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Cosmic Birefringence

Cosmic Birefringence: rotation of linear polarisation plane of CMB photons

Correlation between E- and B-modes — parity violation mechanism (Chern-Simons coupling from
axion-like particles)
1

™" = S sin(48) (CFF = C7F)

Hints of B, = 0.34° +/- 0.09° (3.60) Planck+WMAP data (Eskilt & Komatsu 2022) based on the Minami
& Komatsu method using assumptions about foreground EB correlations for calibration.
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The Tensor to Scalar Ratio

Primordial B-modes generated by tensor perturbations from inflation.
Smoking gun of inflation.
Primordial B-modes amplitude parametrised by: r

r constraints r < 0.032 (95% C.L.) (Tristram et al. 2021)

XY = BB

B-modes are also affected by polarization | _ ...asme

angle rotation: T
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BBo . 2 EE 5
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Observation challenges: Galactic Foregrounds
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Dust emission: Asymmetric dust grains in the galaxy = jprimordisl Buwdes
. . . . L = F modes
aligned with magnetic fields. . emperane M\
lensing B modes
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Synchrotron emissions: charged particles accelerated
along Galactic magnetic fields.
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No EB correlation measured yet. But physical
motivation for it (Clark et al. 2021).
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Credit: Errard et al. 2016
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Observation challenges:
Polarisation Angle Miscalibration

Miscalibration of telescope polarisation
angle = similar to isotropic birefringence!

Need a way to lift the degeneracy
between birefringence angle and
polarization angles

Creates E — B leakage that pollute
primordial B-modes — r

Q—U mixing at different frequencies will
bias foreground cleaning — more
residuals




Polarisation Angle Calibrations

Ground based telescope — many polarization angle calibration |
methods. From observation and hardware: Credit: Nasa/Hubble

e Measurements of the crab nebula (tau A) o(a) = 0.27° Aumont et al. 2020
e Wire-grid o(a) < 1° Bryan et al. 2018
e Drone with polarised source o(a) < 0.1° Nati et al. 2017

Analysis based:

e Self-calibration Keating et al. 2012
e Foreground calibration Minami et al . 2020

Credit: F. Nati
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Map-Based Parametric Component Separation

d=2AB
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The mixing
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Map-Based Parametric Component Separation in the

Presence of Uncontrolled Systematics
a

[ Cosmological likelihood

1

Genera lised
By=1.4955+0.0074 " Spectral Likelihood r=0.0021%5615
. Aﬁs ~2.9670 % 0,0092 . \_ |By=2.412£0.055
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Non-zero relative
polarisation angles
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Map-Based Parametric Component Separation
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Pipeline Summary: A Two Step Analysis  Jostetal pro 2023

Frequency Calibration Emission laws CMB power Theoretical CMB
maps priors parametrisation spectra power spectra
Encodes
Cosmological likelihood
For each sample of the
spectral likelihood L (T, /Bb)
Spectral likelihood or each sample of the corresponds an estimation
E spectral likelihood of rand B, coming from the v
. corresponds a power sampling of the
spec </Bfg7 sz) spectra cosmological likelihood rand Bb
N J N J
. Y Y
First step Second step

Stompor et al. MNRAS 2009

Vergés et al. PRD 2020 12




Spectral
parameters
A

Miscalibration angles in deg
A

Relative Angles Retrieved by the Spectral Likelihood

Generalised
Spectral Likelihood

------ Gaussian priors precision : 0.1 deg
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202 <—— degeneracy between global
polarization angle and B,

Test case in Jost et al. PRD 2023: SO
SAT-like survey

Spectral parameters are correctly
estimated (d0sO input)

With only one prior of o(a rlor) 0.1°
all polarization angle are retrieved
with o(0.)= 0.1° 13




Miscalibration angles in deg

Spectral
parameters
A

Spectral Likelihood With Multiple Priors

a7 =0.998 + 0.082

Generalised
Spectral Likelihood

------ Gaussian priors precision : 0.1 deg

30 = 1.666 = 0.055

Adding priors improves the precision:
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Cosmological Likelihood With Multiple Priors

Estimate both r and
By r=0.0002+34812

[ Cosmological likelihood

Priors = no bias on B
With 6 o(a orior) = 0-1° = o(B,) = 0.07°
Enough for 50 detection with current hints

B, =0.002 +0.070

No significant impact on o(r)

With biased priors:
_ 1
A(ﬁb) ~ Z AO‘prior

nprior
- rretrieved without bias (global angle
marginalization)

