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E-modes from the ground 
COSMO 2002: DASI first 

detects polarization of CMB 



B-‐modes	  from	  the	  ground	  

•  Deep,	  Concentrated	  coverage	  
•  Foreground	  avoidance	  (limited	  frequency)	  
•  Systema?c	  control	  with	  in-‐situ	  calibra?on	  
•  Large	  detector	  count,	  rapid	  technology	  cycle	  
•  Relentless	  observing	  –	  large	  number	  of	  null	  tests	  

	  à	  powerful	  recipe	  for	  high-‐confidence	  ini?al	  discovery	  



Status of B-mode experiments 

Compilation by Cynthia Chiang

100 nK !

DASI (2002)

QUAD

BICEP

BICEP

QUAD

EE: > 2σ detections

BB: 95% C.L. limits

Status of E and B-mode experiments 



SPTpol Detection of lensing B-modes
(reported last week)

SPTpol: Hanson et al, arXiv:1307.5830

null test

SPT

SPTpol

SPTpol detection of lensing B-modes 
(reported last month) 



BICEP1 
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10m South Pole Telescope 
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South Pole CMB telescopes 
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Atacama CMB telescopes 
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Galactic Foreground Avoidance 

Planck 353GHz polarization will add information 



Systematic control: the Tà P challenge 
 
Typical degree-scale brightness fluctuations at 150 GHz 
 
 
 

r = 0.01 B-modes 30 nK 

lensing B-modes  
    (at arcmin scales) 

300 nK x 10 

CMB T anisotropies 30 uK x 103  

galaxy 0.3 – 30 mK x 104 - 106 

atmosphere 30 mK – 3 K x 106 - 108 

ground, telescope mount 3 – 300 K x 108 - 1010 

“The backgrounds are horrible but people are brave.” 



BICEP1 (2006-2008) BICEP2 (2010-2012) Keck Array (2011-2016) BICEP3 (2015-2016) 
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Why use a small aperture? 

•  Efficient to integrate / test / deploy 

•  Stability of (4K) telescope & beams 

•  Aperture filling calibrators, far field beam maps 

•  Boresight rotation 

•  Superior sidelobe suppression 



Nov 2005:  BICEP installed into DSL 



Dec 2005:  
Assembling and 

installing the BICEP1 
receiver 



View toward station & mast source 
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A-B Difference Map 

Differential Pointing  
•  From far-field maps of unpolarized sources 
     - knowledge is extremely good 
•  2’ pointing offset  between A & B channels 
•  Can be deprojected in analysis precisely 

Response to a Polarized Source 

Response to an Unpolarized Source 

BICEP2 Precision Beam Mapping 

RW Aikin, CL Wong 



Composite	  map	   Single	  beam	  maps	  

Noise	  rms	  in	  square-‐degree:	  7.6	  x	  10-‐5	  (frac?on	  of	  beam	  solid	  angle)	  

Chin Lin Wong 

BICEP2 Precision Beam Mapping 



BICEP2 Precision Beam Mapping 

RW Aikin, Chris Sheehy 



Sidelobe characterization 
•  Small refractor = clean optical design 

–  Unobstructed aperture 
–  Black forebaffle 
–  Reflective groundshield 

•  Sidelobes mapped on-site using 
      amplified sources on 30’ mast 
•  No ground pickup seen in analysis! 
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Sky Coverage 

Animation : H. C. Chiang"

FDS Dust Model 

CMB4 

CMB3 

GALP 

FDS Dust Model 

Movie: Cynthia Chiang 

March 2006 – December 2008: 
> 10,000 hours on CMB target field 

Comparatively good 
observing efficiency 



EE

BB

r < 0.72 at 95% CL

Chiang et al (2010), ApJ 711, 1123
Takahashi et al (2010), ApJ 711, 1141

E and B modes published to date 



Updates to mapmaking

1. More data

2. Deprojection of temperature�polarization leakage

Third year of observations = +36%
Included additional channels = +12%

TOTAL = 52% more data

BICEP1 3yr analysis update 

Aikin et al, in prep 

Deprojection: identify 
potentially contaminated 
modes in your dataset 
and set them to zero 
(akin to marginalization). 

 

Correction: measure 
contamination exactly 
and subtract its effect 
from potentially 
contaminated modes. 

vs. 



