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ABSTRACT

Polarized foreground emission from the Galaxy is one of the biggest challenges facing current and

_ _ upcoming cosmic microwave background (CMB) polarization experiments. We develop new models
* Paper online recently: arXiv:2502.20452 S T S Mt
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Methodology
. Dust: S, = AS (v/y)"* BT

In(v/
. Synchrotron: §, = A> (V/yo)ﬁerCS n(v/v,)

. Amplitude parameters: A%, A;g

o Spectral parameters: b, T, P, C,

* Per-pixel frequency scaling from
amplitude maps at 1, = 353,23 GHz

* Main idea:
Preserve reliable large-scale modes
from full-sky templates &
Add stochastic small-scale fill-in

Amplitude parameters Spectral parameters

Transform to polarization
NN fraction fensor quantities

Large scales ESmuII sculesé
preserve the g are synthesized by
template 2 extrapolating a

= power law

Transform back to
Stokes parameters

Modulate
small-scale
fluctuations

Final model specifies sky structure
as a function of frequency



New PySM Dust Models

(B, T) = (1.48,19.6K)

Low
COmp|eXity Tag Spectrum Model Templates Templates Frequency scaling | Frequency scaling Stochasticity
Large scale Small scale Large scale Small scale
GNILC PR2 I Modulated +
+ GNILC PR3 polarization
do Modified blackbody @Q/U 353 GHz fraction tensor Uniform B4, T4 Uniform B4, 14 —
Ba, 14 from
d10 " " GNILC PR2 Modulated —
di1 " " " " I[,Q,U & Ba, Ty
6 layers, each is GNILC PR2 [ Random Random
a different modified + GNILC Q/U Modulated + realization for realization for
d12 blackbody 353 GHz gaussian each layer each layer —
High
Complexity GNILC dust:

less CIB contamination



New PySM Synchrotron Models

p.=—3.1
Low
CompIeX|ty Tag Spectrum Model Templates Templates Frequency scaling || Frequency scaling Stochasticity
Large scale Small scale Large scale Small scale
Haslam [ 408 Modulated -+
MHz + WMAP polarization
s4 Power law Q/U 23 GHz fraction tensor Uniform S, Uniform A —
Bs from Haslam,
s5 " " " S-PASS, WMAP Modulated —
86 n n n " I’ Q’ U & /BS
"1 ¢cs from "1 e
_ s7 Curved power law " ARCADE fluctuations —
High
Complexity Haslam / scaled to

I/O — 23 GHz



PR3 vs. PySM P Maps (353 GHz)
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Dust BB in small fields:
full-sky PySM vs. NPIPE A/B

maps at 353 GHz \

1o = 8 — 768 patches

N,

S

Gaussian-tapered circular o

masks (foy & 0.8%)

Patch-wise BB spectra for

|b| > 30°

patches

— averaging band powers to 107

Small-field Analysis
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Small-field Analysis

a point = a small field

Patch-wise PySM vs. NPIPE D;**

e d12 underestimates dust level
(e.g., SPIDER, BICEP field)

* d1/d9 generally agrees with data

* With high S/N, d9 vastly improves
in low- and high-/
— GNILC template + extrapolation

 Opposing trend: d9 overestimates
1, w2
when DZBB < 10" uK&yvip
(e.g., SPIDER, BICEP field)

e GNILC overestimates dust levels in
that regime
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Small-field Analysis

a point = a small field

Patch-wise PySM vs. NPIPE D;**

e d12 underestimates dust level
(e.g., SPIDER, BICEP field)

* d1/d9 generally agrees with data

* With high S/N, d9 vastly improves
in low- and high-/
— GNILC template + extrapolation

 Opposing trend: d9 overestimates
1, w2
when DZBB < 10" uK&yvip
(e.g., SPIDER, BICEP field)

e GNILC overestimates dust levels in
that regime
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Specific Small-field Analysis: BK Field

BICEP/Keck field:

600 sg-deg, one of the cleanest
patches in the Southern sky

« BK18: high S/N dust BB measurement
via a parametric model

- MBB for dust: A;,_g) = 4.4 ,uK%MB,
p;=15a,=-0.66,T,=19.6K

e Sync amplitude upper limit

» C(Ciritical for ongoing/future B-mode
searches: BA, SPT-3G+, SO, $4, ...

