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Brief history of KEK CMB group

. 2007 Established For the discovery of
Joined QUIET experiment primordial gravitational

« 2008: Joined POLARBEAR experiment | Waves predicted by
Proposed LiteBIRD cosmic inflation, and

 2009: Proposed POLARBEAR-2 for the tests of

« 2010: quantum gravity

e« 2011I: Published 1%t results from QUIET

o 2012: Published 2™ results from QUIET

 2013: Proposed LiteBIRD to “Master Plan” of Science Council of Japan

15t results from POLARBEAR submitted

Good progress, beyond my initial expectation to be honest.
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Lots of young researchers,
{ who jumped into this new
enterprise,

are making valuable
contributions !
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New Results from POLARBEAR
http://arxiv.org/abs/|1312.6645

Evidence for Gravitational Lensing of the Cosmic Microwave
Background Polarization from Cross-correlation with the Cosmic

Infrared Background
POLARBEAR Collaboration

First detection of lensing signals
http://arxiv.org/abs/|1312.6646 with CMB polarization alone !

Gravitational Lensing of Cosmic Microwave Background Polarization
POLARBEAR Collaboration
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Outline

1. Overview of POLARBEAR
2. Gravitational Lensing of CMB Polarization
3. New Results from POLARBEAR

4. Roadmap and Conclusion
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1. Overview of POLARBEAR

* Search for inflationary B-modes
to r=0.025 (95%C.L.) and detect
gravitational lensing B-modes

* 3.5m primary mirror and
large focal plane with 1274
TES bolometers for 150GHz

* First light in Chile in
Jan. 2012 and large amount
of data already recorded

* Roadmap:

— 7588 TESes in 2015 (POLARBEAR-2)
. 1<0.01 (95%C.L.)

— >22000 TESes in 2016(Simons Array)

on CMB Polarization” ~ Masashi




POLARBEAR Site:
Atacama, Chile
(5150m above sea level)
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Huan Tran Telescope (HTT) cregorannragone

Primary mirror
\(3.5 Meters)
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Recelver System

Pulse Tube Cooler
IR Blocking Filters

3 Stage He Focal Plane Cold Aperture
Sorption Fridge Stop

Reimaging Lenses

Rotating HWP Window
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POLARBEAR-1
Focal Plane

Lenslet TES

637 pixels

(91 pixels/wafer x 7 wafers) — 2

1274 TES bolometers rd }\

premyy’
21 uK\'s array NET e B
(aChieved t ica” Water module 2 TES bolometers/pixel
yp y assembly with dual-polarization
i during Observations) ' _ double-slot dipole antenna
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Readout Electronics

Frequency-domain
multiplexing (8 to 1)
SQUIDs (NIST) and
room-temp.
electronics (McGill)

Carrier
DMFS

PGA

Nulling
pmFs | DA
Pixel sum
_ 100 \ Pixel difference 1
= 107 |
f 102 \ 1
$ . 3 .
s 10 MY ]
=
10
1/f knee ~ 100mHz .
010 10? 10° 10! 10?
w/ plxel difference Freauency (H2)
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2. Gravitational Lensing of
CMB Polarization



Cosmic History
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CMB temperature power spectrum

Planck
WMAP9
ACT
SPT

Planck

| \m\_."\’ |
500 1000 150 2000 2500
Multipole moment,

500 1000 1500 2000 2500 3000

[ (multipole of sphefical harmonics)
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CMB Polarization: E-mode and B-mode

N —
/‘\ |\—

Curl,
odd parity

Divergence,
even parity

Polarization map i1s decomposed into E-mode and B-mode.



Physics at recombination

- or
Quadrupole
Anisotropy

Y
Thomson

COLD\\ > Seatering !_ocal quad ratie anisotropy
e In photon density

around electrons results in
CMB polarization E-mode.

Linear
Polarization

This is jUSt text book physics + CMB temperature anisotropy.
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Lensing B-mode

observer

observed direction y—— @ o ToommTTTE

/( true origin |~

3: deflection field

Gravitational potentials along the N | .
line of sight distort original CMB map — .

