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Observed polarization maps
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Challenges: foreground contamination

Component Spectrum

Power-law, ~-3.1,

Synchrotron ;
y possible curvature

Modified black-body, flattening
at frequencies <300 GHz

Thermal dust

Similar to thermal dust, but
Magnetic dipole? flatter index at frequencies
~100 GHz

Peaked spectrum ~10-60

Spinning dust GHz.

Power-law B~-2.14 with positive
Free-free curvature (steepening at frequencies
>~100 GHz)

Polarization
fraction

~15-20%
(up to ~50%)

~5%
(up to ~15+%!)

Variable
(up to ~35%!7?)

<~1%

<~1%
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Challenges & Solutions

Multi-Frequency
Maps
Challenge:
necessary to subtract Galactic foregrounds down to Foreground | Removal

tens of nK for B-mode detection (if r~ 0.01)
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[ Sky Maps J

frequency dependency angular size dependency
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Science and main tasks

e Foreground removal: one of the major challenges in B-mode
detection
- developing pipelines (at least 3) for AliCPT
- ILC/ABS/template fitting/SMICA/SEVEM

e Foreground science:
- reconstruct magnetic/dusts/electron fields
understand the physical origins of foreground components
reconstruct DM map for FRB from Q/U maps?
low-| CEE may improve tau



Existing foreground cleaning

methods




Cleaning method:Template fitting

foreground model:

\4 V2 v V2 f - v V2 f E v v V) V2
D33 = Aausf§' f§ (%) + Async f5' 57 (@) + €4/ Adust Async (TR +2211) (%

f )(ad+a‘)/2

P b2 B, (Ty) . (L)ﬂ’
7\ w B,(Ty)' 7* \w

* 2. A;— dust amplitude,at 353 GHz and / =71.5;

* 3. B4 — dust spectral index across frequencies; * multi-frequency cross-spectrum likelihood
* 4. o; — dust spatial spectral index across ells; of the data for a given proposed model with
* 5. A, — sync amplitude, at 23 GHz and / = 71.5; a few parameters (dustt+synchrotron...)

* 6. B, — sync spectral index across frequencies;
* 7. a,— sync spatial spectral index across ells;

* 8. ¢ — synchrotron—dust spatial correlation.

» using MCMC to estimate posterior values
of r and foreground parameters

4 Hamimeche-Lewis likelihood (1>30)
—2log LACHC) = XIM, ' X,

= Y [X M, 10X, s
mw

2(x) = sign(x — 1)y2(x — In(x) — 1) )
(M = (X, — X)Xy — Xp))s

[X, ] = veep(C,,2g[C; V2€.C; VP 1C,, 1),




Cleaning method:Template fitting

- cross-spectra between observed maps and all the o4}, ,eis 202 1061 |
polarized bands of Planck/ WMAP i
Ly bl
« Joint analysis based on likelihood analysis of—-+* ! % # ™ 04— J& |'}
(BICEP2/Keck and Planck Collaborations 15&16) ‘
—0.4| w, xBK14,_, x*=5.3,x=4.7 -0.4| P, xBK14 _, x*=19.1, x=-9.0
' , . 0.4 w_xBK14,,1°=3.7, x=2.7 BK14,,XP, _, 1°=0.0, ¥=1.3
1r — BKP baseline -{ 0.05 .
model changes 4 L
i _EK14150 ot +1 “ __________ 0 _h:,%.:—t—-—-_—ﬁ-—_-_ _______
/) ) LA gaanS X T X
o8rf — BK14 baseline | T
i no B, prior + .},
-0.05
x 0.8 041w _xBK14, , x°=10.4,3=-0.4 BK14, xP, . %=31.5,x=11.2
= 0.41BK14 xP__ %°=5.3, x=-1.9 " W, xP__. %’=7.9, x=-3.9
0.4 ~ 4 + 0
. )
0 - _J!; _)3-_7—_— 0 N H ? .
ool ¥ + ,’ ++ +T | I{
-10
0 ) —0.4]BK14, xP,_, . x°=91.5,1=20.9 P XP ey X°=3.0, x=-oL
r 0 100 200 0 100 200
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Cleaning method: ILC

Internal Linear Combination: Introducing a weighting vector “w” for all
frequency maps, but keeping the CMB signal unchanged in sum.

