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l e BIR Lite (Light) Satellite for the Studies of B-mode Polarization
lt e and Inflation from Cosmic Background Radiation Detection

B JAXA-based working group (more than 60 members from JAXA, Kavli IPMU,
KEK, NAOJ, Berkeley/LBNL, McGill, Riken, MPA and Japanese universities)

B Scientific objectives
» Tests of cosmic inflation and quantum gravity theories
n  Full success: or < 0.001 (stat. @ syst. © foreground @ lensing)
n Or is the total error on tensor-to-scalar ratio
B Observations
» Full-sky CMB polarization survey at a degree scale (30arcmin @ 150 GHz)
= 6 bands b/w 50 and 320 GHz
B Strategy

. . . ** Continuously-rotating
= Part of technology verification from ground-based projects HWP w/ 30cm diameter

+¢ 60cm Primary Mirror
w/ Cross-Dragone config.

» Synergy with X-ray mission R&D % 100mK Focal Plane
. w/ Multi-chroic
Superconducting

» Synergy with ground-based super-telescopes

B Project status/plan
= Selected as one of eight most important future projects by i
astronomy/astrophysics division of - s
: ) w/ Heritages
Science Council of Japan . 4 of X-ray Missions
= Recognized as one of key future T g
JAXA missions in fundamental physics

» Target launch year ~2020 LEO ~ 600km
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LiteBIRD working group
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1. Introduction
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CMB polarization projects

1. Ground i 2 Balloon 3. /Satelllte

' .In addl;clon
ABS, CLASS, POLARBEAR-2,

- GroundBIRD, Simons Array, Mu fvv’,

BICEP1

SPTPol BICEF

LiteBIRD

B RN - Z= ' EPC
. 'BES (CMBpoI

In addition, BICEP3, POLAR QUBIC, .

Data SIO, NOAA, U.S. N NGA GEBCO
© 2011 Inav/Geo mas SRL

In addition, QUIJOTE in Canary island, AMIiBA in Hawaii
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Why so exciting ?
Experimental cosmologists dream of

* Discovery of Primordial Gravitational Waves (PGW) !

* Determination of energy scale of inflation !

* Experimental quantum gravity !

Measuring CMB polarization 1s the only neat thing to do !

2013/08/30

The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK)




INTE

. CONFE C

o COS

MICROWAVE R
BACKGROUND

/\ |

N g

/ 5
Plenck recults

(Tristroem)

Froe discwssion

Lunch, poster,
OIST tour
& free discussion

OLST seminar

[
Komatsu)

SP1/5PTpo | /SPTE
(Ro ichardt)

duate University (0IST) "

Astronomy
(de Graauw)

OIST tee timo

June 10 from WMAP, Planck, ACT, SPT, QUIET and BICEP
June 11 Ongoing CMB projects, future satelites

June 12 Excursion and nguu

June 13 Near-future ground-based (MB experiments, public lecture, OIST tea ime
June 14 Foreground observatons, ballcon-bourn projects etc.

There will also be theary talks on each day. Poster sessioes will be hedd after hinch oa ke 10,1120d 12

g8

Soemﬁc&za‘nm:?me LodOrguizi\a:nnoqninee: Sun Marina Hotel Conference dinner
Goorga ENtattou (vl msttada fer (s meogy, Cambricge) Matoto Hatta' (Toboku buffet style)
Marash Hanued ) ion (REX)Car) Maszsh! HausmdEX, Chak)

Mo arutss [Vax Pland instibeta for Araphsic Hdse KodaTa (€N

Woyar (Untvors 2y af (i Kafus Resort

ox Sugyare eger &M Ilam e

Caru Tapma (€0

http://www-conf.kek.jp/cmb/2013/index.htm
9



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,
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dark energy
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r (tensor-scalar ratio)
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Shed light on inflation energy scale
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Physics of inflation
S

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

r (tensor-to-scalar ratio) is a key parameter
y feon ng~1-6e+2n
- Mp, 4 (‘P) = Mp, V (¢)
l6r V(9) 87 \ V(9) r=T/S=16¢

ng=l=r=0

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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Current limit on r from CMB temperature

Tensor-to-Scalar Ratio (r)

0.05

X
o

0.15 0.20

0.10

0.00

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 ¢?

V(x¢2/3
V o

V x ¢*

976 0.984 0.992 1.000

Cosmic variance limited

—> Hope is in polarization measurements.
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0 . .
.. 10 Current measurement E
Predictions | (95%C.L.)
onr A -]
10 * urrent upper limit
; (95%C.L.) |
2 -

Pagano-Cooray-Melchiorri-Kamionkowski 2007

L Large-field inflation

10 ¢ (A > Mp))

| B | ower limit

3 from Lyth relation

10

i Small-field inflation

I (A < 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.