Updates to mapmaking

1. More data

2. Deprojection of temperature�polarization leakage

Third year of observations = +36%
Included additional channels = +12%

TOTAL = 52% more data

Table 3 from Takahashi et al. (2010)

BICEP1 3yr analysis update 

BICEP instrument characterization 5

TABLE 3
SYSTEMATIC ERRORS POTENTIALLY PRODUCING FALSE B-MODE POLARIZATION

Benchmarka Measured Measurement notes Reference
Relative gain uncertainty: �(g1/g2)/(g1/g2) 0.9% < 1.1% Upper limit, rms error over the array.b §3.1
Differential pointing: ( r1 � r2 )/� c 1.9% 1.3% Average, each repeatedly characterized to 0.4% precision.d §3.2
Differential beam size: (�1 � �2)/� 3.6% < 0.3% Upper limit, rms over the array. §3.2
Differential ellipticity: ( e1 � e2 )/2 1.5% < 0.2% Upper limit, rms over the array. §3.2
Polarization orientation uncertainty: �⇥ 2.3� < 0.7� Upper limit, rms absolute orientation error over the array. §3.3
Telescope pointing uncertainty: �b 5⇥ 0.2⇥ Fit residual rms in optical star pointing calibration. §3.4
Polarized sidelobes (100, 150 GHz) -9, -4 dBi -26, -17 dBi Response at 30� from the beam center. §3.5
Focal plane temperature stability: �TFP 3 nK 1 nK Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6
Optics temperature stability: �TRJ 4 µK 0.7 µK Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6

a Benchmarks correspond to values that result in a false B-mode signal of at most r = 0.1. For r = 0.01, all benchmarks would be lower by
�

10.
b If relative gain errors are detected, we anticipate removing their effects in future analyses using a CMB temperature template map.
c � = FWHM/

�
8 ln(2) = {0.39�, 0.26�} at {100, 150} GHz.

d This measurement of differential pointing could be used in future analyses to remove the small predicted leakage of CMB temperature into polarization maps.

Measured r = 0.1 Benchmark Measurement notes Reference
Relative gain uncertainty: �(g1/g2)/(g1/g2) < 1.1% 0.9% Upper limit, rms error over the array.b §3.1
Differential pointing: ( r1 � r2 )/� 1.3% 1.9% Average, each repeatedly characterized to 0.4% precision.d §3.2
Differential beam size: (�1 � �2)/� < 0.3% 3.6% Upper limit, rms over the array. §3.2
Differential ellipticity: ( e1 � e2 )/2 < 0.2% 1.5% Upper limit, rms over the array. §3.2
Polarization orientation uncertainty: �⇥ < 0.7� 2.3� Upper limit, rms absolute orientation error over the array. §3.3
Telescope pointing uncertainty: �b 0.2⇥ 5⇥ Fit residual rms in optical star pointing calibration. §3.4
Polarized sidelobes (100, 150 GHz) -26, -17 dBi -9, -4 dBi Response at 30� from the beam center. §3.5
Focal plane temperature stability: �TFP 1 nK 3 nK Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6
Optics temperature stability: �TRJ 0.7 µK 4 µK Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6

Measured max false B, equiv. r Measurement notes Reference
Relative gain uncertainty: �(g1/g2)/(g1/g2) < 1.1% < 0.15 Upper limit, rms error over the array.b §3.1
Differential pointing: ( r1 � r2 )/� 1.3% 0.05 Average, each repeatedly characterized to 0.4% precision.d §3.2
Differential beam size: (�1 � �2)/� < 0.3% < 0.0007 Upper limit, rms over the array. §3.2
Differential ellipticity: ( e1 � e2 )/2 < 0.2% < 0.002 Upper limit, rms over the array. §3.2
Polarization orientation uncertainty: �⇥ < 0.7� < 0.009 Upper limit, rms absolute orientation error over the array. §3.3
Telescope pointing uncertainty: �b 0.2⇥ 0.0002 Fit residual rms in optical star pointing calibration. §3.4
Polarized sidelobes (100, 150 GHz) -26, -17 dBi 0.0002 Response at 30� from the beam center. §3.5
Focal plane temperature stability: �TFP 1 nK 0.011 Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6
Optics temperature stability: �TRJ 0.7 µK 0.003 Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6

