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Einstein and relativity

Special Relativity (1906):
* 4-dim space-time geometry

* rest mass is a form of energy
E =mc?

General relativity (1916):

- Einstein’s field equation :
G-= 8pT
spacetime curvature <« matter and energy | S

gravitational fields,

travelling at the speed of light

ICRR seminar, 2008/12/12 2



GWs from coalescing binaries

Compact binary mergers

Inspiral | Merger Ringdown
) 'fﬁ Ll | e o
\_,_\" l 4
“\_,— N ‘r) l/ I o=
e NN R I el
} |I * [
L v |
) | | &
A~ AN
\J U W V | time
known | supercomputerfs——known——=
-1000 cycles | Simutions | b
~1 min

« Neutron star — neutron star (Centrella et al.)
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How to get More sensitivity with control?

Control to keep dart at
detection port (Dark
fringe locking)

Control

Control

Dark port

ICRR seminar, 2008/12/12 5



How to make arms longer?

Folding light!

=] —F T

Y Y

Delay line interferometer  Fabry Perot interferometer

Simple, large mirrors required Small mirror, but difficult
to control

ICRR seminar, 2008/12/12



Importance of lock acquisition for
the interferometer

-Carrier
I
-Sidebands (probes for caryier)
*EOM:Modulation y‘l“ é
1~ .
) 7/ L] ﬂ

+signali

E.PD <
*Oscillato
~MHz (& >X

*Mixer :Demodulation

Signal [V]

P 1
S , ! - signal
CJ 7 —

=, L

'E :M ‘Phase lock il
I

= > | Feedback
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JEo LIGO-I type single suspension

= Each optic has five OSEMs (magnet and coil
assemblies), four on the back, one on the side

Suspension Block

Suspension Support

/ Structure

Suspension Wire

Magnet/Standoft
| ssembly

Guide Rod &
" Wire Standoff

Stiffener Bar /
Head Holder /

Sensor/Actuator
Head

Safety Stop

Housing

»  The magnet occludes light from
the LED, giving position

= Current through the coil creates 4
magnetic field, allowing mirror

control [7TTTTTTTT &' Standoff’




J

+

:F5$E+%$E§Ed)%l—\

Michelson interferometer (MI) Fabry-Perot MI (FPMI)
—
Savk/AXETIHS T
OB AIE S — Fabry-Perot caivtyZ
IR D K5 AL BEThRZRYR
LARRZENES
= ]

Power recycling (PRFPMI) { Dual recycling (DR)

Dark Portf|l D & 1R
Bright Port{l 0 3¢ = TIIZEHHIRLIBIRT S

STERL. = (Signal Recygling)f&b(
%ﬁ%ﬁgﬁ’jﬁ% = F3IZH LAY RIEEED

9 (Resonant Sideband
Extraction)

L5 [-
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International GW detector network

M2J)VIRGD VIRGO (£ - 44)
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HEO Zam Bt =ADLIGO

HANFORD
Washington

MIT
Cambridge

CALTECH
Pasadena

LIVINGSTON
Louisiana

I k2N, Hanford (LHO)
« RO

o —FIALETA D925 km

* 2km and 4km®D =& D F 5t
«JLALFF M. Livingston
(LLO)

« FDH

« ZLDiTEHE

» Baton Rougeh 5 #950km

« dkm—B DT iHET

BB DRIFFERICKSHEEEDM L




Other Gravitational Wave Projects:
Virgo

= Virgo
» [talian, French, Dutch collaboration, located near Pisa
» Single 3 km interferometer, similar to LIGO in design and specification
» Advanced seismic isolation system (“Super-attenuator”)
» QOperation in coincidence with LIGO since May 2007

= Future Improvements

» Virgo+, Advanced Virgo (similar in scope and time to Enhanced LIGO
and Advanced LIGO)

ICRR seminar, 2008/12/12 ' 12



Other Gravitational Wave Projects:
GEO

GEO Collaboration

» Univ of Glasgow, Cardiff Univ, Albert Einstein Institute, Univ of
Birmingham, Rutherford Appleton Lab, Univ of Hannover