2013/08/30
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2. Pre-LiteBIRD Era
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Current Status of polarization measurements
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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)

10 30 | IlOO | 300 III‘ 1000
Multipole Moment, /
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CMB Polarization Data in the Can

* BICEP-2/Keck Array

* Planck

* POLARBEAR-I

* SPTpol These experiments will
 ABS publish results in the

* QUIJOTE near future with sensitivity
e EBREX at r~0.1 or even better.

The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK)
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Four obstacles
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International collaboration including KEK, Kavli IPMU,

POLARB EAR UCSD, UC Berkeley from Asia Pacific regions
POLARBEAR-1 project led by UC Berkeley
Search for inflationary B-modes

POLARBEAR
Site:
Atacama,
Chile

gravitational lensing B-modes

3.5m primary mirror and

large focal plane with .. B (5150m

1274 TES bolometers Sechh "8 above
S sea level)
mirror

First light in Chile in
Jan. 2012 and large amount

PulseTub-eCooIe'r | Reeiver S Stem
of data already recorded Y

IR Blocking Filters

3 Stage He Focal Plane Cold Aperture

Roadmap: P B> 7= —
— 7588 TESes in 2014 (POLARBEAR-2) ) """ E& T {“" | =
* 1<0.01 (95%C.L.) gl

— >22000 TESes in 2016(Simons Array)

1 Rotating HWP Window 1
21m

2013/08/30
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POLARBEAR-1
Focal Plane

TES

Lenslet

637 pixels
(91 pixels/wafer x 7 wafers)
1274 TES bolometers

N
S

21 uK\'s array NET —n o DL
, : 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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Intensity map
(FDS)

3 patches w/
small dust
components

Observation (36 hour cycle)

2n (uK?)
2

Ib>50, 9000 deg sq., [ '

W one hemisphere. ~—p~te<tl

1300 degsq.,at __Sio—m
coldest spot.

(1+1)

[/

10°°

145 GHz
BB for r=0.01 for

80<1<120.

. e

s 100.0 'chmb

Synchrotron s Dust

10 10 1000
Frequencyl(GHz)
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Systematic Error Mitigation

Suppression E
with sky rotation

Beam effect forecast

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 |

2013/08/30
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POLARBEAR-1 (First year of data)

E-mode polarization

ADec (deg)

ARA (deg)

2013/08/30
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POLARBEAR-2 (led by KEK)

broadbar
AR coate
lenslet

150GHz micro-strip filter

Al-Ti Eolometer Sinuous-antenna

« 7588 TES bolometers
« 95GHz and 150GHz

r<0.01 @ 95%C.L.

400mK stage

o(2m,)=65meV (w/ Planck)

2013/08/30
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Solutions

« Cryogenic Gaussian beam
Detector Modulation
Array Calibrations

« Multi-band

« Clean patc _
» Delensing

« Large sky
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How to reach r=0.001 ?
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Satellite(s) !

* All sky = at low |, lensing is subdominant
even at 1=0.001

* No atmospheric fluctuation
* No limitation 1n observing frequency

* Long observing time
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End of ground-based CMB projects
1n ~3 years ?
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CMB polarization with large telescopes
(I>500 + Planck)

e Sum of neutrino masses to ~0.05ev

— Hierarchy may be understood

* Constrain other new particles (e.g. gravitinos)

(Early) dark energy

Modified gravity -
3.59m 6m 10m

1000 POLARBEAR
ACTpol
POLARBEAR-2 PO SPTE
10000 Simons Array Advanced-ACTpol SPT3G

Discovery of lensing B-mode could be at any time soon

# of detectors

High precision neutrino mass results in a few years
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Lensing B-mode Discovery by SPTPol

-51°

-54°

DEC (J2000)

-57°

-60°

E map from
SPTPol 150GHz

EQ"=B(T) = [l [ FLWA s, 0, T Ee)o0)f

Correlation b/w B map from
SPTPol (“B”) and reconstructed B
map (“E¢”) examined

RA (J2000)

Lensing potential
“¢” from Herschel
500um

RA (J2000)

Reconstructed
B map, or “E¢”

101

-51°

-54°

-57°

-60°

arXiv:1307.5830

DEC (J2000)

South Pole Telescope
(SPT)

\
———
e ———
’
)
-
-
P .
/
A—
7 el—
| —
/
— — wm
/-\
._.
83
“E
&
VV
UJ__w
><.-
g 3

500 1000 1500 2000 2500
l

[./0 (E¢pxB and EBx¢ combined)
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Next Step

* C1 BB from CMB data alone 1s the
next big step

—The discovery will truly open up the
new era of cosmology with lensing B-
mode.