Measured max false B, equiv. r Measurement notes Reference
1. Relative gain uncertainty: �(g1/g2)/(g1/g2) < 1.1% < 0.15 Upper limit, rms error over the array.b §3.1
2. Differential pointing: ( r1 � r2 )/� 1.3% 0.05 Average, each repeatedly characterized to 0.4% precision.d §3.2
3. Focal plane temperature stability: �TFP 1 nK 0.011 Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6
4. Polarization orientation uncertainty: �⇥ < 0.7� < 0.009 Upper limit, rms absolute orientation error over the array. §3.3
5. Optics temperature stability: �TRJ 0.7 µK 0.003 Scan-synchronous rms fluctuation on ⇤�100 time scale. §3.6
6. Differential ellipticity: ( e1 � e2 )/2 < 0.2% < 0.002 Upper limit, rms over the array. §3.2
7. Differential beam size: (�1 � �2)/� < 0.3% < 0.0007 Upper limit, rms over the array. §3.2
8. Polarized sidelobes (100, 150 GHz) -26, -17 dBi 0.0002 Response at 30� from the beam center. §3.5
9. Telescope pointing uncertainty: �b 0.2⇥ 0.0002 Fit residual rms in optical star pointing calibration. §3.4

and co-added into maps with exactly the same weights as with
the real data. A baseline set of spectra are computed without
any simulated errors to (1) determine the amount of E-B leak-
age due to timestream filtering and any other effects intrinsic
to the pipeline, and (2) obtain the transfer functions to be ap-
plied to the raw spectra.

The power spectra of maps made with simulated errors
are compared with the those without any errors, and any
differences—in particular, excess B-mode polarization power
that has leaked from T or E—are attributed to the systematic

errors. The simulations are performed with at least 10 realiza-
tions of input CMB maps.

Table 3 summarizes the instrument properties and r = 0.1
benchmark levels for their characterization, as well as the re-
sults of measurements described in the next section. Each
instrumental property has been characterized to a level of pre-
cision at least comparable to the r = 0.1 benchmark and in
most cases much better.

Finally, some calibration uncertainties affect only the scal-
ing of the spectra but do not result in spurious polarization

Takahashi et al 2010 
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Colin Bischoff, Denis Barkats 
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BICEP1 3-year constraint on r
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BICEP1 initial results 

•  This is doable. 
 

–  First high S/N measurement of CMB (E) polarization at l = 100 
–  Instrument worked as designed 
–  Systematics controllable—we believe down to r = 0.01 
 

•  This is hard. 
–  Initial result from first 2 seasons after massive analysis effort: 
        r = 0.03   +0.31 / -0.27                  Chiang et al.  2010 
        r < 0.72 at 95% confidence 
–  Full 3-year results complete:  

  r = 0.06   +0.27 / -0.23          Barkats et al. 2013 (posted soon) 
        r < 0.70 at 95% confidence   Aikin et al. 2013 (deprojection methods) 
 

         … NEED MORE SENSITIVITY! 
 
 

                      2yr CMB result:   Chiang et al.  2010 
Instrument Characterization:   Takahashi et al. 2010 



BICEP1 (2006-2008) BICEP2 (2010-2012) Keck Array (2011-2016) BICEP3 (2015-2016) 



Focal 
Plane 

Planar 
antenna 
array 

Slot 
antennas 

TES bolometer 

(All) current generation experiments use 
mass-produced, superconducting detector arrays 

microstrip filters 



 Jan 2010 
BICEP2’s focal plane 
deployed to Pole…  

 
 

Justus Brevik 



The	  Keck	  Array	  (2011-‐)	  

5 BICEP2s! 
Pulse tube coolers 
More frequencies soon 

Chin Lin Wong 
Chris Sheehy 



2560	  detectors	  on	  the	  sky!	  



Low	  Level	  "Reduc	  Plot"	  –	  Good	  Weather	  

•  This	  plot	  made	  for	  every	  50	  minute	  “scanset”	  -‐	  x-‐axis	  ?me,	  top	  panel:	  telescope	  
azimuth	  mo?on,	  middle	  panel:	  detector	  pair	  sum	  ?mestream,	  bo\om	  panel:	  pair	  diff.	  

