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with the BICEP/Keck Telescopes 



  



Motivation/Background 
Ø The Universe is expanding/cooling – in the past it was hotter/denser 
Ø The cosmic microwave background (CMB) comes to us from “last 
scattering” when the universe made the plasma to neutral gas transition – 
during the plasma phase the physics was simple. 

Ø Using the CMB and other data the LCDM cosmological paradigm has 
been developed – it works great and allows us to understand the 
development of the universe all the way back to a high energy state. 

Ø However, LCDM leaves many unanswered questions such as the “horizon 
problem” and how the empirically simple conditions at the start of the 
plasma phase were set up. 

Ø Theory of “Inflation” added on the beginning of LCDM to explain. 
Ø If it happened Inflation will have made a background of gravitational 
waves which will have imprinted a B-mode (curl) into the polarization 
pattern of the CMB. 

Ø We may be able to detect these if we can make a sensitive enough 
telescope – a wide range of inflation models exist – the simplest are 
already ruled out – more complex ones can produce r which is 
undetectably small… 



CMB power spectra 

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 intrinsic B-modes 
→ peaking at l≈80 : few degree scales 
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Contributions from PGW to T and E-
spectra not shown here – However, 
ability to constrain r from these 
already maxed out at cosmic variance 
– the main way to make further 
progress is using B-modes… 



BICEP/Keck	Basic	Experimental	Strategy	

→ Small aperture telescopes (cheap, fast, low systematics) 
→ Target the 2 degree peak of the PGW B-mode 
→ Integrate continuously from South Pole 
→ Observe 1% patch of sky (smaller is actually better!) 
→ Scan and pair difference modulation 
 
 
 



Foreground emission from our galaxy 

The interstellar space within our galaxy contains cold 
dust grains which glow thermally in microwaves, and 
relativistic electrons which emit synchrotron radiation 

Earth 

View out 
of plane 

View in 
plane 



The interstellar space within our galaxy contains cold 
dust grains which glow thermally in microwaves, and 
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When CMB people talk about “foregrounds” it is 
analogous to what HEP people call “backgrounds” 
– something which gets in the way of the thing one 
is trying to measure. 

Foreground emission from our galaxy 
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Overcoming Polarized Foreground Contamination 
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Since the different components of 
the sky pattern have different 
frequency dependencies one can 
separate them by making maps at 
multiple frequencies – and probe 
deeper for an inflation signal 



•  Small aperture 
•  Wide field of view 
•  Cold refractor 

BICEP/Keck Experimental Concept 



Typical South Pole 
atmospheric transmission 

Planar superconducting 
detector arrays  
 

…designed to scale  
in frequency 
 

Up to 2013 – all 150GHz 
2014 – 2x95 3x150GHz 
2015 – 2x95 1x150 2x220GHz 
2016 – B3     1x150 4x220GHz 
2017 – B3                4x220 1x270GHz 
2018 – B3                4x220 1x270GHz 
 



Why	do	this	at	the	Pole?	

•  High	and	dry	–	see	out	into	space	
•  On	Earth’s	rotaAonal	axis	-	One	day/night	cycle	per	year	

–  Long	night	makes	for	great	quality	data	
•  Good	support	infrastructure	–	power,	cargo,	data	comm	
•  Food	and	accommodaAon	provided	
•  Even	Tuesday	night	bingo…	

BICEP1 
  BICEP2 
    BICEP3 

10m South Pole Telescope 

QUAD 
Keck 

South Pole CMB telescopes 
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BK15 Results Came Out Last Fall 

arxiv/1810.05216 
 
BK15 = includes all data 
taken up to, and including, 
2015 season 
 
Came three years after 
BK14 – Sorry for the delay! 



BK15 95GHz Maps 

BK15 95GHz – noise 5 µK arcmin 



BK15 150GHz – noise 2.8 µK arcmin 

BK15 150GHz Maps 



BK15 220GHz – noise 25 µK arcmin 

BK15 220GHz Maps 



Just for fun: Keck 2015 single season E-mode maps 

Already deeper  
than Planck 217 GHz 

This plot shows LCDM E-
modes with high s/n at three 
frequencies from data taken in 
a single season! 
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Add to the mix: Planck at 7 frequencies and WMAP at 2 frequencies 

From arxiv 1502.01582 
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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 



Analysis 
Technique: Take 
all possible auto- 
and cross 
spectra between 
the BICEP/Keck, 
WMAP, and 
Planck bands  

(78 of them) and 
compare to 
model of CMB
+foregrounds 
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Upper/right plots 
are EE (black 
points) 
 
Lower/left plots are 
BB (blue points) 
 
220GHz auto/
cross spectra are 
all new 
 
Red solid line is 
best fit 
multicomponent 
model from 
previous (BK14) 
analysis - It fits all 
the spectra 
 
Chi-squared is OK 
– no evidence yet 
for non-
Gaussianity of the 
dust pattern 



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 parametric likelihood analysis 

βsynch

αsynch

Adust

βdust

αdust

ε

amplitudes @ l=80

frequency spectral 
indices

spatial spectral 
indices

dust/synch spatial 
correlation



Dust/Sync Spatial Power Laws? 