» GEO as a whole is a member of the LIGO Scientific Collaboration
» GEO making a capital contribution to Advanced LIGO

GEOG600

» Near Hannover

» 600 m arms

» No arm cavities

» Signal recycling

» Fused silica suspensions

GEO-HF

» Proposed up-grade

» Pioneer advanced
optical techniques

L ——

¢ -
4 y —
B ¥ ‘
" A W
. I .
’ . .
./I. re pa— -
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AAD3

7]

Imli

8 NIRIR A

TAMAS300
® EiRE 300m, BN XX B =EHF v/ RITEHK

® SRMABETRET DENRAAV N ERE ATRELSE
AR EHFOER

® TFRD km BT HE D=8 DELAiTFAFE

CLIO

o HEREK100m, MESKILAIZHE
® LCGTOERRMD UV EDIERENEDIREE

Cryogenic Laser Interferometer Observatory
and
Kamioka Laser Interferometric Strainmeter
in
Kamioka Mine

End Tank Station

End Tank Station
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9o LIGO is big science

¢ LIGO = LIGO Laboratory and the LIGO Scientific Collaboration

® LIGO Laboratory

» ~180 people, headquartered at Caltech with observatories in
Livingston Louisiana and Hanford Washington and a very
significant group at MIT

» Managed by Caltech under a cooperative agreement with NSF

» Annual operating budget is ~33M$

® The LIGO Scientific Collaboration (LSC)

» LSC has ~ 500 members (including LIGO Lab), 411 names on
author list from 44 institutions
» LSC does R&D, analyses data and publishes science
» LSC has been integrated into the LIGO Lab management structure
— LSC maintains independent governance

ICRR seminar, 2008/12/12 16



LIGO

LIGO Beam Tube

Fa—TDHEFEZEICR-NTINT
DL SEENEKTS

9/__0//

Q ;

’4\%
N
A

13'-4"

Figure 2.1-1 -- Cross Section of Design Baseline at
Hanford
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LIGO .
LIGO vacuum equipment

TRTORFERG (FEE _ |
hizHA1=-6. SIEDFE A Active Isolation
THEAESESNAL >

—-

Vacuum Chamber Gate Valve

~-
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‘uco o
Seismic isolation stacks

Totalstack 94M
height —
566 mm
|
152 mm
; \j
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LIGO LIGO Optics

suspension mirrors, coating and polishing

= SRAEEE: EX10kg

= ikEBBHER/REBRDE=ORYFICOoNT
(AYS

Single suspension 0.31Tmm music wire

Suspension

Stiffening Support Structure

Bar
Guide Rod
Suspension

Wire
Safety Bar

Magnet/Standoff
Assembly

Head Holder

Wire Standoft

Sansor/Actualor
Head
—
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GO Pre-stabilized laser (PSL)

pwr. stab.

e oo« |ALIghtwave#t#10W MOPA(LIGO&

FAST :[::(i:i Eoo"'-":.wn“ to input optics 0) ;jé ﬁ Fa:ﬁ %)
i el N (ool - Reference cavity|Z &2 ERELE L

greer— * Pre-Mode CleanerlZ&k %
I @0 ¥ CBEREL

control output

— - Mode Cleaner, F &t OBiFvE T4

y ra— —DRERES =& DERBEREL

acousto-
optic - thermal enclosure
odulat 1
modulator ' oo
i
1
S—

H - tidal input
==d tidal stab. amp. (from LSC)

"""" wideband
input
(from I00)

e et




Jeo LIGO History

1999 2000 2001 2002 2003 2004 2005 2006
l3l4l1l2l3l4l1l2l3l4l1l2l3l4l1l2l3l4I1I2l3l4l1l2l3l4l1l2l3l4l

