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I – Introduction (Cosmology from CMB polarization)



Cosmic Microwave Background (CMB)

• Oldest accessible light (z~1100)

• Black body spectrum (T~3K)

• Almost isotropic radiation but with small anisotropies (10^-5)

• Polarized

• Establish the current standard cosmological model (+ BAO/SNeIa)

• Implying presence of dark energy from CMB data alone

• Constrain composition of baryon, dark matter, dark energy 

• Flat universe

• Gaussian fluctuations



CMB cosmology from polarization

No more information on primordial fluctuations from temperature

Polarization will be the best avenue to constrain cosmology from CMB

• In the near future: 

Inflationary physics

• Cosmological targets from CMB polarization

Properties of Neutrinos (+ BAO)

Origin of dark energy/dark matter (+ Large-Scale Structure observables)

Cosmic string, axion, primordial magnetic fields, …



E and B mode

E mode (even parity)

B mode (odd parity)



E mode (even parity)

B mode (odd parity)

Density fluctuations generate 
only E-mode

Inflationary gravitational waves 
(GWs) generate not only E mode
but also B mode

B mode is the best probe of inflationary GWs

(quantum gravity, beyond the standard model)

E and B mode



Last Scattering

Observer plane

few arcmin

(Reviews : Lewis&Challinor’06; Hanson+’10; Smith’11; TN’14)

• Distort small scale temperature / 
polarization fluctuations

Gravitational lensing effect on CMB



Last Scattering

Observer plane

pure E-mode

E/B mixed

Zaldarriaga & Seljak (1998)

• Generate B mode in particular 
at small scales

(Reviews : Lewis&Challinor’06; Hanson+’10; Smith’11; TN’14)

• Distort small scale temperature / 
polarization fluctuations

Measurement of B mode is very important in future cosmology 

Gravitational lensing effect on CMB

• Probe of large-scale structure, e.g.,  
massive neutrinos, dark energy, dark 
matter



Lensing B-mode power spectrum



Lensing B-mode power spectrum

Acoustic peaks in E-modes are 
smeared by lensing (convolution)



Lensing B-mode power spectrum

The peak (L~1000) is unchanged



Current status of B-mode measurements

(BICEP2/Keck Collaboration 2016)

Power of fluctuations at each angular scale (Power Spectrum)



Current status of B-mode measurements

Amplitude of GWs

𝑟 = 0.028−0.025
+0.026 (1𝜎) (BICEP2/Keck Array Collaboration)

(BICEP2/Keck Collaboration 2016)

Power of fluctuations at each angular scale (Power Spectrum)



Current status of B-mode measurements

The current B-mode measurement is still noisy 
but it will significantly improved in the future

Detection of lensing 

(BICEP2/Keck Collaboration 2016)

Power of fluctuations at each angular scale (Power Spectrum)



Prospects for B-mode measurements

Lensing to probe e.g. neutrino mass (>16meV),  
dark energy, dark matter

Cosmic string

Primordial magnetic fields

Axionlike particles



Prospects for B-mode measurements

Inflationary GWs

(Astrophysical foregrounds)

In the future, we can probe many things by measuring B mode



II – BICEP / Keck Array



• Main target is the inflationary GWs

BICEP/Keck Array program (hereafter BK)

• Try to detect r~0.01 within 3-5 years



• Excellent sensitivity to polarization

BICEP/Keck Array program (hereafter BK)

(~10 times better than other experiments)

• Other science: gravitational lensing, parity-violating physics, etc
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Prospects of BK program

Published

Noise level

Constraint on r



Published BK Cosmological Results

First detection of B mode which cannot be explained by instrumental 
systematics

BK-I 

BKP

Joint analysis between BK an Planck revealed that the B mode detected 
by BK-I can be explained as dust foreground

BK-VI 
Provide the current best constraint on r with 2 bands

BK-VIII 

Detect gravitational lensing and find that B mode at intermediate scales 
reported by BK-VI is dominated by gravitational lensing

BICEP2/Keck Array Collaborations (include TN as corresponding author)

BK-IX 

Provide best constraint to date on the polarization rotation angle, and on 
the axionlike particles from CMB polarization data

BICEP2/Keck Array Collaborations (include TN as corresponding author)

BK-X 
Measurement of B-mode with 3 bands (coming soon), + delensing (?)

