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Early Universe

1 GM
Binary merger -~ — =
BH-BH NS-NS
Sources SMBH IMBH NS-BH
Quasi-static binary . Supernova
SMBH WD binary
Pulsar
Wave Age of the .
Period Universe Years Hours Seconds Mili-seconds
| | | | | | | )
Frequenc ' - - . . |
%Hz] y 10-15 10-12 10-° 10 103 1 103
Ground-based
| Interferometer
Detectors $

., &
Pulsar timing Doppler Space
tracking interferometer
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2007 FT4aH &HE: _
Nautilus (Frascati), Explorer (Geneva), Auriga (Padova), Allegro (LSU)

Nautilus
(Frascati National Laboratory, 1995-)

- Bar (AI5056)
Length : 3.0 m, Diameter 0.6 m
Weight : 2,350 kg
- Readout: Capacitive + DC SQUID
- Temperature : 0.1 K
- Sensitivity :
2 x 102t Hz (around 940 Hz)

Astone+, Astropart. Phys. (1997), Astone+, PRD (2010)
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From presentation of Stan Whitcomb (2007)

P SR

IGEC-2 (2005-2007) :
HIRE 7 Tk ZER RN E R

#RAIRAR : 515 H
Duty cycle : 57% (4 detectors)
94% (>3 detctors)

> N—=AMILENRIC_ER{E
hrss < 10719 [1/HZ1/2]

(False Alarm Rate : 1/centry)

RREIILIGO S5KWEL A,
FARChETT—ERRIHIIR.

880 900 920

Frequency (Hz) Astone+, PRD (2010)

ERER  TH-BINF—MESESHMEE [ (2012612818, 190, KBRHIIAE) 22


http://gwcenter.icrr.u-tokyo.ac.jp/

B28 EAOROBR

1bA% 93y
BEARORLIRIE
FIRBIR 25

D FHHBRLEES
TN DR 25

T T e e T e L P e s T e T P e e T el T P e e T el T S P e e T el T P e e T e T S P e e T e S P e e T S o e e T I e e Tl

ErhiEn - '“I?)b#-%l!ahﬁfil];ﬁ% III (2012‘:‘5125 18, 19H, *F}iTE_L*aL) 23


http://gwcenter.icrr.u-tokyo.ac.jp/

N ¥ i
v— —* [ 4
.th i s ok 1 DAL 4 8 5 s ot o b 1 DLt 4 58 % s ot o b 1 D 4 58 % s ot oo 1 D4 0 % s ot oo 1 D4 0 % s ot oo 16 D4 0 % s ot oo 16 D 44 0 b s ot ool 10 D 44 1 b s ot oo 10 Do 44 61 b ol

BAE: 215V ) FiEt
L—Y—RBRHS5DHK%
B39 327 M9k

o

ThTh, JWTHEEBLTFHEES
THEREARLBTHRANTS

EARA AR
B

BORSOENEE%
TEHEAEOEHEL TR

£hER  FH - BEIXNF-YIBEERIEE 111 (20124612818, 198, KERTHIIASE) 24



http://gwcenter.icrr.u-tokyo.ac.jp/

ABL—Y—FSHBBHBDRR 63

®1S KBTS (1999F AN SE ) _
57T 47III““I7I~ 68 -> ERSARINTI—2

( GEO (GER-UK) | TAMA (JPN)

baseline 600m , baseEne 300m J

VIRGO (ITA-FRA)
baseline 3km

E*.ﬁ% FH- J:z»#—%l!anﬁsu.ﬁﬁ III (2012‘:‘5125 18 19EI *F}ifﬁ_dca-) 25


http://gwcenter.icrr.u-tokyo.ac.jp/

“ENRDODAHTTM e ,1

- FHHICHLTEEARDSO )\ ;,J

ENBAHICBESEL.
- S<BESEOH S5, y
'Aﬂiﬁi&d)ﬁi& —*f—ﬂg]ﬁ %mﬂjﬁ\lj:ﬁﬁxﬁl}

EHEES)
hij = Aij x exp [i(wt — kz)]