0.000 0.605 —-0.2 0.0 0.2
F Bb

Jost et al. PRD 2023
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Setting and Relaxing Requirements on Polarization Angle Calibration

Set all o, = 0 except on the considered

Relaxed requirements compared to case
where angles are ignored.

channel o, = Aa !
Use one prior, o(a_ . ,,) = 0.1°, centered | ... o X - —
at 0°. dl e L e |
Run the pipeline and get Ar with respect = __.__ i_._._._._._._._.:.4_.; .................. ! ________ i
to Ao = get requirement on polarization i o :
angle systematic error. X

k . A

Aa at 27 GHz [deg]

This is with d0sO: how complex
foreground residuals with non-zero EB
would impact this type of results?

—-= 10% o(riq o L({Brg}) + L(r)
X £({Bfg},{ai})+£(r,3)
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Measuring Isotropic Birefringence with LiteBIRD
On behalf of LiteBIRD's Cosmic Birefringence Project Study Group,

P. Diego-Palazuelos, M. Bortolami, E. de la Hoz, J. Errard, A. Gruppuso, R. Sullivan et al.

LB's wide frequency range:
- Efficient component separation
- Better foreground models
- Cross-correlation of low and high

frequencies reduces the impact of EB
mismodeling

LB’s Full sky survey:
- Access to more modes
- Low £ EB modes can probe the
axion-like particle mass and distinguish

different ALP and early dark energy
models
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Multiple Pipelines are Developed

Frequency maps

D-estimator
Gruppuso et al. JCAP 2016

Harmonic
Standard space g
compsep g Pixel

>

space

CMB a+ B,

Peak Stacking
Planck XLIX A&A 2016

Foreground calibration
+ dust + synchrotron models

Modified comp-sep L({Acomp}; {84}, {Oéz'}))
(Bb)

W‘E“QQ;S o

Minami & Komatsu
Minami et al 2020

Modified comp-sep = ~spectl,

“Modified B-SeCRET"
De la Hoz et al JCAP 2022

+£cosmo (Ta ﬂb)

18
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A Forecast with Different Degrees of Complexity

Phase1: CMB (3=0) + noise
+ simple foregrounds (s0d0)

Phase2: CMB (3=0) + noise
+ complex foregrounds (s1d1)

Phase3: CMB (3=0) + noise
+ complex foregrounds (s1d1)
+ systematics (ai#0)

Phase4: CMB (+#0) + noise
+ complex foregrounds (s1d1) +
systematics (ai#0)

< True - Estimated B >

o

® D-estimator ¢ Comp. sep. + a
A Peak stacking + Comp.sep.+a+pB+r
¢ MK

Pha'se 1 Pha;se 2 Pha'se 3 Pha'se 4
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Take Home Messages A method to retrieve r and B, in presence of

- amaanas fOreground and systematic effects, using calibration

r=0.0002+3:015

priors.
A Generalised parametric component separation method
_m=oom=o00  thatincludes polarization angles:
0.2 1
4 A o & ‘ e Relative angle are constrained by the system
o/ -
duo=2597 20095 0.000 0.005-02 0.0 02
/ r Bb . . .
@ &S A Cosmological parameters estimation:
- sttt |- gs:strr_?fsﬁggihood Ny ) ) ) ) o
® &S/ /\ ------ Gausslan priors precision : 0.1 deg| @ .Bb. retrieved thanks to.callbrgtlon prior. Its precision
| is improved with multiple priors
® & P IS /\ e restimated without bias coming from E—B leakage
® o ©® ©® @ @ /\ Keep an eye on arxiv for the application of this
| | method and others in the LiteBIRD birefringence
® 0 e e e e e /\ forecast!
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THANK YOU !
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Calibrating against Galactic foregrounds

‘ -f‘——’;'L-

B = __1_ g Q? dt Galactic emission not significantly rotated by g Minami+ PTEP 2019
J. Y ot Use foregrounds as our calibrator

?E tan(4a E.o o 1 X sin(4ao s :
Cf,B.o _ (4a) (Cfb, _ BB )+ C;,B.fg i (4a) (szb‘cmb B C[BB.cmb)
' : : cos(4a) 2cos(4a) \° -

%103 Stacked observed E'B power spectrum

1

Model the EB correlation of Galactic

4 foky = 0.92 -

— o synchrotron and dust emissions

;“ ~ | il i Clark+ ApJ 2021

E _ | SLe | 11 L wil b LT Tighthest constraint to date (3.65)

g ' _ 0 4+0.094°

g e | B I 0-342 _0.0910
—— Cosmic birefri L )

