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Edwin Hubble 

2) It was once hot and 
dense, like the inside of the 
Sun. 

  (Alpher, Gamow, Herman, 1940s) 

3) You can still see the glow!  
The Cosmic Microwave Background             

 (Penzias & Wilson, 1964) 
Bob Wilson & Arno Penzias 

1978 Nobel Prize 

⇒ acceptance of the “HOT BIG BANG” 

1) The universe is expanding. 
(Hubble, 1920s) 

Modern cosmology in a nutshell: 



2005 CMB Task Force 
Report




Next few slides are placeholders for Chao Lin’s slides on 
 
“ what is inflation, why do we believe it, GWs as smoking gun, 
how GW's make the B-mode pattern, it is very faint! (1/20,000,000, i.e. 
for every 20,000,000 photons oriented like his, on average you may get 
20,000,001 oriented the other.) “ 
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CMB Temperature Measurements / Inflation 
CMB temperature anisotropy 
now measured over full range of 
angular scales. 
 
Consistent with ΛCDM 
paradigm(?) and constrains its 
parameters to sub percent 
accuracy. 
 
Inflation “invented” in 1980s to 
explain facts about the Universe 
which were known or suspected. 
 
Makes additional prediction of a 
background of gravitational 
waves (aka tensor modes) – 
which will imprint a specific CMB 
polarization pattern… 
→ so-called “smoking gun” 
→ amplitude tells us the energy 
scale at which inflation ocurred 
 
 
 

Planck Collaboration & ESA 



Why Inflation? 
Solves the horizon problem: 
Why is the CMB nearly uniform? 
How do apparently causally 
disconnected regions of space 
get set to the same 
temperature? 
 
Solves the flatness problem: 
Why is the net spatial curvature 
close to zero? 
 
Explains the initial perturbation 
spectrum: Why was it close to 
flat power law? 
 
Solves the monopole problem: 
Why do we not observe 
magnetic monopoles in the 
Universe today? 

A volume much larger than our 
entire observable universe today 
was once a caussally connected 
sub atomic spec. 
 
 
 
Any initial spatial curvature is 
diluted away to undetectabilty by 
the hyper expansion. 
 
Equal amount of perturbations 
are injected at each step in the 
exponential expansion. 
 
Monopoles are diluted away to 
undetectability. 



CMB polarization: 
arises at last scattering  

from local radiation quadrupole 

e- 



CMB polarization 
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The Long Search for Inflationary B-modes 

In simple inflationary 
gravitational wave models the 
 

tensor-to-scalar ratio r 
 
is the only parameter to the 
B-mode spectrum. 
 
Before BICEP2: only upper 
limits from searches for 
Inflationary B-modes 
 
Best limit on r from BICEP1: 

  
 r < 0.7 (95% CL) 

 
At high multipoles lensing B-
mode dominant. 
 

Polarbear 
SPT x-corr 

SPT x-corr: lower limits on lensing B-mode 
from cross correlation using the CIB 
 



BICEP2	
  Experimental	
  Strategy	
  

•  Deep,	
  concentrated	
  coverage	
  
•  Foreground	
  avoidance	
  (limited	
  frequency)	
  
•  SystemaBc	
  control	
  with	
  in-­‐situ	
  calibraBon	
  
•  Large	
  detector	
  count,	
  rapid	
  technology	
  cycle	
  
•  Relentless	
  observing	
  

	
  à	
  powerful	
  recipe	
  for	
  iniBal	
  detecBon	
  



BICEP1 
  BICEP2 
    BICEP3 

10m South Pole Telescope 

DASI 
QUAD 

Keck 
Array 

NSF’s South Pole Station: 
A popular place with CMB Experimentalists! 

Also power, LHe, LN2, 200 GB/day, 3 square meals, and bingo night...  
Super dry atmosphere and 24h coverage of low foreground sky. 

South Pole CMB telescopes 
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•  Small aperture 
•  Wide field of view 
•  Cold refractor 

BICEP2 Experimental Concept 



Planar 
antenna 
array 

Slot 
antennas 

Transition edge sensor 

Mass-produced superconducting detectors 

Microstrip filters 

Focal 
plane 
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BICEP2 Sensitivity 

Total Sensitivity for full BICEP2 instrument: 

Our recipe for high sensitivity: 
→  High optical efficiency 

40% end-to-end 
→  Cold optics  

Low loading/photon noise 
Low thermal conductance, 
and thus low phonon noise 

→  High detector count 

Histogram shows per-detector 
noise equivalent temperature 
(NET) for data taken in 2012 

average: 



Clem Pryke for The Bicep2 Collaboration 

Observational Strategy 
Target the “Southern Hole” - a region of the sky 
exceptionally free of dust and synchrotron 
foregrounds in total intensity. 
 
