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Standard cosmology in a nutshell

 ACDM model with o) Seis ., & Ordinary Matter: 4.9%
-6 cosmological |
parameters.
describes data
quite well .

Dark Matter: 26.8%

Planck (CMB+lensing) Planck+WP+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

0.022242 0.02217 + 0.00033 0.022161 0.02214 + 0.00024
0.11805 0.1186 + 0.0031 0.11889 0.1187 + 0.0017

1.04150 1.04141 + 0.00067 1.04148 1.04147 + 0.00056
0.0949 0.089 + 0.032 0.0952 0.092 +£0.013
0.9675 0.9635 + 0.0094 0.9611 0.9608 + 0.0054

3.098 3.085 + 0.057 3.0973 3.091 + 0.025
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CMB temperature power spectrum

Cosmic variance limited
—> no more improvement from
temperature measurements

Planck
WMAP9 |
ACT
SPT

Lﬁw

Angular scaIe
Planck

10 50 50 1000 1500 2000 2500
Multipole moment, /

500 1000 1500 2000 2500 3000

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

B Divergence,
even parity odd parity
Polarization map i1s decomposed into E-mode and B-mode.
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Physics at recombination

. o
Quadrupole
Anisotropy

Y
Thomson

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

around electrons results in
CMB polarization.

Linear
Polarization

This is just text-book physics.
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Physics at recombination

local quadratic anisotropy without local quadratic anisotropy WITH
primordial gravitational waves primordial gravitational waves
Scalar perturbation Tensor perturbation

If we detect B-mode, there must be primordial grativational waves
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Caveat: Lensmg B mode

o 5 ot
Physics AFTER recombination SR
* . Gravitational potentials along the it Ny
line of 51ght distort original CMB map N\ | y U I |
" E- mode leaks into B-mode .~ — - — | > A
‘ B | Bt [ | «—
N\

& Bad news: Larger (st‘atistical) €rrors on ihﬂationary B-mode search
«  Good news:

— Effects are subdominant in large (cosmological) scales

— Valuable in its own right: sensitive to sum of neutrino masses, and any energy density
from physics beyond the standard model
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Physics of inflation

Leading hypothesis = new scalar field “Inflaton”
In case of single-field slow-roll inflation
(= so-to-speak “standardimodel Higgs” in cosmology)

r (tensor-to-scalar ratio) is a key parameter

ng=1-6e+2n
r=T/S=16¢

nS¢1=>r¢O

e (V@) (V@)
162\ V(g)) 8z \ V()

Inflation potential proportional to r

VI4 = 1,06 x 10'6 x (r/0.01)"* GeV

Unique probe of GUT scale physics !
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Pagano-Cooray-Melchiorri-Kamionkowski 2007

0 . .
.. 10 Current measurement
Predictions | (95%C.L.)
onr
10 ; N urrent upper limit:
: (95%C.L.)
| Large-field inflation
10 (Ap > Mp)
I Lower limit
3 from Lyth relation
10
i Small-field inflation
: (A9 < Mp)
10™

0.95 1 1.05

* Targeting r=0.01 is well motivated.

* Targeting r=0.001 is needed to fully test large-field models.
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Current limit on r from CMB temperature

Tensor-to-Scalar Ratio (r)

0.05

0.15

0.10

0.00

X
o

0.20

0.936 ‘0.944 0.952 0.960 0.968 0.

Primordial Tilt (n;)

r<0.11 (95% C.L.)

Planck+WP
Planck+WP+highL
Planck+WP+BAO
Natural Inflation

Power law inflation
SB SUSY

R2

V x ¢?

