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outline
● Introduction

– Cosmic Microwave Background (CMB)
● Cosmological density perturbations

                         gravitational waves

● CMB polarizations
– Q&U stokes paramters and E & B modes

● The sources of B-mode polarization
– Gravitatinal waves (BICEP2)

– Gravitational lensing (POLARBEAR, SPTPol)

● summary



  

Polarization of CMB photons

● Generated by the Thomson scattering

● Having information about         at the scattering 

● Having characteristic polarization 'pattern' depending 
on the source of  

– E- & B-mode (Seljak, ApJ, 1996; Kamionkowski+, PRL, 1997)

● E-mode detection by DASI (Kavoc et al., Nature, 2002)

● TE-correlation detection by WMAP (Kogut et al., ApJS, 2003)

● Lensing-B mode detection by SPTpol (Hanson+,PRL,2013) 

                                                & PolarBear (Ade+, PRL, 2014)

● (Primordial)B-mode detection by BICEP2 (Ade+, PRL, 2014)

¦°

¦°



  

Polarization of scattered light



  

Generation of polarization

● No polarization without 
temp.  anisotropy

● Quadrupole is the 
source

Credit: W. Hu
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Polarization 'Pattern'

● Scalar-type ：quadrupole = velocity gradient seen by 

Directions of polarization are parallel along or perpendicular
 to the direction of the Fourier mode ( = E-mode)

Density perturbation （gravitational potential）

Velocity field

Polarization pattern

~̀

(inspired by E.Komatsu)



  

Polarization 'Pattern'

● Vector type ：quadrupole = Doppler effect seen by 

Directions of polarization are inclined to the direction of 
the Fourier mode ( = B-mode)

vector perturbation

Velocity field

Polarization pattern

~̀



  

Polarization 'Pattern'

● Tensor-type：quadrupole from Gravitational waves (GW)

~k

Directions of polarizations are inclined with respect to 
the direction of the Fourier mode ( = B-mode) 

Amplitude of GWs

偏光

h£

h£

Quadrupole of photons



  

             from GWs

is driven by , suppressed because of the tight coupling

to baryons   →             peak around l=100 with milder decline
toward higher multipoles than temperature
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From slide by Immanuel Buder (CMB2013@沖縄) 



  

BICEP2 at the South Pole

3yr observation '10-'12 from the SP
500 detectors, 150GHz band
Aperture 26.4 cm  (resolution 12min)
sensitivity 5.2 μK・arcmin  
   (Planck ～60μK・arcmin) 
FoV 383.7 sq. deg.



  

２０１０年に作成した資料より



  

“Southern Hole” SKY from BICEP2

・RA=0hr, dec=-57.5 deg.

・very low dust emision region
 　(<1% compared to median)

・Assume 5% polarization
　→ B-mode r=0.02

・smaller synch polarization
   (based on scaling of WMAP) 

CMB Field 
(1000 sq deg. 2% of the sky)

(`; b) = (316±;¡59±)



  

T,Q,U maps



  

E&B maps filtered to 50<l<120
High signal-noise in the map
Signal appears to be evenly distributed over the field (and random Gaussian)



  

How impressive!



  

BICEP2 power spectra



  

BICEP2 power spectra

= 5:3¾



  

BICEP2 power spectra

= 5:3¾

Martin, Ringval et al., 1405.7272



  

Systematic uncertainties
The deck jack … (68°,113°) vs (248°,293°)

The alt. deck  … (68°,293°) vs (113°,248°)

The temporal split … divide the data into two sequentially

The azimuth jack … divide the data based on seasons

The moon jack … divide the data based on moon position

The tile jack … use different tiles

BICEP2 paper II



  

detectors

tiles

8x8 pixels in a tile

(4 tiles)x(8x8 pixels)=256 detectors



  

Other systematic and foregrounds

a-correlations (dashed) and x-correlations
(solid) for various foreground modelsdp .. differential pointing

dg .. differential gain
bw .. differential beam width
ellip .. ellipticity of the beam



  

Other systematics and 
foregrounds

cross correlations with another
frequency (old) maps

Frequency scaling consistent
with CMB (2.7K blackbody)



  

X-Correlations with other maps



  

Cosmological interpretations

・Constraints using 1-5 bin

・CMB lensing can not explain
  all the signal



  

Cosmological interpretations

・Constraints using 1-9 bin

・CMB lensing can not explain
  all the signal



  

Cosmological interpretations

・Constraints using 1-9 bin

・CMB lensing can not explain
  all the signal

・BICEP2 signal is consistent with
  Planck temperature anisotropies
  if spectral running is included.



