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Introduction Phys. Rev. Lett. 

The Physical Review Letters journal has published an exceptionally long 
article on the report of measurement of the polarization of cosmic microwave 
background (

The BICEP2 collaboration has claimed that they found an evidence of the 
cosmic inflation by detecting a B-mode polarization of the CMB, which could 
be produced by the strong gravitational wave in the quantum fluctuation 
during the inflation process.

The result has brought much discussions including physics that can be 
deduced from it, alternative explanations, and criticism.

First announcement in
preprint in March 2014.
 
PRL publication in
June 2014.



Cosmic Microwave Background (CMB)

Black Body Radiation

1964 Arno Penzias and Robert W. Wilson
1978 Nobel Prise
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Creation of the present CMB
at the recombination epoch
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Evidence of the Big-Bang 
(at 13.8 billion years ago)
predicted by G. Gamow



Cosmic Inflation

Katsuhiko  Sato

Alan  H.  Guth

The  cosmic  inflation  was  proposed  independently  
by  K.  Sato  (1981),  A.  H.  Guth  (1981),  A.D.  Linde  (1982),  et  al.,    
to  solve  the  misters  of  flatness,  smoothness,  monopole  problem,  
etc.

From  the  age  of  10
exponentially  with  the  factor  of  10

Note  that  the  difference  of  the  present  size  of  the  universe  
(1026  

The  inflation  is  considered  to  be  driven  by  the  release  of  the  
latent  heat  due  to  the  spontaneous  symmetry  breaking  and  the  
phase  transition  of  the  vacuum.



Inflation Model

spontaneous  symmetry  breaking

release  of  latent  heat  (time  of  inflation)

temperature  increase

hot  big-­‐‑bang

dominance  of  
radiation  
~  time  of  
recombination



Friedmann equations

Robertson Walker metric
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G:  gravitational  constant  
ρ(t):  energy  density  of  the  universe  
Λ

ρc:  critical  density  =  corresponds  to  the  density  at  k=0  (flat  universe).

At  present  time  

H
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Ω  =  ρ/ρ
h  =  0.6~0.8:  incompleteness  of  the  observation
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Recombination (

At  
The  universe  became  transparent.

The  photons  decoupled  at  this  epoch  are  the  origin  of  the  present  cosmic  microwave
background  (CMB).

The  present  temperature  of  the  CMB  is  

In  the  radiation  dominant  epoch  (before  ~recombination)

R H

In  the  ma]er  dominant  epoch  (after
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t0  

The  present  age  of  the  universe  

The  age  of  the  universe  at  the  time  of  recombination  is  

Time  factor  =  3×10
Radius  factor  ~1000
=  degree  scale



The  distance  of  the  present  horizon  is

=  the  size  of  the  observable  universe.

Problem  of  the  horizon

The  horizon  at  the  time  of  recombination

The  present  horizon  at  the  time  of  recombination  is
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horizon  at  

The  present  horizon  at  the  time  of  recombination  is  much  larger  than  the  horizon  at
that  time.
→  The  uniformity  (
The  cosmic  inflation  leads dH 0 tdc( )

dH tdc( ) = 10−17



The  present  density  of  the  universe  is

close  to  unity

Problem  of  the  flatness

The  density  at  the  time  of  GUT  (10
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Thus  the  density  must  have  extraordinary  close  to  unity  at  the  time  of  GUT

Ω tGUT( )−1= −10−51 for Ω0 = 0.1

+10−51 for Ω0 = 2.0
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The  cosmic  inflation  leads  naturally  
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Large-Scale Structure of the Universe

Could  be  produced  by  quantum  fluctuation  expanded  by  the  inflation.



The  present  expansion  of  the  universe  is  accelerating  (1998)
due  to  the  dark  energy  (and  possibly  by  the  second  inflation)







EM-Wave Polarization and Stokes Parameters

no  circular  polarization  in  the  
present  discussions  (V=0)

Linear  polarization  axis  is  
defined  in  the  direction  of  
the  electric  oscillation  of  
the  electromagnetic  wave  
(light).

polarization  axis



Linear Polarization by Thomson Scattering



Linear Polarization: Scalar Potential

density inunformity



Linear Polarization: Tensor Squeeze by 
Gravitational Waves



Density  Perturbation  (scalar)

Gravitational  Wave  (tensor)

E-­‐‑mode  (gradient  pa]ern)

B-­‐‑mode  (curl  pa]ern)

Scalar
→

Tensor
→

~  curl~  gradient

direction  of  the  largest  
change  of  polarization parallel  or  perpendicular crossing  (45  deg)