\ha | PWme
Ajj=|hx —hy O
o0 1 0 |

h-|- : Plus mode
hy : Cross mode



http://gwcenter.icrr.u-tokyo.ac.jp/

-FHHBEEARRHEBOLN : 200REESDEREDE.

hobs(t) = Fi - h—l—(t) + Fx - hx(t)

hit FEEE FEEHOT7TFHINRZ—>
F—|—(91 ¢7 ,Qb)a Fx(@, q57 w)

97 qb : KEK EDfIE
i\ ﬁﬁﬁ (xElDFEIT A )



http://gwcenter.icrr.u-tokyo.ac.jp/

FHHRENRRESE: SRl RREFES 53,
hops(t) = Fi - hy(t) + Fx - hx(t)
FBHOPLTFHNE—

' 1 4 cos?6 . :
Fy =— i ;, COS 2¢ COS2tp—COS ¢ sin 2¢ sin 21)

1 4 cos?46
R — T 5 COS2¢ Sin 21p—C0Ssf sin 2¢ Ccos 2y

ey
»

8

i,
Lz

ST

E£hiER . FH - BIRNE-YIELISRIESR 111 (20125E12A18, 198, KIRTHILKE) 28


http://gwcenter.icrr.u-tokyo.ac.jp/

BN TORKEA

AXMEER
RIXDAN— & FHEIS BLMERTHEZIFO
RiLSh7BEE - KXMFHROMIS
REONE, ik DOFHROMIS
> RE3R, HRYZERIHESSHICHE

R LOEH
BEARIES (3155
> 8<0) Fake event RN 3
EHETORRRE
> RLOETEDR L, BIN/MORE S

L/H+L/L+V+LCGT

£0hiEN . FH - SIRNF-PERSREE I (20124612818, 198, KERTHIIKE) 29


http://gwcenter.icrr.u-tokyo.ac.jp/

F t t- t- M
et 5 o3 18 D0 4151 s i s o8 18 DACH0 4 1 i ol po-n ok 15 D501 0 56 1 g ot a0 18 D01 58 5 s oo 6 D041 5 % s o8 15 D0 41 s s s o8 18 D0 4451 s sl po-n o 14 DACH1 4 54 1%

Angular resolution for the source

By H. Tagoshi

H: LIGO--Hanford
average of 8Q [Deg?] 34.4 7.26 4.20 2.78 \L/ bﬁfg%"}_‘j&%ﬁi”

median of 6Q [Deg?] 10.8 3.54 2.20 1.46 A: LIGO--Australia
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Adding KAGRA to (aLIGO + adv. VIRGO) network
- Factor ~3-4 improvement in sky area
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Fundamental sensitivity limitation

in interferometric detectors t  Quantum

_ A f-n;;JJmf;«—\ quctuatlon
Shot noise BRon L,

Quantum fluctuation in phase -
Ohshot ¢ 1/V P

Radiation pressure noise
Quantum fluctuation in amplitude

5hrad oC 'V .P
i
.
Standard Quantum limit
T 8h
SQL ™= 27rLf m
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~Resonant-Sideband Extraction _'

RSE (Resonant-Sideband Extraction) . J.Mizuno (1993)
- FEHAOBL—YY—RENER.
- BN AR ¥BHE ORI EAL - FKFEEL Z Rl REICT .
> KAGRA, aLIGO, Ad.VirgoTHL\oh 3.

‘RERSB|ARICEVL—Y-—N7—2KIR

¢t ! Robust against optical losses
5 in central interferometer part.
%{2\6 ETM‘ (Substrate loss, Contrast defect)
e
9‘ s CHRENTORBREER
i @g@gt ES “ @bq\ge - Critical to cool ITM .(Input Test Mass)
If down to cryogenic temperature.