II I | | I | | | | | I >
Inauguration First Lock Full Lock all Interferometers Now
4K strain noise A [ T ! ! : ,
at 150 Hz 107 1018 {Q-20 1021 10-22 3x10-23 Strain [Hz1/2]
E2 E3 E5 E7 E8 E9 E10 E11
Engineering —e——e—e—0—o-o = o O
| St S2  S3 S4 S5 Runs
Science oo o —e - . >
First
Science
Data
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LIGO

Progress of LIGO Sensitivity

le-16 ——

LHO 4km (2002.09.09) - SI - Inspiral Range for 1.4/1.4 Msun: 0.019 Mpec
i | —— LHO 4km (2003.04.08) - S2 - Inspiral Range for 1.4/1.4 Msun: 0.512 Mpe
£2| —— LHO 4km (2004.01.04) - S3 - Inspiral Range for 1.4/1.4 Msun: 6.5 Mpe
——— LHO 4km (2005.02.26) - S4 - Inspiral Range for 1.4/1.4 Msun: 8.4 Mpec

| —— LHO 4km (2005.08.29) - Inspiral Range for 1.4/1.4 Msun: 11.6 Mpe

: LIGO I SRD Goal, 4km

.....................
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Displacement [m/VHZ]

L1 UGF = 165 Hz, 14.9 Mpc, Predicted: 15.8, Apr 25 2007 06:49:55 UTC
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LIGO Triple-coincidence Science Mode
Observation Time Accumulation vs. Calendar Time

10000 -
Duty factor is for operating all THREE interferometers in SCIENCE MODE
9000 -
1 yr=28765.8 hrs >
8000 -
o

~— 7000 - 67%
S
o //
< 6000 - A
¢ Cd
E
> 5000 | A
(] P
E /,’:/,
2 4000 - ol
= e
(&) > -,
(&) Py e
<< 3000 - S

2000 - 48%//”

1000 - o

Jawr T, Apr 1, Jul 1, Oct 1, Jan 1, Apr 1, Jul 1, Oct 1,
o 2006 2006 2006 2006 2007 2007 2007 2007
0 100 200 300 400 500 600 700
Calendar Time(days)
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LIGO

e

« H1

LIGO Duty Factor

Range (Mpc)

:‘o N S (=] o]
||||||||

|_NS/NS Inspiral Range

......................................................................................
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LSC
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LSC
JEo Duty Factor for S5 N

30000

25000

20000 |

Count

15000 |
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Inspiral Range (Mpc)
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LIGO Enhanced LIGO

4Q 4Q 4Q 4Q 4Q 4Q
05 06 07 08 09 10
I I I I I I

S5 ~2 years s6

= Enough time for one significant set of enhancements

» Higher laser power

» DC readout
» Qutput modecleaner

= Aim for a factor of 2 improvement in sensitivity (factor
of 8 in event rate)

= Early tests of Advanced LIGO hardware and
techniques

ICRR seminar, 2008/12/12 28
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Limiting noise sources for an enhanced detector are
LIGO J
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DC READOUT COMPARISON T T LIVINGSTON 2008-07-17 (6 Watts, 8 Mpc) 5
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VIRGO Broken R
Viewports e

efirst failing esecondary

eFrom inside
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LIGO
AstroWatch with H2 at Hanford Observatory

e A5 began 18Feb2008
e Run by LSC grad students

— Good training for students

— Frees up most experienced labor for eLIGO work on H1

e Successtully running (stats for 18Feb-2Sep08)
— Science mode up time ~28%
— Total up time ~52%
— H2 range varies 6-7.5 Mpc, depending on eLIGO activity/hardware.

e Astrowatch will continue until beginning of S6 in spring 2009

— Need more student volunteers for January 2009 and beyond.

ICRR seminar, 2008/12/12 33



HGo Advanced LIGO!

= Take advantage of new technologies and on-going R&D

» Active anti-seismic system operating to lower frequencies
Lower thermal noise suspensions and optics
Higher laser power

» More sensitive and more flexible optical configuration

~

>

~

>

A4

x10 better amplitude sensitivity

= X1000 rate=(reach)3

= 1 day of Advanced LIGO
» 1 year of Initial LIGO !

