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GO Laser Interferometer
Gravitational-Wave Observatory

* Funding: NSF

* Operation: Caltech-MIT

e 2 DDOFEAIAT. I DDRRILES
- Hanford (LHO), 4km & 2km, (O—AJL 30+ &)
- Livingston (LLO), 4km, (O@—AJL 30+ &)
- (BRSO CIT/MIT R5 v BT3B )

e R&D: 40m 7O b & A T4

e LIGO Scientific Collaboration % /83— (H#HE /A (ZH#)
500 &) (S &k B HEEFFE
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LIGO Observatories:
e 2DODEAIFT, 3 DDMR 2R

w5

LIGO Hanford Observatory (LHO)
H1 : 4 km arms
H2 :2 km arms

LIGO Livingston Observatory (LLO)
. L1:4kmarms

Adapted from “The &‘ue Marble:" ','I'deurface, Ocean Color and Sea Ice" at
visibleearth.nasa.gov AN

NASA Goddard Space Flight Center Image by Reto Ss:ockll (land surface, shallow water, clouds). Enhancements by Robert Simmon
(ocean color, compositing, 3D globes, animation). Data and technical support: MODIS Land Group; MODIS Science Data Support
Team; MODIS Atmosphere Group; MODIS Ocean Group Additional data: USGS EROS Data Center (topography); USGS Terrestrial
Remote Sensing Flagstaff Field Center (Antarctica); Defense Meteorological Satellite Program (city lights).




LIGO REIFZARED
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* Power-recycled,

* Michelson IFO,

e Fabry-Perot arms
- 4km (or 2km)
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LIGO frif / "R5R

Vibration-isolated
< chambers using

Core Optics Suspension >
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LIGO LIGO Science

e 4 E M Science Run (S1-S4) 7T

- BATEATHR D E DZW
- BITIRT LT & DEH

- #h7OaT o b EDcoincidence run (incl. TAMA-
LIGO for S1, S2 and S3)

e 5EH®DScience Run (S5) ##E1TH
- Nov/04/2005 start
- 1 F4® 3-1FO coincidence 7 — 4 B & (% BIE)
- BEIC GEO( 348 ) & @ / BRE— K TS A
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LIGO

fRHT paper: ST
(as of 29/Mar/2006)

“Setting upper limits on the strength of periodic gravitational waves
using the first science data from the GEOG600 and LIGO detectors’,
Phys. Rev. D 69, 082004 (2004)

“First upper limits from LIGO on gravitational wave bursts”,
Phys. Rev. D 69, 102001 (2004)

“Analysis of LIGO data for gravitational waves from binary neutron
stars”, Phys. Rev. D 69, 122001 (2004)

“Analysis of first LIGO science data for stochastic gravitational wav
es”, Phys. Rev. D 69, 122004 (2004)

“Detector Description and Performance for the First Coincidence O
bservations Between LIGO and GEO”, Nucl. Instrum. Meth., A517
(2004) 154-179
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LIGO fRHT paper: S2
(as of 29/Mar/2006)

“Limits on gravitational wave emission from selected pulsars using
LIGO data”, Phys. Rev. Lett. 94, 181103 (2005)

“A search for gravitational waves associated with the gamma ray
burst GRB030329 using the LIGO detectors”, Phys. Rev. D 72,
042002 (2005)

“Upper limits on gravitational wave bursts in LIGO’s second science
run”, Phys. Rev. D 72, 062001 (2005)

“Search for gravitational waves from galactic and extra—galactic
binary neutron stars”, Phys. Rev. D. 72, 082001 (2005)

“Search for gravitational waves from primordial black hole binary
Coalescences in the Galactic Halo”, Phys. Rev. D. 72, 082002
(2005)

“Upper limits from the LIGO and TAMA detectors on the rate of
gravitational-wave bursts”, Phys. Rev. D. 72, 122004 (2005)

“First all-sky upper limits from LIGO on the strength of periodic
gravitational waves using the Hough transform”, Phys. Rev. D 72,
102004 (2005).
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LIGO fRHT paper: S3
(as of 29/Mar/2006)

“Upper Limits on a Stochastic Background of Gravitational Waves’,
Phys. Rev. Lett. 95, 221101 (2005)
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LIGO S3/S4 & Einstein@Home

Einstein@Home

* SETI DIl 7% Iis Fi
L7=S3/S4 = — 4 #&

AT

o #740000 DE+EIME,
#9 20Tflops

e Qutreach & WO E
IKCHEE

KAWABE K., 2006/Mar/28 BAMEBZSFR  TEIRMRADIRREREIVVRITL



LIGO  &5% :Einstein@Home IZ&N9 %

e BOINCYZ A7 a4 o>O—K (Win, 0SX,
Linux/X86, Solaris/Sparc)

