


'Todays talk

1. What is Gravitational Wave?
— Basics of Ground-based Detectors

2. CLIO (Cryogenic Laser Interferometric observatory

100m, underground, cryogenic

3. LCGT (Large-scale Cryogenic Gravitatoonal wave
Telescope

3km, construction started in 2010

4. Global Network of GW Detectors
— In World-wide
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Soureces of Gravitational waves

Einstein’s Theory:

Coalescing compact binaries
(neutron stars, black holes)

Non-axi-symmetric
supernova collapse

Non-axi-symmetric pulsar
(rotating, beaming neutron star)




Compact binary mergers

Ringdown

Amplitude of
GW waves

known—>| supercomputer{-—known—a-

~1000 cycles | Simul?tions J
~1 min ‘

—~
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What is Gravitational Wave ?

Einstein Eq. 1

Ruu o § g,uuR

metric tensor
“flat” space-time (Minkowski)

—1

Guv = Nuv =

“curved (distorted)” space-time

small perturbation 'h’ --> Waves

Juv — TNuv + huu
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onal Wave

induced by GW

Tidal force on
masses will be
incident.

vitati

Whatis Gra
Characteristics:

—light speed

—(tidal force)

—transverse
—quadrupole



GWsreally exist?

17 / sec

* Found in 1975, and the orbital period was
observed for 25 years.

GR prediction
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» The period changed 14seconnd between
1975 and 1994.

= [t agreed with the GW emission within 1%
accuracy.

» Hulse and Taylor won Novel prize in 1993




Souce of
Gravitational

Wave ﬁ

Gravitational
Wave

GWs move mirrors differentially.

We measure the distance between mirrors
using fringe of light.
Expected length change by GW :

DN
b

Superimpose of light (interference)

_I_

+




How to get More sensitivity with control?

One of the mirror is

at
detection port (Dark fringe
locking)

Control

Dark port

|
\ 4 —Q_
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LLonger arms

‘ Folding light! \

%H

Y

Delay line interferometer  Fabry Perot interferometer

Simple, but large mirror required Parallel mirrors make light round trip.

Scattering light is a serious issue. Small mirrors, but difficult to control.
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(Generating gravitational waves on the earth

- Let’s rotate 1000kg masses
separated by 2m for 100 times

per second. e
- Measure gravitational waves at 2m

1m away.
« How much GWSs can you detect?

/
hz47r2GMR2]‘()ib M=103kg R=1m
c'r F=100Hz r=1m

»10730 1

» GW on the earth is too small.
» Needs massive astronomical events even very far.

13 orders smaller !!
(detection limit is ~ 10723)




CLIO 100m prototype

Located in Kamioka mine underground

Prototype of 3km LCGT

Baseline: 100m, Locked Fabry-Perot type

Low temperature mirror to improve thermal noise
Low seismic environment

37km from the Nippon Sea

Ikenoyama Mt.

and
Laser Seismometer
in
Kamioka Mine

Cryogenic Laser Interferometer Observatory (CLIO-100)

End Tank Station

1000m’ Underground

Mozumi area
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m CLIO: Cryogenic Laser Interferometer Observatory

Inli ;*—_E-M-‘G‘;gostat
¥ b ,I £k {»M M

N Laser: NdYAG
1064nm, 2W




Underground siteis =@ ™ 25 o
QUIET : BiCRoA

g L] L] T
= 0.01}
m -
S . .
- Kamioka (noisy) 10
0 =
] A\ L\ WP N
© M s TORYO
% Kamioka (quiet) | l 7 MitakarSHeGround-basedd)
Q . " L6
O ~ 10 = 3k
< L g ? ‘_‘1“ __I
-0.01F . T 7
1 1 L 1 1 | I L 1 L 1 - \5110
0 1 2 B \
T T T T T 510 8 = ‘ -
o QAP Kamioka (noisy) g 'I | 5
[0 - } + E‘ o 4 I
o i Kamioka (quiet) =§"l 0 %3 = I =
- =D \J II’Q | 1
o) 410 | i B
2 : 10 < ] =
(B ) | 3
o) Mitaka = n B -
§ | 10 ¥ o 3 S =T EE 3
2 10712 JL
10" 10° 10" 10°
Frequency [Hz]
Time (hour)




"Thermal-noise reduction
Mid.-freg. (around 100 Hz) improvement
TN

P N Mirror

Mirror ~20K
Suspension ~16K

Sapphire mirror
- High mechanical Q-value
at low temperature

Thermal X Z

noise Q

'j‘> Cryogenic is
a straight-forward way
to reduce thermal noise.