I(1+1)C /2 (1K)
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Reanalyzing PySM Maps in

PySM d9 353 GHz Q

“Re-observing” PySM d/s (& NPIPE 353 GHz) maps
in the BK field

 BKlinear map-making process

— BK observation matrix incorporating
filtering and deprojection

 Step 1: B3 beam convolution + crop

o Step 2: B3 observation matrix

 Step 3: B3 purification matrix + apodization mask

 Replicate the impact of BK instrument &
map-making pipeline for d1/d9/d10/d12 at
85/150/220/270/353 GHz & s1/s4/s5/s6/s7 at
23/30/40 GHz

BK Field

PySM d9 353 GHz U

B-Purified and Masked PySM d9 353 GHz Q

Dec (degree)
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B3-processed d9 Q/U (353 GH2)



PySM vs. BK18 Dust

Full-sky dust DZBB with associated errors . All 353 GHz
« d1: 3 times higher, high-/ power deviates more 10-
"M
« d9: high-l ~ power law, 2 times higher overall NI
£
e d12: high-/ ~ power law, power drop at low [ A () -
dil
 Bonus: NPIPE excess at [ ~ 100, no clear _5- d9 BK18
high-/ power decay amid noise a12 NPIPE

50 100 150 200 250 300
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PySM vs. BK18 Dust

Full-sky dust DZBB with associated errors . All 353 GHz

 d1: 3 times higher, high-/ power deviates more 10-

e d9: high-/ ~ power law, 2 times higher overall

CMB]
CMB
Ot
<+“—>

GNILC
bias

PP Ky

e d12: high-/ ~ power law, power drop at low [

4
-

dil
 Bonus: NPIPE excess at [ ~ 100, no clear _5- d9 BK18

high-/ power decay amid noise d12 NPIPE

50 100 150 200 250 300
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PySM vs. BK18 Dust

DZBB changes over frequencies
Ratio of PySM BB/BK18 dust BB

* Single-amplitude fit to BK18 dust ML

model 85 GHz 150 GHz 220 GHz 270 GHz 353 GHz
di 2.42 2.63 2.81 2.94 3.13
e d9: =~ 2, generally less than d1 d9 2.17 2.12 2.08 2.06 2.03
d10 0.96 1.30 1.59 1.77 2.03
di2 2.76 2.27 2.08 2.02 1.96

» d10: decreasing — slightly larger

relative to BK18: 1.491“8:5

(GNILC template: , = 1.6)

 d12: more complicated due to multiple-
layer behavior

14



PySM vs. BK18 Synchrotron

Full-sky synchrotron DZBB with associated upper limits All 23 GHz
D
sl
 s1: relatively flat, all below upper limits <5
4 1 BK18
» s5: excess power at [ < 50 (70) i
C\g 3
e PySM WMAP 23 GHz templates vs. - ,
BK18 NPIPE 30/40 GHz prefers smaller A =
1 -
 Similar results for s4/s6/s7 at 30/40 GHz
0 . . . . . .
 Revisit with future BA 30/40 GHz results 50 100 150 200 250 300

Multipole /¢

Broadband Iimit

Ag g0 < 1.4 //tK%ZMB
15



Recommended Model Suite

Complexity Model set Short description

Low d9, s4, f1, al, col Small-scale emission fluctuations in amplitude only; no fre-
quency decorrelation in dust or synchrotron. Unpolarized CO
e1mission.