—The discovery will give us promise for
precision B-mode measurements
toward r=0.01.

2013/08/30
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Synergy w/ 21cm

Hope to resolve

neutrino mass

hierarcy even if Planck
we only obtain an | | o5 arsear2
upper limit

+ Simons Array

+ POLARBEAR-2 + SKA phase1
+ Simons Array + SKA phase1
+ POLARBEAR-2 + SKA phase2
+ Simons Array + SKA phase2

Foregrounds in both
CMB and 21cm
taken into account

Oyama, Kohri and Hazumi (2013) in preparation

1 o error —e—
2 ¢ error ---e--+
------ —6——-----1
----- = et
0 0.1 0.2 0.3 0.4 0.5
xm, [eV]

2013/08/30 The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK)

33




3. LiteBIRD Era
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Strategy

Small Satellite for Super telescope array

ultimate meas. on ground
of r (0r<0.001) 40 < | < 3000~10000

[

2013/08/30
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[LiteBIRD mission

* Check representative inflationary models

* requirement on the uncertainty on r
(stat. ® syst. ® foreground © lensing) or < 0.001

No lose theorem of LiteBIRD

» Many inflationary models predict r>0.01 = >10sigma discovery

» Representative inflationary models (single-large-field slow-roll models)
have a lower bound on r, 1 (A¢>z 5. 10-3 (A(p)z

r =

r>0.002, from Lyth relation. N?Z
» no gravitational wave detection at LiteBIRD = exclude representative
inflationary models (i.e. r<0.002 @ 95% C.L.)

» Early indication from non-space-based projects = power spectra at LiteBIRD !

mpl mpl

Similar to LHC Higgs case (Occam's razor)
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Focal plane requirement

Noise level: goal = 2uK*arcmin To be well below

(requirement: < 3uK=arcmin) “lensing floor”
[ A e S SR AL B AR S
102 ;_ noise= /noise= =
L : 10uKarcmin 2pKarcmin 3
E [ (30' beam)]
-3 -
© 10
N F -
~ I - i
% Y
g 107k Mt E
- z -\ 3
x X M
~ 1078 So :
R
. N\
S
107, » N NN s
10 100 1000

Multipole, |

2013/08/30 The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK) 37



theBIRD focal plane deSlgn tri-chroic (140/195/280GHz)

UC Berkeley
TES option

7 B - - v
LN Y IO YL / &
2022 TES B o 1 AT LA
5 ol ',’ A g -~ g
bolometers » .

T, = 100mK

tri-chroic (60/78/100GHz)
ae 2uKarcmin

. POLAR 5 (W/ 2 effective years)

o focakiplaneas - -

100GHz

<€

300GHz

8 cm site-to-site wafer cut
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theBIRD focal plane deSlgn tri-chroic (140/195/280GHz)

UC Berkeley

.l T

. Ay "\ .‘ 9IS
TES option ISP
/ ol T v.."" 'y
N N
-
s

2022TES  [NE5T ™
2ole® NN .
bolometers | gL distributed to increase th

Ty = 100mK

100GHz

'\ POLARBEAR A
% ’ focalplane’as be”
prin

Ky
A ! 3 44. P
% -~ - “«
2 ’%O % '
. 1
% N \
i N 2- :
5 . 4 '
O -
P ) 1 .
L B e
L)

.
.
.
. »
- = e

_-" -’

300GHz

8 cm site-t

More space to place <60GHz detectors
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L2 vs. LE

10° 2°

: _

. SSB&?;EL;Z‘? 3sigma discovery region

- (N_=47-62) . . y

Chaotic p=0.1 (statistical error only)

PLANCK
QUIET Q-band
QUIET W-band
QUIET 2
POLARBEAR
LiteBIRD LEO
LiteBIRD L2

< | Foregroundgseg,y

—
o
X
—
=
N
P
o
o
X

multipole, |

Both cases satisfy the requirement on statistical error

2013/08/30 The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK) 40




Foreground removal and observing bands

T recoverd from C Ieanlng

* Foreground removal
—> >4 bands in 50-270GHz

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

pixel-based polarized
foreground removal
(model-independent)

Dust only
ecovered = Tinpue + 00000

Dust and Synchrotron {Method 1)

Frecovered =Tinput + 0-0018 very small bias

Dust and Synchrotron {Method Il)

Frecovered = Tinpue + 0-0006 |"~0.0006
2 * with 60,100,240GHz (3 bands)
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Expected sensitivity on r

with 2 effective years

;35 1 é / T T T T 1 l
3 yzoreground limited
©

c

-]

o 0.1

(@) C

0] ;

5 h

LL .

