ 63

Complex temperature correction | W,

L. Vacher- Cmb-france 3 2022 41



o V,I-Applications : Gray-bodies
n the perturbatlve regmne %O >> Wp the \eadmg order c:an be rewntten :

e RS S e g | % ] ez% =

(PP = B(T)en0x <

C (BXR . 1)2+ ZexR [1 > COS(XI)]

. o . - _analytical expression
g, 1 | . ( -exRSin(XI) ) ~ for y, at order 1!

v = hw (kim (AT) )_1 |

=15
X = hv (KT +kRe (AT))

ewcos(p) — 1) + Spectral modulation

of the SED!

L. Vacher- Cmb-france 3 2022 47
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VI - Appllcatlons Modlfled black-bodles _
I\/Iod|f|ed black bodles = power—lavv X black bcdy

WmBB) =P mBB(AﬁT)X 'W .. _Leadlng ordel‘ '

L. Vacher- Cmb-france 3 2022 44



VI - Appllcatlons Modlfled black-bodles _
I\/Iod|f|ed black bodles = power—lavv X black body

(708 = PR Ty "% ‘ ' Leading order - o

L. Vacher- Cmb-france 3 2022 45



VI - Appllcatlons Modlfled black-bodles
I\/Iod|f|ed b\ack bodles = power—lavv X black body

T GB/BB expansmn ‘ +%T(~)1 .

L. Vacher- Cmb-france 3 2022 46



VI - Appllcatlons Modlfled black-bodles
I\/Iod|f|ed b\ack bodles = power—lavv X black body

T GB/BB expansmn ‘ +%T(~)1 .

Cross-terms 1 ‘+W1Tﬁ®1ln<—

L. Vacher- Cmb-france 3 2022 47



VI - Applications . Modified black-bodies

In the perturbatlve reglme WO >> Wp the Ieadmg order can be rewrltten
' AS a sum of the PL A7 GB correctlons for P and yy _ -

L. Vacher- Cmb-france 3 2022 48
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VI - Other averaging processes

Instrumental effects The formahsm app"es -
’ Spherlca\ harmonlcs ' t.*“‘f‘*'.'9'*@5"same way eVeryWhere
ot Bt the mterpretatlons of

e the Spln mcments are dn‘ferent

PQ;éPU

L. Vacher- Cmb-france 3 2022 50



0 What’s next? “

Theoretlcal extensmns (E B ’?)

Apphcatlon to galactlc physms (ongomg on Plancl< data + “

LiteBIRD SImulatlons ) - o .
Application to component separa’{';ﬂﬁ'ﬁl'On (ongomg LITG‘/RD)

Appllca’uon to spectral dlstortlons () o, -
Applications to cosmic blrefrlngence e

SZ eftect ..

‘ !
.

L. Vacher- Cmb-france 3 2022 51
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5 Derivation : intensity

s iv(p(s)) ds = fP(p, 7) iv(p) de. 2) |

. ;
(I,(A, p)) = (5)

Sir - . L(p) = 1,(p) + Z(Pj — p,) 05,1,(P)

1 2 1 - f—
= 5 ;(p} o pj)(pk - pk) 5[,.].61—,,(1,,(1))

1 o
i ; Z(pJ B ﬁj)(pk o pk)(pl — pl) 613;6[71(6[7;11/([7)
"kl

+ ...

L. Vacher- Cmb-france 3 2022 54



- Derivation : intensity

N
(I,(A, p)) = Iv(Aa p) + Z wfjﬁﬁjlv(g,ﬁ) i )
' oror = AP Py)--- P P)
o A

_JP@A ;- p) .. (P - p)dp
) [®(p, ) dVp

I o
+5 )@ 95,0514, p)
J.k

Z ijpkpz 85,05,05,1,( A p)+.
A

®

L. Vacher- Cmb-france 3 2022 55



Derivation : Polarization

(P,) = (P,(A, p)e*) = f P(p,y, i) P,(p)e*” d" pdy.

(Ae®(pj—p))...(p1— P1)
A

N
(Py(A, p.7)) = PuD) (A7) + > (A (p; - P))) 05, PuB) Wi
J

1 N
= Z (Ae®(p; = PPk — Pr)) 05,05, P(P) +.
7.k

L. Vacher- Cmb-france 3 2022 56



- No pivot for polarization

N
B (P.A.p.y) =P, (A7) + ) (Ae™(p; - B)) 05 Py(D)
J

1 N
+ 5 ) (A~ 5Pk~ B)) 9,05 Py(B) +.
7.k

Leading to n'o \eadmgbrder in the expansmn and Wp
Representmg the S|gna| One can not choose Wp - O' |

As a general cond|t|on to determmep ‘
—-> however possible in the perturbative regime WO > W7

L. Vacher- Cmb-france 3 2022 57



LiteBIRD and the B-modes quest

* JAXA PFOJ'e-Ct».Ph.ase'ACNES} ESANASA,CSA involved W

e Lite (L/ght) satelllte for the studles of B-mode polarlzatlon and -
Inflation from cosmlc background Radlatlon Detectlon B

- Bwld to reach 5r = 1 >< 10"3 |

3 telescopes L’FT,_ IVIF'T, HFT i

- Expected in 2029 at L2 for more than 3 years of observation

» Good news also for galactic science T
>

L. Vacher- Cmb-france 3 2022 S8
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Cosmic microwave background
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Cosmic Inflation and the B modes

Puzzles with Big-Bang cosmology: ...
ARG SR T e DR e L R B B Afterglow Light
Pattern Dark Ages Development of

375,000 yrs. Galaxies, Planets, etc.

