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Intro to SPIDER

Balloon-borne CMB polarimeter with
the goal of measuring r

6 telescopes (3 at 95 and 3 at 150 GHz)
with 2400 antenna-coupled TESs
Half-degree beams

Flew for 16 days above Antarctica in
January 2015, with 12 LST days
scientific data.

4.8% of the sky used in first analysis
A second flight with 280 GHz
detectors...(someday)




Declination

Intensity Maps *reobservation:
Using SPIDER scan strategy and

filtering to observe planck maps
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The comparison between re-observed planck map and raw
planck map illustrates the impact of SPIDER'’S scan strategy
and filtering that suppresses power at large angular scales
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Polarization Maps

The dominant
E-mode pattern of
the cosmological
signature is evident
in the maps,

and is diluted by the
Galactic signal.

There are more
structure in the
150GHz maps.
(evidence of
foreground power)
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High level Analysis Outline
Foreground Cleaning methods

The primary B-mode result

Template based late based: from this publication
NSI
XFaster
[ SPIDER Maps } r- likelihoods}

[ Spectral b based

SMICA

The primary subject
of today’s talk



Template removal methods: XFaster and NSI

Construct foreground templates from Planck maps (353-100 or 217-100)

353-100 GHz Q Template 353-100 GHz U Template

150 f
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Minimize CMB power by fitting a scale parameter o..



Template removal methods: XFaster and NSI
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XFaster jointly fits for o and r and provides the primary result




SMICA for SPIDER

~ e (2N x 2N) matrix where N = number of maps.
Data covariance Rb e Consisting of all auto and cross spectra
e Computed with PolSpice

Transfer matrix fb = frequency scaling
Model Equation Rb (9) —_— Nb —|— Zb’ Jb,b’ |:fbl Pb' ffl: —|— Cb’:|
Noise Dust CMB

Likelihood (Kullback-Leibler divergence)
—2 logL — Zb war [}?bRb_l ((9) —1In (RbRb_l (9))]
W = D pep (20 + 1) Foby
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SMICA for SPIDER
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—— Raw spectrum

Auto and cross spectra of inputs:
spider (95, 150), planck 353
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SMICA for SPIDER
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Pared down example EE only (95, 150, 353)

~  Auto and cross spectra of inputs:
Rb spider (95, 150), planck 353

Rb (9) Model fitted

—— Raw spectrum

« CMB spectrum e
SR Components are partitioned by spectral
7 spectrum Shape
CMB + Dust

~  + Noise spectrum

Dust scales
Uniform ‘ with Diagonal
CMB requency Noise




SMICA, Component recovered CMB

SMICA EE weights SMICA BB weights
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SMICA, Component recovered CMB
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substantially higher weight
than Planck equivalents

R — 353 has a negative weight
indicating it acts as a template

(in preference over 217)



Declination

SMICA, Component recovered CMB

Component separated, Stokes Q Component separated, Stokes U
Right Ascension Right Ascension
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Declination

SMICA, Component recovered CMB

Avg 150, Stokes Q Avg 150, Stokes U
Right Ascension Right Ascension
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SMICA fg EE weights
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Planck 217 appear to have the
largest contribution (over 353) but
remember that weights act on alms
and Planck 353 has 4-5x more dust
power

CMB must be cleaned from the
foreground map so SPIDER 90 /
have negative weights
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SMICA, Component recovered fg
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No negative maps = SMICA
believes there is no CMB power
to subtract in BB
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Declination

SMICA, Component recovered fg

Stokes Q: 353-100 Template Stokes U: 353-100 Template
Right Ascension Right Ascension
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Declination
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SMICA, Component recovered fg

Component separated dust, Stokes Q scaled to 217
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Declination
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SMICA, Component recovered fg

Stokes Q: 217-100 Template
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Declination
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SMICA, Component recovered fg

/ SMICA's foreground component map can weigh in on the template \
method, and prefers Planck 353-100 as a foreground template over
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Cleaned BB bandpowers and r likelihood
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2L+ 1) *Cy/(2m) (K2 )

Cleaned BB bandpowers and r likelihood

Foreground cleaned BB spectra r likelihood posterior
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2L+ 1) *Cy/(2m) (K2 )

Cleaned BB bandpowers and r likelihood

Foreground cleaned BB spectra

r likelihood posterior
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Cleaned BB bandpowers and r likelihood

Foreground cleaned BB spectra
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More to come.
Second flight in 26849, 2828, 2821, ... first chance we get

Taurus coming ~2026. E-modes over 70% of sky 150 to 350 GHz
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The payload - a brief introduction

SFT

Telescope
name
Telescope
mnsert
Thermal
contact pad

Mounting plate
for main flexure Telescope

aperture

Capillary
assembly Sun shield
Bottom of
main tank Vacuum vessel /
Top dome
Forebaffle
VCS Filters (300 K)

