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(Laser Interferometer Gravitational-

wave Observatory)
One interferometer

with 4 km Arms,

One interferometer
with 4 km Arms
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InaugurationFirst Lock Full Lock all IFO Design Sensitivity
4K strain noise A Lol : : at 150 Hz [Hz1/2]
10-1710-18 1020 1021 10-22 3x10-23
i S1 S2 S3 S4 S5 S6
Science o oo oo oo o o o >
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
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LIGO 3anRFHRMNT—21FER 2T
( Nov 2005 — Sep 30, 2007 )

Novd8 Jan31 Apr2d Jul18 Oct10 Jan2 Mar27 Jun19 Sep 11

S5 duty cycles:

52.8 % in triple coincidence

57.0 % in H1L1 coincidence
Total for H1: 77.7 %
Total for H2: 78.2 %
Total for L1: 65.7 %

i}
s
Fre
]
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- Double
Il Single
None
r H1H2L1V1: 11.3 %

Movd Jan31 Apr25 Jul18 Oct10 Jan2 Mar27 Jun19 5Sep 11
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S5-S6 RN:EE RRR

Global gravitational-wave detfector
LIGO
hetwork

GV science is greatly : 5e0 so0 Astrowatch
enhanced by having o e prp— ‘
distribution of global ol — 1
interferometers. LIGO Hanford H

Advantages include: S5 ‘ 6 ‘

» Source localization

» Enhanced Network Sky
Coverage :

»  Maximum Time S5
Coverage - Always
listening’ e — v - :
Detection confidence LIGO Livingston L1

% ‘

LIGO Hanford H2

LIGO

Since May 2007,
LIGO, Virgo, and T T Vo yer3 vera
GEOB00 has operated verill  vsre bl i |

jointly as a global ‘ ‘ ‘ ‘ ‘ ‘

hetwork

D.Reitze 1
(@lc]:{cpp] , Marcel Grossman 13, Stockholm, 4 July 2012

YVirgo

EREE - TE BT ANA—ESSEIEE I (2012912818, 190, ARMHIAS) 9
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LIGO LHO 4km S5
LIGO LLO 4km S5
LIGO LHO 2km S5
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Best Stram Sensmwty S6 Science Run
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~~Hanford 4 km S6

Initial LIGO Science Reguirement
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TAMA300

TAMA300

Power-recycled FP Michelson
interferometer with 300m arms:

E

i

-Bmlt at NAOJ in Mitaka, Tokyo.
-Purpose

- Intermediate step for

a larger-scale GW antenna.
- Observation of lucky events
in our and nearby galaxies.

ﬂg'atlonal Astronom‘isal’
. Observatory of Japan-\h
«Sufficient sensitivity to observe Galactic events

(Worlds best sensitivity in 2000-2002)
*Earlier observation start in 1999

(Over 3000 hours’ data)

i‘lﬂnﬁﬁ F

E-]
ilnl

Iz;u¥—mm+ﬁgu.§§§ III (20121151251 18, 19E| *F}ifﬁ_L*aL)
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Data Taking

August, 1999

September,
1999

April, 2000

Aug.-Sept.,
2000

March, 2001

Aug.-Sept.,
2001

Aug.-Sept.,
2002

Feb.-April.,
2003

Nov. 2003 -
Jan., 2004

PR

TAMA Data Takmg

Objective

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

FH-BIRNX—IBSEISRIES 111 (2012412818, 198, ARTIIAZ)

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

Observation
time

1 night

3 nights

3 nights

2 weeks
(night-time operation)

1 week
(whole-day operation)

50 days

2 days

2 months

6 weeks

Typical strain
noise level

3x1019 /Hz 12

3x1020 [Hz 12

1x10-20 [Hz 12

1x10-20 [Hz 12
(typical)

1.7x1020 /|Hz 12

(LF improvement)

5x1021 /|Hz V2

3x1021 /JHz V2

1.5x1021 /Hz 12

Total data
(Longest lock)

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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ZAWRINGA—=2 -BEDRE L&

2. 7402V Y EEBIRTEDERV) L
HMBRETBESICRUTT—2%7105)209
BANOEH, INMEROBRUEL &E
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FABRA

D.Reitze (JGRG22 2012)

This source:

_ Buried in this noise stream:
Binary BH-BH system

Signal(t)

o2 J1IAIIR 11 " |

We use different

methods (in this case

optimal Wiener filtering

using matched

templates) to pull these

sighals from the noise:

“Chirp” waveform | Lol ottt b bk ol ksl

A A A )
-1.5 -1 -0.5
Time to coalescence (sec)

The problem is that non-astrophysical sources also produces signals (false positives)
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RHBOHA w(t):h(<)+n(t\)
BEARES RBRESBOME
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oo WEED 8k (f)
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—oco  Sn(f)
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o0
1NV AEEE

ER 0

Y(w) =qw) - X (w)

\DZFAEE%:EE& ({EERAE)

2405 A
q(t) y(1)
q(w) = ¥ (w)

7-)IEREYT-)IER

= = f; X (w) et dw
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S o0
()= [ _a)-q+0dt' = [ 3 Tdf
= (0 e
A )
RIEBEA 72 FThENT7-VUIERL.
RRBHABTERS

|f‘> (ES LB DL (Signal-to-noise ratio, SNR)
ZRAICTS (/) &kDD (RBE710V 7).

sRomEE (5= [ @) FHOd = [ - TN

wE N=s—(s)= [ & TN

(V%) = [~ s a2 ds
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False Alarm Probability Po(R) = /Rpo(s)ds ="
False Dismissal probability -1 — P;(R) = 1 — /R pi(s)ds
7
EL<RIETBRE (RHHE)
 ——
ENEALY VR RAREES
BROWEAT e SR OREST
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«Neyman-Pearson®) i g8

p1(s)
po(s)

BasShzk o ISHLT I0[A(s) > k] = o ELBREKERA.

> A(s) >k DEXBARERELEHBTIEE
BAOREDENBESNS (BREHIRE).

A E L (Likelihood Ratio) A(s) =

RYFRTANEYLTEDRR (HIRRBEETE)

= P1(5|h) W 6—(3—h|8—h)/2 e = 1 5
IN(A) = In (Po(5|0)) = In ( G2 =X_.. = 2/45

712 7I(SNR) S (X TS REIE k 2F %
> ENNRIESD HY/ %L =HIkh.
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*Maximum Likelihood Test
KEHDNFGA—=% 1 HHDIBE,
max[A(s, )] > k OF, BARESRIHCANTS.

(False Alarm Prob. : PO[m/f?X A(s,u) > kl=a)

-RAMEE (Maximum Likelihood Estimation)
AHDINFTA—=5 1 [EDVT, |
A(s, 1) = max[A(s, p)] E%B i & H OHEBEETS.

. o

RHDINGA—=2HHDIBR,
(1) SNREZERAETDREOILT 7L —h2RUET.
(2) LELMEZBAIZE(EARERELEET),
FDTF7L—MCAWENGA—L2EHEEETD.
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E 16}
1.0 ~ 10 Msolar DEEIFE T

To7b—M 4 : 4x10°
CPU power : 60 TFlops

XKRT—2REERIBRAICERTT.
B RELEICKTE.
(By H.Tagoshi)

= N B = 00
u T T

(Fig. from D.Browr 2011)
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Inspiral Merger Ringdown
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(" Restricted Post-Newtonian Approximation (Blanchet+ 1995)
2Mc

hy(t) = =S [7rj\/lcf(t)]2/3 (14cos?.) cos d(t)
L :
MO A [TMcf(£)]%/3 (=2 cos.). sin d(t)
L |
df _ 96 gs3 1145 | R e 1 2/3
=2 Me R 1 - (S 4 o) (M) (4my(rMef)
34103 | 13661 | 59 , s
(18144 016" T 1877 ) Gy (25PN
Chirp mass Mec = (mq - m2)3/%/(mq1 + my)1/®

Reduced mass ratio 7 = u/M = (my - ma)/(my + m2)?
Luminosity distance D

Inclination angle L

Phase d(t) = 27rff(t’)dt’ = 27

f
d
ACIk /



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

Fr—TRDANIMNY

RiREAETHRNS
BEE7-UIER ()= [ V@
- X% 5 7T_2/3Mc5/6 (14 cOs? L) ~7/6 _iw(f)
A (F) =138 D, > N s

. By o 5SS
W (f) =27 ftc — Pc +_128( TMcf)”

GW signal from al.4,1.4 M.,

Binary Neutron Star System 7=V IiRiE :
- (FiKER) 76 DIKkEFE
EEPHEFESHEDOH
Frequence (Hz) (by Marion 2011)
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- RROMIEE 3D A
Chirp mass Me = (my-m2)*/%/(my 4 mo)*/?