Y - ijz.fb,;?o',,"f:;’.? from the joint analysis of Planck and

W | —Best-fit total WMAP data

T

200 400 600 800 1000 1200 1400 Eskilt & Komatsu PRD 2022 23



< True - Estimated angle >

o

Considering dust and synchrotron contributions separately

200 . OF O} o
Ct{“lﬁ = §f.a.n(4(}-) (C;‘L' . C;’B‘ )+

Sill("—lﬂ) ((y]_'}l_'.'.cmb -

2cos(da) \ °
1 8 ¢
s (C,.EB R L@y oteRa 4 Cde*)
cos(da) :

Diego-Palazuelos+ JCAP 2023
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D-estimator

-

— wjo deasing

0.00004

— w/ debiasing

= fiducia
000002

A o 1 A o o
Di(B) = CF™° — 3 tan(48) (cf’*" 5 )

0.00000

Cr (K]

(Dy(B = B)) =

0.00002

0.00004

Find the zeros minimizing

E 5 0.0008 — w/o debiasing
D[ I‘Iff’ D[' (6) . —  w/ detasing
([I ‘-{‘ 0.0006 === hducial
3
» . . . . - 0.0004
Build the covariance matrix from simulations to account for &
foreground debiasing and the extra dispersion caused by « gd 0.0002
miscalibrations ;
& 00000
O

My = (D¢Dy)

Gruppuso+ JCAP 2016 0 200 400 600 800 1000

0.0002




Ur theory (uK)

Stacking of peaks

| .y

0.015 1

- T extrema, B=0.3°

~==~ Textrema, f=1.0°

—— E extrema, §=0.3"

\ --=- Eextrema, B=1.0"
1

0.005 4
0000
(n) UE
-0.005
0.010 4
0.0 0.s 1.0 1.5 2.0 2.5
4, 1deg)

Planck XLIX A&A 2016

o003 Find local extrema in 7 and E anisotropies

0002 Iransform the Stokes parameters and stack peaks
Q:(0) = —Q(8) cos(2¢) — U(0) sin(2¢)

0.001

Ur(0)

Q(0) sin(2¢) — U(0) cos(2¢)
0000 %Radial profile around peaks is sensitive to g

- el
(UT)(8) = — sin(28) / S WEWE (t6)

X (b + BH)CT®

-0.001

-0.002

| - ([
_5Slll(4d)/g‘""fE""’[PJQ({)O)

% (b b)Y (CFE = CFPP)

(UF)(0)
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Component separation + «,
(), (), (D), () + (), % (2) " 53

Q(v,a0)) _ (cos(2a) —sin(2a)) (Q(v.0) ETT—
U°(v,a,0) p— sin(2a)  cos(2a) ) \U(v,0) ’ [W*:‘?U»l&-ihﬁ-hé)ﬁ

1Spectral parameters

N ¢ MK prior ’ \
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©
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o
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_ﬂLiteBIRD overview

* Lite ( Light"l satellite for the SIF]d_\ of B-nn,»glc polarization and Inflation LiteBIRD PTEP 2023
from cosmic background Radiation Detection

oI

* JAXA's L-class mission selected in May 2019
* Expected launch in late with JAXA's H3 rocket
. from Sun-Earth Lagrangian point L2 Tl A==
* Large frequency coverage | . 15 bands) at o I
angular resolution for precision measurements of the CMB B-modes il .
* Final combined sensitivity: .;l
E modes I
/N N/ |
—_— —
\\_~/ / |\ |
B modes {
17— =N |
N /o /
s I~
&= T om




LiteBIRD main scientific objectives

.

* Definitive search for the B-mode signal from cosmic
inflation i the CMB polarization w0 v 02 ox
* Making a discovery or ruling out well-motivated crT T
inflationary models : ‘ e ' Ny
* Insight into the quantum nature of gravity ® Planck
* The inflationary (i.¢. primordial) B-mode power is e ACT ',..-.,";" VR,
* proportional to the tensor-to-scalar ratio. r - [
* Current best constraint: < 0.032 (95% C.L.) * POLARBEAR bl

- b ‘ . |
(Tristram+ 2021, combining BK18 and Planck PR4) : ﬁ{%ﬁ?ﬁﬁ‘ed‘ 5"

. T 113
t H '
-
. L

Angular scale

e
=]
=

* LiteBIRD will improve current sensitivity on /- by a
factor ~50
* Ll-requirements (no external data):
* For r=0, total uncertainty of ér <0.001 .
* Forr=0.01, 50 detection of the reionization T | >
(2 < (< 10)and recombination (11 < £ < 200) v
peaks independently
* Huge discovery impact (evidence for inflation. 2 . 150 500 100 2000
o Multipole #
knowledge of its energy scale. ...)

