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CMB Polarization

• Polarization encodes additional information, especially still 
elusive inflationary gravitational waves.

• E and B mode decomposition of linear polarization 
(Kamionkowski et al. 1997, Seljak and Zaldarriaga 1997)
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• Density fluctuations can produce only E modes

• Inflation can produce both E modes and B modes by gravitational 
waves (tensor perturbation) – B mode is a key to probe inflation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.7368
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.1830
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E

• Density fluctuations can produce only E modes

• Inflation can produce both E modes and B modes by gravitational 
waves (tensor perturbation) – B mode is a key to probe inflation

• E and B mode “hot” and “cold” fluctuations can be represented by 
power spectra as well.

B

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.7368
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.1830


The BICEP/Keck Collaboration

CMB Polarization Power Spectrum

E-mode

In standard ΛCDM only E-modes are 

present at last scattering

During propagation 

some of the E-modes 

are confused into B-

modes by lensing

Inflationary gravitational waves are unique 

source of B-modes

→ peaking at l≈100 : degree scales

→ strength: tensor-to-scalar ratio 𝑟
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30 GHz

44 GHz

70 GHz

100 GHz

143 GHz

217 GHz

353 GHz

From arxiv 1502.01582

Q U

Q U

23 GHz

33 GHz

From arxiv 1212.5225

Polarized galactic 

synchrotron dominates

at low frequencies

Polarized thermal emission (~20K) 

from galactic dust aligned in 

magnetic fields dominates

at high frequencies

Planck

WMAP
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L. Hong et al., National Science Review, vol. 6, issue 1, pp. 145-154, Jan. 2019.



Keck Array (2011-2019)
BICEP Array (2020-)

BICEP (2006 - 2009)
BICEP2 (2010-2012)
BICEP3 (2015 - )

Observing Site: the South Pole
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• Dry and stable atmosphere
• Continuous access to the same sky patch
• Great Logistics Support



BICEP3
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• Refracting Telescope
• Multiple stage cryostat

• Layers of cold 
cylinders

• Detectors on the focal 
plane are at 0.275 K

• Coldness for activating 
detectors and having 
low thermal noise



Sensitive Bolometers
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Transition Edge Sensor (TES)

• Incoming radiation falls onto the focal plane
• Antenna arrays sensitive to polarization collect 

photons and deposit on a bolometer
• A TES biased at superconductor transition 

temperature measures the incoming signal
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R
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Figures from BK-II, 2014

https://ui.adsabs.harvard.edu/abs/2014ApJ...792...62B/abstract


Scanning at constant elevation
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ScanScan

• Constant elevation – same atmosphere thickness
• Cover multiple steps in elevation

BICEP3

Keck Array

Keck Array



Keck Array scans during the winter
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• https://vimeo.com/98550894 video by Robert Schwarz 

https://vimeo.com/98550894


Raw Data Timestream

Time 50 mins

Telescope Movement

Sum of detector pairs

Difference of detector pairs

➢ Scanning over lumpy atmosphere

→ “clouds”

➢ Pair difference still clean

→ atmosphere is unpolarized



Map Depth
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Temperature and Polarization (Q, U) maps
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Temperature and Polarization (Q, U) maps
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Q, U maps to EE and BB spectra
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EE BB

From an example simulation for lensed-LCDM+noise+r=0 for illustration

BK18 150 GHz
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BK18 E- and B-mode maps

E-mode (left column) and B-mode (right 
column) maps at 95, 150 and 220 GHz in 
CMB units, and filtered to degree angular 
scales (50<ℓ<120).

The E maps are dominated by ΛCDM 
signal, and hence are highly correlated 
across all three bands.

The 95 GHz B map is approximately equal 
parts lensed-ΛCDM signal and noise. At 
150 and 220 GHz the B maps are 
dominated by polarized dust emission.
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Systematics Check
• Great sensitivity comes with great control of systemics
• T->P leakage by beam mismatch is controlled by deprojection
• Unblind BB spectra after jackknife tests check

• Jackknife: split data by observed time, boresight 
orientation, etc. to check possible contamination



Green 

panels are 

EE spectra

Blue panels 

are BB 

spectra

BK18 auto/cross spectra 

between: BICEP3 95GHz, 

BICEP2/Keck 150GHz,

Keck 220GHz, and Planck 

353GHz

Black lines are LCDM

Red lines are LCDM+foreground



Take the joint likelihood of all the spectra simultaneously 

vs. model for BB that is the ΛCDM lensing expectation + 

7 parameter foreground model + r

foreground model = dust + synchrotron

Asynch

Multicomponent likelihood analysis

βsynch

αsynch

Adust

βdust

αdust

ε

amplitudes @ 
l=80

frequency spectral 
indices

spatial spectral 
indices

dust/synch spatial 
correlation

Foreground power spectra

between maps X and Y:

