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Cosmic Microwave Background
・Cosmic Microwave Background = remnant radiation from recombination of the Universe

・Polarization components : E-mode and B-mode

・~2.7 K black body radiation

Recombination
©NASA

Planck 2018

Planck Collaboration: The cosmological legacy of Planck
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Fig. 6. Planck CMB sky. The top panel shows the 2018 SMICA temperature map. The middle panel shows the polarization field
as rods of varying length superimposed on the temperature map, with both smoothed to 5�. This smoothing is done for visibility
purposes; the enlarged region presented in Fig. 7 shows that the Planck polarization map is still dominated by signal at much smaller
scales. Both CMB maps have been masked and inpainted in regions where residuals from foreground emission are expected to be
substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution temperature map. The
bottom panel shows the Planck lensing map (derived from r�, that is, the E mode of the lensing deflection angle), specifically a
minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the unmasked area covers
80.7 % of the sky, which is larger than that used for cosmology.
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・Small fluctuation

E-mode : even B-mode : odd



CMB B-mode and Inflation
・Two main sources that induce B-mode pattern : 

・Gravitational lensing effect … smaller angular scale (sub degree)

©NASA
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・Primordial gravitational waves from inflation … larger angular scale (degree scale)

Lensing effect 
Small scale B-mode

Inflation

Simons Array aims to detecting the primordial B-mode to test the Inflation theory.

deg scale B-mode intensity r  
↔ Energy scale of inflation

Lensing

Primordial GW

→ direct evidence of inflation if we find it

Primordial Gravitational wave 
Large scale B-mode

smalllarge



Simons Array ‒ Big Picture
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・Off-axis Gregorian telescopes placed at Atacama Desert, Chile. 
　Searching for primordial B-mode polarization to test the Inflation theory. 

・1st receiver … Physics observation in progress 
・2nd receiver … First light achieved!

・90/150 GHz dichroric pixels , 7588 bolometers per telescope 
　→ High statistic + Foreground removal 
  
・Continuously rotating half-wave plate (HWP) 
　→ Distinguish the polarization signal from non-polarized noises 
　     allowing us to scan the sky.

Key technics of Simons Array (SA) 

HWP(2Hz)

Antenna Polarization

Current status

Bolometer

Antenna 

Bolometer



Status of the Second telescope
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Status of Second Telescope Preparation
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Receiver
Readout  
connection

Stimulator

See also poster by Kana Sakaguri

・Receiver installation (HWP, bolometers)

・First light (end of 2022)
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・HWP rotation test

・Test observations

Readout connection

人工光源による光学信号検出
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人工光源
~700C 

5 Hz 信号
(矩形波)

PB-2b望遠鏡の断面図 (L. Lowly PhD. Thesis)

• 検出器評価のため、ミラー後ろに約700 Cの人工光源を設置
→光源からの5Hzの信号を検出
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Test Observation Status
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・Observation of various kinds of light sources have been  implemented successfully.

・Stimulator (artificial light source) 
・Moon 
・Planets : Jupiter, Venus, Saturn 
・TauA

Calibration and understanding of the second telescope is in progress. 
→ Move onto CMB observation soon!

First light  : Moon 

ΔAz×cos(El) [deg]

Δ
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☑Pointing adjustment 
☑Scan speed adjustment 
☑Observation w/ rotating HWP

Observations

Jupiter



Status of Analysis Framework
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　・Output of each bolometer 
　・Pointing of telescope 
　・Rotation angle of HWP
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Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters

Overview of SA Analysis
・SA analysis is processed as follows : 

 : Time stream format data

・Noise removal
Physics analysis

　→ Constrain physics parameters by power spectra calculation
・Bias check by “null test”

・Convert the unit of bolometers output to K
Data calibration

・Correct the angle of the antennas 
・Correct the pointing of the telescope

Raw data

・Make CMB map on the sky from the time stream data

MASTER



ビームの評価
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2021年初頭に
副鏡と受信機の間に
回転式半波長板を塔載

焦点位置を受信機位置を
1cm< の精度で動かし補正
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半波長板 副鏡
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90 GHz 150 GHz

受信機

Beam size

Intensity : gain

Planet
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Data Calibration
・Understand the characteristics of the telescopes by looking at observation results of planets and so on.

Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters

antenna angle

Gain stability

Beam :  
   150 GHz … 3.3 arcmin  
   90 GHz … 5 arcmin  
Gain accuracy :  
   ~0.3% 
Angle accuracy :  
   ~0.2 degree

Data calibration framework is ready. 
Applied to 1st telescope. Calibration of 2nd telescope is also on going.

Stimulator

Pointing

Wiregrid, TauA
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Atmospheric fluctuation HWP rotation
Scan synchronous

Noises in Simons Array
・Time stream includes noises that should be removed. They are filtered by modeling them.

Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters

θ

Scan synchronous mainly 
comes from ground



・Time stream includes noises that should be removed. They are filtered by modeling them.

Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters

HWP rotation angle [rad]
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–– Model 
・ Data

pointing direction [deg]
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–– Model 
・ Data

Modeling Noise

θ

θScan synchronous mainly 
comes from ground



・Time stream includes noises that should be removed. They are filtered by modeling them.

Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters
Simulation

Pointing

HWP rotation angle [rad]
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・ Data

pointing direction [deg]
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Noise subtraction

Noises in Simons Array
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Null Test
・Null test is performed to confirm that the data does not include systematic bias.

・Perform in advance before physics analysis. 
・Detect biases without looking at the data itself to avoid human bias.

All dataset

MapB (CMB+N2)MapA (CMB+N1)

Simulation Simulation

N1-N2

Simulation

・first/later half in the observation period

・Scan direction(right/left)
・detector location on the focal plane (top/bottom, right/left)

・Divide the dataset into two : 

　Then, check if the difference between their power spectra is null.

(e.g.)

Time stream of each bolometer

Data calibration

Noise removal

Map making

Null Test

Power Spectrum

Physics Parameters



Validation of SA Null Test Framework
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Framework from calibration to  
null test is ready 
 → Start physics analysis soon

・The null test framework for SA analysis has been developed and evaluated.
・Simulation is generated according to the actual scan of SA.
・Input the simulation to the framework.

☑ Spectrum of the difference is consistent null.
☑ The distribution of the discrepancy from null is as expected.

χnullExample of null spectrum
■ Expectation 
＋ Test

Simulation Simulation
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Summary  
・The Simons Array Experiment is searching for primordial B-mode to test inflation theory. 
　　・Physics observation of the first telescope is in progress. 
　　・Deployment and test observation of the second telescope is being proceeded in  
　　　parallel. We will move onto physics observation soon. 

・Data analysis framework of SA has been developed. 
　　・Completed from calibration to null test. 
　　・Start physics analysis once we obtain enough amount of data.

POLARBEAR Collaboration 
~20 Institutes, ~100 people



Back-up Slides
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Validation of the Null Test Framework
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χnull χ2null Example of null spectrum

One of null spectra from many 
null-test trials. 

(left/right, top/bottom, Q/U, …)

χ and χ2. χ is defined by C_null/σ_null of each bin of each null spectrum. 
Blue histograms are obtained by null spectra of noise simulation.  

Red is entry from tested data. 
(Here, both are calculated using simulation)

■ Expectation 
＋ Test

■ Expectation 
＋ Test



Data Transfer
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NERSC (LBNL)

- Transfer using Globus 
- Transfer in 20 mins → Quickly analyzable  
- Two tapes for raw data record → Safety

Berkeley

UTokyo 
KEK(raw data on tape) 

NARIT

- Hub of transfer 
- Save on tapes



Pointing Offset
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Jupiter&Venus
Moon
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HWP Synchronous Signal
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・HWP : generates phase shift using birefringence.

・2f HWPSS : Differential transmission 
　　　　　　　Differential emission 
・4f HWPSS : reflection at the primary mirror