Variance in CMB maps [1:K?]
s
.,

—
o
J

-

L

C{i[i,prim.(r s 10—2)

-1
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LiteBIRD spacecraft overview

-

» are used to provide the 40

hu]uum coverage
I' (low frequency telescope)
I (middle frequency telescope)

FT (high frequency telescope)

* Multi-chroic transition-edge sensor (TES)

ravs cooled to !

* Polarization modulation unit (PMU) in each

telescope with rotating hal
for 1/f noise and systematics reduction
* Optics cooled to 5 K

* Mass: 2.6 t
* Power: 3.0 kW
* Data: 17.9 Gb/day

te (HWP).

Pay [k vad IT1( ?dl.l le

LEL

HET MEL

V-grooves

(for mdiative cooling)

. RU\ \\\nm
"4 (or service module. SVM)

Solar

shield
Star

tracker

Sl,'lul

panels

30




The Generalised Spectral Likelihood

| generalise the spectral log likelihood from Stompor et al. 2009, similarly as
in Vergés et al. 2020:

t nr—1 —1 At n7—1 t
= —2 Z tr ( p(ALN YA TTALN T (dLd)))
For forecasting purposes we average over CMB and noise realisations.

To lift the degeneracy we add priors to the likelihood: =

Sl

I
o
_I_

gl

B
|
E>

Credit: F. Nati
202
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The Cosmological Likelihood

With {B;, } and {e. } we estimate a CMB map. Imperfect component separation
will lead to residuals.

Its power spectra is used to estimate cosmological parameters:

brmax
<SCOS> = fsky Z (26;_ 1) (TT’(CZl Eg) + ln(det(Cg)))

Ezemin

Data after generalised
component separation

CEEjp O — noise
Ceo(r, Bp) = R(5s) ( EO rOBBP | ALCBB,lens> R (B) + C}
¢ ,

32




How to Have a Statistically Robust Method ?

az7 =0.998 +0.082

. {39 =1.666 = 0.055

03 =2.331£0.051

- Spectral likelihood

--- Gaussian priors precision : 0.1 deg

. Gus = 2.999 £0.050

;
"\ goas = 3.667 £0.049

\
. Q2s0=4.335 +0.062

\\ Bo=1.5400 +0.0075

Step 1 : Sampling the
ensemble averaged
Spectral likelihood

X{o} AR}

Bs|= —2.9998 £ 0.0092

¥

¥

i

b

¥

08 1.0 12
@7

145 1.70 1.952.05 2.30 2.55

asg

ass

28 3.0 32
Qs

345 370 3.954.05 4.30 455 152 154 156 -3.02
@225 @280 Ba

Bs

-2.98
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How to Have a Statistically Robust Method ?

az7 =0.998 +0.082

. {39 =1.666 = 0.055

- Spectral likelihood

N fe3=2.331+0.051

. Gus = 2.999 £0.050

225 = 3.667 + 0.049

.\
s
YRR
/ \
/

v
h
¢ v

\ 4

Gaussian priors precision : 0.1 deg

\
. Q2s0=4.335 +0.062

Step 2 : Draw from
the ensemble
averaged
Cosmological
likelihood

s = 1.5400 + 0.0075

J\

= —2.9998 £ 0.0092

3R

¥ i

'

¥

08 1.0 12
@7

145 1.70 1.952.05 2.30 2.55 28 3.0 32

asg

ass Qs

3.45 370 3.954.05 430 455 152 154 156

s

@s0

Ba

-3.02 -298
Bs

mm Cosmological likelihood

r=0.0002/385%

IBp =0.000 + 0.046

0.000 0.005 -0.1 0.0 0.1
r Bb
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Method Validation

SO SAT like survey: 6 frequency bands, characteristics noise,
10% sky coverage.