E-mode leaks into B-mode / | N\

Valuable 1n its own right: sensitive to sum of neutrino masses, and any
energy density from physics beyond the standard model

Lensing centered at z~2, deflection angle ~2arcmin with 2deg. coherence



Effects of neutrino masses on B mode

BB (Lensing)

0.10 T
~ | * Neutrinos are “hot”.
o os | © Neutrino masses are “leaks”
- from the formation of
£ r gravitational potential, i.e.
2 0.06— .
e - larger neutrino mass results
\ B . . .
% - in smaller gravitational
~ 0.04— .
= . potential.
| » Smaller gravitational potential
2927 | results in smaller fluctuation
i in “deflection” of CMB.
0.00 ——— . R
10 100
|
R —— B
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3. New Results from
POLARBEAR



Observation

TauA (Crab Nebula)
Polarization calibration

RA12h DEC -0.5° |

Overlap with Herschel‘\i
H-ATLAS survey S i ;
Overlap with = RA23h,DEC -33°

RA 4.5h, DEC -45° < QUIET Overlap with Herschel
H-ATLAS survey

* Small dust components
* Overlap with Hershel CIB and QUIET CMB

* 3degx 3deg in first season (May 2012 — June 2013, >4000h)

I, . -
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Constant Elevation Scan

Video

T ——T T————
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Calibration

Stimulator

* Beam
— Planets (Jupiter, Saturn, Venus)

* Absolute Gain
— WMAP9 Temperature Anisotropy

e Relative Gain

— Stimulator (thermal source) | -
* Absolute Polarization Angle oones
— Clgp § S §§§Z§¥
* Relative Polarization Angle o
— TauA (Crab Nebula) EERERSE
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Data analysis

I: multlpoleuomwwe) ' ¢cross correlations
with all combinations

1. Day-by-day cross correlation S+N,1
2. Blind Analysis <(S;+N2) (S+Np2) >
. Open the results only after 3. and 4. +<(S;+N) (S§,+N;23) >
2 3
3. Thorough systematic error check S,+N/? +<(s'+':_' _)__(__s_'+N' )>
4.  Thorough Data Validation =<52>
“" <N/N/>=
S,+N, N/Ny>=0
Merits:
Insensitive to noise model
""" Immune to sys. error
08— 71T T T 1 1
0.07r
% 0.06F
8 0.05; -
F 004 Probability To Exceed (PTE)
£ o.s of null tests for
£ 002 CIBB. CIEB power spectra
0.01f

L | ) | L | 1 | ! | L | ! | ! | 1 | ! ]
Q) 01 02 03 04 05 06 07 08 09 1
o PTE B
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POLARBEAR-1 (First year of data)

E-mode polarization

uK

About 10 times
as deep as
Planck data

W e ﬁ;-from POLA‘&Ron CMB

- ~ Masashi Hazumi (KEK)
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Lensing B-mode

observer

observed direction y—— @ o ToommTTTE

/( true origin |~

3: deflection field

Gravitational potentials along the N | .
line of sight distort original CMB map — .

E-mode leaks into B-mode / | N\

Valuable 1n its own right: sensitive to sum of neutrino masses, and any
energy density from physics beyond the standard model

Lensing centered at z~2, deflection angle ~2arcmin with 2deg. coherence



First detection of lensing signals
http://arxiv.org/abs/|312.6646 with CMB polarization alone !

Gravitational Lensing of Cosmic Microwave Background Polarization
POLARBEAR Collaboration

Lensing B-mode detection with CMB 4-point correlations

Cldd = <d.gdcz> = <EBEB> e
= <d_.d.,> = <EEEB> d for deflection field

* E leaks into B due to gravitational lensing.
* symmetric pattern viewed through a distorted lens
* Many wave numbers of B created
—> E-B correlation between different wave numbers : E(I)B(I') # 0

Agg(L) [ d2 w CEEL-1
dpp(L) = / “CO)B(1 sin 26
L J (2r CFECBB
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POLARBEAR 2013 C, 4

http://arxiv.org/abs/1312.6646

2 I [ [ T <EEEB>
Unlensed <EBEB>
[T'“ - Combined
=
X,
B
S -
G e
= |2
+ 208
i 3
~ %0
_2 | | | |
100 500 1000 2000
L
stat & syst
Amplitude = 1.37 £0.30(stat) 0.13(sys! 4.20 [pesttes

Py, .
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http://arxiv.org/abs/1312.6645

Evidence for Gravitational Lensing of the Cosmic Microwave
Background Polarization from Cross-correlation with the Cosmic
Infrared Background

POLARBEAR Collaboration

(Herschel 500um

polarization lensing x CIB [\ \7 " c < \ry ey)

| | | I I I I
S [ ]
N -
~—~ _
> 10} 1 -
=,
> [ ]
ST — -
X [ ]
[0 0 "
K=—Vc?/2: lensing - 400 stat
convergence -5 ' ' ' ' L— ' '
_ 200 400 600 800 1000 1200 1400
I: CIB , syst < 0.20
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Near Future

* Clgg results 1in preparation

« POLARBEAR-1 will go for 15deg x 15deg observations to
search for primordial gravitational waves.