*Flatness \“

'ﬂ"
A X ﬂﬂld”f

T mvu
oH orlzon y@%ﬂfﬂﬂ ’

Inflation

r Extremely Iow entropy .

' -Cosmologlcal defects

eformation of structures

N Y
Fluctuations

New mechanism : mﬂatlon . .
New scalar degree of freedom Inﬂaton

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
Prlmordlal Universe expansmr; _
X 1026 in 10-35 s after prlmordlal smgularlty

60

L. Vacher- BxB Photo-credit : NASA/WMAP Science Team



Cosmic Inflation and the B modes

e Expected i"m'pf_iht;c_)'n f{c‘h‘e" Cl\/prolar i,'S..éﬁQ'n |
sma)

(propagation of gravitational waves in pla:
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Fluctuation
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Big Bang Expansion
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Accelerated Expansion

13.77 billion years
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Ref : Tristram et al 2021, Planck + BICEP2/Keck data arXiv:2010.01139°
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https://arxiv.org/abs/2010.01139

| - Polarized signals in astrophysics and cosmology
Physms with a5 preferred dlrectlon W|H tend to produc:e hght W|th
a preferred d|rect|on of osmllatlon (| e Polarlzat|on) o
Common in astro) phy5|cs '(' m é_. gnethIeld ;S . gral n Sh-a P e B .

My interest here W|H be focused on: Large scale polarlzed

emission in the Mlcrowave/IR
» i
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My point is ...

Understandmg better Com?:_ﬂ
IS c:ruc:|al to A

Understand the physms of emlttln omts (cr|t|c:a| for ga\actm e

physms c:osmology, hlgh energy physms : ) & ‘
+ « Clean » the polarlzed foregrounds fro;‘;__,__CMB mgna\ (or eIse)
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CMB Polarization

S
N\

\-\j\

\

g

A
G977
/'l

\ )

e W

D
A3
N~ VAR

r

B ST ~,
e o 3 — = — - s -

B '//:/__-'A"_"f - A el V. .
APREETR S ) M e v e
R ol e s S
O T e e

R

N \\\‘\\\

.
\l

TN N O\

4
1
i

.
/
!
‘l

. a———
- ) . . . = e - S
Lt . - ] - 5 I — e ” o ~wom
£ /i,/.‘#//:’,':’_‘“- . S (
VA e -~ — -
e\ S e e ~ - ¥
> ]/ » BN -
g PANA NN N e S
-;-,/,’/.-»‘ . I N NCEN |
! ///\_s_'\\_. P w, N = o . o,
//// S N e e S S N\ RS . . 2
,' WA N AN S s o - - e
- L~ N\ N et e et L e e e
- ~ 4 =D S e = 2 -'-.'0////-'!-- P N —
] \\_\\\“**‘-———4-"' v / ¢ .’//l - — B r——— D

. \\\“_\\\_5_- L S ,’ L ,/' - —
--\\—0-“-.-—~-.-.-.//!' ’ \\‘\\.
s = A ' ) 'l I e
2/ - =
N ——— S - o
A} -
\\ \\\v‘/,’ oA

. -

N — -
*——- — . -
\f."\"’. —— " -
B = _ .

L. Vacher- Cmb-france 3 2022. X 64 |aﬂCk 201 8]



CMB Polarization

- and B- modes Polarization
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CMB Polarization

E- — mdes -
N\

Il_: Densities
| Hubble parameter

Relonization

/
/ | Inflation
N

And much much more!
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Cosmic Inflation and the B modes

Puzzles with Big-Bang cosmology: e
| - IR S R sl Afterglow Light

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

'-Flatnes's

' \ »x» |

oy Fme tu&;};’;j,;f_lng  inflation_

'ﬂ"

i iERRRS l

-Horlzon

'-Extremely Iow entropy

' -Cosmologlcal defects

eFormation of structures

e N
Fluctuations

Calls for a new mechanism : mﬂatlon
New scalar degree of freedom Inﬂaton

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
Prlmordlal Universe expansmr; _
X 1026 in 10-35 s after prlmordlal smgularlty
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Cosmic Inflation and the B modes
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Several hints but no direct observation =

Fluctuatios

) S

1st Stars
about 400 million yrs.
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Galactic foregrounds

R Ll Po\arlzed astrophysma\ soUrcesemlttmg
‘ ' e e m'alnly in CMB's wave\ength interval:

‘*Dust thermal emrSS|on .

* Spmlng ""ust AI\/IE i
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Galactic foregrounds
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