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EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J.Weber, PRL (1969)

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne Nuational Laboratory and al the University of Maryland,
The probability that all of these coincidences were accidental is ineredibly small, Ex-
periments 1mply that electromagnetic and seismic effects can be ruled oul wilth a high
level of confidence. These data are consistent with the conclusion that the detectors are

being excited by gravitational radiation,
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Early Universe

Binary merger s~ /%5
Sources sMBH  mMpH O T ST
Quasi-static binary Supernova
SMBH WD binary
Pulsar
Wave Age of the .
Period Universe Years Hours Seconds Mili-seconds
| | | | | | | )
Frequenc : ' ; ' ' ' '
[qHz] 4 10-15 10-12 10 106 103 1 103

Ground-based
I rfe ter

Detectors ; v$_ 22
&
Pulsar Doppler Space
timing tracking interferometer
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2007 FT4EHERE:
Nautilus (Frascati), Explorer (Geneva), Auriga (Padova), Allegro (LSU)

Nautilus
(Frascati National Laboratory, 1995-)

- Bar (AlI5056)
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'/2 (around 940 Hz)

Astone+, Astropart. Phys. (1997), Astone+, PRD (2010)
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S=TemnT,

IGEC-2 (2005-2007) :
RIRRT L FHo L ER R HERA
gRIEARY : 515 H

Duty cycle : 57% (4 detectors)
94% (>3 detctors)

"
N—AMLENRIC_LRIE

fesi 107 ° [1yHZLA]

(False Alarm Rate : 1/centry)
\_ J

BREE($LIGO S5&WEL VA,
FARChFETT—BR\HIIR.

900 920

Frequency (Hz) Astone+, PRD (2010)

B ERYA - REMEAEREASE ZTULIRI— (20133025280, ETEYA) 19



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

t-EELIN

- L—Y—TFHEHR
Bl -

ENERTE BEMEALEEAS 2T 5AI—N (201363025280, ETRYTE) 20


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

EAROIRIE /1 . EAE

~

h ~ 5L/L
5L : BERfIEE)
L 2R fE0REEE y

\_

BERIPRVIZEETH
> L—Y—F it

h=102! > ImOEEEEH1021m {H$E.

ENENE - BEMEAEERASE RTVULJRA9—) (201353825-28H, ENLEXR) 21


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

=458
. th i s ok 1 DAL 4 8 5 s ot o b 18 DL 4 8 5 s ot oo 1 D 4 58 5 s ot ook 1 D14 58 % s ot oo 10 D14 0 % s ot a1 D4 0 % s ot oo 16 D 44 0 b s ot ool 18 D 44 1 b s ot oo 10 o 44 61 b ol

L4

L—Y—FB5t (17

- =Y -ERHS5DK%E
ERX9 327 FICHI%.

- BERINHZTHITERLT5.

- IR AFTEA.

ERA AR
B

BORSDOENEE%
TEAEOEHEL TR

ENMXXE - BERRAFERKFE ATV9A9—) (20135£3A25-28H, ENLXXR) 22


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

Xl E2E®ITDHE (ARIRM Q) 2EAS
4RTCAFRDI ,
ds® = —(cdt)? + [1 + h(t)] dz° = O

BHELTHAZIES
hD1IRODHIRETER
OF
At = |- f h(t") dt’
C 2 y. t—2L/c ( )

T AmESOOR

2L i 5L Y.
¢ C i 2 Jt—2L/c ( ) |$ h
| EAmICEAEREL

ENMXXE - BERRAFERKFE ATV9A9—) (20135£3A25-28H, ENLXXR) 23


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

ETAIre 057 pn gvimp ps onh 08 TR Drn 4047 pn goims oo onh 08 TR Drn 4047 pn vt o oo 08 TR Drn 4047 pn vt o o 28 TR e 047 pn vt o o 28 TR 1047 s v e o 18 TR Lre 1047 pn vis o R TR Lpa 104 T pn @

(BEATRDORER) < (ROEEREM) DL > E5DFr I
2L Q

Ap = h(t') di’

C E t—2L/c
BEARICKBHIHEEL

7-UTZm @ = [ @) ede  BAEICESEAELORERGE

10° i
N | ~
53(w) = —sin (=2) e 71/ x Fi(w)
“ c % 107" Cut—off freq.
=R &
BEhRORRERELEHEOBIR
1B AG—W i> KEDEFEEDORIC a4 o Freqjg;cy[Hzl &

BARHIEERER
(1kH20)E7J5&' > E#§ & 75km)

IE43€3'C“ ﬁ}’“iﬁ%*-}ﬁ*aL 17")/717 - (2013$3E] 25 28EI EI.L?E}‘C“) pL


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

Eﬁf&@lﬂﬁﬁl EENHTE O

4

- FHEHICHULTEES RS 50 > Ef:;,J
ENBRAHICBESNEL. Y

- 2<BEHFETTRSH3.