BK-XI (?) 



III - Measurement of gravitational lensing from BK



Last Scattering

Observer plane

• Temperature / E mode fluctuations 
are distorted at few arcminute scalespure E-mode

E/B mixed

Lensing map reconstruction



Last Scattering

Observer plane

pure E-mode

E/B mixed

• Correlation btw E/B modes
(Mode-coupling of E and B modes)

• Temperature / E mode fluctuations 
are distorted at few arcminute scales

𝐸𝐿1𝐵𝐿−𝐿1 ∝ lensing signal (𝜅) + noise

Lensing map reconstruction



• Demonstrate for the first time that we detect 𝜅 only from EB correlation 
(the most important technique in the future)

• Use BK14 data to measure 
𝜅 map and its spectrum

5.8σ detection

• 𝜅 map is also cross-
correlated with Planck 𝜅

Results



• If the observed B mode spectrum totally comes from lensing, 

𝐴𝐿 = 1.20 ± 0.17

But there are many possibility of B-mode sources:
cosmic strings, axionlike particles, primordial magnetic fields, etc

We compare with 𝐴𝐿 from the 𝜅 power spectrum

(lensing amplitude relative to a baseline spectrum)

Implications

• We cannot distinguish between lensing and other possibility only by 
measuring B mode power spectrum



𝐴𝐿 = 1.15 ± 0.36

𝐴𝐿 = 1.13 ± 0.20

BK14 alone

BK14 x Planck

𝐴𝐿 = 1.20 ± 0.17BK14 BB

For the first time, we showed that the measured B mode at 
intermediate scale is dominated by gravitational lensing B mode

The agreement starts to constrain other B-mode sources e.g. 
cosmic string, axion, magnetic fields, modified gravity ...

Implications



IV – Testing parity-violating physics from polarization angle rotation



Origins of anisotropies of polarization rotation

String theory generally predicts presence of axionlike
particles coupled with photons

• Axionlike particles



Origins of anisotropies of polarization rotation

See e.g. Pospelov+’09, Caldwell+’11

String theory generally predicts presence of axionlike
particles coupled with photons

• Axionlike particles

Last Scattering

Observer plane

pure E-mode

E/B mixed

This leads to anisotropies in polarization angle

Rotating polarization angle



Origins of anisotropies of polarization rotation

See e.g. Pospelov+’09, Caldwell+’11

String theory generally predicts presence of axionlike
particles coupled with photons

• Axionlike particles

Last Scattering

Observer plane

pure E-mode

E/B mixed

This leads to anisotropies in polarization angle

• Primordial magnetic fields

Primordial magnetic fields can also lead to a rotation 
of polarization by the Faraday rotation

See e.g. Kosowsky & Loeb’96, Harari+’97

Rotating polarization angle



Origins of anisotropies of polarization rotation

See e.g. Pospelov+’09, Caldwell+’11

String theory generally predicts presence of axionlike
particles coupled with photons

• Axionlike particles

Last Scattering

Observer plane

pure E-mode

E/B mixed

This leads to anisotropies in polarization angle

• Primordial magnetic fields

Primordial magnetic fields can also lead to a rotation 
of polarization by the Faraday rotation

See e.g. Kosowsky & Loeb’96, Harari+’97

Measurement of anisotropies in polarization angle 
probes the above parity-violating mechanisms in 
the early universe

Rotating polarization angle



Results

• No evidence of the parity violating mechanism

• Reconstruct polarization rotation map via correlation of E/B

𝐿 𝐿 + 1

2𝜋
𝐶𝐿
𝛼𝛼 = 𝐴𝐶𝐵 × 10

−4



Results

The constraint is an order of magnitude better than the 
previous attempts

𝐿 𝐿 + 1

2𝜋
𝐶𝐿
𝛼𝛼 = 𝐴𝐶𝐵 × 10

−4



V – Removal of lensing contaminants in B mode 



Delensing

• Removal of lensing B mode (delensing) is required to detect primordial GWs in 
ongoing/future CMB experiments (e.g. BICEP/Keck, LiteBIRD). 