Reduced mass ratio n = /M = (mq -’mz)/(ml ol m2)2

Coalescence time tc

EBEDOGIEHAR 52 - !-Ju”!lbﬁ#slﬁl

Luminosity distance D Rt EE
Inclination angle L

Source sky position 6, ¢
Polarization angle

HABFDINFGA—2 2D
Initial phase 0lg)

Initial frequency fo
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> WiEIal—alc & BR% (NS-NS, BH-NS, BH-BH)
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BEARER, —a—N)/BE, ... EVWOEYBRREHER.
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BEETE
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BESHORN

B E(NS-NS, NS-BH) EZER/## > SZEVBROUEADHIR.

- BEOEF (B9WIE — 8 — HMNS — BH) IBIREFERICKTE.
- NSOIREERER, /\rROy (AL P2 A28 /\RAY) OFEFETE.

GWs from inspiral phase
agree well because only
few hyperons exist

time and GWs damp
steeply there

Characteristic GW ' / Hyperonic
frequency for hyperonic

EOS increases with time :

This potentially marks

the existence of hyperons )
Nuclepnic

. 5 10
(By Sekiguchi) Itet ~ Imerge [ms]
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720 F—VRERIDOEE).
> EAREVHLOOBRIAEBAFSLELS.

RN L RRIRE)R A
h(t) = A Sid] exp ( gO ) cos(2m fot) | GM

C DI_ ho(t) = A T e~ fot/Q ¢ (27 fot)

C

——€
2
LA,
\ :\A !/\/\ fl.\l ".:\L ﬂ N\ "& A
(N AA AN DA AA AL
[ R
L4
|

Lc’
Ak fo= ;5—1\4[1 ~0.63(1 —a)3/1°] K |

Qfi: Q=2(1—a) %20
AEV: a = Jc/GM?

(Fig. by Marion 2011)
- y

7997F—=IVDOEE, AECDIEHRHESNS.
100 M_solar, a=0.5 > f, ~ 100Hz, Q ~ 2.6
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T T A T D S TR U S L S TR T,

NLTVYRERE  BEYZalb—2ar + RAb=a—baI S Dk
> 7997 F—VEESHREDLZERIEE R,
LRI F N a8 + RRIRE
(RAS=2—biER]) (BEZalb—ay)

AEIl [ = 0.25)

c BBRONFA—2(AE-REV ) eEABHUOHEZaL—2ay
> NTVYRBRIEZNFGA—2TRIR (R EIKHR)
(A]lth+ arXiv 0710.2335, arXiv 0909.2867)
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°?ile““/‘:Ll/—*“/a’/ﬁ%b‘é’ﬁb‘htiﬂ.ﬁ TOE g 7
(Ajith+ arXiv 0909.2867)

- For BH inspiral (no tidal deformation).
- Include inspiral, merger, and ring-down.
- Include spin effect.

GW from BH merger
- 100 Msolar equal mass
- Spin parameter 0.5
- Distance 100 Mpc

Amplitude [1/Hz' %]
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FHHRENRRESE: SRl RREFES 53,
hops(t) = Fi - hy(t) + Fx - hx(t)
FBHOPLTFHNE—
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Fr—7 iR
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- RAMZ2—b =T ERUCEST,
IEfELERAFATES

\Z
2YFR- 71V 23—
(Winner optimal filter)

Jl"u| ,Illl J |_|'1| IF||||1| III jl Iﬂ || / | | 4 J | 'l'| |'||I| I “quhﬂ f| ’Lﬂ f| 11 'mel'““l“ " e

IUJ’Tdf

(2R (f) - 3(f) _
NS /fl Sh(f)

T 7B R
FREREDIHEE > SNR
REHSIERRHZT DIRE (3 2-test)
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(Fig. by Marion 2011)
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BFRHUBTOIN/MEE
(Matched Filtering)
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(ESDIRD TR\ B Vetof B
(1R, ...)

E=AEBICE B VetoflB i

iy - L. azp M7

o @ &

Generate Generate Generate Generate
Template Template Template Template
Bank Bank Bank Bank

Matched Matched Matched Matched
Filter Filter Filter Filter

Ellipsoidal Coincidence Test
(Correlations Between Mass, Time Parameters)

1? and
other signal
based vetoes

Ellipsoidal Coincidence Test
with DQ vetoes

1? and
other signal
based vetoes

x* and
other signal
based vetoes

¥* and
other signal
based vetoes

Surviving coincident triggers
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T 7V—bDER

(Fig. from D.Brown 2011)

To7—bDER
- Minimum Match (SNREF&E({E) > 0.97HEEHZ3.
(AL ARV ANAS B S L 03 ]

> IPNOA—F—TEMI LS.