E—L27Yva— Vi
~ FBRER)

AHRENRORERE AT

EhiRES)

hij = Aij x exp [i(wt — kz)]

s,
Ajj=|hx —hy O
SO0 1 0 |

h-|- : Plus mode

hy : Cross mode



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

FHHBREHBREBOHN : 220EEEINERESDE.

hobs(t) = F - h—l—(t) + Fx - hx(t)

it FEBE FBEOT7TFHINR—
F—|—(97 ¢7 ,Qb)a Fx(@, Qﬁ, w)

97 qb . KEK EDfIE
TIE ﬁﬁﬁ (xElDFEIT )

Fiss B REE

Aive — A .- Aive -

ENXX & - BEMAKXERKE RTV9R7— (201353H25-28H, BEIIXXSR) 26


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

= RN RA
FHEHoiEm s

FHHEENRRINE: BRI - EREEMES 55,
hobs(t) = .- 'h—l—(t) + Fx - hx(t)
FBHOPUTFINE—

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

1 4 cos?46
e T 5 COS2¢ Sin 21p—C0Sf sin 2¢ Cos 2y

ara

-

L]
™1
K

N

ENENE - BEMEAZERASE RTVULJA9—) (201353825-28H, ENLEXR) 27


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

Y ST A...J.l.....“_p...., A...J.l.....“_p...., A...J.l.....“_p...., A...J.l.....“',ﬂ_,,, A...,A.L,..“,',A._,,, A...,x.l.....“',ﬂ_,,, A...,A.L,,.“,.,A._.,, A,...‘,L,,.“,'.A._.

FP_A=3y
#a#2 (ICRR)

B3 A TR A

e

NERROENS
RiBDTTEH R HS !

ENENE - BEMEAZERASE RTVULJA9—) (201353825-28H, ENLEXR) 28


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

ERETORE R

AXMLEERE
RIXDAN— < FHEIS BLMERTHEZIFO
RLSh7BEE - KXMFHROMIS
RBEONE, ik DORHROMIS
> RE3R, ERYEERIIESSHICHE

EELOER
EiRE S35
> B<L0) Fake event HIRND
EXATORBRE 5
S REBOEHEEORL, BIA OBRE

L/H+L/L+V+LCGT

ESIEXE - BAMEARERASY ATV I9A9—) (20135E3825-28H, EILIEXXR) PAS


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

ABL—Y—FSHBBEHBDER 63

B1C KEFEEH (1999F A SHE)
#HRT 47000k 68 > ERBANRINI—2

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

baseline 600m 3 pase!jne g00m J

VIRGO (ITA-FRA)
baseline 3km

kv 3':“ ﬁ}‘“iﬁ%*ahﬁka- 17")/717 - (2013i|53525 28E| EI.L?E)‘C“) 30


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

FHROISAIL

- BB OEHAEE -

ENERTE BEMEALEEAS 2T 5AI—N (201363025280, ETRYTE) 31


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

. I’ 1 Thipe S0 b et ok 00 DA 44 60 b i gt o 20 DA Cpe 4 0 6.0 s dotins pobanh 15 DA Cpe 064 b &

TAMA300

BRR300mL—Y—FEHHBENRR LI

BN XA ZEBEFXroNAICHE
19955 {£5%FA, 19994 #illGH.

BRO7=HDDPREATITE,
KB SERFD2DONDEE.