VCXQ52/3
V o

V x ¢*

976 0.984 0.992 1.000

Cosmic variance limited

—> Hope is in polarization measurements.
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Current Status of polarization measurements
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100 300 1000
Multipole Moment, /

E-mode
e Observed
e Consistent with ACDM

B-mode
* Not observed yet
* Best limit on r from
B-mode is
r<0.7 (95%C.L.)
by BICEP
(3yr data, preliminary)
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WMAP7 only
Komatsu et al. 2010

) Present status...

ry £ TEE—

=

= 95% C.L. upper limit

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

T e—

Inverted Norma

+ Galaxy clustering
Reid et al. 2009

masses, ¥m, [eV]

+ Galaxy + SN + HST
Reid et al. 2009

Break degenercies

neutrino

POLARBEAR-2 2

O

—Normal

+ Weak lensing
—lnverted

b B Tereno et al. 2008
10 T - e Ichiki et al. 2008

Sum

Lightest neutrino mass, m, [eV]
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Seljak et al. 2006




Foregrounds & 2ndary effects

-

detector noise

Dust

synchrotron

Rem-AyIN

free-free

galaxies

SZ (kinetic)

S$221N0S

SZ (thermic)

CMB

Y. R, BOUCHET X R CISPERT 1008
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KEK CMBZ )V —71%, Wi EEBRTHR by 7 LX)V R
{QU—ZNQF}L: QUIET collaboration, Apd, 769, 145 (2012)
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POLARBEAR-2, Simons array

2014~)

LiteBIRD
(2020L83T5 L)

i b (F1)) €A
TRT.HEHAA~

%/ QUIET
(2008 ~2013)
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International collaboration including KEK, Kavli IPMU,

UCSD, UC Berkeley from Asia Pacific regions
POLARB EA POLARBEAR-1 project led by UC Berkeley

to 1=0.025 (95%C.L.) and detect POLARBEAR
gravitational lensing B-modes i;taeéama,

~ . Chile
3.5m primary mirror and (5150m
large focal plane with Sechl 8 above
1274 TES bolometers e sea level)

First light in Chile in S
Jan. 2012 and large amount Reggjk\ifgfmsystem
of data already recorded g e

Focal Plane Cold Aperture

Roadmap:
— 7588 TESes in 2014 (POLARBEAR-2) N B be o
— >22000 TESes in 2016(Simons Array) sauds peming e

Rotating HWP Window 1

| 21m

] 1
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637 pixels

(91 pixels/wafer x 7 wafers)

1274 TES bolometers

21 uK\'s array NET

POLARBEAR-1
Focal Plane

TES

Lenslet

/4

-GN

— 1 mm
, : Wafer module :
(achleved typlcally assembly 2 TES bolomet.ers/.plxel
duri b £ with dual-polarization
uring observa |ons) double-slot dipole antenna
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Observation (36 hour cycle)

Synchrotron s Dust

Ib>50, 9000 deg sq., [ '

M one hemisphere. ﬂ-rei-

1300 deg sq., at
coldest spot.

Intensity map
(FDS)

2n (uK?)
2

t(l+1)

10°°

10 1000
Frequen (GHz)

145 GHz
BB for r=0.01 for
80<1<120.

3 patch.s w/
small dust

components —_ 1000 K
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Systematic Error Mitigation

Beam effect forecast
Suppression 1 e
with sky rotation

Suppression w/
stepped HWP

=
§
mo_ )
Sky rotation 1s effective - 0
Small-enough beams - )iff Beam Width
—> peak in leakage at high-./ 0° :
Comoving shields against
sidelobes o

Evaluation w/ data in progress |
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POLARBEAR-1 (First year of data)

~5uKarcmin

DFEE

ADec (deg)

E-mode polarization
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N ANNAN
R H 28 =5 H#% (POLARBEAR-2 - £ BEIZPOLARBEARIMD $91013) %

POLARBEAR-2

Al-Ti Bolometer 150GHz micro-strip filter
Sinuous-antenna

300mK 4K stage

W0 W v w o

& BFE (KEK)
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Solutions

& iGaus3|an beam

. Cr"yogehic .
I‘\ Detector _ "Modulatlon
Array '~'.jCa||brat|ons
. Multl-band
Clean patc

. Delensin'g
« Large sky




H 5’4 (KEK)

MILIRE

QUIETEERTIE—ESEICEE
ETDRMBRELTER !