Laser

& e @B Liradion viror - B0 R iR e ik SR RS T .

Detector response (frequency band)
is optimized for target GW signals.

Recycling Mirror
‘ Photo Detector
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Readout-noise reduction

High-freq. (> 100 Hz) improvement

Shot noise reduction by high power in arm cavities

Optical configuration

Fabry-Perot Michelson
interferometer with RSE
(Resonant-Sideband Extraction)

. ignal-extraction
Power-recycling " nirror
mirror ’

High-power laser source

Nd:YAG laser source with
>180W output power

Solid-state laser modules

200W N
A

80OW

Fiber laser amplifiers

NPRO(500mVV) :
L] =

40W

Low-loss mirror

Optical loss <100ppm (round-trip)
<45ppm in reflection
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Lico Using Squeezed Light to Improve
LIGO Sensitivity

LSC, "Enhancing the astrophysical reach of the LIGO gravitational
wave detector by using squeezed states of light”, in preparation

— Typical noise without squeezing
| — Squeezing-enhanced sensitivity
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Gate valve

Shield duct $800 " Shield duct $800 Gate valve
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Low-vibration
Cryo-cooler design
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Passive seismic attenuator

Passive isolator
(Require no energy supply) Platform

e REE—— -.-:—

| Supported by spring or pendulum

Basic unit : single pendulum
Isolation Ratio:
Disp. ratio of mass to platform

Suspended masé

z 1+Qfo

7o 1+ 54 - [

f : Frequency
fo : Pendulum frequency
¢} : Q-value

‘(sharpness of resonance)
~> Isolation above f

Isolation Ratio
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High-performance isolator

Better seismic attenuator
- Improve stability and isolation ratio

Damping Multi stage Low reso. freq;
Reduce Q-value More steep reduction Low-freq. cut-off =
— improve stability — Better isolation — Better isolation

Reduction of
peak height
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Frequency

Degraded isolation Resonant peaks Drift by environment

Combine them in design of the seismic attenuator
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-> A3.5dBOFI R IER.
| AstroWatch£$79 |

Hartmut Gte
for th

L IGO-India (LIGO-Austreria)
-aLIGON 1% > ABEPBEEZEITS.

Established in August 2009 to coordinate

the Indian GW community to participate in GW resear
*Funding received for a 3m prototype interferometer

at the Tata Institute for Fundamental Research.
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LIGO TAMA/CLIO GO *1st Generation detector
Enhanced . /GEO €—  Obs. range: ~20Mpc
A

GO Rate: 104 — 102 event/yr
> FELINU, LIR(E

| «2nd Generation detector
Obs. Range: ~200Mpc
Rate: ~10 event/yr

> WRLIRE, KEYE

2020

US 3rd generation

| *3rd Generation detector
Obs. Range ~3 Gpc

2025 Dairy detection
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Early Universe

1 GM
Binary merger -~ — =
BH-BH NS-NS
Sources SMBH IMBH NS-BH
Quasi-static binary . Supernova
SMBH WD binary
Pulsar
Wave Age of the .
Period Universe Years Hours Seconds Mili-seconds
| | | | | | | )
Frequenc ' - - . . |
%Hz] y 10-15 10-12 10-° 10 103 1 103
Ground-based
| Interferometer
Detectors $

., &
Pulsar timing Doppler Space
tracking interferometer
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!@E h ~ 10—13 [Hz—l/2] (~31 mHZ3S) . Ap. J 599 (2003) 80f> | ‘ /‘
{—ni-c«au:mﬁmmrau; 10 i, 55



http://gwcenter.icrr.u-tokyo.ac.jp/

28 ENRORL

BEAIROIRLIRE
E 1R L35

KRB 777
l/—"j' :F;*n-l-
Ny75—k2vF%29

L INWWG—B4LZ)
CMB B-mode

£hER  FH - BEIXNF-YIBEERIEE 111 (20124612818, 198, KERTHIIASE) 83


http://gwcenter.icrr.u-tokyo.ac.jp/

NIV —SiREOR VK&

> NWVARLI9DEBHSEAREIREH

(3R — NIV Y —ROAHAZELZRE)
h ~2nvp - Atp
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(Timing Residual)
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tpulse - AtP

s )
= to+Po-n+5PoPo-n2 + O(n?)