(30/150 K)

Vacuum vessel /

Cooled optics
sleeve (2.0 K)

Hermetic

feedthroughs

Magnetically
Baseplate  ghiclding
4.2K) spitoon (1.5 K)

Carbon fiber
gondola

Reaction

H
y wheel

Vacuum
window

V==

Filters (4K)

5 (300 K) e s Support

Eyepicce  Objective mnstrumentation
‘ lens (4 K) lens (4 K) package (SIP)
Focal plane

Adsorption (300 mK)
refrigerator




Credit: Steve Benton

Credit:
Steve Benton




Low-level Data Processing: From TOD to map

( Time-Ordered Data ) Simulated TOD (Signal/Noise)
Divide only at ) )
turn-arounds of Apply same flagging, filtering,
the scan

beams, pointing, and polarization
angles as SPIDER

Raw [ADC]

10 minute data chunks

Correlated noises are
flagged or filtered out

Cleaned

Maps from other

experiment
(Cleaned Data ) i‘f
-10 ; ; i i | ; i i
Apply calibration 0 100 200 300 400 500 600 700 800 Noise model: SPIDER scan
(beam estimation) Tune 51 stationary and strategy and
using cross spectra | - Combine with reconstructed pointing e folalas filtering
with PLANCK and observed polarization angles Y Y

Simulated/reobserved Maps




Template Removal

We use the template removal method
with both the NSI and XFaster pipelines

Dust is big

150 GHz
800

T
EE XFaster
700 - 4 NSI

1,

300

200
100 ’

Cy [nK?]

Results are highly consistent between
NSI and XFaster, especially in the
“nominal” 353-100 case

103 95 103 <150 35 (}50
Template: vy =353 GHz
Planck 16.8+0.5 44.4+0.8 1.5340.02

XFaster 1812 4542 1.49%% 1.5240.05
NSI 19435 4514 1.44%%  1.514+0.10

_ 1 | L 1 L
100(] 50 100 150 200 250
Multipole ¢

Template: vy =217GHz
Planck 153 +3 404 +4 1.534+0.02
XFaster 159417 377416 15119  1.68%%
NSI 140+50 350+58 1.63%4  1.81%%




Statistical consistency of
XFaster and SMICA

e Both XFaster and SMICA give
unbiased estimates of 7 and are
similarly optimal estimators

Likelihood contours forr = 0

XFasterr

—— 0.01+0.14

-06 -04 -0.2 0.0 0.2 0.4 0.6

SMICA r

— 0.01+0.14

-06 -04 -02 0.0 0.2 0.4 0.6



Likelihood contours forr = 0

Statistical consistency of

—— 0.01+0.14

XFaster and SMICA

e Both XFaster and SMICA give
unbiased estimates of 7 and are
similarly optimal estimators

e Whenrun on as identical

-06 -04 -0.2 0.0 0.2 0.4 0.6

simulation inputs, the estimators SMICA r

— 0.01+0.14

have substantial scatter

o Different estimators project
noise differently

SMICA best fit r, No 100,143,217
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XFaster best fit r



Statistical consistency of
XFaster and SMICA

e Both XFaster and SMICA give
unbiased estimates of 7 and are
similarly optimal estimators

e When run on as identical
simulation inputs, the estimators
have substantial scatter

o Different estimators project
noise differently

e Put another way,

o(Ar) > Bias

SMICA best fit r, No 100,143,217

Likelihood contours forr = 0

XFasterr

XFaster - SMICA

—— 0.01+0.14
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"—06 -04 -02 00 02 04
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SMICA r
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Statistical consistency of
XFaster and SMICA

e The XFaster result is consistent with
sims with inputr=0

e At first glance XFaster and SMICA
have very different results

o Half the differences are due to
data inputs

o Other half is due to different
estimators

e The data result is statistically
consistent between the two pipelines

SMICA best fit r, No 100,143,217

Likelihood contours forr = 0

XFasterr

XFaster - SMICA

—— 0.01+0.14

-04 -0.2 0.0 0.2 0.4 0.6 -0.6 -0.2 0.0

—— —0.01%0.10

0.2 0.4 0.6

SMICA r

Best fit data
®  Joint prob: 0.17
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Backup Slides: SMICA Validation on Sims

SMICA ens, CMB BB Ensemble mean recovered r-value
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XFaster Estimator (Gambrel+ 2021 arxiv:2104.01172)

https://annegambrel.github.io/xfaster/
Hybrid: quadratic and Monte Carlo pseudo-C,

Flexible: solve for bandpower deviations or

solve for parameterized power spectrum model.

Filter transfer function, foregrounds, etc

Marginalizes over nuisance parameters:
noise model residuals, beam model uncertainty

Mode Counting Data pseudo-spectra
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