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Inflation		

Today		Beginning of 
our universe		

CMB		

Primordial gravitational waves 
induce polarization patterns in CMB = “B-mode”		

Cosmic age		 10-36 sec?		

380K year		

13.8B year		

Detection of primordial gravitational waves from observation 
of CMB “B-mode” polarization to probe cosmic inflation!		



 Many model predict r>0.01 
 More general prediction 

  focus on the simplest models based on “Occam’s razor” principle 

 “single field slow-roll” models give Lyth relation 

 Large-field inflation (            ), which is well  
motivated phenomenologically, leads r>0.002 
 Detection of r>0.002 establish large-field inflation 
 Ruling out large-field inflation is also a significant impact on 
cosmology and fundamental physics	
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To achieve σ(r)<10-3 is a natural target		

r<0.07 (Planck+BK14)		
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Recombination		

Today		Beginning of 
our universe		

CMB		

Polarization by 
density perturbation		

Cosmic age		 10-36 sec?		

380K year		

13.8B year		

Detection of gravitational lensing from observation  
of CMB “B-mode” polarization to measure the total neutrino mass 		

νν��
νν��

νν��

Gravitational lensing by LSS distorts polarization = “B-mode” 
LSS could be suppressed by existence of neutrino 

depending on its total mass		



5 

Snowmass2013		

Normal hierarchy:		 Inverted hierarchy:		X
m⌫ > 100meV

X
m⌫ > 58meV

The current lower limit on the sum of neutrino masses imposed by oscillation experiments		

~60		

~100		

Need σ(Σmν)<20 meV to determine hierarchy		

σ(Σmν)<~0.2 (Planck+BAO)		

w/ 3σ	
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Lensing 
B mode		

Inflationary 
B mode 

(only satellite 
can measure)		

>30deg		

~sub-degrees		

larger angular scale                 smaller angular scale		

Inflationary 
B mode		

~degrees		
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March, 2014		

on 11th		
on 17th		
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2016-2017		
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Simons 
Array		

artistic concept		
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POLARBEAR		 Simons Array		
artistic concept		
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POLARBEAR/Simons Array Collaboration 
~100 collaborators & many from JAPAN!		



 Observing CMB polarization on Atacama desert  
in Northern Chile at an altitude of 5,200m  
since January 2012	
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Chile		

Atacama		
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2.5 m 
Primary mirror		

Guard ring		

Receiver 
(not seen) 

Secondary 
mirror 

(not seen)		

  1274 TES (Transition-edge sensor) bolometers 
  Superconducting detector cooled down to 250mK  

2yrs for small patches 
targeting lensing 

>3yrs for large patch 
targeting inflation		

CMB		
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We have published a new lensing B-mode paper 
w/ better sensitivity on Oct. 2017!		



 60% more data 
 new dataset & improved data selection 

  Improved noise model & estimate 
 w/ Monte Carlo  

 More realistic estimation  
of foreground contamination  
w/ Planck 353 GHz 

 Validated data, systematics & analysis blindly 
 w/ dedicated “Null” tests 

 realistic instrument simulation	 16 

has doubled the previous sensitivity 		



 Two independent pipelines performed TOD into maps & 
power spectrum estimate ⇨ Make our analysis more robust	
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Pipeline A		

Pipeline B		
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AL = 0.60+0.26
�0.24(stat)

+0.00
�0.04(inst)± 0.14(fg)± 0.04(multi)

We reject the null hypothesis of no B-mode polarization 
at a confidence of 3.1σ 

including both statistical and systematic uncertainties.		

(POLARBEAR official)		

3.1σ		



  7,588 bolometers per receiver, factor of 6 increase from current receiver 
  Three telescopes (two new telescopes + one current one) 

  →→ (3 telescopes) x (6 x more detectors) = 18 x sensitive than now 
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POLARBEAR 

Simons Array 

(3 telescopes) 
x (6 x more detectors) 

=18 x sensitive than now	

190mm		

365mm		

dual freq.		

x6 more detectors		

artistic concept		



  7,588 bolometers per receiver, factor of 6 increase from current receiver 
  Three telescopes (two new telescopes + one current one) 

  →→ (3 telescopes) x (6 x more detectors) = 18 x sensitive than now 
  Expand frequency coverage for FG removal (95/150/220/270 GHz) 

  Deploy first receiver (PB2A) soon  

  Deploy two more receivers (PB2B, PB2C) in 2018		 20 

POLARBEAR 

Simons Array 

(3 telescopes) 
x (6 x more detectors) 