X AL DR

(1 : B SDISIVAEYL )

EREAGIC L RN
> ERRETOEN RGN

de =3
=8

Pulsar Telescope Span N rms residual
(d) (s)
J0437—-4715 Parkes 815 233 0.12
J1024—-0719 Parkes 861 92 1.10
J17134+0747 Parkes 1156 168  0.23
J1744—1134 Parkes 1198 101  0.52
J185740943 Arecibo/Parkes 7410 398  1.12
J1909—3744 Parkes 866 2859 0.29
J1939+2134 Parkes 862 231 021
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BEZHRI SRR
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ERMAOREE

lthIR A DRE PEFRE

gABOR=E et OfRE, FREH,
RIERE, REBOMT

46BNV Y —ICDUVT
mmRNT—42
(rms Residual < 2.5 ps) HESH TS

Postfit Residual (ues)

0.5

Timing Residuals for PSR ]J0437-4715
0437-4715 (rms = 0.056 us) post—fit

* Manchester (2009)|

2007.5

2008

Year

e Parkes Observatory
¢ 1.2 years data span.
e 211 TOAs, each 64 min observation time

2008.5
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BNV —DOBAGEREFLEDD

. Pulsar Telescope Span N rms residual
v
SERIDEA  1anet et al. (2006) ) ()
J0437—4715 Parkes 815 233 il VS12)
J1024—0719 Parkes 861 2 1.10
P we J171340747 Parkes 1156 168  0.23
q Zg e RV N G J744-1134  Parkes 1198 101 0.52
)OC (C.L. 95%) J1857+0943 Arecibo/Parkes 7410 398  1.12
-9 J1909—-3744 Parkes 866 2859 0.29
(4.4 %10 Hz) J1939+2134  Parkes 862 231 021
iratita
Cosmic = by
strings
o1 -
oy it
Coalescing binary = Fap
black—-holes
SN Core
collapse Fig. 1. Pulsar timing residuals. The kngth of the vertical line on the lefe hand cdge

represents 1pis

\Relic

G-waves

Standard
inflation

Manchester (2009)

£0hiE8 FH - SIRNF-PERSREE I (20124612818, 198, KERTHIIKE) 86



http://gwcenter.icrr.u-tokyo.ac.jp/

KWV =813 T PL— o

ERONNVT—SE > BERIF 7 —\ /‘\
NN

D SRENE, / o

BEABHEHASOENROBRILEEET LA \ '

EREHE 20EORELIVRI Y — S M
100nsecHF5E

5-10%F =EOE A

European Pulsar Timing Array (EPTA)

|IREEER Westerbork, Effelsberg,

Nancay, JodrellBank, (Cagliari)
HEREEARIGER - SREAVELIFICR RN
IRBDZE/SIVY— (rms Residual < 2.5 ps)

North American pulsar timing array (NANOGrav) \ \\\Afﬁﬁé e
S eee W O S
Arecibo and Green Bank OF—4%{EH R i e
17{EORE/ Y — .
Parkes Pulsar Timing Array (PPTA)

* 30 MSPs being timed in PTA projects world-wide

Parkes 64m %;&gﬁﬁ (Australia) . Cizrcle sizeb ~ (rms re;idual)-l \
y e 12 MSPs being timed at more than one observato
20EDRE/ Y — = Q
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4 _ George Hobbs
The Square Kilometre Array Australia Telescope National Facility

e Next Generation Radio Telescope

e Built in South Africa or Western
Australia in ~2020

e 50x sensitivity of current best
interferometer -

e Key science project: “Strong field

tests of gravity using pulsars and [ NG G
black holes” - will be used as a = g (0
“gravitational wave” telescope e e NN Tl T

http://www.skatelescope.org/photo/material/S22-Abb1.jpg
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CMB B-mode flik &6