Planned for FY2008 start,
installation beginning 2011

ICRR seminar, 2008/12/12 34



What is so Advanced

LIGO
about Advanced LIGO?
Parameter LIGO Advanced LIGO
Input Laser Power 10 W 180 W
Mirror Mass 10 kg 40 kg
Interferometer Power-recycled Dual-recycled Fabry
Topology Fabry-Perot arm -Perot arm cavity

cavity Michelson

Michelson

GW Readout Method

RF heterodyne

DC homodyne

Optimal Strain
Sensitivity

3x 1023/ rHz

Tunable, better than 5
X 1024/ rHz in
broadband

Seismic Isolation
Performance

f

low

~ 50 Hz

f,,. ~10 Hz

low

Mirror Suspensions

Single Pendulum

Quadruple pendulum

ICRR seminar, 2008/12/12
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LIGO

Neutron star & black
hole binaries

» inspiral

» merger

Spinning neutron stars
» LMXBs

» Known pulsars

» previously unknown
Supernovae

Stochastic background
» Cosmological
» [Early universe

Astrophysical Targets
for Advanced LIGO

. Vela Spindown = .
*. Upper Limit Crab Spllnd.own
. Upper Limit
102 |
N
=
'N
am
& -
T
A
102 |
10724 | 20M,20M, @
' . . BH/BH Merger, z=1  * \ »
10 20 50 100 200 500 1000

ICRR seminar, 2008/12/12
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LIGO Anatomy of the projected
Adv LIGO detector performance

10—21
= Newtonian background, —
estimate for LIGO sites ,
10221 *. Initial LIGO
= Seismic ‘cutoff’ at 10 Hz— ;~

) >
= Suspension thermal noise />/.<
/

= Test mass thermal noiseﬁ :
= Unified quantum noise/

dominates at
most frequencies for full
power, broadband tuning 10-24

Advanced LIGO

10 Hz 100 Hz 1 kHz
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Jeo Schedule

Acceptance
Control Date

FYO07 FY08 FY09 FY10 FY11 FY12 FY13 FY14 | FY15

BN EELEEE
— — ¥ FO1 Fab./ Procure / Assemble
IFQ1 UK ScspensionsProduction P | i | o

# IFO1 AEI Laser Procure / Assemble

IFO1 Shutdown 0— ---0 IFO1 Shutdown Control Date

ﬁ IFO1 mstallatlon

IFO1 Integratlonl Test

|FO1 Acceptance 'I’"“‘E—" IFO1 Acceptance Control Date

IF02 & 3 Fab./ Procure / Assemble

IFO 2&3 AEI Laser Procure / Assemble

IFO2 & IFO3 &—--
IF02 & IFO3 Installatlon

‘ MREFC Funding Start Oct 2007 ‘ Installation Early Start Acceptance Date &

IFO2 & 3 UK Suspensions Production

IFO2 & IFO3 Shutdown Control Date

IF02 & IFO3 Integratlon/ Testmg :IFéﬂ Accepta;ce

IFO2 Acceptance Q--- -_-_.Q Control Date

IFO3 Acceptance
IFO3Acceptance —-—--—-*0 c°:tm| Dpate

DCS Assembly l Install
| N S . | i

2/2/07 End Project Construction t



g0 When is Advanced LIGO?