— http://boinc. berkeley. edu/download. php

¢« {VRAKN—IL, EBET S

e 7O Y FDURI &L TEinstein@Home % $57E
— http://einstein. phys. uwm, edu/
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LUGoO S5 & LIGO MR,

Mt
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LIGO MRHEZROMEZICDOWVNT

o T—I—T: EBEH/INSAH
ELTHEREDFINIHS
- JEDESIHHEE
- R/ BEDREE)
- HMERES

s TZTIN—T: FhUHND ./
A X (laser. TL & hO=24
2. HEWED  etc.)

e Commissioning(i.e. 1% /&)
MY ) IBIE CHE =M. %

-

_7)1/—707&§Q§'H_ iﬁ_-{__l_w_ RESIDUAL GAS, 10°° ToRR H,
X Al r- k N X ‘ v —
E%‘- — 7) l/ - 70 75_’ é _C ’5%- - 7) l/ Freque;loc(:)y (Hz) o o

—TJOTFICHLIAD B
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h[f], 1/Sqrt[Hz]

Best Strain Sensitivities for the LIGO Interferometers

Early S5 Performance

LIGO-GO60010-01-2
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h(f], 1/Sqrt[Hz]

le-18

le-19

le-20
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le-23

le-24

1O l[]'D l[]ﬂ[} 10000

Strain Sensitivity for the LIGO Hanford 4km Interferometer
S5 Performance LIGO-G060051-00-7

——  LHO dkm - (2006.03.013) 85: Binary Inspiral Range (1471 4 Msony = 145 Mpc |-
— IGO0 1 SRD Goal, 4km

Frequency [Hz]

T DEALBHZE (LHO Commissioning Break)

il
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h[f], 1/Sqrt[Hz]

le-16
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le-19

le-20

le-21

le-22

Best Strain Sensitivities for the LIGO Interferometers

Comparisons among S1 - 85 Runs LIGO-GO60009-01-Z

U - g e e et i v it O

LILCr4km - 5

LLO 4km - 82 (2003.03.01) |
LHO 4km - 83 (2004.01.04)
LHO 4km - 84 (2005.02.26) |-
LHO 4km - 85 (2006.01.02) |
LIGO I 5RID Goal, 4km B

1 {2002.09.07) |-

.........

Frequency [Hz]

RRE eNZE=DRESR
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tigo FOM: NS-NS (1.4SM) Inspiral Range
LIGO Best Sensitivity

. S4: 8.3/ 7.4/ 3.5Mpc (H1/L1/H2)
e |nitial S5: 12.0/ 10.4/ 5.2Mpc

e S5 commissioning break & : H1 14.5Mpc
* Virgo cluster f2EF(C
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LIGO S5: TR EFDIE

e
Y
Ji
\/

e K 1EAD3-IFO coincidence
 Duty cycle ZtZh 85% BHiIZ (3-way 70%)
o HREINEE. 4FR(8:00-12:00) DAL VFF VR

¢ THLSMIWLWLC B DL, JRAIE L THREZEEDEND GRS
Ha DM

o« VERS2BPRED “ Commissioning break” ZEEHE
H. RELLTEEOOmAZNET 5

- LHO: Feb/2006 &=#]® Commissioning break . &
ERTEMICKERNE

- LLO: First commissioning break Apr.3-14/2006
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LiGO S5 BiIZEIRE

o RE(IEEICHERY ELY

« 1F/n 3 ola)FEAl, B Duty cycle 85% each
(3-way 70%)

-DFY, 2FLTFIELESE

e Duty cycle, Marl4-20

y ¢y ' Run S2 S3 S4 9
o Target

- H1, H2 >80%
— L1 about 56% L1 37% 22% 75% 85%
_ ga&% H1 74% 69% 81% 85%
H2 58% 63% 81% 85%
3-way | 22% 16% 57% 70%
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Partial List:

LIGO  Post-S4 & S5 Commissioning break

NEREFALE

= ]

* L1: HEPI (KB &M% ) IS & % Duty cycle ti&
- Early implementation of AdLIGO technique
o All: Laser/N\D—% £1F% (2-3W->6W L X)L for 4km)

o H1: FEDHIRIRDET ($EAIER )
e All: Thermal Compensation System (3D TRIXIC & B

LV XNRDOMEIE ) DR

- Early implementation of AdLIGO technique
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Partial List:
LIGO  Post-S4 & S5 Commissioning break
INEREFARLE 2

