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Theory ? Observation of Inflationary Epoch
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Very Exiting Experiment !!
Inflation potential :
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Primordial gravitational waves
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E-modes only

FN EHY LRI (38 B ELLRI DFHTIL.
OT SFEFEFHICHELELTCOW-BHEFICEHELSIN TLV:

Quadrupole = CM B75‘1ﬁ IS
Anisotropy
Y FHIEXFTEEIZ—FRTHEL
Ji - Anisotropy of universe (1055 M1 DESE)
Scattering >R UB/NIT )RR NI—% D

COLD >— E-modes (g5

N
Linear - ° I °

Polarization / ‘ \ \_/




o® FIEENRABALE..
@ BEFREBENR(SAUIL—Lar)DREMFEHR

. OT B'mOdeS(—rl\U7‘4)

Quadrupole | / \ |

Anisotropy

® N "\ / -/
Yoo | =2 I

Scattering

COLD >— E-modes (g5

l\‘/ /N

Linear |

Polarization / \
- e | N




’

Since B-modes are pattern in CMB polarization, experimental approach is
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Since B-modes are pattern in CMB polarization, experimental approach is;
1. Measure CMB polarization “map” on the sky
2. Characterize them in Fourier space
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The QUIET Collaboration
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The QUIET Collaboration

5 countries, 14 institutes, ~35 scientists
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QUIET-1 observation:

Oct. 2008 — Dec. 2010 EEE
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QUIET observation site
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“Detector Array” is essential
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Large number of detectors

“Detector Array” is essential

.. i o for all CMB-pol. experiments
Limitation of single detector sensitivity

MCseveral hundreds ~ thousand detectors are necessary y
to cover inflationary model favored region: r ~ 0.01
< QUIET-1 is intermediated phase to proof of technology

CAPMAP (2003-2005) QUIET-1 (2008-2010)
1% ﬁlﬁ*ﬁﬂjﬁ’% at 95GHz 99 detectors array at 95 GHz
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Polarization signal height

Demod Amplitude [mV]

Demod Amplitude [mV]
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Observation Patches

4 CMB patches were chosen (~3% of full sky)
Observing them DEEPLY (Galaxy observation when CMB patches are not visible)
Map precision on 1°x1°: ~1pK (7.5 months at 43GHz)
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Observation Patches

4 CMB patches were chosen (~3% of full sky)
Observing them DEEPLY (Galaxy observation when CMB patches are not visible)
Map precision on 1°x1°: ~1pK (7.5 months at 43GHz)



QUIET Polarization Map for Galactic Center

v'Detector
v'Calibration
v'Low-level analysis

-1,500e+02
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[arXiv:1012.3191]

QUIET CMB Polarization Map

Stokes Q Stokes U

-46,147

Point sources are
masked in agglysis



Analysis Validation: Null Test

O Divide data set into two maps, difference them.

0 T T LT T .

(CMB+Noise,) - (CMB+ )
O Calculate “null” power spectrum %0 o
. s — 30 |
O Perform 42 data divisions X °
T 20| o5
> Q vs. U channels = O? . |
. L 10 7y 100 200 * I
» weather conditions s J _______

> cryostat temperature

-10
0 100 200 300 400 500
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Null Test: i, distribution

O Mean shift of ¢, dist. is sensitive to detect biases which have not been removed

100 - I 1 I I L I
i Pipeline A —eo— Pipeline B ——
. cross-correlation auto-correlation -
1 3 ]
% , n +l/ :
O 10™“ ¢ 3
3 ff ]
S _3 A A 7
g 107 ;
©
o0t E ;
MC w/0 any contaminatjon
10°® | | including nop-Gaussian Cﬁst. |
-4 -3 -2 -1 0 1 2 3 4 )

Bias estimator : Xnull = C,/ o,

O Cross-correlation successfully removed the residual bias

We passed null test ! Ready to open the box !!
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Strong proof of instrument and analysis

[arXiv:1012.3191]

E_modes v'Detector

v'Calibration
v'Low-level analysis
v'High-level analysis

50 .
2 ACDM
QUIET —=—
BICEP
40 ¢ QuaD
- WMAP
=
= 30+ —
Q 1r 7
4_:’ 20 | I ] |
10 B O 1 1 ’
0 100 200 |
0 5 i o . 1 . 1 .
0 100 200 300 400 500