* Need to further mitigate systematics and 1/f noise. Such
efforts are on-going

— Additional angle calibrator

— additional half-wave-plate

— Improve analyses

half-wave-plate

Polarization" Masashi Hazumi (KEK)
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Current Status of polarization measurements

E-mode
e Observed
e Consistent with ACDM

[— | | ! B-mode
O OE e ~ =L —73 * Notobserved yet
= 'l oo — T gy R . .
e WE| e ——-_ = .~ 7 * Bestlimit on r from
Q) C ' ““';fOL Y R ] .
- w0 B-mode is
o r<0.7 (95%C.L.)
N " | by BICEP
T T T ow (3yr data, preliminary)

Multipole Moment, /

_—
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4. Roadmap and Conclusion



I(14+1)Cy/(2m) [uK?]

CMB polarlzatlon power spectra

107 T
¢ WMAP
10'| Satellite !| 4 QuUaD E mode
o * BICEP
o || Reionization -
10 dozens of degrees O QUIET Ground-based
, Recombination | | 1278¢ f:elers}opes,
1 O- . ~2 degrees neutrino asses,
dark energy
107 —
10_3"'—_-"~ ’¢’ S o AN —
r=005 \\ = - \__\ \\
~ . . -— N
1074 k---~-_ Primordial B mode N
— N i - ~
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10_ Lot ] T T 1 L e vl
@ 10 100 1000
Determination of Multipole, |

r (tensor-scalar ratio)
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Two Major Goals

* Search for primordial CMB B-mode

— arising from primordial gravitational waves during
cosmic inflation

— Ultimate goal 1s to reach r~0.001
 Precision measurements of sum of neutrino masses

— Ultimate goal is to reach Zm, ~ 20meV

KEK Physics Seminar "New Results from POLARBEAR on CMB
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LiteBIRD
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POLARBEAR-2 (led by KEK) 150GHz micro-strip filter

Al-Ti Eolometer Sinuous-antenna

N\ AN
\\g@&s}e{at@

95GHz micro-strip filter”

Focal Plane

Detector

4K stage

din \E « 7588 TES bolometers
P n, 7 « 95GHz and 150GHz
AR coate . > A
lenslet - S / e r<0.0l @ 95%C.L.

e e ¢ 0(2m,)=65meV (w/ Planck)
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Y &

POLARBEAR-2
receiver system at KEK

: /4
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Expectation: Sum of neutrino masses

0-112F __ planck (no lensing) + DESI

— Simons Array CMB
— Si Array.4+ DESI BAO
0.111F
AS
- O
G
0.109} }

0.108

Xm,, (eV)

total error ~18meV with 3 POLARBEAR-2 receivers,

project named Simons Array
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Further (futuristic) constraints

Normal hierarchy Inverted hierarchy
2 T T T N T T 2 T T T
Planck $\§imons Array - -~ Planck + Simons Array - - -
15F + SKA phase 1 . 15+ e T TS _
s T - 4 Sm phase 2 ....... - - - + SKA phase ] N
E { \\ E ’,," + SKA phasez .......
’ET- 1y, Normal \ = PPl r, Normal
= 05} N\ E o5} .-
0 N e 2 \ ™
E \ E p
. . Ry I . 7
o1 7, Inverted \ | TS verted /
-0.5 v ! -05 i X r"nve - ) /’
ll ..................... ’,/
Mo 005 o1 o015 02 025 03 10005 01 015 02 025 03
zm, [eV] xm, [eV]

Oyama-Kohri-Hazumi 2014 in preparation
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Conclusion
e First results from POLARBEAR

— detected gravitational lensing for the first time
with CMB polarization data alone

— Important milestone !

* We are ready to do precision cosmology with
CMB polarization !

* POLARBEAR-1,-2 and Simons Array
guarantee fruitful results in cosmology. Stay
tuned !
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