80 |
-~ 01 F

© 0.0 i

Cosmic variance limited

FY(v)= ) [C{g"“’(z/) o9 XY 1 NJ9XY (. I/tp)]

3 Foreground limited
s 0.001 f 1o -
Katayama F 36— :
-Komatsu S
Cosmic variance limited ;86
1 [ ©
0.0001 . e — —
0.001 0.01 0.1
r

| 2013/08/30 | The CMB and theories of the primordial universe, Kyoto University, Japan, Masashi Hazumi (KEK)

42




Delensing with SuperPOLARBEAR

L

SuperPOLARBEAR assumes
6uKarcmin for f_sky = 0.75
(w/ many small patches)

0.1 ¢

.~ I
< ! -
o 0.01

0.001 SPB = -

: LB =

LB w/ SPB )

50 boundary-

0.0001 ettt —
0.001 0.01 0.1
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Other scientific objectives

* Tensor tilt (n,): on, ~ 0.07 (@r=0.1)
* Other non-standard cosmology with BB, EB, EE

Tests of superstring theory (e.g. non-zero Cl_EB)
Power spectra deviation from standard cosmology

— Loop quantum gravity ? Primordial magnetic field ? Cosmic strings ?
Isocurvature

Non Gaussianity No dedicated studies so far

You are welcome to
ete. contribute !

* Astronomy
e Reilonization w/ EE, TE correlations

* Galactic magnetic field
* Galactic haze emission

2013/08/30
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Systematic effect requirements

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

Types Requirement | Requirement Comments Mitigation
(bias) (random)
3%

Absolute gain

Polarization
angle

Beam size
stability

Absolute
pointing

Diff. pointing
Diff. gain
Diff. beam size

Diff. beam
ellipticity

2013/08/30

E->B

E->B

E->B

T->B
T->B
T->B
T->B

Calibration in
every 10 min.

Cancelonr

1 arcmin. 24 arcmin.
O(10%)
6 arcmin. 25 arcmin. 20degx30deg
FOV

5 arcsec. 16 arcsec.

0.01% 0.3%

0.7% 2%
7% @I1=2 2.7 %

0.04% @ 1=300

The CMB and theories of the primordial
universe, Kyoto University, Japan, Masashi
Hazumi (KEK)

Dipole, planets

Scan strategy

Scan strategy

Continuous HWP
Continuous HWP
Continuous HWP
Continuous HWP
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Scan Strategy

Spin axis

0.1rpm:> /, Bore sight

Altitude
~600km

The Moon

Direction to the Sun
€
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Polarization modulation efficiency

| 2013/08/30

COrE es»

Core Optics
3
300 cm
Reflective
HWP
Focal Plane %
;’j.;(! A B
N
AR e
Secondary Mirror = R Main Mirror
1.0

°
®

e
o
T

°
»

e
[N

0.0

o

200

() 456Hz
© 75GHz
O 105 GHz
© 135GHz

COrE spectral bands

400 500

Frequency (GHz2)
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Low-pass filter to

block zodiacal lght ° 'JUSt 4 deteCtorS '
\ » Multi-mode
\ . FTS

e 30GHz ~6THZ

\ Instrument
(2.725K)
\
Spin 4 RPM Polarizing
pe—— Primary Mirror Fourier
20, . Hssembles 550mm f1.7 Transform
Cold Field Stops Cold Pupil St
(Transfer 6)p (Prin?ary)ops Instrument

SunEath  \_
Shields "

Detectors
{100 mK)

Thermal
Isolation

PIXIE

(NASA)

Solar Arrays
TolEarlh

Spacecraft
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N
Polar lzed Radiaflon Imaglng and SPect oscopy Mls ldr'tf

4. Post-LiteBIRD Era ""’3”’

with the ultimate polarimetric spectro h ngi i
o'f&he‘“rméroﬁv ngﬁd far-infrared sky 524

i

* Large mission in ~2030
— European proposal: PRISM

* CMB-alone will not be enough s ¥ )ﬁ/ e
—> Synergy w/ other measurements will be crucial

* Measurements of nt and slow-roll consistency !

— CMB + 21cm + pulsar timing + Space interferometer (such as
Ultimate DECIGO)

— Understanding of systematic errors and foregrounds in each
measurements will decide the game

We have a lot to do next 100 years ©
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5. Conclusion
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5. Conclusions

* We are at the dawn of the new era of “cosmology
with CMB polarization”

— Big discovery “r>0" awaits us !
— Neutrino masses to ~0.05¢ev
— And more (dark energy, new particles, etc.)
* Many new results will come 1n next ~5 years
—1~0.01
e Studies with future satellites are MUST,
regardless of the value of r
— 1~ 0.001 from LiteBIRD

CMB polarization measurements are exciting !
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