Detectors tuned to 150 GHz, near the peak of 
the CMB’s 2.7 K blackbody spectrum. 
 
Sync falls with increasing frequency while dust 
rises - cross over below 150 GHz 
 
Foreground contamination of the B-mode 
power in clean regions previously projected to 
be equivalent to r ≤ ~0.01. 

Example: 
FDS dust 
model 

From Dunkley et al arxiv/0811.3915 

r-0.01 Best sky 

full sky 

b>10 
b>30 
b>50 

15
0 

G
H

z 
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Raw Data - Perfect Weather 
Time 50 mins 

Telescope Movement 

Sum of detector pairs 

Difference of detector pairs 

➢  Cover the whole field in 60 such scansets 
then start over at new boresight rotation 

➢  Scanning modulates the CMB 
       signal to freqs < 4 Hz 
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Raw Data - Worse Weather 
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 
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BICEP2 on the Sky 

Projection of the BICEP2 focal plane on the sky 
 
The focal plane is 20 degrees across 
 
Background is the CMB temperature map as 
measured with BICEP2 
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Data Quality Cuts 
Live Time 

on source 
after cuts 

3 years of data! 
 
Multistage cut procedure: 
 
Ensures all data used in map 
making is taken when the 
experiment is operating 
properly and has stationary, 
well-behaved noise 
 
Many cuts identify periods of 
exceptionally bad weather 
and are redundant. 
 
BICEP2 data very well-
behaved:  
pass fraction = 63% 
 Table from Instrument Paper 
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BICEP2 3-year Data Set 
Live Time 

Instantaneous Sensitivity 

Cumulative Map Depth 

on source 
after cuts 

Final map depth: 



Clem Pryke for The Bicep2 Collaboration 

BICEP2 T and Stokes Q/U Maps 

Sum Maps                   Difference Maps 
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    Total Polarization 

Scale: 

E-mode dominated pattern – no obvious curl component 
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     B-mode Contribution 

Scale: 

Apply purification operation to Q/U maps which leaves only pure B-modes 
(given all timestream filterings etc.) 
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     B-mode Contribution 

Scale: 

Zoom in by factor 6 – see “swirly” B-mode 



Clem Pryke for The Bicep2 Collaboration 

B-mode Map vs. Simulation 

Analysis “calibrated” using 
lensed-ΛCDM+noise 
simulations. 
 
The simulations repeat the full 
observation at the timestream 
level - including all filtering 
operations. 
 
We perform various filtering 
operations: Use the sims to 
correct for these 
 
Also use the sims to derive the 
final uncertainties (error bars) 

r=0 
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BICEP2 B-mode Power Spectrum 
B-mode power spectrum 
temporal split jackknife 
lensed-ΛCDM  
r=0.2 

B-mode power spectrum estimated from 
Q&U maps, including map 
based “purification” to avoid E→B 
mixing 
 
Consistent with lensing expectation 
at higher l. (yes – a few points are high 
but not excessively…) 
 
At low l excess over lensed-ΛCDM with 
high signal-to-noise. 
 
For the hypothesis that the measured 
band powers come from lensed-ΛCDM 
we find: 
 
 χ2 PTE 

significance 
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Temperature and Polarization Spectra 

power spectra 
temporal split jackknife 

 
lensed-ΛCDM  
r=0.2 
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Bandpower Deviations 

Bandpower deviations from mean of lensed-ΛCDM
+noise simulations and normalized by the std of 
those sims  

real data 
lensed-ΛCDM + noise sims 
± 1σ  
± 2σ  
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Check Systematics: Jackknifes 

All 4 jackknife statistics have uniform probability to exceed (PTE) 
distributions: 

14 jackknife tests applied to 3 spectra, 4 statistics 
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Check Systematics: Jackknifes 

Splits the 4 boresight rotations 

Splits by time 

Splits by channel selection 

Splits by possible external contamination 

Splits to check intrinsic detector properties 

Amplifies differential pointing in comparison to 
fully added data.  Important check of 
deprojection. 

Checks for contamination on long (“Temporal Split”) 
and short (“Scan Dir”) timescales.  Short timescales 
probe detector transfer functions. 