• Lensing B modes dominate over GW B modes

• Delensing also helps to constrain non-lensing B modes (cosmic strings, axion, 
etc) at small scales



• How to remove lensing B mode

E mode map

𝐵ℓ = ∫ 𝑑
2𝐿 𝑤ℓ,𝐿𝐸𝐿𝜅ℓ−𝐿

Lensing map

• Lensing B = distorting E mode map by lensing map

Estimate lensing B mode and subtract it from observed B mode

Distorted by lensing map

Lensing B mode map

Delensing

How efficiently can we remove lensing B mode?



• Using current available data, ~10-15% of lensing B mode can 
be removed

= ~10% improvement on r constraint

BK14 lensing map

Planck lensing map

SPT+Planck lensing map

BK14+Planck lensing mapD
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Delensing of BK data



BICEP Array alone can remove half of lensing B mode

BICEP2/Keck Array: Δ𝑃 = 3𝜇𝐾′, 𝜃 = 30′

BICEP3
:BICEP Array: 95GHz: Δ𝑃 = 1𝜇𝐾′, 𝜃 = 24′

150GHz: Δ𝑃 = 1.4𝜇𝐾′, 𝜃 = 15′
220GHz: Δ𝑃 = 7𝜇𝐾′, 𝜃 = 11′
270GHz: Δ𝑃 = 10𝜇𝐾′, 𝜃 = 9′

Near Future Lensing Analysis in BK

Δ𝑃 = 2𝜇𝐾′, 𝜃 = 24′

Prospects of BK program
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• Galaxy clustering can be also used to estimate lensing map

Galaxy clustering ≃ density fluctuations ≃ gravitational potential

Lensing B E mode

Large scale structure

(this is also the same for cosmic infrared background, optical lensing etc)

Delensing with external data



Forecast: BK + Dark Energy Survey (DES)

Delensing with external data (BK)

DES

Dashed: only 0.2 ≤ 𝑧 ≤ 1.2 are used (dashed)

Using DES data, ~20-25% of lensing B mode can be removed



Mass tracers will be also useful for delensing LiteBIRD B-mode.  

20%

45-60%

(TN, Yamauchi, Sherwin, Nagata 2016)

Delensing with external data (LiteBIRD)



VI – Joint analysis between Subaru and Polarbear



Subaru HSC and Polarbear

WIDE12H

PB1RA12

Possible synergy between Subaru (galaxy) and Polarbear (CMB)

Subaru-HSC (galaxy)

Polarbear (CMB)

~9deg^2 effective area



Subaru HSC and Polarbear

WIDE12H

PB1RA12

~9deg^2 effective area

Possible synergy between Subaru (galaxy) and Polarbear (CMB)

Subaru-HSC (galaxy)

Polarbear (CMB)
TN

M Oguri

H Miyatake

R Takahashi

Y Chinone

K Akito

N Katayama



Cosmic shear – CMB lensing cross-correlation

S/N of cosmic shear - CMB lensing correlation is ~2

𝑧𝑚~1



Galaxy – CMB lensing cross-correlation

Galaxy - CMB lensing correlation is detectable at ~3-4 sigma



Using current available data, half of the lensing B mode can be removed

Delensing PolarBear B-mode with HSC galaxy



VII – Nonlinear matter growth in CMB lensing 



• Bispectrum of CMB lensing map is detectable in the near future (TN 2016)

Bispectrum of CMB lensing potential

TN (2016)

S/N of CMB lensing bispectrum

S/N >> 10 in future experiments

• CMB lensing map is non-Gaussian due to nonlinear growth of large-scale structure



VIII – Patchy reionization



• Radiation from the first star-forming galaxies should reionize the intergalactic medium

(e.g. Kamionkowski, Spergel & Sugiyama 1994, Fukugita & Kawasaki 1994, Shapiro, Giroux & Babul 1994, Tegmarkm Silk & Blanchard 1994)

(Robertson et al. 2010)