QUIET polarization module
90 sets for 95 GHz observation

2
10 — Primordial (r = 0.01)
10 -.= Lensing
1 Systematic Errors
-5—-1 to Q/U Leakage
10-1 ——Angle, Responsivity, Pointing N
-5~ Scan Synchronous Signal, Far-sidelobes =T

102
1073
10

‘The smallest syst. error to date: 6r<0.01
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LiteBIRDgf ) & 1% €2

Light (Lite) satellite for the studies of B —mode polarization and Inflation from cosmic

.. background Radlatlon Detection
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§ would be one of the most significant scientific discoveries §

B of all time. [astro-ph/0604101,US CMB roadmap]
- BAORAEIRRIZERA /AU (BTFEHERORIELARESD)

bOAZA I*i)liﬁ*d)ll\ﬁl_‘xt “/ﬁIE (*L2H 4R ET)

- BETHESTSR. EEBECMBRAN (F/7LESOPSEERS)
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KEK
Y. Chinone
K. Hattori

M. Hazumi (PI)

M. Hasegawa
N. Kimura

K. Kimura

T. Matsumura
H. Morii

R. Nagata

S. Oguri
N. Sato
T. Suzuki

O. Tajima
T. Tomaru
M. Yoshida

SOKENDAI
Y. Akiba

Y. Inoue

H. Ishitsuka
A. Shimizu
H. Watanabe

Osaka U.

S. Takakura
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LiteBIRD working group

¢ 67 members (as of June 1, 2013)

JAXA

H. Fuke

I. Kawano

H. Matsuhara
K. Mitsuda
T. Nishibori
A. Noda

S. Sakai

Y. Sato

K. Shinozaki
H. Sugita

Y. Takei1

T. Wada

N. Yamasaki
T. Yoshida
K. Yotsumoto

Okayama U.
H. Ishino

A. Kibayashi
Y. Kibe

National Inst.
for Fusion
Science

S. Takada

UC Berkele
A. Ghribi

W. Holzapfel
A. Lee (US PI)
P. Richards

A. Suzuki

McGill U.
M. Dobbs

LBNL
J. Borrill

Tsukuba U.

M. Nagai

/

Kavli [PMU
N. Katayama
H. Nishino

Yokohama NU.

S. Murayama
S. Nakamura
K. Natsume

-

X-ray astrophysicists

(JAXA)

Infrared astronomers
)

(AXA)  ndE”

JAXA engine'é?sf, Mission Design

Support Group, SE office
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ATC/NAOJ
K. Karatsu
T. Noguchi

Y. Sekimoto
Y. Uzawa

Saitama U.
M. Naruse

Osaka Pref. U.

H. Ogawa

y.

I

Superconducting device
scientists (Berkeley, RIKEN,

¢ International and interdisciplinary

MPA
E. Komatsu

Tohoku U.

M. Hattori
K. Ishidoshiro
K. Morishima

Kinki U.
I. Ohta

CMB experimenters %
(Berkeley, KEK, McGifl, Eiichigo)
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System 1ssues

Statistics Foreground

or<0.001

Lensing Systematics
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Focal plane requirement

Noise level: goal = 2uK+*arcmin

To be well below

(requirement: < 3uK=arcmin) “lensing floor”
L
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X C ]
3 I (30' beam)]
-3
v 07F E
N - -
~ i - i
8
g 107 T E
= - R =
x f A \\ i
~ 1078 So :
- 3
. N\
;"‘ \
107° . , bl PP W
10 100 1000
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UC Berkeley
TES option
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> O
,,,,,

2022 TES
bolometers

oS
""e
g

=80

(1+1)/27C, (K 1atl

T, = 100mK

50-32(1GHZ
10° ’ ,
COJ1+0 J2-1 J3-2
-1 /
107 ¢ Large pixel (Av/iv=1) Small pixel (Av/v= E
/v=0.23 per band Av/iv=0.3 per band
\ prd

60
GHz

78
GHz

2013/07/17

| |
30c

100

GHz 3006Hz g%

SGMAP=I=7J—4>avr [REBXKZ & B (KEK) 57




BB Ty a v

TESA TS ay ST Ay
. BFI=CMB=E (- TEMA g - K& ?k’Sl AFIvoLov
) POLARBEAR, SPT. - BFEH~psec