 RTRANEREEIEE | Y WS N

(1t FRB RS 2000-20024F) &7 arxxe E;:‘;;Tq
D F B EHC SRR -8B MAECTE v
| (3000RMEBAZRMT—%)

IE43€3'C“ ﬁ}’“iﬁ%*-}ﬁ*aL 17")/717 - (2013$3E] 25 28EI EI.L?E}‘C“)



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

Beam tube

v

Injection
Bench



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

‘.-n..,- S Pt (a8 YDAH0 15 61 b 4o proaf T DALHO$ 51 b dties pranst Y TALH A E P

Mirror suspension

Iﬂ_ﬂii“ ﬁ}‘“iﬁ%*ahﬁkah 17')/717 =

(2013ﬂ£3ﬁ 25 28EI EI_LBEI“)



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

Control and DAQ

-

ENMXXE - BERRAFERKFE ATV9A9—) (20135£3A25-28H, ENLXXR)

35


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

TAMA Data Takmg

T T T W T T T e T L T e T T R T S S S TR T I O TR T,

Total data
(Longest lock)

Observation Typical strain

Data Taking time noise level

Objective

August, 1999

September,
1999

April, 2000

Aug.-Sept.,
2000

March, 2001
Aug.-Sept.,
2001

Aug.-Sept,,
2002

Feb.-April.,
2003

Nov. 2003 -
Jan., 2004

Calibration test

First Observation run

Observation with
improved sensitivity

100 hours'
observation data

100 hours'
observation

with high duty cycle
1000 hours'
observation data

Full operation with
Power recycling

1000 hours
Coincidence

Automatic
operation

1 night
3 nights

3 nights
2 weeks

(night-time
operation)

1 week

(whole-day
operation)

50 days

2 days

2 months

6 weeks

3x10-19 /Hz 1/2
3x10-20 /Hz 1/2

1x10-20 /Hz 1/2

1x10-20 /HZz 1/2

(typical)

1.7x10-20 /HZz 1/2

(LF
improvement)

5x10-2! /Hz /2

3x10-21 /Hz 1/2

1.5x10-21 /[Hz 1/2

10 hours
(7.7 hours)

31 hours

13 hours

167 hours
(12.8 hours)

111 hours

1038 hours
(22.0 hours)

25 hours

1157 hours
(20.5 hours)

558 hours
(27 hours)
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LIGO (Laser Interferometer Gravitational-Wave Observatory)
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4K strain noise A Lol : : at 150 Hz [Hz1/2]
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First 1 year of Runs
Science Coincidence
Data Data
Installation and Enhanced Advance

S5 2005.11 - 2007.9

Commissioning
S6 2009.7 -2010.10

LIGO d LIGO

L0000 13 52 45 4P s 1R DALINS 04 62 10 Pt st 5 DALORS 44 62 10t S 15 DALHS 1 62 0 et b 1R TR 14 62 P 4Pt et 18 FILCRS 14 52 10 4P et 18 000 01 62 10 4P s 1 FELERS 012 10 4 s s A DALONS 14 62 10 4t (st 1A DALRS 14 62 10 s et JA PR 0 62 10 4

ENIENE - BAWMEAERAE A7V JR—) (201353825-28H, EIXXE) 40


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

3 RIESDIRE -



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

i ERHEDRBOS—FTIS

ith FB iR ERIR -- 10Hz — 1kHz Q&R R EE
D Oy ok, BIxVE¥—XERS

| TIvok—N | mTH

1N H— EEAk
' S — EREAR
S 9 =
EMRI
SR w2 RIE—42— ‘ ‘4
—a2—h1) RAV#®  mhvel J
BT NF—FEE  EO Jr e TS 1N
= 2@
A IRE

RROBEAIIER RF&ZME MULVENIETOMIEER

EIZNE—Fk N‘E%Efﬂsmﬁﬁ‘ﬁ&iﬁ} SRS DIREL

Iﬂ.l.f)‘c“ ﬁ}’“iﬁsdcaLﬁkaL 17")/717 )b (2013ﬂ53ﬁ 25 28EI EI.L?E}‘C“) 42


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

R RIS
(BEARBANUL) (BREAR)

i
5 T e

-

EENEH NV —, LMXB
> Fr—TR A > EiRR

RHH
FATELL

BB IR VM 2R
> IN—Rbif A

BN ENE BEWERERKSE A7V H29—) (2013%3825-28H, EAMLEXE) 4 43


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

001 151 b5 dtiai pon 88 18 D01 51 bt pt a8 18 DACH0 4 50 b5 s a8 18 DCH0 41 50 15 s 1ot a b 18 DL 5 58 1 i 120 o 10 D01 4 5.8 0 i po-n a8 18 D01 0 5.1 % sl pot 8 18 D01 051 b5t ot o 1 DACH0 464 s 4o

EEAHHSDENROWER _
LRSS - Bk I 2/ L v

Ringdown

| &=
NN \/ U V \/ time
L known———={supercomputer<——known

~1000 cycles | simul?tions J
~1 min !

