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1994

Python CMB Telescope

South Pole CMB efforts 
started in 1980’s



CMB polarization
first detected

in 2002, at South Pole



CMB B-mode Polarization 
first detected 

in 2013, at South Pole

null test



South Pole



South Pole
• High, cold site ~ 10,500 feet. 
• Extremely dry, uniquely stable atmosphere.

• the sky at 150 GHz has ≳30x less power  fluctuations than 
Chajnantor Chile (e.g., Bussmann et al. 2005, Kuo 2017)

• Sun below horizon for 6 months.
• Unique geographical location  - We can observe the 

clearest view through our Galaxy 24h/day, 365 days/yr
• Excellent support from NSF research station
• Steady investment by NSF in South Pole CMB

• CMB is one of 3 major priorities of Antarctic Science for coming decade

→Best developed site for ultra-deep
CMB measurements
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Keck Array
Bicep Array

2019
Since 2015

→ Small aperture telescopes (cheap, fast, low systematics)
→ Target the 2 degree peak of the B-mode
→ Integrate continuously from South Pole
→ Observe 1-2% patch of sky

x5 = 

x4 = 

SPT (3G)

Bicep 1
Bicep 2
Bicep 3

Bicep 2 Keck Array

Bicep Array

Bicep 3
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BICEP-Keck Constraints on Inflation to Date
r = tensor to scalar ratio, i.e. amplitude of inflationary gravitational-wave background

Published B-Mode Sensitivity to r
Experiment Year Bands [GHz] s(r)
DASI 2004 26…36 7.5
BICEP1 2yr 2009 100, 150 0.28
WMAP 7yr 2010 30…60 1.1
QUIET-Q 2010 43 0.97
QUIET-W 2012 95 0.85
BICEP1 3yr 2013 100, 150 0.25
BICEP2 2014 150 0.10
BK + Planck 2015 150 + Planck 0.034
BK14 2015 95, 150 + P 0.024
ABS 2018 150 0.7
BK15 2018 95,150,220 + P 0.020
BK17 2019? 95,150,220 + P 0.010 (est)

State of B-mode polarization power spectra in 2017



BICEP/Keck data:  B-modes and progress on r

• BICEP-Keck / Planck joint analysis       (published Feb 2015)                      σ(r) = 0.034 arXiv:1502.00612

• 2014 BICEP/Keck adds deep 95 GHz                                            σ(r) = 0.025 arXiv:1510.09217

raw sensitivity with no foregrounds or lensing:     σ(r) = 0.005   
it is now all about component separation!

• 2015 BICEP/Keck adds deep 220 GHz                                  expect  σ(r) = 0.019 next month

• 2017 BICEP/Keck (data all in the can)    expect  σ(r) = 0.010 coming next year

• 2019-2023 BICEP Array + SPT3G                    forecast  σ(r) ~ 0.003

SPTpol
95 GHz

SPTpol
150 GHz

+
no

B-modes

with
B-modes

Deep degree-scale maps: 
multiband for foreground separation 

Deep high-resolution maps:
precision delensing



The BICEP/Keck Collaboration

Upcoming BK15 E-Mode Maps
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BK17 sensitivity

BK15 Band Sensitivity (at ℓ = 80)
BK15 errors on r dominated by dust sensitivityBK17 errors on r will be dominated by synchrotron sensitivity



The BICEP/Keck Collaboration

Upcoming BK15 spectra

Red lines:  BK14 CMB + polarized dust model with r = 0
Spectra using all data up to and including 2015 - for the first time adding Keck 220GHz
220 GHz data in excellent agreement with Planck 353 GHz at similar dust sensitivity



Put priors on the 
frequency spectral 
indices of dust & sync

Marginalize over 
generous ranges in 
spatial spectral indices

Allow dust/sync 
correlation

BK15 Simulated Results

Adust Asynchr

Plus: many alternate 
analyses presented
▪ Foreground priors
▪ Dust EE/BB ratio
▪ WMAP/Planck data
▪ Dust decorrelation



The BICEP/Keck Collaboration

Dust Decorrelation?
Planck 2016 Planck 2018

A departure of the correlation ratio from unity that cannot 
be attributed to a spurious decorrelation due to the cosmic 
microwave background, instrumental noise, or 
instrumental systematics… detected at more than 99% 
confidence

We find no evidence for a loss of correlation.
… might not be a problem for CMB experiments aiming 
at a primordial B-mode detection limit on the tensor-to-
scalar ratio r ~ 0.01…



BK15 simulated results:    variations with dust modeling

Adust Asynchr

BK15
sim119

BK15
sim266

degree of dust 
“decorrelation” from 
spatial SED variation



BK15 simulated results:    variations with data selection

BK15
sim119

BK15
sim266

Adust Asynchr



BK14
BKP

BK15



BICEP Array Under Construction
4 wide-field receivers

30/40 GHz
95 GHz

150 GHz
220/270 GHz

Wide-field cryogenic receiver

Focal plane layout

60
 c
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BICEP Array Under Construction
4 wide-field receivers
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95 GHz
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The BICEP/Keck Collaboration

This season @ Pole: BICEP3/Keck
are observing 95, 210, 220, 270 GHz 

ultra-deep beam 
calibrations: BICEP3 
viewing an amplified
polarized calibration 

source over the ground 
shield using a mirror 



De-lensing with BK/SPT/Planck:
Combine SPT/Planck/BK Q/U maps

At the moment doing map space un-deflect operation

The usual BK 
maps

Natural extension: don’t “delens” 
maps and take spectra - instead 
add a “lensing template” virtual 
band to the stack of multi-frequency 
input maps. So long as we can 
calculate expectation values for the 
auto and cross spectra it fits right in.



The BICEP/Keck Collaboration

Component Separation plan for CMB S4

V.	Buza /	Harvard								(from	CMB-S4	working	group	wiki)



The BICEP/Keck Collaboration

Conclusions

r constraints	using	B-modes	are	being	advanced	by	BICEP/Keck
– New	BK15	with	220GHz	data:	results	next	month

Vigorous	Stage	3	efforts	underway	now!
– progress	is	COMPLETELY	driven	by	component	separation
– biggest	uncertainty	is	in	FG	complexity
– small	&	large	dishes	complementary:	galactic	FGs	&	delensing

BICEP	Array	+	SPT3G	should	achieve	σ(r)	~ 0.003	by	2022

CMB-S4	working	groups	point	the	way	for	open	collaboration
– sky	modeling,	lensing	separation,	data	challenges
– sharing	S3	experience	in	instrumental	design,	achieved	performance	and	

systematic	control