To = 2§6M 5/3(71'f0) 8/3

= M (nfo)” (— 1)

gl = & s — my M
- FHHOMELANVER > BBTS T LR, -
Examples of template bank size (a week in S6/VSR2)
Low Mass [2; 35 Mg] High Mass [25; 100 Mg]
I —’ * _ o .
7 days ‘—’ days (Fig. by Marion 2011)
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L) FAQIEM, RHHFEOET.
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EHATOBRAEREZAHNS
- KMDENRESNIES.

> HLEERZ, E/INFTA—2ICETHE.

ALV IT IR I1KRD
- —HERLTINGA—2IF
At, AM, An
- INGA—FHEREEER.

- INELVY1 R S FEA.DIEHR.
REMEFE (1 - FD) OOREEITANE.

Generate Generate Generate Generate
Template Template Template Template
Bank Bank Bank Bank

Matched Matched Matched Matched
Filter Filter Filter Filter

Ellipsoidal Coincidence Test
(Correlations Between Mass, Time Parameters)

%% and 1? and 2¥ and ¥* and
other signal other signal other signal other signal
based vetoes based vetoes based vetoes based vetoes

Ellipsoidal Coincidence Test
with DQ vetoes

\ 4

Surviving coincident triggers
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L BLSICRETS.

p=2;pj, pj=(x,T), Time

Frequency

T EZTER
X2 =u(p; — p/p)?

-HIAE(HES) > BHEDP-1 D22 WmiciES.
- EERH T ICSEREL AR MEAIE outlier ELTRNS > Reject
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RHBTFDIRAE (E=2(ET) (CLDVetoffr (LSCRHTDIES)

- F=aHRIFICES LS.
RESHIEREEL TLVELY,
TR REDHD BE
> F—2BITICAEL.

o FYvs xr = — e.g.: detector not at operating point; missing data...
Ng
- ELHEAN»HSIEERHTNIES. category 2
— Wellunderstood inztrumental problems

*um¥®ﬁ*ﬂ b—ﬁ—%ﬁw*iilﬁ S tr ical corre lation
sis !/ 8 e1d time, high efficiency
— o) —
T—2B &7, fakeZfRE.
atistical corre lation, but not we ll undersiood detections and

*E ﬁ ‘ia% bﬁ Hﬂ iE-z“fhb \%A — Dead time can be large compute rate
. é = s ad- v & baged on auxiliary channels upper limits
MEFRTOEA, K e
[ =] a) ? ate g
A s understood, weak but positive correlation

9 ‘mm":‘imb\tib\. — May veto whole noisy epochs
FRREZEICITAS. (Fig. by Marion 2011)

%

ected instrum ental problems Look for possible

- REAEBENTOWEVWHDARELRIES.
- Follow-uplc® AL S.
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A time-slide trigger (accidental coincidence

versus combined SNR
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Detectorl,2 TR RN j | ]
ThThOFA. 4R

@I) F.A_ w#i%ﬁ% \ i Histogram of coincident triggers.-
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Background distribution (time-slides) Peluns
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BFRHUBTOIN/MEE
(Matched Filtering)
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Generate Generate Generate Generate
Template Template Template Template
Bank Bank Bank Bank

Matched Matched Matched Matched
Filter Filter Filter Filter

Ellipsoidal Coincidence Test
(Correlations Between Mass, Time Parameters)

1? and
other signal
based vetoes

Ellipsoidal Coincidence Test
with DQ vetoes

1? and
other signal
based vetoes

x* and
other signal
based vetoes

¥* and
other signal
based vetoes

Surviving coincident triggers
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- EESEAINIDOFERERITREY

Source”

NS-NS 2 x 1( 0.2

NS-BH 7 x 107° | 0.004 0.1

[nitial BH-BH 2% 10™*  0.007 0.5
IMRI into IMBH < 0.001° 0.01°

IMBH-IMBH 10744 1073

NS-NS 40 400 1000
NS-BH 10 300
Advanced BH-BH 20 1000
IMRI into IMBH 10°
IMBH-IMBH 0.1¢

Abadie+ CQG 27 (2010) 173001.
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LREDEE

4%%75‘&&1:‘.3117275‘97":*5% = J:I‘ETIE"&%E.