Priors:

e 0(a)=0.1°

e Priors are centred at the true value of polarisation angles.

e One vs multiple priors.
Forecast input sky:

CMB maps from Planck power spectra, r = 0.0, B, = 0.0°

e PySM foreground maps with different degrees of
complexity (d0s0O, d1s1, d7s3 in order of complexity...)
(Thorne et al 2016, Zonca et al. 2021)

Credit: Remington Gerras




Simple Foregrounds and One Calibration Prior

e InputCMB: r=0.0; B, =0.0° .
e Input fg: PySM models (Thorne et /\
al 2016, Zonca et al. 2021) d0sO:

93 = 2.330 + 0.099 Generalised
X — Spectral Likelihood
o dust: MBB, spatially constant spectral = | .l @@ | 4 | /\V | Gaussian priors precision : 0.1 deg
Indlces G145 = 2.997 £0.099
o synchrotron: power law, spatially
constant spectral indices ’

Miscalibration angles in deg
A

e 1 prior on 93 GHz: o(a) =0.1°

N7

Foreground cleaning is ok

-2.98

Spectral
parameters
A

Miscalibration: one prior enough

0 225 Qs Qg3
N wowow A N W oW N NNN
o o N B O > O © © o o N o N B O

o |

& . |

°

- I ! 4

&

- |

= | \ |

g

N £ h

°

8

w : &

e \ i

g

@@ \ :

Y Z

i

°

& o

> =
IS 8
=) g
- W
& I
G °

~
o L

wl -

o

w ’

o i
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Simple Foregrounds and Six Calibration Priors

a7 =0.998 + 0.082

e InputCMB: r=0.0;pB, =0.0°
e Input fg: PySM models (Thorne et (

al 2016, Zonca et al. 2021) d0OsO:
o dust: MBB, spatially constant spectral
indices
o  synchrotron: power law, spatially
constant spectral indices

N, 9= 1.666 0.055

18 ey

iy ~Z3p)Y
3 ki x" )
Sl (T

N, 9=2.33120.051 Generalised
Spectral Likelihood

------ Gaussian priors precision : 0.1 deg

2.6

2 A At TN

o \ (v Y

0241 i : h 4
L R b 1id Vo
Vi | i

. e £

221 Ny

2.0 ‘\_ 145 =2.999 +0.050

k- T FeEL Ny

) azias N o>
230 ..;.u ! .'Hl i
8

zaF "SS5

" doas =3.667 £0.049

38[ / abe ™

PR S o T TR N ¢ T
§, @Y - R A
36 A\ 2 X 4 R A IR .

G !
a—

34 "\ daso =4.335 £ 0.062

Miscalibration angles in deg
A
N

4.6

e Prior on all frequency channels: o : g | s 1
L@@ @

(a|) = 0'1 ° . :,lz e 17 i o e s . A=15400 20,0075
7~ 156 ;
‘_,E ‘g Q154 ‘ ' ' ' . ‘
..g §< _Zigs Bel= —2.9998 + 0.0092
Overall o(a) improved wrt priors S5l @ @10 ,0,0 09

. .
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Simple Foregrounds and Six Calibration Priors

F= 0.9002i8388§§

[ Cosmological likelihood

e Simple foregrounds: d0s0
e Prior on all frequency channels

rand B, correctly estimated

B, =0.002 +0.070

o(r): same order as SO SAT forecast with o
(r=2.1 103 (Ade et al. 2018)

o(B,): improved wrt prior precision! 0.000 0.005-02 0.0 02
r Bo
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Results: Simple Foregrounds and Six Calibration Priors

[ 1 prior on 93 GHz
= = Priors on all channels

e d0sO
e Prior on all frequency channels

o(B,): improved wrt prior precision!

0.000 0.005-03 0.0 0.3
r Bo
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Complex Foregrounds and Six Calibration Priors

[0 d1sl priors on all channels

Foreground emissions don't follow the == 753 priors on all channels
assumption used in the mixing matrix: |

e d1s1: spatially varying foreground
spectral indices

e d7s3: dust emission is non parametric |
and synchrotron has a curvature term |

e Prior on all frequency channels: o(a;) = 0.1° 02+ | 4
_ _ & 0.0
r: biased due to foreground residuals
B,: no noticeable effect -0.2r £ |
“d1s1” “d7s3” 0.000 0.005 -0.2 0.0 0.2

r 0.002 & 0.002 0.002 & 0.002 r By
Bo[°] 0.00 +0.07 0.00 +0.07 43




Simple Foregrounds and Biased Priors

Generalised
Spectral Likelihood

------ Gaussian priors precision : 1.0 deg

;
M,
b
b
Al
A
A
£\
AN
SN
SN
7 N |aas=325£0.41
AN
sk Y
; ,
:
h

N azs=3.92+041

N |aso=4582042

\._ By=1.5400 £ 0.0073

e d0sO: B Wi e
o dust: MBB, spatially constant o | 1 /\
spectral indices 3 S el V0 | A W
o synchrotron: power law, spatially £ N 1
constant spectral indices % RNEZR N S
e Prior on all channels, o(a) =1° = "
e Priors randomly biased by I g
© 8 -
s | e
a. biased by the same value: the O I e PN
| i S A
mean of the biases o TN
156 - "
i[04}
§EQ ‘
og o @ B8
~ -2 0 2 4 2 0 2