➢  Averaged over large regions of sky it is an empirical fact that dust and 
sync have roughly power law angular power spectra 

➢  Not enough signal-to-noise in Planck data to investigate fluctuations about 
this behavior for small sky patches 

Fig 2 of arxiv/1801.04945 – Planck dust analysis Fig 2 of arxiv/1802.01145. – S-PASS sync analysis 
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Put priors on the frequency spectral 
indices of dust & sync 

Allow dust/sync 
correlation 

Marginalize over 
generous ranges in 
spatial spectral indices 
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Put priors on the frequency spectral 
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r < 0.07 (95% CL) 



Aside: Planck results since 2015 release 
include BK data 



Adding in temperature data 
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Adding in temperature data 
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no 
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r < 0.06 

Shift down 
due to 

additional 
polarization 

data 

Steadily ruling out 
simpler inflationary 

models 

Adding in temperature data 



Why BK15 came 3 years after BK14… 
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… 

arxiv/1606.07335 arxiv/1801.04945 



…Evolving Planck Dust Analysis 

arxiv/1801.04945 table 3 arxiv/1606.07335 Fig3 

arxiv/1801.04945 Fig3 BK patch a few times 
cleaner than 
extrapolation 

Paper says: “We find no evidence 
for a loss of correlation” 



BICEP3 
(2016-) 

BICEP Array 
(2020-) 

Keck Array 
(2012-2019) 

BICEP2 
(2010-2012) 

Stage 2 Stage 3 



2016 onwards: 
BICEP3 “Super receiver” 

All 95 GHz 
 
2560 detectors in modular 
focal plane 
 
Larger-aperture optics 
 
> 10x optical throughput 
of single BICEP2/Keck 
receiver 
 
Means larger field of view and 
lower noise faster 

Keck receiver 
BICEP3 



Larger receiver = more sky area 

Keck 95 GHz Q map after 4 
receiver years 

BICEP3 95 GHz Q map after 
1 receiver year (2017) 

(Increased area, angular-
resolution and sensitivity) 



4 wide-field receivers 
30/40 GHz 

95 GHz 
150 GHz 

220/270 GHz 

Focal plane layout 
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30GHz 
40GHz 

Next Gen Experiment BICEP Array Under Construction 



Right Now Assembling New Telescope at UMN 



New Telescope Moving 



BK14 
BKP 

BK15 



BK14 
BKP 

BK15 

As we increase the sensitivity 
the sample variance on the 

lensing B-modes become the 
limiting factor 



BK14 
BKP 

BK15 

We must delense to 
make further progress 



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 



Polarization Constraints on Inflation to Date 

Published B-Mode Sensitivity to r 
Experiment Year Bands [GHz] σ(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 
Planck 2018 30...353 ~0.2 
BK15 2018 95,150,220 + P 0.020 
BK18 2020? 95,150,220 + P 0.010 (est) 

State of B-mode polarization power spectra in 2018 
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Cosmological origins of anisotropic polarization rotation 
●  Axion-like particles 
String theory generally predicts presence of axion-like particles 
coupled with electromagnetic fields 

This coupling leads to spatially varying polarization angle rotation  

●  Primordial magnetic fields 
lead to polarization rotation by Faraday rotation 

rotation angle  
Changes in phi during 
photon propagation 

Coupling constant 

Measurements of anisotropic polarization rotation are 
a unique probe of the early universe and provide 
important implications for high energy physics!  

(e.g. Pospelov+’09, Caldwell+’11) 

(e.g. Kosowsky&Loeb’96, Harari+’97) 
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●  The spectrum is consistent with null  

●  Analysis Method 

Measurement of the polarization rotation spectrum 

●  Measured spectrum 

Anisotropic pol. rotation leads to mode-coupling between E and B modes (like lensing).  
Thus we can apply the same analysis method as for lensing reconstruction but using a different 
weight function to optimally reconstruct the rotation angle map 

(even if we change the analysis choices) 

●  The reconstructed spectra measured 
from  our 14 jackknife maps are also 
consistent with null 

●  Instrumental relative pol. rotation < 1% 
of the 1 sigma statistical error 

From arxiv 1705.02523 
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Comparison w/ previous work & cosmological implications 
●  Improved constraints on inflationary pol. rotation spectrum 

Compared to previous attempts, we improve 
the constraints on this inflationary rotation 
spectrum by an order of magnitude. 

If sources of pol. rotation are originated from 
inflation, the expected rotation spectrum has 
the following scale-invariant shape 

●  Implications 
The above results lead to constraints on 

1) Coupling constant of the Chern-Simons term 

2) Strength of the scale-invariant PMF smoothed over 1Mpc  

Posterior distribution 

an order of magnitude better than Pospelov et al. (2009) PRL 

From arxiv 1705.02523 



Conclusions 
➢  BICEP/Keck lead the field in the quest to detect or set limits on inflationary 

gravitational waves: 
➢  BK15 result sets r0.05<0.06 and σ(r)=0.020 
 
➢  BICEP3 is running since 2016 with high sensitivity at 95GHz, and Keck 

Array continues to run at 220GHz, plus new 270GHz band 
➢  We intend to go straight to BK18 analysis which will approach σ(r)=0.010 

➢  BICEP Array is under construction and will go much further: 
➢  Next gen. receivers in five bands 
➢  Delensing in conjunction with SPT3G under development 
➢  Projecting BK23 σ(r)<0.003 around 2025 

➢  And beyond that is mega experiment CMB-S4… 

➢  Foreground complexity is and will remain a serious issue – the hope is that 
we can measure it and constrain r simultaneously without a large loss of 
sensitivity. Time will tell. 