= 2009

» eLIGO installation now complete, in commissioning
» |n parallel, AdL completes development, fabricates parts

= 2010

» eLIGO observes
» AdL manufactures, assembles, aligns, tests subsystem parts

= 2011

» eLIGO wraps up
» Maybe squeezing experiment follows at LHO
» Observatory shutdown as early as Feb ‘11, second Oct ’11

= 2012 — INSTALL, integrate, test, tune

= 2013 — First Interferometer Acceptance as early as June’13

= 2014 — Second, third IFO acceptance earliest Jan’14,
April'14

= 2015 on — Observe with AdL, interleaving with further tuning

ICRR seminar, 2008/12/12 39



Yeo Advanced LIGOD %,

200WHSADEH AL —H—(~20x)
«ADVANCED LIGO LAYOUT
TIT47 G BRI BBIR AT L
A
3- 4D ZEARYF
iai [
Digital control system SILICA, 34 CM &, 40 KG
4 ] SILICA, 37 cm ¢
%ﬁﬂ- ga) RSE INPUT MODE - SILICA, 26.5¢cm ¢
CLEANER
OMC (output mode cleaner) %
{f->7=DC readout J
T:(E:l::\\llliL\ (Nr=0,5% ARM CAVITY
CORRECTION \
125w
[LASER |— MOD- : | I]
5T, i . -}
SRM 7=5%
POWER &
S|GN%I}\|\?/|I-E|-(|:EYS? LING OUTPUT MODE

CLEANER

PD
GW ReapoOUT
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Advanced LIGO pre-stabilized laser

LIGO

system

. . high
High power laser:180 Watts  power [
t
stage ] ISS2 l_m
suspended
35W modecleaner
medium /su - spatial
NPRO power filter
stage cavity
@l‘ PG
180W @
EOM y
= S > 7
AOM FI \_) 4
[ ‘ r
[Fss_}—[]eom
shutter l
PM Z 72
hutter reference —\
cavity
) AOM
PSLinternal &
Diagnostic T
llFSS-A‘.
T [Fss-a2]

tidal feedback

*Work lead by AEI (Hanover) in collaboration with LZH (Laser Zentrum Hanover)
ICRR seminar, 2008/12/12
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Yeo Pre-Stabilized Laser

Max-Planck Institute Hannover,
Laser Zentrum Hannover and CIT
® 180W output power

® Transfer engineering model to MIT test
interferometer (LASTI)

® Plans forming to supply this 30W source in an
AdL ‘early delivery’ for initial LIGO update

® Frequency noise requirement achieved (LIGO)

70 80 90 100 110 120 130 140 150 160

® RIN =3*10-9/ sqrt(Hz) above 20Hz (in table top rel. position ]
= RIN of diff t L
experlment ) 162 e o e
I r'ljv'v%
1e-3
KLY 1 g
1e-4 E b
‘ ”% H“’!" ......
-5 | i A M liw :NT"QLA\"
e- Il
| “L Ay %
1e-6 . bt s 2 O R e DM
...... h L ‘/T;
W A v R sen's
1e-7 beeddodeoboctodbd T, MN“V’I\L"!‘_\' ™\
F1 200W, May 2006
r{ 200w, Oct 2004
12W Ringlaser
MISER
1e-8 ————
1 10 100 1k 10k 100k

Frequency [Hz]



Core Interferometer Optics

Test Masses:
40 kg 34cm ¢ x 20cm

Large beam size on test
masses (6.0cm radius), to
reduce thermal noise

40 kg

Compensation plates:
34cm ¢ x 6.5cm

<

I™ Round-trip optical loss:
T=0.5% 75 ppm max

Challenges: 37em ¢ x em
® Substrate polishing
® Dielectric Coatings SRM Recycling Mirrors:
® MetrOIOgy T=7%— 26.5cm ¢ x 10cm
@ Substrate procurement v
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Viko The HAM IS

Old vs. New Isolation Comparison

WIT / GND Magnitude (m/m)

LHO HAMS ISI, June 27 2008
Isolation Loop WIT STS / GND STS Transfer Fu

L TI

nction *iLIGO Passive Isolation

10 ¢

created by performanceplot@080627 on 14-Sep-2008 (Jeff Kissel)

N

—_
o

Frequency (Hz)
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Quad Suspensions