  

Likelihood & Foreground 
subtraction



  

new tension in cosmology?

Planck  2013

We can not show pol. data yet, but

if the standard model is assumed,
because we do not see fluctuations
on large scales.

点線：r=0.2

Smith+, 1404.0373

実線：r=0

r . 0:11 (95%)



  

new tension in cosmology?

Planck  2013

We can not show pol. data yet, but

if the standard model is assumed,
because we do not see fluctuations
on large scales.

dashed：r=0.2

Smith+, 1404.0373

solid：r=0

BICEP2  2014

r . 0:11 (95%)

We detect B-mode ! r should be

The standard model seems slightly
inconsistent....

r = 0:2+0:07¡0:05
dashed：r=0.2

solid：r=0

many papers



  

Many papers



  

ADS 2014/08/01
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Many ideas

● Running spectral index (BICEP2+)

● Massive neutrinos (Dvorkin+, Zhang+)

● Correlated iso-curvature (Kawasaki+)

● Blue gravitational waves (Gerbino+)

● Modified P(k) (Hazra+,Abazajian+)

● Correlated Scalar&Tensor(Contaldi+,Zibin+,Emami+)

● Vector modes (Saga,Shiraishi,KI; see Saga-kun's poster)

● Foreground (Liu+, Mortonson+, Flauger+)

● Delayed scaling string (Kamada+)

● ...
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one possibility – massive neutrino
GWs generates temperature fluctuations on large scales （but they are not observed）

Consider bluer initial power spectrum to suppress fluctuations on large scales,
and a neutrino species to compensate the power on small scales Dvorkin+,1403.8049 

Figure by W. Hu



  

Why neutrinos?

● acoustic scale
–

● diffusion scale
–

● Hubble parameter
–

µs / cst / 1=H

H = (½° + ½m + ½º)
1=2

CMB M-R Equality

Adding neutrinos makes the diffusion
scale closer to the acoustic scale

µdi® / lmfp
p
Nscat

/ 1=
p
H

Hou et al., arxiv:1104.2333
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and a neutrino species to compensate the power on small scales Dvorkin+,1403.8049 

Figure by W. Hu



  

For a concise review, see K. Ichiki, PTEP, 2014 



  

Synchrotron

intensity

Synchrotron @ 23 GHz from WMAP 9yr result

Interaction between magnetic
field and cosmic-rays

Polarized perpendicular to the
projected field lines 

radio

microwave

(Kogut et al., ApJ665, '07)



  

Free-Free & Spinning dust

Spinning dust

Free-Free

around 20-30 GHz

Unpolarized, with an upper
limit 

falls rapidly above 60 GHz

Power law with 

Unpolarized,  less than
for           GHz 

(Lazarian&Draine, ApJ, 2000)

(Macellari et al.,, MNRAS, 2011)

(Bennet et al.,, ApJS, 2011)

(Macellari et al.,, MNRAS, 2011)



  

thermal dust (news from Planck)

(Planck collaboration, arxiv:1405.0871 )

● Polarized perpendicular to 
the projected field lines

● Possible correlation with 
synchrotron (Page et al., ApJS, '07)

● Polarization deg. as high as

WMAP: 

(Kogut et al., ApJ, '07)

Archeops :   

(outside p06 mask) 

(Benoit et al., A&A, '04)



  

Dust contrib. to the BICEP2 field

The dust power spectrum is 
used and fitted to the data:

(2013 ESLAB conference)

The dust spectrum is 
totally consistent with 
the BICEP2 observation

(Mortonson&Seljek arxiv:1405.5857)



  

Dust contrib. to the BICEP2 field

(Flauger et al., arxiv:1405.7351)

Claim 1 ---  DDM model in the BICEP2 analysis did not take 
into account the CIB (and CMB).