𝐷ℓ,𝐵𝐵
𝑋×𝑌

= 𝐴𝑑𝑓𝑑
𝑋𝑓𝑑

𝑌
ℓ

80

𝛼𝑑

+ 𝐴𝑠𝑓𝑠
𝑋𝑓𝑠

𝑌
ℓ

80

𝛼𝑠

+ 𝜖 𝐴𝑑𝐴𝑠 𝑓𝑑
𝑋𝑓𝑠

𝑌 + 𝑓𝑠
𝑋𝑓𝑑

𝑌 ℓ

80

(𝛼𝑑+𝛼𝑠)/2

where the frequency scalings 𝑓𝑑 and 

𝑓𝑠 depend on spectral indices 𝛽𝑑 and 𝛽𝑠



BK18

All auto and cross spectra



Allow dust/sync 

correlation in [-1,1]

Marginalize over 

generous ranges in 

spatial spectral indices

Uniform prior on the frequency 

spectral index of dust

BK18

arxiv/2110.00483

r.05 < 0.036
at 95% confidence



r.05 < 0.035

with

B-modes

no

B-modes

BK18
arxiv/2110.00483



Constraints on Inflation to Date (in 2022)
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Posted B-Mode Sensitivity to r

Experiment arxiv post Bands [GHz] σ(r)

DASI 0409357 26…36 7.5

BICEP1 2yr 0906.1181 100, 150 0.28

WMAP 7yr 1001.4538 30…60 1.1

QUIET-Q 1012.3191 43 0.97

QUIET-W 1207.5034 95 0.85

BICEP1 3yr 1310.1422 100, 150 0.25

BICEP2 1403.3985 150 0.10

BK13 + Planck 1502.00612 150 + Planck 0.034

BK14 + WP 1510.09217 95, 150 + WP 0.024

ABS 1801.01218 150 0.7

Planck 1807.06209 30...353 ~0.2

BK15 + WP 1810.05216 95,150,220+WP 0.020

Polarbear 1910.02608 150 + P 0.3

SPTpol 1910.05748 95 + 150 0.22

Planck/Tristram 2010.01139 30...353 0.07

SPIDER 2103.13334 95 + 150 0.13

BK18 + WP 2110.00483 95,150,220+WP 0.009

Polarbear 2203.02495 150 + P ~0.16



What limits BK18?
• BK18 mainline simulations with dust and lensing give 𝜎(𝑟)=0.009  

• Running without foreground parameters on simulations where the dust 

amplitude is set to zero gives 𝜎(𝑟)=0.007

▪ The above is as it should be - we have correctly tuned the relative 

sensitivity of the 95/150/220 bands such that we don’t suffer much 

penalty due to the presence of foregrounds.

• Running on simulations which contain no lensing gives 𝜎(𝑟)=0.004 

▪ The sample variance of the achromatic lensing foreground is a major 

limiting factor - we need delensing via high resolution measurements.

• Running without foreground parameters on simulations which have neither 

dust or lensing gives 𝜎(𝑟)=0.002 
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The BICEP/Keck Collaboration

Delensing with SPT-3G data

High resolution maps

Can be used to reconstruct the 

lensing deflection map… 

…which can then be used to 

calculate and remove the 

lensing signal enabling a 

deeper search for inflationary 

gravitational waves



The BICEP/Keck Collaboration

BK18 ell=80 bandpower noise/signal



BICEP Array Upgrades

BA1 Camera insert

arXiv: 2012.04047

Mike Crumrine

BICEP Array Mount

2020 Jan

157

379
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BK18

Data in the can

Achieved and projected sensitivity



Summary

• BICEP/Keck lead the field in the quest to detect or set limits on inflationary 
gravitational waves:

• Best published sensitivity to date

• Best proven systematic control at degree angular scales

• Adding 2016-2018 data (from BK15 to BK18)

• Goes from 𝑟0.05 < 0.07 to 𝑟0.05 < 0.036, with 𝜎 𝑟 = 0.02 to 𝜎 𝑟 = 0.009

• For the first time, no priors from other regions of sky

• We can keep going:

• BICEP Array mount and first receiver at 30/40GHz running

• Delensing in conjunction with SPT-3G
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More on bicepkeck.org

http://bicepkeck.org/
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