» ~107 attenuation @10 Hz

» Controls applied to upper
layers; noise filtered from test™”
masses

Magnets

Electrostatic




LIGO
Quad Pendulum Noise Prototype

August 007 _mounting 10 15| October 2007 — Suspending

' N\ : %
I 4/ A 1
7 N




tico Caltech 40 meter prototype
iInterferometer

Objectives

Develop lock acquisition procedure of detuned Resonant Sideband
Extraction (RSE) interferometer, as close as possible to Advanced
LIGO optical design

» Verify optical spring and optical resonance effects
» Develop DC readout scheme

NS
- \-,"" ~




LIGO

Caltech 40 meter 70247 F 55t

dB mag (arb units)

Phase (deg)

40m DARM Optical Response

440

'S
W
o

420
410
N

400 -
390 5§¢ﬂi
380 /!é B&C _

/ o Data
370 R ——

Y
o

10' 10° 10° 10*

f (H2)

Caltech40m: FERMIZIXIRLIGON 7 AR ATTHY . TAMAIZHRANSETIIHSR
R XEEE-S>TLV -, §IZAILIGODOT AR AT

AdLIGOD =8 D e ZF5RET D EMEEER
BRHEAR—MAZINZ - 1=75 88 (RSE: resonant sideband extraction)Z & & -8 # 7%
NFEHETDEMERERR L. e\ SERIRICK DT IHETREDIENF

10° 10° 10*

flHz
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LIGO

Test
Mass Y

Test Squeezed SN -EZE5H%

LASER Mass X FHHRBRBEAR—DSTA

FTHEITKY, THFOE

optical (1) . Squeezed FIAREBRRT HoENT
Circulator Field %2

' Photodetector

-
(8]

—
OI

! [lﬁ | o7 ORI TR R

£ photiolsel 1 (Caltech 40m)A®
510 | LIl AStE 59, 3dB
5 | f Wy iwis DAy /A &R
g_ [Theoretically Predicted Shot Noisel — il 1 TR

=) Squeezed Shot Noise| |

—
OI

5

—_
o

10
Frequency [Hz]

*K. Goda et. al., Nature Phys. doi:10.1038/nphys920 (2008)

® E iR #/ISqueeze BT DAL ABHID—D

® [Fk6dBDEER ENERBTENIL, 4EZED/NNT—DL—F—%FFEZ
AEIZHETS

o ZNHERHeLIGO/AdLIGOICZsqueezer¥ B AT HIREFLEATLF

0 EF/AXIZHIBEN TLALCGTIZCOEMiEE A X, BEMNHE
LEHESLANIVIZEIZET 5T EMNIREELS

Squeezed vacuum®D T ORZA T FHEADFEAE

SR



Deo Squeezing in H1

eLIGO aLIGO: install/commissioning

LLO ,,,
Ho D¢ D

~6 months

0O Fixed start date for H1 experiment: 2/15/2011
0O Fixed end date for H1 experiment: 10/3/2011 | Squeezed Enhanced LIGO, 30 W

T

— PRC
s \ICH

Mirror Thermal
~| = = = Wire Thermal =

Intensity Noise N

= Frequency Noise
= = = Squeezed Shot Noise
— S EiSMIC
=== Angle Controls
= = = SUS Electronics
----- eLIGO Total (35.2 Mpc)
----- Squeezed 3dB (38.1 Mpc)l
----- SRD B

Strain (1/rtHz)

Displacement [m/VHz]

10 AN N EH A = i i i iiiii

Frequency (Hz)

Frequency [Hz]
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A Large-scale Cryogenic

Gravitational wave Telescope (LCGT)

3 km baseline
Utilizes cryogenic mirrors (sapphire)
Construction at an underground site (Kamioka mine)

Two parallel interferometers installed in a common
vacuum envelope

Suspension point interferometer

Proposal currently under consideration for 2008
funding
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LCGT
Conceptual Design

Vacuum is common

Radiation outer shield

Heat links start from this
stage to inner radiation shield

SAS: 3 stage anti-
vibration system with
inverted pendulum

SPI auxiliary mirror

Sapphire fiber
suspending main mirror

Main mirror



oot

LCGT Design Sensi

tivity

B LCGT noise budget r, =771w f,,=230 Hz
10 -
N TAMA i
‘1_: 10-20 noise level
)
3 22
5 10
9
o
p
107
10° 10’ 10° 10° 10