EBEX. #h £

STIGAHELDI)RA A=Y

|
{1 | ]1,

lometers 100GHz Sinuous

| ’ antenna = ) et
POLARBEAR1 £ /5@ || ffocha : Al
| " 220GHz et '
\ N RYIFLILYX i
| N ‘ 7\ L
|

MKIDAF L3>
EBZENLES
s RERFAFIVILID
 BFE$~ usec

#FHL UG H LA X ZE R (KEK/RE L)

MKIDs

150GHzx4

Coaxial Cable

18mm

./ . - \
- “

[
8 13.5mm ——4.09mm

2013/07/17 SGMAPI=J—%iavF [LEEAE P& B (KEK) 58




W EBLGRIRIZHOWTOa XY b

e 350GHz&YEUE KR ELL. dust componenthZE 4> S AIRETE
M&H Y (warm dustécold dust) . IR ELEIZICH AL
e[

— DustZDED D RAAT 1 ELTIEV>350GHzZIE T 5w E

o 50GHz&KWIEULNELEZUE. WIXY#H LUV (spinning dust
BE)DBHAHT=O . AN ELSIEIZH AH EEfE]

e COlinex#TBHLITEE

2013/07/17 SGMAPI=J—4avy [LKBKR% P& B (KEK)

29



FE R Qo)

Power Law
Chaotic p=1
SSB (N_=47-62)
Chaotic p=0.1
PLANCK
QUIET Q-band
QUIET W-band
QUIET 2
POLARBEAR
LiteBIRD LEO
LiteBIRD L2

- Foregroundgs gy

T

z

A2L—3y
ETILFE




Systematic effect requirements

We set the required level of each systematic effect as 1% of lensing floor in C, at all / range.

Effects Types Requirement | Requirement Comments Mitigation
(GIED)) (random)
3%

Absolute gain E—B Cancel on r Calibration in Dipole, planets
every 10 min.
Polarization E—B | arcmin. 24 arcmin.
angle
Beam size E—B O(10%) Scan strategy
stability
Absolute E—B 6 arcmin. 25 arcmin. 20degx30deg FOV Scan strategy
pointing
Diff. pointing T—B 5 arcsec. 16 arcsec. Continuous HWP
Diff. gain T—B 0.01% 0.3% Continuous HWP
Diff. beam size T—B 0.7% 2% Continuous HWP
Diff. beam T—B 7% @I=2 2.7 % Continuous HWP
ellipticity 0.04% @ 1=300
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* . Foreground removal
- >4 bands in 50-270GHz

recovera TTOM Cleaning

N. Katayama and E; Komatsu,
Apd 737, 78:(2011)
(arXiv:1101.5210)

pixel-based polarized
foreground removal

(model-independent)
very small bias

Dust and Synchrotron {Method 1)

........ y ot =Tinour + 0.0018 |"~0.0006

Dust and Synchrotron {Method Il)

________ e oot with 60,100,240GHz (3 bands)

Dust only



Tracing Polarized Dust Emission with Starlight Polarization

mma 1
: .. . .- % e
* Both starlight polarization and polarized dust A(- [ 5)‘['" t
emission are processes closely related to how Je l
grains align with the intersteller magnetic field 1 “*’t

and to the optical properties of interstellar
dust grains.

« WMAP (Page et al. (2007), Dunkley et al. (2008), Kogut (2007)) used the
Heiles (2000) catalog to inform their fit to the dust emission component of
their signal, which led to a (marginally) better fit to the dust component.

« SGMAPD LHLER T, HFIZHh-SEED T —INEoNSZEIL, [
BWVEKKELBITIZHSER DN S,
- EEMIENADE (FEHLOoTLVEL. $9)
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CMB polarization projects

1. Ground _ | - -2~.‘Ba||.0,Qn-,=, 3 vatelllte

' .In addf’uon
ABS, CLASS, POLARBEAR-2,

~GroundBIRD, Simons Array, Mu 7(_

COrE

l.
L

PIXIE

BICEP1

SPTPol EICERP: ‘
e . LiteBIRD

EPIC
(CMBpol

Data SIO, NOAA, U.S. Navy, NGA, GEBCO
© 2011 Inav/Gnosi ssssss SRL
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