Medium d10, s5, f1, al, co3 Extrapolation to small scales for both amplitude and spectral
parameters in dust and synchrotron. CO polarization at the 1%
level.

High d12, s7, f1, a2, co3 Dust layer model, spatially varying synchrotron curvature, po-

larized AME and CO.

 Three recommended model sets: low, medium, high complexity

o All Ny = 8192 except free-free and CO (V4. = 2048)

 Realistic over 1-1000 GHz
e d9, d10, d11: up to 3000 GHz

* Application and validation from the mm-wave community

16



Future Outlook

* \We have demonstrated overall improvement of models. Moving forward:
 New amplitude templates from improved algorithms
 New spectral parameter templates from improved algorithms & high S/N data
 Merging partial sky observations

 Employing physical realism small-scale emission structure

e Improved internal workflow — new iterations of the iterative process

17
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Methodology

Dust: S, = AS (v/1,)" B,(T,)

Synchrotron:

SD _ Af (U/UO),BS+CSID(I//UC)

Amplitude parameters: A%, ASS

Spectral parameters: b, T,, P, C,

Per-pixel frequency scaling from
amplitude maps at 1, = 353,23 GHz

Main idea: preserve reliable large-
scale modes, extrapolate them to
small scales, and add stochastic
small-scale fill-in

R2 T,/3,

messssssss’eesssssssaa’nasasEssssssastaaaasssenafleaantaaansamananaaanstamiassnnnannaniinnnnnnnns

......

R | |
=, 15.0 21.0 27.0

GNILC MBB fit: T'[K]
,xd'?;-:/"—'v e _—

o
“" - ""’” :i '
| -
. . e
1.0 1.6 2.2
GNILC MBB fit: 3
arXiv:1807.06212 arXiv:1605.09387

20



Polarization Fraction Tensor Framework

low to generate small-scale (filamentary) Galactic
emissions?

A simplified picture:

* Dust / probes dust density structure (projection)

« Dust P modulated by large-scale Galactic magnetic
fields

« p = P/I = isotropic + small fluctuations from magnetic
field turbulent

Corresponding framework:

. (1,O,U)I - (x,y,2) — Dlxy for generating realizations

* |Introduce non-Gaussianity during reverse transformation

21



Polarization Fraction Tensor Framework

How to generate small-scale (filamentary) Galactic ( I, Q, U) PN (l, g, u)
emissions?
1 .
$— 2 p2 — Ll
A simplified picture: L= In(/= — P~) I =e'cosh¢
q ; .
1 [+ P — L siginh
« Dust / probes dust density structure (projection) g = ; g In — Q £ e'sinh ¢
11U I+P U i
« Dust P modulated by large-scale Galactic magnetic 1 = In T U= E e'sinh ¢
fields 2P I-P

5 — (q2 4 M2)1/2
« p = P/l = isotropic + small fluctuations from magnetic

field turbulent I[>0and0<p < 1forall(i,q,u)

Corresponding framework:

When p < 1:
i ~Inl, g~ Q/l,u~ U/l

. (,O,U)/I - (x,y,2) = Dlxy for generating realizations
* |Introduce non-Gaussianity during reverse transformation

22



Model Construction Flowchart

23

3.

Amplitude parameters Spectral parameters

“»| Transform to polarization
fraction fensor quantities

Large scales ESmuII sculesé
preserve the g are synthesized by
template 5 extrapolating a
= power law

= » multipole

Modulate
small-scale
fluctuations

ée 2 Combine scales

Transform back to
Stokes parameters

Final model specifies sky structure
as a function of frequency




1. Starting from amplitude template maps

New dust templates: Commander — GNILC

Low complexity models: uniform spectral parameters (d9/s4)

24

Amplitude parameters Spectral parameters

& . .| Transform to polarizafion
IR fraction tensor quantities

Large scales ESmuII sculesé
preserve the g are synthesized by
template 5 extrapolating a