=18 x sensitive than now	

POLARBEAR-2 Receiver Frequency Plan 

POLARBEAR-2A 
95/150 GHz 

POLARBEAR-2B 
95/150 GHz 

POLARBEAR-2C 
220/270 GHz 

@KEK	

@UCB 
& UCSD	

Daisuke will talk more!		

artistic concept		
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  Inflation: σ(r=0.1) = 6×10-3 (4×10-3 stat.) 
  Neutrino mass: σ(Σmν) = 40 meV (19 meV stat.) w/ BAO from DESI 

  Light relic: σ(Neff) = 0.04 

21 

POLARBEAR 

Simons Array 

(3 telescopes) 
x (6 x more detectors) 

=18 x sensitive than now	

~2020		

artistic concept		



  POLARBEAR successfully measured B modes @ high ell (small angular scales) 

& Simons Array will inherit what POLARBEAR has achieved (inst. & ana.) 

  How about sensitivity to achieve σ(r)<10-3 & σ(Σmν)<20 meV?	

  How about low ell (large angular scales) for inflationary B modes (ell<200)? 
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Need a next-generation ground exp & satellite & 
new technology to make low-ell measurement possible 		



  Simons Array & ACT will be combined to “Simons Observatory” (SO) 
  The Simons Foundation is providing $40M in support for the Simons Observatory  
  Can observe ~80% of the sky from Chile 

  then can provide rich astronomical probes & lensing info	

  SO/S4 is targeting to achieve σ(r)<0.001; σ(Σmν)~20 meV 
  actively studying design of instrument (& data analysis) 23 

Simons Array		

ACTPol		



  Measured data @ large angular scales are dominated by 
atmospheric 1/f noise, which is NOT suppressed by averaging 
 Make it difficult to measure inflationary B modes 

  Need “modulation” to recover inflationary B modes	 24 
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simulated timestream	

white noise		

1/f noise		

scanning 15° on sky　　          〃〃　　　　　　　　　　　　　　      　　〃〃		

B-mode		



  HWP can rotate incoming polarization signal as we want 
  given an angle between HWP axis & incoming polarization of χ, outgoing polarization angle will be 2χ 

  By rotating HWP, we can modulate incoming signal as we want!	
25 

prime 
 focus	

Primary 
mirror	

Secondary 
mirror 

Receiver	

27 cm	

Installed sapphire HWP	

Kusaka et. al (2014)	HWP is optical element made of a birefringent material whose 
thickness is set to make the path difference between 

birefringent axes half of a wave length.		
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arXiv:1607.07399; CA Hill, S Beckman, Y. Chinone et. al.	

r<0.01 (systematic)		

HWP on 
POLARBEAR		

HWP on 
Simons Array		

27 cm	

Lensing B mode Inflationary B mode 

>7000hrs		
arXiv:1702.07111 
S. Takakura et. al. (PB Collab.)	
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LiteBIRD also uses HWP for low-ell measurement. 
Hiroaki will talk more!		



  POLARBEAR has validated HWP & Simons Array and  
Simons Observatory will inherit its achievement 

  LiteBIRD is an only experiment can access the full sky 
& also needs HWP to measure reionization bump 

  SA/SO can “delens” LiteBIRD for “extra” success	
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2015		

~2000		 Old generation 
ground-based (balloon) exps.		

Dedicated satellite & 
advanced ground-based exp		
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Old generation 
ground-based (balloon) exps. 

=PB/SPT/ACT/BK		

Dedicated satellite=LiteBIRD & 
advanced ground-based exp=SA/SO		

2028?		

~2018		



  POLARBEAR is a “stage 2” CMB experiment, which successfully 
measured B-mode lensing; Updated the result achieving 2x better 

  Upgrading POLARBEAR to Simons Array, which is a “stage 3” 
CMB experiment; Deploy in 2018! 

  Staring Simons Observatory & developing 
LiteBIRD w/ heritages that  
POLARBEAR have achieved 
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POLARBEAR-1 
(Stage II)		

Simons Array 
(Stage III)		

Simons Observatory 
& CMB Stage IV 

2018~		 2020~		Now		

σ(r)<0.1                   σ(r)<0.01; σ(Σmν)~40 meV    σ(r)<0.001; σ(Σmν)~20 meV		

+	

2025~		

artistic concept		
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