• From Planck data implications: the Universe is ionized less than 10 % at 𝑧 > 10, and 
duration is 𝛿𝑧 < 2.8 (x_e=10%->99%)

(e.g. Barkana & Loeb 2001)• Reionization would be highly inhomogeneous (by simulation)

• From 21 cm observation (EDGES) : 𝛿𝑧 > 0.06

𝜏 =  
0

𝑧 𝑛𝑒𝜎𝑇𝑐 d𝑧

(1 + 𝑧)𝐻 𝑧

Reionization

Information on patchiness of reionization is very limited



• CMB data can be used to measure patchy reionization

𝜏𝐿 = 𝐴𝐿 
𝑑2ℓ

2𝜋 2𝑤𝐿,ℓ
 𝑇ℓ𝑇𝐿−ℓ

• Quadratic estimator

Filtered temperature

weight function optimized to reconstruct 𝜏
normalization

(e.g. Dvorkin & Smith 2008, Gluscevic et al. 2012)

𝑇′ 𝑛 = 𝑒−𝜏 𝑛 𝑇 𝑛 ~ 𝑇 𝑛 − 𝜏 𝑛 𝑇(𝑛)

Effect of patchy screening:

This leads to mode coupling between Fourier modes

Method of reconstruction



Power spectrum

No statistical evidence of non-zero signal



Comparison with previous works

Bubbles uncorrelated each other

∼ 300(100/𝐿𝑐)Mpc

Planck data significantly narrows the allowed region

𝛿𝜏~𝛿𝑧



Implications for some models

Assuming the model of Wang&Hu (2006), the bubble size is < ~10 Mpc



Implications for B modes

Inhomogenities in 𝜏(𝑛) generate additional B modes

B mode from 𝜏(𝑛) is much lower than lensing B mode



Summary

59

• CMB Polarization is very important in ongoing/future cosmology

• Delensing work to detect inflationary GWs (and also cosmic 
strings, axion, etc)

• Detection of lensing from BK data

• My recent studies:

• Subaru-Polarbear joint analysis

• Constraints on axionlike particle/PMF from BK polarization angle

• Constraints on patchy reionization using Planck data and 
implications for large-scale B mode

And … 

• Nonlinear growth of large-scale structure in CMB lensing 

• Anisotropies of GW standard sirens



BACKUP



Generation of CMB polarization

CMB is linearly polarized at the last scattering

𝑒−

hot

cold

Linear polarization

Thomson scattering



Effect of massive neutrino on large-scale structure

• Massive neutrino behaves as “hot” dark matter

Gravitational force >> Sound speed

Result in large over-density

Gravitational force << Sound speed

Does not contribute to gravitational collapse

Cold DM

Hot DM



N: e-folding,   mpl: reduced Planck mass

Lyth relation

Many models predict r>0.01

What can we learn more details from r

If r<0.002

Focus on the simplest models based on Occam’s razor principle.

Single field models that satisfy slow-roll conditions give

Setting this limit is a very significant contribution to cosmology and 
fundamental physics.

Establishing a bound r < 0.002 (95%C.L.) will rule out large field 
models that satisfy the Lyth relation. 

More model-dependent studies come to the same conclusion



• Galactic polarization foregrounds

• Non-circular dusts aligned to the 
direction of a magnetic field

• Synchrotron radiation by electros in 
a magnetic field

64

Dust

Frequency [GHz]
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Synchrotron

LiteBIRD: 15 bands in 40-400GHz

ダスト シンクロトロン放射 CMB

Planck temperature map
Foreground level can be down to 

r~0.0001 (Katayama & Komatsu 11)

• How to estimate/remove
• Frequency dependence (Right)
• Spatial distribution (Left)

Foreground



Foreground map and less-contaminated region





Measurement of lensing from temperature

Lensing signals from temperature maps are well measured by 
Planck and other ground-based experiments

Fig. from CMB-S4 Science Book



SPTpol, POLARBEAR

Status of lensing measurement from polarization

SPTpol

POLARBEAR

EBEB trispectrum



SPTpol, POLARBEAR, BK

SPTpol

POLARBEAR

BK14

EBEB trispectrum

Status of lensing measurement from polarization