,'I i P
A
/
/
/
} ‘ /\pﬁ —3.0002 +0.0092

R

4 0o 2 4 0 2
a

4 6 2 4 6 8 2 4 6 152 154 156 -3.02 —2.98
44
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Simple Foregrounds and Biased Priors

e Simple foregrounds d0sO:
o  dust: MBB, isotropic spectral indices
o synchrotron: power law, isotropic spectral indices

e Prior on all channels, o(a.) = 1°
e Priors randomly biased by N(0,1°)

B, biased by the same value as a.

For B, trade-off between statistical uncertainty and
possible bias.

ris unbiased: we marginalise over a global angle,
removing any E—B leakage either from a. or B,

We can always be confident that r is not affected
by a. and B, .

Bb

r=0.00011+3:99980

mm Cosmological likelihood

Bp= —025+0.41

20.002 0.002
r

-1 0 1
Bb
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6\
. . . o o o(B) =~ 5
Evolution of Uncertainty wrt Prior Precision (Z 0)

Ou,

V6
We can set calibration requirement. \

e Simple Foregrounds: d0s0O

e 3 cases: 0]

o 1 prior i

: ¥

o 6 priors | o |

. . _ 1 1

o 6 priors and no noise @ 2 107 = [

— 1 1

3 | I

= |

b ! L]

— prior precision

=
9
N

== Wire grid (Bryan et al 2018)
== Tau A (Aumont et al 2020)
Drone (Nati et al 2017)
~{— 0o(Bp) prior on all channels
@® 0(Byp) prior on 93 GHz

Noise represents ~42% of o([3,) in the
SO SATs like survey used here

1073 4 ® 0(Bp) prior on all channels no noise
10-3 10-2 10-1 100
Prior precision in deg 46



Cosmic Birefringence

| focus in particular on spatially constant and time independent cosmic
birefringence:

CFP = CFF cos?(28y) + CPP sin%(28;)
CPB = CFPPsin?(28) + CPP cos®(26s)

CFP = (cpF - opm SRl
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Method Validation

SO SAT characteristics noise, 10% sky coverage, | . =30, |
30 000 detectors, first light by the end of the year

Priors:

Forecast input sky:

SO SAT 10% mask

=300,

max

as a benchmark we use o(a,) = 0.1°
Unless precised otherwise, priors are centred at the true value of
polarisation angles.

Different calibration methodology explored e.g. one vs multiple
priors.

Foregrounds 93 Ghz Q map

average over CMB maps generated from Planck power spectra
with r=0.0, B, = 0.0°

PySM foreground maps with different degrees of complexity
(d0s0, d1s1, d7s3 in order of complexity...) (Thorne et al 2016,
Zonca et al. 2021)

-1.22524 UKcms 1.30381
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Foreground Models

Dust template: maps at 545 GHz in intensity
and 353 GHz in polarisation from the 2015
Commander Planck+WMAP+Haslam 408 MHz
(Plank 2016)

d1, spectral index map from commander
(assumes same spectral index for
temperature and polarisation)

d7 Hensley and Draine 2012 + Hensley 2015:
Emission modeled after dust size, shape
temperature and ferromagnetic iron inclusion

f,Uy)
T;i,p vo \7°P
oiotp = {4+ o) logm(@)’ d7 v L)

v,p — “ldp f;jo (up)

Synchrotron template: 23 GHz map from
WMAP 9 yr (Bennett et al. 2013)

s1, Miville-Deschénes et al. (2008):
combination of WMAP (Hinshaw et al. 2007)
and Haslam 408 MHz data (Haslam et al.

s3, global curvature index C =-0.052 (Kogut et

1982)
al 2012)
-
QVS3 :AsQ —
P ’p\I/()j
s
sy = 432
\ V0 )

By pt2+C In(v/10)

By pt2+CIn(v/vp)

2
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