 All: Angular Sensing/Control refinement
- EEE
- T MU RAME
- Length EDFHT Y TRk

e H1, L1: ASPD T#ElF] DI EXTR

 All: Automated Noise Budget

..... FREGH(HAUTNIEA)
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LIGO . HEPI:
Hydraulic External Pre-lsolator

disp geo

g/ \
“, N
1
|
1

blend and correct

r

p 4
. XWX

L |
. ]

> %"\ '

offload spring supports payload

Early implementation of AdLIGO technique
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LIGO

HEPI performance

1_0'2 101 1 10 Hz

10° | }. i

-0 | Locking threshold

10 E--- 'g'j;' P2C - - AP -AH.J'T |
D ] / \\\'““!',;y,l_., _______
107 AAWALISH.
- i I'l.-"‘u"l V
RSN L) Nyl W
' A
E 1“ B Pa'juer Spectrum: LSC CARM | The latest: I'E'ﬁr[lﬂn"ﬂg
q mﬂlé Pl ETMY HAGZitzon the sfack modes
5 — HEPI cn, sensor carrection o iy
100 F s L l j 1 l\L”\ E
HEPI cff g F—— Rad f

10 \ s :E | lt'.

10 L1l . - E . S II.-’".,I. j,:' ﬁuf_f -
Allows L1 to lock durlng N g~
107 | g A’“‘m.,_::.-"; .
“typical” noisy days i :
Freauenay (Hzh
KAWABE K., 2006/Mar/28 BAYEZFRFR- TENRAROIBRERE IV VRITL



LIGO TCS
Thermal Compensation System (ALL)

e REBL—HP—ND—=RSGHRN=ZL VIR
- Carrier & Sideband DZER€— KDOA—E
- kT Sideband ®Zf€— K& L VIRIEDOAR—I
B U BNIE S — VI ICKBEL AN RMIE
- CO2 L—H =, RI DFER

Mask

ITM

ZnSe

N
© 0

Overheat underieat - Thermal Compensation System (TCS)

Correction Correction

Early implementation of AdLIGO technique
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GO Thermal lens effect
and TCS

CO2 heating

Sideband images

CO2 Iaser‘

Common
heating

Carrier
<
Sideband
" ’

CO2 laser

Servo
controlled

AS port
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1Go HT1:1TM(BS ISEVMEIDEE ) DY IRUNAY
ARIBEI/

e TCSI(IH2 & L1 TIAZTRLEN...
e S4: Laser Power 3W for H1

- JEEICKEHRRIN. FIED=HD CO2 L —HF— /%
7 —hHY1.5W(!!)

- 1lum DL —H—ECO2 L—H—Et%[ERICAEL
ERAX AT eSS
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LIGO H1: ITMX O3Z#e, ITMY OiER

* In-situ TRUXAHT D]
- Beam size, g-factor, TCS power
o ZXRRROFMEERIAIE
e June 2005, H1 ITMX zx#2, ITMY &2

ITMX ITMY
Before @35 mW/W 14 mW/W

After <3 mW/W 3 mW/W

NN
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LIGO PD BElFEME

S = Lock Loss & & £ ICKI /R0 —H 4
S _ {4 — NEBEE L THIA/ Ba5it.

mSl 2N RS =+ RS
g L BHLLOBAREN BT HNH S
: 3 / ] ' ' i 1 ' ' [ ! ' ' ' oo
§ / \ ; D 10716 A e

] IIIIIIl

107"

1
9  3.695 37 3.705 3.7 3715 3.72

Time (s)

ignitude

._|..__|___|__l_|__|_|__|l_

1078

__|..._.|..|._.|..|.|_.|.|+_

10-19

.§§
-

T_T.ITIII _I_I_}__

o 10-2° i il
e BRATICEEDA v v — 10 102

e NUAH—LUR)VDOEEIEAL Frequency (Hz)
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GO High Power Operation
(H1: 6.5W,H2: 2.6W, L1: 5.5W/7W dual)

s AEGIHII L EREDI-OHICALTEE
- Sl DILFEEIE. A1, Length D57
h7V2o

 Larger power, larger junk, smaller head
room (i.e. saturation)

* Even higher power (further shot noise
reduction)?

- PD ZHOTELNNEN?
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UGo S5.fFERDEZA

o BEICHEREL L% Ek
e TTLIIHEBEL ETIETLEWD LRILTIES
Ly: Commissioning Break 2. LEICIGLE T

e LHO: &%)® Commissioning Break &
Duty cycle [ H1/H2 & £1(C 85% (ST &
DDOH B

e LLO: Commissioning Break Apr2006 F
iE
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LIGO LIGO OZhh b

* During S5
- L1 commissioning break (Apr 2006)
 Post-S5 update before AdLIGO

- OQutput Mode Cleaner etc.
e 2010 shutdown for AdLIGO upgrade

 AdLIGO?