BICEP2 underestimated
by this factor



  

before



  

after



  

Dust contrib. to the BICEP2 field

(Flauger et al., arxiv:1405.7351)

Claim 2 ---  cross correlation 
technique in BICEP2 requires: 
    
    1) little noise in the template
    2) accurate spatial structure 

They found little correlations
between the templates

At least some of the templates
lead to the foreground 
underestimated by a factor of 10



  

Liu et al., '14



  

Beyond linear – CMB lensing

　　　    “そんな観測は現時点では夢物語だが、、、
　　　         将来的にはこの効果は検出されるだろう”
　　　　　　             (Blanchard & Schneider, 1987)

● CMB Lensing timeline
– Cross correlation between CMB&LSS

● WMAP+SDSS('07)
– Smoothing effect on CMB power spectrum 

● ACBAR('08)
– Lensing Power spectrum reconstruction

● ACT('11),SPT('12),PLANCK('13)



  

CMB lensing
● Deflection angle by lenging 

Large scale structure
(dark matter)

● coherent over

（=CMB peak scale）

Distance to CMB

grav. potential # of scattering

® » 2Á £
r
14000

300
» 20

300=(14000=2)» 2±

» 300Mpc

» 14000Mpc

T (n̂)

T (n̂+ ®)

@z=2

®



  

TO SEE IS TO BELIEVE

Image credit: erlyuniverse.org



  

Effects of CMB lensing
● Direction dependent magnification & shear (lens)

– Smearing the acoustic structure ( ACBAR+WMAP5 Reichardt, ApJ '09)

– E-B mode polarization mixing
● Apparent breakdown of statistical isotropy of the CMB

– Reconstruction of the lensing potential

（lensing amplitude parameter
standard gravity =1）

credit:Hanson

expand shrink



  

PLANCK lensing power spectrum

AL = 0:99§ 0:05
20¾ Detection

(General relativity OK)

※deflection angle
　～2 arcmin

※coherent over
　～2 deg

※info of CDM at
　z～2

Take away key number:  ～2（angle, correlation, redshift）

Planck results 2013



  

Lens-CIB x-correlation (Song et al., ApJ '03)

Dark matter halos

CIB emitting
galaxies

Large scale structure 
at z=2 responsible for 
the lensing should host 
dusty star-forming
galaxies.

CIB



  

visualization (stacking technique)

CIB hot CIB cold random

Maximum Deflection angle
6.3''  in this map

Stacking 1x1 deg. maps of
CIB and lensing with the
CIB peaks at the center

(Planck 2013 results)



  

Cross correlation signal

● Cross correlation between CIB anisotropies and 
lensing potential anisotropies (Planck 2013 result)

ĈtÁ` =
1

2`+ 1

X
t̂`mÁ̂`m

The lines are predictions, and
Not fitted lines.

3:6¾ 4:3¾ 8:3¾

31¾ 42¾ 32¾

Fig. 3

A new constraint on the
Star formation history from
the CMB satellite!



  

New data points from Planck

Hopkins&Beacom, ApJ '06
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B-mode polarization from lensing
● Lensing re-maps the unlensed sky

Lensing potential: given a line of
sight integral of gravitational pot.

yesterday once more

(see e.g., Lewis & Challinor, 2006)



  

B-mode indirect detection --- SPTPol

SPTpol E-mode Herschel (500μm):
Lensing map alternative

B-mode prediction
And correlate this map
With observation

Hanson et al., PRL111, '13
7:7¾



  

B-mode direct detection --- 
POLARBEAR (arxiv: 1403.2369)



  

summary

● CMB is relic photons from the hot big-bang, and 10^{-5} level 
fluctuations in temperature, 10^{-6} in polarization

– generated from scalar density mode from inflation
● Inflation also produce GWs, whose amplitude depends on its 

energy scale.  

● CMB polarization is generated from Thomson scattering of 
photons off electrons with photon's quadrupole anisotropy

● Polarization pattern can be decomposed into E & B modes

– E polarization are parallel along or perpendicular to 
the direction of the Fourier mode

– B is rotated E by 45 degree. 
● Because B mode is generated only from GWs, it can be 

considered as a smoking gun of inflation



  

summary

● This year, BICEP2 reported the B-mode polarization at 
degree scales, POLARBEAR at sub degree scales

● Tensor to scalar ratio

● Slightly inconsistent with observations of temperature 
anisotropies 

– many ideas 

– e.g.）massive neutrinos, foregrounds, etc....
● to confirm GWs as the origin of the B-mode, large scale 

correlations are essential

– Bump from re-ionization at l = 10

– Observation with larger sky coverage

– Inflation consistency relations

r = 0:20+0:07¡0:05



  

What's the ultimate goal?

S. Dodelson, PRL, 2014



  

Can Planck confirm the signal?

BICEP2

Planck with 
polarization
(simulation)

Planck Blue Book (2006)

(Bonaldi et al., arxiv: 1407.0968)



  

Lens-CIB x-correlation (Planck 2013 result)

Fig. 1
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