Significant power is detected at 1°t, 2" peak region
Consistent with ACDM model

QUIET / ACDM =0.87 £ 0.10

PTE from ACDM 14% for EE + BB + EB



B_modes T < 22 @95%CL [arXiv:1012.3191]

(zero-consistent : r=0.35+1-06_ )

Second best upper limits whereas short observation time

PrimordiaI+LeHsing — QUIET —=—
Primordial (r=0.2) BICEP ]
Gravitational Lensing QUaD —&=
WMAP :
= —-— ]
—a— —— -
e - -
. . —_—l— - - -
Limits from QUIET 43GHz . _ -
(7.5 months ~1/3 of BICEP-1 data) _ -
i - =
Expected limits with full data e
""" ~Predictions from major B ’ - -
nflationary models < _ — = = 7 Expected Limits in-QUIET-2_
50 ¢ (=180°/8) w/ 500 detectors 500
QUIET 2
500 detectors
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Ground-based telescopes

‘ ' B QUIET 1 | POLARBEAR
B (2008—2010)  §(2011—)
W QUIET 2 (201x—) |

They are also going to implement
several hundreds ~ thousand detectors

>§!E§CMASI
SPT BICEFPI1 RUAD S Comemaa® L
BICEPZ2 KECK :
9 SPTPol Chile, Atacama | :

2010- 2011-
,.-..’/( ‘) /( )/

~ Not shown here are

Ima%e: § Richter SOUth POle (2 800m)

(~5,000m) |

ABS, ACTPol, (Atacama)
Polar (South Pole)

e —
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PIPER(2013-)  SPIDER(2011,2012)  EBEX (2009-2011)

\
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Satellite Telescopes .., -
k

Planck (2009-) { EPIC LiteBIRD (B A EtE)

Not optimized for
polarization meas.
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B-mode Search in Future

PrimordiaI+Leﬁsing — QUIET —=—
Primordial (r=0.2) — BICEP ]
Gravitational Lensing QUaD —
WMAP 3
—_—l— —— ‘:.
D — - - ]
—— - - -
= -
QUIET-1 initial data set at 43GHz _ -
- - - -
set 7 _—
T . e - - -
""" _ _ = .,—, ]
major m°de'5_‘_ _ — = — = ~Sensitivity of Futire Experiménts
50 e.g. QUIET-2 500

¢ (=180°/0)

All coming experiments claim good sensitivity r = 0(0.01)
or better sensitivity with several hundreds to thousand detectors

45



1(1+1)C, /27 (uK?)

Impact of systematic error

In case of 1% precision of calibrations ...

4
10 ;E Temperature anisotropy _—~__ e
E—— - —— - h \\./—\,
1 02 ig spurious polarization E-modes
; 1% of | to Q/U
1E 2° for pol. angle
= =4 Lensing B-modes
10° e e =
......... | P Primordial B-modes
10 r=0.10
r=0.01
10'6 ] Lo ] ] Lo ] ] co |

10 100 1000
Multipole | (=180°/6)

Have to minimize spurious polarization: ~0.1%
Have to achieve angle precision: ~0.1°



C, L(e+1)/27 [uK?]

QUIET-1 initial results at 43GHz #0213
Least Systematic error to date

§ -— Statistical Error
- Primodial (r=0.1) S
1 L= oo Lensing

107'E —

E oo Y —_—rr T g SN

_ -—_’__—-"-'_--— o
107°F .

= /—.\_.\_ e — i s
1073 Z,'_;;v;/——— S e T

E ’,’ e 02 —J—

- 2 p— A

—— —— e W

e i e e W
o I e

F —0— —V— Pointing

P . —#— Polarization Angle

— Responsivity Model

-5 | to Q/U (monopole)
1 O —+— | to Q/U (dipole, quadrupole)
—&— Sun Signal due to Far Sidelobes

T 100 200 300 400
14

| 2 Q/U Leakage (fake pol. signal): < 1%

Possible Angle Uncertainty: 1.7°

Possible residual contamination

™~ B-modes: r=0.1
(Inflationary models favor r =0.01~0.10)

Extensive study of systematic errors

e Strong proof of our technology for future

 Good prospects for further syst. error reduction
— We improved 95GHz instruments and calibrations



Summary
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[arXiv:1012.3191] e.g. fake polarization signal: < 1%

BEOEALANPEROMTIZELVADRHIIKWNIZHS !
ih FEERDF HEHRIREIL5~15EF