- 2005 NSF review: S5 il BEREICE
ELEELHY . 7Y
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LIGO AdLIGO...

Inner stage
sensors (1 of 3) ..

INPUT MODE Ouler stage

CLEANER sensors (10f3) Quadruple pendulum:

fi A .
""Silica optics, welded to
silica suspension fibers

Outside

ACTIVE .
THERMAL . o,
CORRECTION T=U.2%

Initial Interferometers
Active vibration

isolation systems

\\Open up wider bani P

Strain h(f) , Hz

QUTPUT MODE
CLEANER

GW READOUT

Advang¢ed Interferometers
10724

High power laser
(180W)

10 20 50 100 200 500 1000
frequency, Hz

Advanced interferometry
Signal recycling
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LGo  Epiat

e ot confidence [a) |k

-

EHE OO ZF2S
o VJ—AN BEBRDETE
o FIFREIBEHRDIET

LIGO I3 2 i * MMHARDMEREL LA
X ENBIFE, FUR
WK/ ¥IBD =D

R Ry N —
DIHEHEEEFR—
I EZES

SFEES - TENRFROIREBE |V VRID A
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“ligo

GW it b2z ry NI —7

IRIRERZE (?)
o EGO (?)
AdLIGO, — &7 PN
T~ GEO0600 | | Virgo bCGT(?)
LIGO TAMA300

cccccccccc

June 1998

Boundary representation is
ot necessarily authortative.

B02599 (R00352) 6-98

AIGO(80m)| » AIGO(3k?)
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LIGO 1) 1C

° RITD LIGO DHEAEMR LIFAZIC exciting AN DAZKIS
encouraging
- BEIC BERE (102%/sqrtHz, 100Hz BW) % FEARK
- Duty cycle £ ZXEICLE
- 1 EADTF—4BEIC[EF. Science Run D&H+
e /R (Post-S5. Advanced LIGO) D735
* LIGO middr = R : BRIFTIE 2 BEIFT ( 7£1T)

- GW D Science KU HBEDICT B 7= ICEER
Nz !

KAWABE K., 2006/Mar/28 BAMEZFSFR - TENNRMAODRRERE |V VRIT L



GO C_ommission_i[\g
ERCVAI oY ot}

e H1/L1l: Refl-beam position stabilization
- Heat-induced deflection in Faraday
- 2XPZT $&
* All: RFLO (LO ZD &t D ENBLY AT LDOMZT)

e All: MICH/PRC: TL X80, XE. TFERFDF 2
—— I kK BIEMZ1E

e HI/H2: F& DAy TV VT DRR
- BB E(HAFET—TNVZES)
- H2 AST—J IV & SZhtE 5
- x5 1Kk
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Commissioning
LIGO - o
SEEAN D=5 2

o All: 38K/ BREETELDNE
e H1:Junk signal 1w 7V v KRk
o All: BEFEIEEDEELN RS
* LHO: IRIFHMZHIE & K7
- ZRRENZESVRE DEBEL (LHO)
- CO2 L—HY—(TCS) migaE L KmpR T
e All: AS Trigger: Oy 2 2Z&IRWW=HD PD t]JEA

KAWABE K., 2006/Mar/28 BAMEZFSFR - TENNRMAODRRERE |V VRIT L



LIGO AS trigger

o —EFFHEHM EED| &, XIEKETH 155
BE. TF4295L 15U LEZEEICTS
s BEEEFDNY A 4 — FIIMEMZEHh YIA
Lo Mﬂ%m
s REBRNELDASTEHE, EUHAT TDE
BDT—3EHS o, HENARSLMSL Y
VD[S A A — FICBEEFICEIE A %
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LIGO AS Trigger D= X

BERF (Main PDs active) HeiRiEi@ S (Sub PD active)

| D |
ASQ Noisier, : ASQ Noisier,
7 wider-range _ < wider-range
o  SubPD: o - Sub PD
ST Onnmmmmmmemfie S0 0 (I
5 | = 5 b
S Main PDs e . 2 Main PDs
i ! s
< /f»l) I <
i [ = i
' |

N\LLIT)
R ‘o,
IRNNREERRRREERERNRNN

I ~“!
3
Ss
Il B Il B . E
z =
I "

Shutters close for PD protection
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