= power law

Modulate
small-scale
fluctuations

Transform back to
Stokes parameters

Final model specifies sky structure
as a function of frequency



Amplitude parameters Spectral parameters

2. Performing polarization fraction tensor )
transformation
) T e 2| Transform to polarization
/ ,O,U) — (i,q,u) \ | “ W fraction tensor quantifies
(i,q,u) — (t,e,b) Low-pass filter Large scales Small scales;
sameas (/,0,U) —» (T, E, B) (i,q,u) up to ll preserve the g are synthesized by
¢ 3. template = extrapolating
$ = power law
Compute (11, ee, bb) power spectra  Preserved large-scale

(i, g, u) maps
Modulate
1 small-scale
' fluctuations

5.

Transform back to
6.

Stokes parameters
, Final model specifies sky structure

o as a function of frequency



3. Preserving large-scale modes and

synthesizing small-scale modes
PR3 P 71/78%
{

KO gl 62 14 Oltt Olee Olte Opp A)

Dust 50 100 2000 &0 -0.80 -0.42 -0.50 -0.54
Synchrotron 10 38 400 36 -1.00 -0.84 -1.00 -0.76

Preserve (tt, ee, bb) spectra between [, [;]

|

Perform D" o [*= power-law fit with fixed index «,,

|

Extrapolate the spectra to fill [/, [,]

|

Synthesize (t, e, b) realizations (stochasticity!)

High-pass filter (¢, e, b) with cut-off [;

|

Temporary small-scale realizations
26

Amplitude parameters

Large scales

preserve the
template

power spectrum

€ . .| Transform to polarization
N fraction tensor quantities

Spectral parameters

are synthesized by
extrapolating a
power law

Transform back to
Stokes parameters

Modulate
small-scale
fluctuations

Final model specifies sky structure

as a function of frequency



4. Modulating small-scale fluctuations

(¢, e, b) template maps

/b

Q 0

NG Qs

3e = 8 &radius 11.3°

— higher-resolution
overlapping circular masks

N,

S

Final (¢, e, b)
small-scale realizations

patch-wise (¢, ee, bb)

'

It

A Cl* circ
m; («9) = ’

It
L., full

ee
l.,circ

ee
L. full

1/2

1/2

modulation maps

l

X temporary
small-scale realizations

P
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5.

Amplitude parameters Spectral parameters

& . .| Transform to polarizafion
IR fraction tensor quantities

Large scales ESmuII sculesé
preserve the g are synthesized by
template 5 extrapolating a

= power law

Modulate
small-scale
fluctuations

Transform back to
Stokes parameters

Final model specifies sky structure
as a function of frequency



5/6. Combining scales and transforming back ;

Preserved Final
large-scale modes small-scale modes 9

I '

? atitmhinA?  AaXout — o xls .\ X,88
Mode-stitching™ a,»™ = a,~ (1 al) +a, "o

0; = [1 + e_cl(l/ll_cz)] 1 3

Smoothing filter
y =0.2,c;, =40, ¢, = 1.05
(A lot of tweaking...)

l

4,
d9/s4 (¢, e, b) maps
Reverse transformation l 5
d9/s4 (I, Q, U) maps at v, 6.
/.

28

Amplitude parameters Spectral parameters

& .~ .| Transform to polarization
N fraction tensor quantities

Large scales ESmuII sculesé
preserve the § are synthesized by
template 5 extrapolating a

= power law

Modulate
small-scale
fluctuations

Transform back to
Stokes parameters

Final model specifies sky structure
as a function of frequency



/. Similar process in parallel for spectral
parameter template maps

'

No polarization fraction tensor transformation

'

f() fl 8

D o 1% "5 900 400 0.04
T, 100 400 -0.47
B, 10 36 -0.61
Cs 10 36 -0.01

l

Synthesized + modulated small-scales

'