Checks for contamination in channel subgroups, 
divided by focal plane location, tile location, and 
readout electronics grouping 

Checks for contamination from ground-fixed signals, such 
as polarized sky or magnetic fields, or the moon 

Checks for contamination from detectors with best/
worst differential pointing.  “Tile/dk” divides the data by 
the orientation of the detector on the sky.   
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In-Situ Calibration Measurements 
Detector Polarization Calibration 

Hi-Fi beam maps of  
individual detectors 

Far field beam mapping 

Detailed description in  
Instrument Paper arxiv:1403.4302 

For instance... 
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Systematics Removal: Deprojection 
Technique developed to remove 
all types of leakage induced by differences 
of detector pair beam shapes 
 
 
 

Use the Planck 143 GHz map to form 
template of the leakage 

Deproject diff gain and pointing (& subtract 
diff ellipticity) 

Subtract the residual (equiv to r=0.001) 
from the data 

From simulations using  
beam maps measured  

for each detector individually 
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Systematics beyond Beam imperfections 

All systematic effects that we 
could imagine were investigated! 
  
 
We find with high confidence that 
the apparent signal cannot be 
explained by instrumental 
systematics! 

Systematics and beams papers nearly ready… 



Clem Pryke for The Bicep2 Collaboration 

Cross Correlation with BICEP1 

BICEP1: Feedhorns  
and NTD readout 
150 and 100 GHz 

BICEP2: Phased antenna 
array and TES readout 
150 GHz 

Though less sensitive, BICEP1 
applied different technology 
(systematics control) and 
multiple colors (foreground 
control) to the same sky. 
 
 
Cross-correlations with both 
colors are consistent with the 
B2 auto spectrum 
 
 
Cross with BICEP1100 shows  
~3σ detection of BB power 
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Spectral Index Constraint using BICEP1 100GHz 

Comparison of B2 auto with B2150 x B1100 
constrains signal frequency dependence: 
 
If dust, expect little cross-correlation 
 
If synchrotron, expect cross higher than 
auto 
 
 

Likelihood ratio test: consistent 
with CMB spectrum, disfavor 
pure dust/sync at 1.7/1.6σ 
 
green: total signal 
black : excess signal over ΛCDM 
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BICEP2 x WMAP 22 GHz polarization (extrapolated to  
150 GHz with beta=-3.3*) is noise dominated but limits 
synchrotron to r<0.008 at 95% confidence. 

WMAP K (β=-3.3) 
BICEP2 x WMAP K (β=-3.3) 

Synchrotron Foreground? 

* = -3.3 is the mean sync spectral index given by WMAP within BICEP2 field 



Clem Pryke for The Bicep2 Collaboration 

Pre-Planck Polarized Dust Foreground Projections 

FDS Model 

Dashed: Dust auto spectra 
Solid: BICEP2xDust cross spectra 

The BICEP2 region was chosen on 
the basis of extremely low 
unpolarized dust power. 
 
Used various models of polarized 
dust emission to estimate dust 
power. 
 
Result: All auto spectra were well 
below observed signal level. (and 
cross spectra consistent with zero.) 
 
But considerable uncertainty in 
these models... 
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Fitting Without Dust Subtraction… 
Substantial excess power in the region where the 
inflationary gravitational wave signal is expected to peak 
 
Find the most likely value of the tensor-to-scalar ratio r 
 
Apply “direct likelihood” method, uses:  
→  lensed-ΛCDM + noise simulations  
→  weighted version of the 5 bandpowers 
→  B-mode sims scaled to various levels of r (nT=0) 

Uncertainties here include  
sample variance at r=0.2 

 best fit 

r = 0.2 with uncertainties dominated by 
sample variance 
 
PTE of  fit to data: 0.9 
→ model is perfectly acceptable fit to the data 
 
r = 0 ruled out at 7.0σ 

Within this simplistic model we find: 
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Fitting with Dust Projections Subtracted… 

Adjust likelihood curve by subtracting 
the dust projection auto and cross 
spectra from our bandpowers: 

Probability that each of these models reflected reality 
was hard to assess. 
 

DDM1 used all publicly available information from 
Planck. Polarization fraction here assumed p = 5%. 
p ~ 13% would explain the full excess under this 
model. 
 

 



Clem Pryke for The Bicep2 Collaboration 

Conclusions circa March 17th 

http://bicepkeck.org 

BICEP2 and upper limits from other experiments: 
Most sensitive polarization maps 
ever made! 
 
Power spectra perfectly consistent with 
lensed-ΛCDM except: 
5.2σ excess in the B-mode spectrum at 
low multipoles! 
 