- BREEMN1D : ‘Loudest Event’ i&
RITDER BASNREFDIANUMHL, KA HH/-1BS
[CENHRIDEEHNS LIREZRE.

@ (EEAINIDETH p LWINELSNREFDOIEFE Brady+, CQG 21 (2004)\
(ESHHIEED0DEER : K7/ 2%

p(p|p) oc e HelP)

P ANMIDRATHE = Rx T
(R: AN ML—b, T: RiAIBSRD)

e(p): Ml p TOMKTESE
> SRR, SESNEROLEENR

-- S5 LIGO-only Months 0-18
— Combined Posterior

-
o

(

Combined 90% Upper Limit

Probability Distribution

K n = ~ /55 LIGO-only Months 0-18
AR DOKDHS. > ERME [
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LIGO _ o
‘Event’ GW100916 — A Blind Injection

http://mwwiligo.org/science/GW100916/
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wh

Hanford Livingston

J

Normalized Tile Energy
Frequency [Hz]
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0 L 05 0
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(v

1

A5(IWVT (strain /+/Tiz)

Cumulative Rate

e oo Background \

xxx Extended Background E L

/Su(f) and
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Aaa Foregronnd

9 10 11
['hreshold p,

Marcel Grossman 13, Stockholm, 4 July 2012
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KACRA

PR St ot P FACR 14 62 10 4900 Setas R IR 14 62 10 4 #e Betasd 1R FALOS 14 62 4 0]

LIGO

Observing Partners During 2009-2010

Pi of the Sky R - ay and
sl U0 ptical

TAROT N _ _
+ | ROTSEd

Liverpool

QUEST i - e SkyMapper

TAROT S ROTSEc +

ROTSE a

Mostly (but not all) robotic wide-field optical telescopes
» Many of them used for following up GRBs and/or hunting for supernovae

Nine event candidates in S6/VSR2,3 followed up by at least one scope

LIGO Scientific and Wirgo Caollaborations, “lrmolementation and LIGO Scientific and Wirgo Collaborations, " First Low-Lafency LIGO+Vigo
{testing of the first prompt search far gravitational wave Search for Binary Inspirals and their Electromagnetic Counterparts”,
{ransients with electrornagnetic couterparts”, ALA 539 AT124 ardiv 1112 6005

(2012}

Marcel Grossman 13, Stockholm, 4 July 2012 .
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FABRA

LIGO

Example: GW100916 Skymap

LIGO-Virgo source localization ~ O(100

2 MNGCZ23B0
deg ) (Credit: Las Cumbras

» Disconnected regions Ohservatory wwiwr lcogt.net)

Top probability pixels imaged by Swift
and other ground-based optical
telescopes

Swift pixels maximized probability on
NGC2380 and ES0492-010

120 180

I Skytrap for-100916 ‘event’

nearby
galaxies

SkyMapper

3 i j
?05 110 115 120
ra (deg)

LIGC Scientific and Yirgo Collaborations, " Swiff Foliow-
Up Ohservations OF Candidate Gravitational-Wave
Transient Events” ardiv: 1205 1124

Marcel Grossman 13, Stockholm, 4 July 2012
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Low-mass search

-LIGO S5 / Virgo VSR1 {FE X £

- BARESEROHST.
- AN —MMIIU T LEFRE.

o Our upper limit

mmm Optimistic estimate
2B X107 Lyt yrl B Best estimate

4.4x104L, ! v

2x10°L;p! gl

BHNS | BBH

Cumulative Luminosity { Lq)

LSC, Phys. Rev. D 79, 122001(2009)
LSC, Phys. Rev. D 80, 047101 (2009)
LVC, Phys. Rev. D 82, 102001 (2010)
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S6 Results
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VIGO Searching for Low Mass Compact
Binary Coalescences

Compact Binary Coalescence in LIGO's
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e |
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Predicted rates

BNS NSBH BBH

Marcel Grossman 13, Stockholm, 4 July 2012
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High-mass search KA CRA

-LIGO S5 / Virgo VSR1

- Total mass 25 — 100 Msolar BH-BHA N MEE.
- N7V YRR (Inspiral-Merger-Ringdown) &7 7L —MZ{EH.

Merger rate limit
(Mpc—3 Myr—1)

Range in Mpc
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