Frequency [HZz]
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| — S

" eam tube length ~ 30km

POSSIbly different geometry

o+

-




h(f) [1/sqrt(Hz)]

107"

107%°

107"

10-22

107%°

107"

Einstein Gravitational-Wave

Telescope (ET)

ey | n ]

DE

100 1000 10000
Frequency [HZ]
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The Laser Interferometer Space Antenna

LISA

« —15005km
- LISA (NASA/JPL, ESAQEEIZTOTTIR)
10F DT EITHBEIET

o .
Spacecraft #3

Spacecraft #2

Spacecraft #1

e

ICRR seminar, 2008/12/12
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The Laser Interferometer Space Antenna

LISA

relative orbit
® of spacecraft

Mercury

ICRR seminar, 2008/12/12
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-5 ETLCGT

[ (LY DAY) LIGOK U, Advanced LIGOZ

EETDH
]uIGOn'l‘E’éJ..éC&’G‘LCGT
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Sensitivity[1/rHZz]

HXDJFEEE ~LCGTEAdvanced LIGO~

SenS|t|V|ty of LCGT and AdLIGO = HEREIFIKRELZL

""""""""""""""""

C: :}::}:}:}:::::::::5:::::3:::}:::}::}::}::}:E::}:::::::::}:::::}:::}::: —LCGT goa|

st |==AdLIGO goalf

Frequency[HZ]



Sensitivity[1/rHZz]

Bk A E

Sensmwty of LCGT and AdLIGO

“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““

o f5ff3f5f?ffffffff?ffff?fff5fff5ffffffffffffffffffffffffffff _LCGT 903|
'\ f?ﬁﬁﬁfffﬁﬁﬁfﬁﬁfffﬁffﬁffﬁfffff?ﬁffé — AdLIGO goal
|=—LCGT thermal

““““““““““““““““““““““““““““ AdLIGO therma|§

10° 10
Frequency[HZ]

~LCGT&Advanced LIGO~

» BREERXELZND

i ub\L,M\bLCGT

DIFHIN T
i?‘éifd)éﬂ@
AN Y
= HELCGTDRRE
zHIRITHEEZ
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BEEANEZETFHS
s CNIFSFERTEIC
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K[E

LIGOETEIE TAMAGTEI ED =

ANIZHELW 2 A2—Tx—X(Digital System)DAHYEL

» BRERLEICEMTEIABEFEOTEVVIEKRTRELENDHD

» BNI=VIr T DORAEMN, RERLGELEDERIZKEHEDL
BHERIZHE-TLNS

AJLIGODZERFEMRHAFE L. TNHDLIGO/LIGOTDRELE

» Caltech40mTFEHEHZH (TAAILIGOMAFHZETDTOMIA TEER

» JOWL—H—DRIFEELE. 130WL—F DEH

» BEERGIRDEFFEEERE

» AERIRYFDREAFEET AR

U2alb—2arv B LMY —ILEED & N1

» EFNRTEATZEIRMEE (Optickle)

» FrfEITEIE (E2E)

EFNRZMYANDGEDEG Y IL—T DR A

SqueezingZN R DB AL E DT RN AMFR&DEER
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LIGO

BEELIGOIFEHEREY DREMNHE LD H?
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Construction of CLIO

Acheved Pressure |nl|
- 100m Arm -
6X10 3 Pa
B by a 800 litter Turb
y Cryostat -
. 2X10°°Pa
by Cryostat itse




Iﬁ Current

sensitivity of CLIO

102 mrpe—rrrpr———e—pe e e
13 2 = Target sensitivity (Z - X 0.1%, 300K)
100 Fi= Mirror thermal noise (300K)
T | —— 081017.3
(TR | ——— 081105_5 (Current best)
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Einstein’'s Symphony

T
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