Extensive studies and jackknife tests 
strongly argue against systematics as 
the origin 
 
Data fit well to LCDM+r=0.2 
expectation 
 
Foregrounds did not appear to be a 
large fraction of the signal: 
→    foreground projections 
→    lack of cross correlations 
→    CMB-like spectral index 
→    spatial and spectral shape of the 
B-mode signal 
 
 

Polarbear 
SPT x-corr 



3.5 Million hits in 11 hours! 

Press Conference at Harvard/CfA March 17 
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はまだ誕生していなかった。この頃、物
質は宇宙に薄いプラズマ（水素やヘリウ
ムの原子核と電子などの電離気体）とし
て広がっていたが、宇宙が冷えるにつれ
て原子核と電子が結合して中性の原子に
なったため、光はプラズマに妨げられず
に遠くまで進めるようになった。こうし
て、白熱したプラズマから光が放出され
た。ビッグバンの残光といえるこの光
は、その後138億年にわたって宇宙を旅
する間に宇宙の膨張によってマイクロ波
にまで波長が伸び、現在、宇宙マイクロ
波背景放射として地球で観測される。今
回、この宇宙マイクロ波背景放射の中に
重力波が残した痕跡が見つかった。
量子現象であるインフレーションが重

力波を作ったという事実は、重力が他の
自然界の基本的な力と同様に量子的性質
を持っていることを示している、と専門
家は指摘する。さらに、重力波を捉える
ことは、地球上でのあらゆる実験装置で
到達可能なエネルギーよりもはるかに高
いエネルギーでの相互作用を調べる窓に
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宇宙は、その誕生直後のごくわずかな時
間のうちに、インフレーションと呼ばれ
るすさまじい膨張を起こしたとする説が
有力視されている。ハーバード・スミソ
ニアン宇宙物理学センター（米国マサ
チューセッツ州ケンブリッジ）の研究者
ら米国を中心とした国際共同研究グルー
プはこのほど、宇宙が生まれて間もない
時代から地球に届く「宇宙マイクロ波背
景放射」を、南極点近くに設置した電波
望遠鏡で観測し、宇宙マイクロ波背景放
射の中に重力波が残した痕跡を初めて検

出したことを報告した。その痕跡は、イ
ンフレーションが起こったことを裏付け
る確かな証拠になる。
宇宙は138億年前に極微の大きさで
生まれ、直後にインフレーション、続い
てビッグバン（火の玉宇宙）になり、イ
ンフレーションに伴って重力波が生じた
と考えられている。今回観測されたの
は、宇宙をさざ波のように広がり続けて
いる重力波が、宇宙誕生から約38万年
後に残した痕跡だ。
宇宙誕生から38万年後の時点では星

宇宙が生まれた直後に急激に膨張（インフレーション）したことを裏付ける 
重力波の痕跡が、南極での宇宙マイクロ波背景放射の観測で見つかった。

Ron Cowen!2014年 3月 20日号　Vol. 507 (281–283)

Telescope captures view of gravitational waves

宇宙急速膨張の証拠、検出される

南極点近くに設置されたBICEP2電波望遠鏡（手前）。後方は南極点望遠鏡。日没時に撮影。

4 Vol. 11 | No. 5 | May 2014 ©2014  Nature Japan K.K., trading as Nature Publishing Group. All rights reserved.

Actually not a lot of fun… 



Developments Since… 

•  Intense media and science community interest… 
•  Many early instrumental queries – faded away – everybody 
now seems to trust the measurement. 
•  Concerns about synchrotron – also faded away. 
•  But persistent concerns about dust… 

–  Mostly based on online pdf’s of Planck talks 
•  Paper published 20 June in PRL (with “note added” about 
dust concerns etc) (25 pages) 

•  As of 19 Sept we finally have some solid information from 
Planck about the actual level of polarized dust emission in 
the BICEP2 field (arxiv:1409.5738). Looks to be much higher 
than any of the projections… 



New Information from Planck 
Fig. 10: 

 
➢  Planck intermediate results paper 

XXX states:  
“ The present uncertainties are 
large and will be reduced through 
an ongoing, joint analysis of the 
Planck and BICEP2 data sets. ” 

 

“Planck intermediate results XXX” (1409.5738) Fig. 9: 
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Multipole ℓ Frequency [GHz] 

➢  The 353x353 spectrum scaled to 150 GHz 
(Bicep2’s frequency) 

 
➢  Scaling and uncertainty thereon is derived 

from average over large sky fraction 
 
➢  In a single broad bin roughly matches the 

power seen by BICEP2 



What’s Next? 

•  We are actively working with the Planck collaboration on a 
joint analysis of the two data sets: 

–  The combination of the two is more powerful than either alone 
–  Goal is a joint paper in late Nov. (meeting at UMN in a few weeks to 
discuss) 

•  We ran two of the Keck Array receivers this season at 
100GHz: 

–  Data in the can probably offers a stronger constraint on the value of r than 
BICEP2+Planck 

–  Guys are gearing up to analyze as fast as possible when the data taking 
finishes on Nov 1 

•  We are right now preparing to deploy BICEP3 which is an 
all 100GHz super receiver… 