IE_LBES:‘* ﬁ}‘“iﬁ%*aLIﬁ*ah 17')/917 - (20135.35125 28EI EI_LBEI‘*) 44



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

50574\ 7

L0000 13 52 45 4P Gt 1R DALINS 00 62 10 4t St 14 DALHS 14 62 10 et o 15 DR 1 67 0 et b PR TR 14 62 P 4Pt ol 18 FILCRS 14 52 10 4 P00 et 18 000 01 52 10 4P et 10 PALORS 0162 10 4 s St 4 DALORS 14 62 10 4 et (s JH PALRS 14 62 10 et e PR TR 20 62 10 4

EESEFANIOHEERIRSY

Source”

NS-NS 2 x 1( 0.2

NS-BH 7 x 10™°  0.004 0.1

Initial BH-BH 2 x 10 0.007 0.5
IMRI into IMBH < 0.001° 0.01°

IMBH-IMBH 10744 1073
NS-NS ), 40 400 1000
NS-BH .2 10 300
Advanced BH-BH 0. 20 1000
IMRI into IMBH 10°
IMBH-IMBH 0.1¢

Abadie+ CQG 27 (2010) 173001.
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Buried in this noise stream:

-04

We use different
methods (in this case
optimal Wiener filtering
using matched
templates) to pull these
sighals from the noise:
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Y, w J J
00 ~n Y B0

The problem is that non-astrophysical sources also produces signals (false positives)
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- MY — - BRIV —
FRiEE : ~ 30 Hz
AE %) ~ -5x10° Hz/s
B 1iRiRIE_EPR{E : 2x1025 (C.L.95%)
(RE 470 EIRMED 20%55)

moment of inertia

- PSR J0537-6910 : X§#g/N )Y —
AR : 61.99... Hz
AEV 45 -1.994...x1010 Hz/s

2 Figure 5. Results of the Crab pulsar, I —6010, and J1952+3252 analyses,

- PSR J 1 952-3252 £= '& I \ } b'U'— and the spin-down limits, plotted on the moment of inertia—ellipticity plane.
The results used are those from model (1) and with restricted priors on the

=] 3 . angular parameters for the Crab pulsar and J0537—6910. Areas to the right

,:‘l '&& . 25 ) 30 HZ of the diagonal lines are excluded. The shaded regions are those outside the

zt“/a r7 ‘/ . - 3 . 7 3 X 1 0- 12 H Z / S theoretically predicted range of moments of inertia fzg =1-3.
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- Anomalous X-ray pulsar (AXP) |
Ly Giant flare :

ZHRMICEZIDAAIRNF—(10%2 erg)DH > 2 S.
V2ANDIRIE > Ead)lﬁhttiﬁ,&ﬁﬁﬂ

S - ~10kpc
giant fla
SGR 1806 ~10kpc
T L el AN N HH 1]
MPSDOENRIRE.

~4kpc

~1kpc

Abadie+,
ApJ (2011)

ETR% - BAHRAERAS AT IR (20135325280, BIEXE) R0


http://gwcenter.icrr.u-tokyo.ac.jp/
SGR_amaldi09.pptx
SGR_amaldi09.pptx
SGR_amaldi09.pptx
SGR_amaldi09.pptx
SGR_amaldi09.pptx
SGR_amaldi09.pptx
SGR_amaldi09.pptx

2Ix8—BXIVL7HS5NER AR
Y72 #g)E—%— (RHESSE, RXTE x-ray data)
Hyperflare in SGR 1806-20 (December 27, 2004)
PE@fE ~ 6 - 10 kpc, 1% 1011 T.
IR F— ~ 10% erg, 653 IR EEHERE.

SGR 1806-20 Outburst on December 27, 2004

INTEGRAL SPIVACS Lightcurve

Phys Rev D 76 (2007) 062003
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Time [s] afer 21:30:26.539 UTC
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