Example:  Plane  Wave  Modulation

Generation  of  B-­‐‑mode
due  to  mixing  of  
Q  and  U  components

E



Telescope and Observation



Cosmic Background Explorer (COBE)
Launched on 

Nobel Prize in Physics 2006



Wilkinson Microwave Anisotropy Probe (WMAP)

Launched 23,  33,  41,  61,  94  GHz



Planck P.A.R. Ade et al., arXiv:1303.5075v2 (2013)

Launched on 14 May 2009

―

P.A.R. Ade et al., arXiv:1303.5076v3 (2014)



Planck 2013 results. XXII. Constraints on inflation





P.A.R. Ade et al., arXiv:1303.5076v3 (2014)

Planck



BICEP1
Year 2006-2008!
Neutron transmutation doped (NTD) germanium thermistor bolometer
100, 150, and 220 GHz!
r < 0.65 at 95% CL.!
 

Y.D. Takahashi et al., Astrophy. J., 711:1141–1156, 2010
M. Su et al., Astrophy. J., 783:67, 201

The BICEP1 result and comparison with 
ΛCDM model with r=0.1.

ΛCDM model = “standard” cosmological model with 
cosmological constant (Λ

r = tensor to scalar ratio of the fluctuation



BICEP2

Rotation of telescope cancels many classes of systematic effect.

Dark Sector Laboratory (DSL) located 800 m from the South Pole



Measurement within the field in the “Southern Hole” where Galactic foreground are very low.’

Antenna-coupled transition-edge sensor (TES) arrays

Polarization sensitive bolometers: 500 (from 98 in BICEP1)

Multiplexing SQUID amplifiers reduces the number of wires and the heat load.

Photolithographically fabricated planar device, a single monolithic silicon wafer.

Year 2010-2012

BICEP2

Observed only 150 GHz (λ



Excellent site for millimeter-wave observation from the ground

South Pole

Exceptionally low water vapor, reducing atmospheric noise due to the 
absorption and emission of water near the 150 GHz observing band.

Very stable weather especially during the dark winter months.

Low atmospheric 1/f noise and loading

Housed in the Dark Sector Laboratory (DSL).



Optical System

Refractive telescope avoiding reflective 
components that can have significant 
instrumental polarization.

26.4 cm

Cooling for low optical loading.

No intrinsic cross-polar response < 0.5%

Polytetrafluoroethylene (PTEE) filters for 
absorbing the infrared radiation (IR).

PPA30: material, closed-cell nitrogen-filled 
polypropylene foam with low scattering and 
high microwave transmission.

PPA30



Optical System

superconducting

aluminized



Focal Plane System

4 Tiles of 8x8 spatial pixels. 
288 slots for each pixel.

band-defining filter

Transition Edge Sensor (TES)



Observation Schedule
Low foreground region 
centered at RA 0h, Dec. -57.5 deg

Right Ascension -50 to 50 deg
Declination. -55 to -60 deg

In total ~590 days of observation in
three years.

~50 minute “scan set”, which has
53 times back and forth azimuthal movement.

→
~3 days for one full scanning.



Calibration



Result E/B-Mode Map
data simulation



Result E/B-Mode Map
data

data



Result T/E/B Multipole Correlations



BICEPT2 BB Autocorrelation Spectrum



Foregrounds



Since we submitted this paper new information on polarized dust emission has 
become available from the Planck experiment in a series of papers 

Thus while these papers do not offer definitive information on the level of dust 
contamination in our field, they do suggest that it may well be higher than any of the 
models considered in Sec. 

More data are clearly required to resolve the situation.	


We note that cross-correlation of our maps with the Planck 353 GHz maps will be 
more powerful than use of those 

Note added:



Planck, new release on the polarized dust
R. Adam et al., arXiv:1409.5738v1 (2014)



Editors of Nature reacted in an October 14 editorial:	


!
As we have pointed out before, researchers must not be afraid to be wrong. With hindsight they 
may feel they rushed to publish their claim too quickly, but professional science is a competitive 
and fast-moving field. The academic paper was cautious and the team’s reaction to subsequent 
criticism seems constructive. 

Nature of Reality 21 Oct 2014	


Last month, new data released by the Planck team confirmed that all or most of the BICEP2 signal 
could indeed be due to dust. It doesn’t rule out the possibility that BICEP2 saw something real, but 
shows that the signal can’t yet be untangled from the noise.	


!

POLARBEAR
Berkeley physicist Adrian Lee, explains the first successful isolation of a “B-mode” produced by 
gravitational lensing

Yet, it is not converged.
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