Mode stitching using the same method

'

d9/s4 at 1, + resultant spectral parameter maps
= d10/s5

29

Spectral parameters

Amplitude parameters

£ . .| Transform to polarization

2 s fraction fensor quantities
Large scales SmuII _s_c_c_l!(_e_s_é
preserve the § are synthesized by
3. template 2 extrapolating a
= power law
Modulate
small-scale
4, ,
fluctuations
5.
; Transform back to
" Stokes parameters
) Final model specifies sky structure

as a function of frequency



New PySM CO Models

Low
Complexity Tag Spectrum Model Templates Templates Stochasticity
Large scale Small scale
Single line emissions at Planck PR2 Type-1 maps
col 115, 230, 346 GHz smoothed to 1° — —
co2 "+ 0.1% polarized " - —
_ co3 " " Simulated high galactic clouds —
High
Complexity JT=1—->0

30



PR3 vs. PySM / Maps (353 GHz)

PR3 d1

—5Hd°"
- 2.0

—60°

—65°

340°  330° 3207 310° 300° 340° 330° 320°_ 310° 300°
do di2

(X 1O4> ,LLKCMB

—5d°" —5d°"

—60° —60°

—65° —65°

340° 330° 320° 310° 300° 340° 330° 320° 310° 300°

Galactic Plane: (I, b) = (180°, — 10°)

31

-600

59()

500

340° 330° 320° 310° 300°

—55°

—60°

—65°

dl

- 175

150

125

100

340°  330° 320° 310° 300°
di2

—55°"

—60°

—65°

340°

T 325

- 300

275

250

225

330° 320° 310° 300°

BICEP Field: (I, b) = (318°, — 61°)

uloms



Large-field Analysis

1T, EE, BB overview:

. Dust: NPIPE (PR4) A X B vs. PySM d1, d9, d12
at 353 GHz

* Sync: BeyondPlanck vs. PySM s1, s5
at 30 GHz

- Different galactic masks — f,, variation

* General agreement in large-scales (except d12)

* Smooth transition, mitigated artifacts in stitching
scales [. ~ 100, 40

 Polarization: d9 OK, d12 underestimates

» s1, sb: excellent for 77T (I < 300);
s5 better for EE (I < 100)

Df E [NK%MB]

Df B [:uK%}MB]

100

Dust
j;ky
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Small-field Analysis

Smoothing the “mode-stitching” connections

— NBB BB
R= Dlow—f/ Dhigh-¢

« DPF o« [7%* > R =1.83

* NPIPE: R =1.85£0.93

Back-and-forth efforts!
e« d1: R=2.03=x0.72
e d9: R=235=x0.77
e d12: R=2.26£0.91

Small deviations due to a; = 0.54 fit in bb

50

I
<

Frequency
DO o
< <

33

2

D

BB

low-/

3

/D

BB
high-¢

0 NPIPE
] d1
1 d9
] d12




PySM BB Spectra in BK Field

Recurring (and relentless) foreground questions from S4:
 “What are the changes of PySM model behavior in the BK field?”

 “How to compare the full-sky PySM dust models with BK
measurements from heavily-filtered maps?”

e “|s the BK dust measurement consistent with the Planck
measurement at 353 GHz"? What are their errors?”

e “What about the synchrotron foreground?”

34



Reanalyzing BK18 B Spectra

BK18 spectral decomposition analysis
. NG il
BB bandpower component separation ! +
(lensed- ACDM+r+dust+synchrotron) 10_2; | :
o | i/ P \o\\.\
e MCMC per-bandpower el - : : '
e /
 Strong constraints on dust 2 ¢/ v
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Dust Decorrelation
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Quantifying Extragalactic Contamination

Cross-correlating the local fluctuations in
PySM maps and galaxy density maps

GLADE+ catalog: 90% complete at z ~ 0.1

GLADE+ z-maps: stacked in HEALPIx grid +
redshift bins over 0 < z < 0.35

d10: less CIB contamination from GNILC
templates
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