Zwi(x) T'(x,vi) = Temb(x) + Zwi(x) Tie(x,v;). where » ,w;=1

7 7

« Minimize the variance of the weighted map to analytically derive the best “w”

- The cleaned map is regarded as a pure CMB map

. 1 . .
¢, — d.,d! . Empirical covariance ;4°
L 20 1+ 1 E é ‘m p 10

m=—¢ of data
fopt. _
t_ € LYy . . = . q2l
W' = = ; 10
elC e ILC weighting
~ 1

&
|

CMB estimator 1074
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Cleaning method: ABS

We proposed an analytical blind separation method (ABS)

= Goal: to solve for CMB power spectrum without any assumptions
on foregrounds; Intuitively, this task seems to be impossible!

» Measured cross band powers
between frequency channels

D;;(0) = szf;'BDB (£) + sz?re(g)

An analytical unique solution of Dg(l)
achieved by the Sylvester’s determinant
theorem as long as M< N

M: rank of Dfere, M non-zero eigenvalues
N¢: number of frequency channels

the u-th eigenvector of D;; is E® M+1 -1
ﬁ Ds = (Z GiM)
G, = f8.EW p=1

PJ Zhang et al, MNRAS 484,1616Z (2019)
Yao et al, ApJS 848,447 (2018)
12 L. Santos et al, 2019, accepted by A&A




Cleaning method: SMICA

- SMICA is a multi-component maximum likelihood
spectral estimation method (Delabrouille+ 2003)

A: mixing matrix - frequency dependance of components
R: angular cross power spectra of components

Rx(€) = ARJ(O A" + R, (1)

Czlxl CX[IZ CxlxN \ \ C?]n] O . 0
chn chn  chaw 0o ¢ ... 0
£ C ‘

¢ ¢ CMBE 0 0 .. 0

: s [} C X, ... 0 : S
qync nyny
C;'x" C?IN C;NXN 4CMB dust asvnc a5z 0 Xe Ce e 0 0 0 ... ¢
bMB N Sust L aéz : : S PR
" a4 2 0o 0 0 ..c¥

£

XX 1 — (‘MB d.u.kl 5}.'“9 . §7
Ct 7 = T Z Xistm X jbm ay’t ay™ ay o ... ay
m=—¢
OBSERVATIONS
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New foreground emulator

Hammurabi X — the Galactic emission simulator (JX Wang+)

Pf s/PA 0 3 ko= 10kpc?

AT Y L M Hammurabi X (ApJS 247 18, JOSS 01889)

- Simulating Galactic emissions from
physical Galactic component modelings

- Numerically verified MHD turbulence as
plausible explanation of synchrotron E/B
ratio

- Hammurabi X + IMAGINE can pin down
model parameters with given Galactic
foreground maps, improving the

simulated synchrotron Stokes Q maps with understanding of foregrounds

locally parameterized MHD magnetic turbulence

14



Constrain foreground parameters

Component Free parameters and priors Brightness temperature, s, [ uKgy] Additional information
X = hy
) X kgTems R
CMB* ............ Acmb ~ Uni(—00, 00) g(v) = (exp(x)—1)?/(x* exp(x)) Tems = 2.7255K
scme = Acms/g(v)
- Ag > 0 w)2 A vo = 408 MHz
a S - n a
Synchrotron® . ... ..... . . a > 0, spatially constant % = A‘( v ) AR fi(v) = Exttemplate

gr = log {exp[5.960— V3/rlog(ve T;3/2)]+¢’}

Free.f logEM ~ Uni(~0, 00) S Ty = Tc/10°
ree-free ........... T. ~ N(7000 -+ S00K) T = 0.05468 T.%* v;> EM gy vo = v/(10° Hz)
sg = 10°T. (1 —e)
| B
a1 z 42 paa
Spinning dust. . . .. ... vl ~ N(19 + 3GHz) S = Am'(m) JsaOvpo/vp) o = 4L z
B > 0. spatiall tant ; ; v ] fatovpo/vp) veo = 30.0GHz
Vo , spatially constan fav) = Ext template
Ag > 0 y = ﬁ
Thermal dust* ....... Ba ~ N(1.55+0.1) B VB expig)-1 vo = 545GHz
T, ~ N(23 +3K) sa = Ag-(2)" ool
SZ o Vg >0 s = 10°yo,/8) Temm (“—H -4)
COJ=1-0
i€ COJ=2-1
. .. A >0 Fi(vj) g(vp) COJ=3-2
i = A.h i &)
Line emission ....... hi; > 0, spatially constant $i = Aihij 55 &) 94/100
Jj = detector index
F = unit conversion