•  Outer	  panels	  –	  bracke?ng	  elnod	  calibra?ons	  (“mini	  skydips”)	  
 Use	  these	  to	  normalize	  rela?ve	  gains	  –	  note	  clean	  pair	  diff.	  elnods	  



Low	  Level	  "Reduc	  Plot"	  –	  Worse	  Weather	  

•  Pair	  sum:	  more	  atmospheric	  structure	  

•  Pair	  diff:	  looks	  the	  same	  as	  good	  weather	  

 Atmosphere	  largely	  unpolarized	  



BICEP2	  Analysis	  Status	  

•  Took	  data	  2010,	  2011,	  2012	  
 Total	  17,000	  scansets	  under	  analysis	  

•  18TB	  raw	  data	  (including	  some	  cal.	  data)	  
•  Sophis?cated	  automa?c	  cut	  framework	  
implemented	  
 Cope	  with	  weather...	  
 ...and	  "fussy"	  SQUID	  based	  readout	  system	  

Clem Pryke 



Cumula?ve	  Weights	  

•  Sensi?vity	  improved	  greatly	  2010	  to	  2011	  (tuning	  of	  detectors	  and	  readout!)	  

•  Small	  boost	  in	  late	  2011	  



BICEP2 
3 year 

Keck  
2012 only 

170 nK-deg 

122 nK-deg 

Colin Bischoff 



Fourier Transform and Square 



Rotate Q&U to E (&B) 



Perform 1st/2nd Half Null Test 



Perform “Deck” Null Test 



Why does the Deck Null Test Fail? 
•  This null test differences subset maps formed from 

instrument angles (0/45 deg and 180/225 deg) that 
maximize non-cancellation of dipole Tà P leakage. 

•  However deprojection can remove this... 

Updates to mapmaking

1. More data

2. Deprojection of temperature�polarization leakage

Third year of observations = +36%
Included additional channels = +12%

TOTAL = 52% more data

Deprojection: identify 
potentially contaminated 
modes in your dataset 
and set them to zero 
(akin to marginalization). 

 

Correction: measure 
contamination exactly 
and subtract its effect 
from potentially 
contaminated modes. 

vs. 



Deck Null Test with Deprojection 

•  Deprojection performed per detector pair for groups of 10 
scansets (at 10 elevation steps) 

•  At the moment coefficients allowed to vary with time 
 Although for diff. point they empirically do not... 



Simulations 
•  Full timestream level signal and noise sims 

•  All E/M mixing effects are included (map projection, sky cut, 
filtering, deprojection, etc.) and debiased 

•  Heuristic “Pure-B” estimators (K. Smith 2007) useful 
for eliminating variance from sky-cut induced E/B 
mixing 
•  Works well to r ~ 0.05 
•  Improved estimators under development 

•  Systematics are extensively probed: 
•  Null tests: ~14 most useful combinations—all must pass 
•  Extensive forward simulations of each measured systematic 
•  Full beam model / undeprojected residual sims underway 



Signal+noise sim B-modes LCDM 



Signal+noise sim B-modes LCDM+r=0.1 



Real E-mode Map 



Real B-mode Map 



CMB Task Force Report , Fig. 10.2 

The race for r: progress has actually 
been much faster than expected 

BICEP begins observing 2006 

CMB Task Force Report   July 2005 

achieved 2007 achieved 2013 



B-modes from the ground:  
experiments with data NOW 

BICEP2 0.3 m 500 detectors 

Keck Array 0.3 m (x5) 2500 

ABS 0.3 m 480 

EBEX (balloon) 2 m 1200 

Polarbear 3.5 m 1200 

ACTpol 6 m 1000 

SPTpol 10 m 1500 

The scale-up has happened—expect results from multiple 
groups, complementary systematics, overlapping coverage. 

 

Coming in 2014: Spider (2400 detectors), BICEP3 (2500)… 

          then Piper, SPT3G, Polarbear, ACTpol upgrades (all 10,000+) 
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Space based experiments

Stage!I ! ! 100 detectors

Stage!II ! ! 1,000 detectors

Stage!III ! ! 10,000 detectors

Stage!IV ! ! 100,000 detectors

Experimental progress 



B-‐modes	  from	  the	  ground	  

•  Deep,	  Concentrated	  coverage	  
•  Foreground	  avoidance	  (limited	  frequency)	  
•  Systema?c	  control	  with	  in-‐situ	  calibra?on	  
•  Large	  detector	  count,	  rapid	  technology	  cycle	  
•  Relentless	  observing	  –	  large	  number	  of	  null	  tests	  

	  à	  powerful	  recipe	  for	  high-‐confidence	  ini?al	  discovery	  



How low on  r  can CMB-S4 go? 