(w1

FHE S (CMB, Cosmic Microwave Background)
B-modefR R A M SENKREE

D) MMEH (127L—ar i) HSNENR

CMBIRItDIBE—]

\ Cosmic gravitationa] wave

LA :

10* sec 380K yr ( last scattering surface ) Today (13.7 Billion yr)
FHOEh LAY

H: HEK#ES (2011 WBKAF)



http://gwcenter.icrr.u-tokyo.ac.jp/
Fujihara2009-Meyer.pdf

BHREODIANF—RBE

BEHROEE
P

o __ 1 GOSN S s - S
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1/4
v1/4 = 1.06 x 106 (ﬁ) [GeV]

__ (Tensor mode energy)
~ (Scaler mode energy)
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CMBRXMZE7OI I/

((near) completed: Bicepl, Boomerang, CBI, DASI, Maxipol, QUaD, WMAP, VSA)

Funded CMB Polarization Experiments

(Proposed: ACT-POL, several others)

Type/
location

Institutions

NEQ
(MK s)

Ell range

Frequencies

#Detectors

Resolution
(arcmin)

Planck

Bolo-
HEMT/Space

ESA, TAS-Orsay, Bologna +
many

80
(@100G)

2-2000

25-1000

22H+32B
(# of pol. ch)

8

Spider

Bolo/Balloon

CIT/JPL,CITA,
CWRU,Stanford

43 (@
96/145G)

2-250

96/145/225

288/512/512

60/40/30

BICEP2

Bolo/South Pole

CIT/JPL,CITA,Stanford

10-250

150

256

37

KECK array

Bolo/South Pole

CIT/JPL,CITA,Stanford

10-250

100/150/22
0

288/512/512

55/37/26

QUIET

HEMT/Chile

Chicago, CIT, JPL, KEK,
Manchester, Miami, MPI,
Oxford, Princeton, Stanford

129 (@
40/90G)

20-1000

40,90

119x2
~1000(P2)

10

Bolo/Balloon

Minn, Berkeley, Brown,
Cardiff, Columbia, McGill
+8

5 (@150G)

20-1200

150,250,42
0

1406

PolarBeaR

Bolo/Chile

Berkeley, APC,
Cardiff,Colorado, Imperial,
KEK, McGilLUCSD

10
(@150G)

20-3000

90,150,
220

SPTPOL

Bolo/South Pole

Chicago,Berkeley,
Colorado, CWRU, Davis,
JPL, McGilLSAO

14

20-10000

90,150,
220

1000-2000

Everyone except Planck claims r=0(0.01) sensitivity and results in 5 yrs.
compiled by Adrian Lee + MH

PR

Hazumi (Fujihara Seminar 2009) ,
o B R e R s T ol e o S o ST T T S S S T e S S Yo S ST Vol S T

FH - BIRNF—PIEEFRIESE III (2012512818, 19H, ABRTHILKE)
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CMB{REMER R

-BICEP2 SEB%

(Background Imaging of Cosmic
Extragalactic Polarization, Rg#®)

SEN2%DMEEIRE
r < 0.72 (C.L. 95%)

Chiang+, ApJ (2010)

*QUIET E5%

(Q/U Imaging ExperimenT, F7&2h+)
SED3%NMENE FE
r < 2.2 (C.L. 95%)

Bischoff+, arXiv:1012.3191
HER®ES (2011 REPKXE)

YOy 2n (UKD

South Pole Telescope

BIGER " 0D

6 flights / day
Lots of Leg Room

BB: 95% confidence upperlimits

Multipole 7
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