* Polarized component.
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Backup



Pipeline of foreground removal

« Input (AlICPT Q/U . d!rty Q/U maps .
maps at 95/150 GHz) preprocessing: . glqteyaE;Bemaps (power spectra) with E-
. éd&;e\fgmmﬁis masking/smoothing . purifiedgdirty E/B maps (power
spectra) without E-B leakage
A (NaMaster/recycling/SZ...)

Consistency test:

Engine: ILC/ABS/ Cleaned E/B (maps/ E/B at different patches
Model Fitting/SEVEM/SMICA * power spectra) * converge to the same Cls

E map/CI"EE/CI"EB consist

with Planck?

<+

correlate with DESI/lensing/CIB/shear/y-map, to mitigate Foreground itself provides a
systematics and improve understanding of DE, Planck plenty of information about
systematics, galaxy formation, IA, tSZ, ... DM, tau, magnetic field

18



EAMRR — Model fitting

r=0.0439*59152

truth = [r = 0.05,
B, = —2.9629735%:4 beta_s : -3.0,
beta d: 1.56,
alpha_s: -1.2,
alpha_d: -0.3,

Ba = 1488053312

: epsilon: 0.55,
£ A s:0.434 uK RJ™2,
) a, = ~1.22941330% A d:0.419 uK RJ™2] . .
st :0.012 100 realizations

\\\
2, 2.V N NGt N N
U D G B LG G e Yo Ve Ty

ag = —0.3514*39720

€ = —0.0607+2331

o, 0, ‘0 "0 ‘o o
% % % % o % <y

\
o, ©
)

o

i
L
0
i

L
Ut
X

Ay = 0.3298*3 8181
]

@
%25 %5 %, 25 %",

Ay
o.¢ o
o

N

lf.lf

®

& ® 5 > Ao o D ® O A > O o o RIS R I RS
Ky e‘ d° K f, », 1 ¢ \h R }e" K g% '5 ,*"\' K3 q“ \ Qh A °¢ o °9° X o o : o AP S Ah KR
as ay € d

- Valldatlon blmd test by mock data with unknown components & frequency scalings
- propagate systematics into the error estimation

%%
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Cleaning method: Model fitting (1)

Commander (Gibbs sampling technique) Eriksen+ 2008

Reconstruction Residual Estimated RMS error

{MCMC-based estimation
- of physical parameters 0

CMB

st — P(s|CL 6, d)
Ci*' — P(Cys™!, d)
ot — p@|CH s d).

Synch

20K

Dust




Cleaning method: SMICA

- SMICA is a multi-component maximum likelihood
spectral estimation method (Delabrouille+ 2003)

A: mixing matrix - frequency dependance of components
R: angular cross power spectra of components

Rx(€) = ARJ(O A" + R, (1)

Czlxl CX[IZ CxlxN \ \ C?]n] O . 0
chn chn  chaw 0o ¢ ... 0
£ C ‘

¢ ¢ CMBE 0 0 .. 0

: s [} C X, ... 0 : S
qync nyny
C;'x" C?IN C;NXN 4CMB dust asvnc a5z 0 Xe Ce e 0 0 0 ... ¢
bMB N Sust L aéz : : S PR
" a4 2 0o 0 0 ..c¥

£

XX 1 — (‘MB d.u.kl 5}.'“9 . §7
Ct 7 = T Z Xistm X jbm ay’t ay™ ay o ... ay
m=—¢
OBSERVATIONS
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Consistency check

(f+1) CPB"™/om  [uK?]

0.05

0.15

0.10

0.00

L |

§ Commander

¢ NILC

¢ SEVEM
SMICA

l' Bl Cross-check is important for
| validation!

1000

€ parametric/non-blind - model fitting

« COMMANDER (Gibbs sampling)

#non-parametric/blind - data driven
- SMICA, ILC, SEVEM
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