Infla?on$projec?on$for$CMB5S4

Δϕ$≲$mpl

Δϕ$≳$mpl

How low on  r  can CMB-S4 go? 



The next year will be exciting… 

Watch this space. 





Polarization calibrations 
•  response angles 

–  No astronomical sources of 
known polarization angle 

–  Measured with dielectric sheet 
calibrator to < +/- 0.7 degrees 
(Yuki Takahashi) 

•  cross-polar response: measured 
using wire grids, near and far 

•  gains: matched hourly el-nods, 
per-season vs. Planck 



Conclusions 

•  Keck-Array is taking data and working well 
 Instrument NET is 9.5 uK √s 

•  BICEP2 analysis is advanced: 
 Data selection procedure in place 
 3-year Q/U maps have noise of 0.12 uK-deg 

over 390 sq. deg. (effective) 
 Careful simulations constructed 
 With diff. point deprojection Jackknifes pass 
 We are fretting extensively about possible 

jackknife evading deprojection residuals... 



From BICEP1  to  BICEP2 & KECK!

SPT: 10m"

BICEP/Keck: 0.3m"

Photo: Steff Richter"

John Kovac,  Caltech / Harvard"
July 2, 2009  CMPpol workshop "



BICEP3	  (2015-‐)	  
• 2560 detectors at 100 GHz 
• Larger aperture, faster 
optics -> 10x BICEP2’s 
optical throughput 

• Doubles the program’s 
survey speed 
• Foreground separation 
• Testing at Harvard 2014 



CMB’s future is polarization 
•  Ground-based telescopes have led in precision CMB polarimetry 

–  Lots of scope for student involvement 
 
•  Now: B-modes from Inflation 

–  BICEP2, Keck Array are pushing into new territory 
–  Planck will be a good E-mode machine, but… 
–  BICEP3 and others coming soon 
–  These experiments will probe Inflation to   
             r ~ 0.02  (lensing confusion limit) in the next several years. 
 

•  Next step: B-mode lensing 
–  nK sensitivity  à  1000’s – 10,000’s of detectors 
–  4’ resolution  à  Larger telescopes 
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BICEP2: 10-fold increase 
in mapping speed:  

BICEP1 

48        
150 GHz 
detectors 

BICEP2 

512        
150 GHz 
detectors 

  JPL : antenna-coupled TES arrays 



BICEP1:  a targeted B-mode machine 

KWY 

98 Detector Focal Plane 
(100 and 150 GHz) 

Telescope: 30 cm wide-field 
refractor, all optics at 4 K 

Polarization-Selective 
Bolometers (JPL) Fast-scan mount (5 d/s) 

Feb 2006: working at Pole! 



Inflationary parameters r, ns 

This is as far as CMB Temperature can go… 



CMB Polarization: E-modes and B-modes 

E-mode 

e- 
k	  Density fluctuations Gravitational waves 

B-mode 



Most of BICEP Within Indoor Environment!







Inflation from the ground: 
•  BICEP1 is probing Inflation right now (Jan 2009)! 

–  Meets sensitivity projections 
–  Initial CMB results coming very soon! (Chiang et al.) 

•  Systematics are controllable down to at least r=0.01 
–  No exotic polarization modulators – just careful optical design and scanning 

•  Sensitivity is gated by availability of high-efficiency focal planes 
–  Detector support is crucial to continued progress! 

•  Suborbital B-mode Experiments (BICEP2, Keck and many others) 
have a huge role in the next 5 years: 

–  In Southern Hole, will probably push to r < 0.01 and beyond… 
–  Will continue to prove and improve technology for an orbital mission. 



Basic Analysis flow 
•  Deconv, deglitch etc 
•  Equalize channel gains using elnods 
•  Pair difference 
•  Segment into half scans and apply some scan-

wise filtering: 
 Subtract 3rd order poly from each 
 Bin in azimuth to form scan sync. template and 

subtract 
•  Accumulate into “pairmaps” (basically scansets 

binned in RA) 
•  Also accumulate deprojection templates 
•  Sum up over 10 elevation steps and then regress 

templates and subtract 



Apodize using 1/var map 