(
»
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12MHz
mod  FB ~ Locked Fabry-Perot Michelson
Innolight vy Length: 100m
MEPHISTO ‘ AN\ =— Finesse: 3000
1064nm, 2W M{\_' Cavity pole: 250Hz
- 15MHz DAaam rad
mod - el

AlONAAILS

-

Mode Cleaner;

() N
Length: 9.5m  Fp Y 90w F 4 for
Finesse: 1800

e, Frequency stabilization

~ N

/Né CcOooled Tw
front mirrors at 20K.

Test mass;
supstrate: sapphire
® 100x60mm, 1.8kg
Coatings: TiO2/Si02

100m FP for

GW detecti~~
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S d caled O ASE
are q > 0-5P3 0 NO Blade Springs or Bolfur Wires
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Cryostat and Suspension
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| s Target sensitivity (Z - X 0.1%, 300K)

E Mirror thermal noise (300K)
= 081017_3
“| ——— 081105_5 (Current best)
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Noise sources

Aftar noisa nunting for

a1y R = yya caa GYs
CLIO noise budget at 300K many tnings, we see G/
_13 ] r rrrel I ] | ]
10 i L] I I ] rrrrri I L] rrrrt l I I-E
j — z0m 105 ety (Il Seismic noise
10'14 — :2ﬁlsspg?elr?s?oorlstflermal noise & | P@hdUIUm th%rmal
F: == Mirror thermal noise 3 .
: 220: noise E;’nasstlotc:k)) E Miﬂ"@f’ th%f’mal
[ == Shot noise (freq stab. /] .
o 15 —— Freq noise err (Inline arm err) Sh@t noise
AN 10 — Intensity noise =
= — RF intensity noise (2008/06/26 "
- Be:ector ntgise (;na(lsstlogk) ) :E Laser frequency h@iSé
of Servo Fier naise (fo b based) { Laser intensity noise
- Z‘évg?.“%_?i'v“é’_f'n'ﬁ?;?"se EE RF intensty noise

Detector noise

107" 1 ' 3 Servo filter noise
5 i i Whitening filter noise

107 b | > - Coil driver noise

Displacement noise [m/Hz ""]

107 | |l'~h|t l Others
HiiL Radiation pressure noise
e b DO i o) R Angle fluctuation
10 10 10 10 e Oscillator phase noise

Vacuum fluctuation
Etc.

Frequency [Hz]

2011/9/27 GCOE seminar@Nagoya Univ. Osamu Miyakawa



I

<
- QK

JGW-G1100620

Inline near mirror
2] Plot start: 2008/05/17, 17:00
: '\ B Cooling start: 2009/05/17, 18:00
"\ TR End point: 2009/06/18, 7:50.
_ 1004 ..
=3 8] :
o8] 7" ‘--‘-.‘ GgoOK
= 6 Rl T
= - el
m ;J" .........
b
O 4 0 e
g‘ 3 Inner shield top
g 1 Outer shield top Mirror
----- 4KPT 2nd head
2+ 5m duct mid
4m duct mid | —16.4K
........ Cr)vo.base :
10 - Upper mass 4 T 11.5K
8—- = Mirror o S R A O T B K
T T T T v T T 1
0 50 100 . 1?1(1) 200 250 300
_Time [hour]
250 hour needed for cooling the mirror.
2011/9/27 GCOE seminar@Nagoya Univ. Osamu Miyakawa 25



*Suspension thermal noise _ o
= St | "% Y : P Mirror thermal noise (300K)
was reduced, as the SR i ol e 081105_5 (C uent best)

Tl i 090519_2 (12:10, Upper 251 K, Mirror 242K;
d 7 1 MR ‘ |G 090520_2 (12:00, Upper 225K, Mirror 212K
alumlnum wires were . Y L) 090526 4 16:21,Upper91.4K,Mirror7&9K)

cooled;

A big jump from 212K to
79K, because of too much
when structu

were shrinking to S
noise or to keep lock.
Creaks vanished below

100K.
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Displacement [m/Hz'/ 2]

m Thermal noise reduction

— (81105_5 (All Mirrors 300K)
— 100320 _2 (Near mirrors: 18K & 17K)
—— 300K model

Crvogenic model

LOW ITCH NOISE ('L nne)
High freq noise (Fit line)
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JGW-G1100620

Frequency [Hz]
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1000
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Is this sensitivity
improvement consistent with
the mirror thermal noise
reduction?

Consider 3 noise floors.

Low freq noise: {2
® Suspension thermal noise

High freq noise: cavity pole

250Hz.
® Shot noise

® (RF intensity)
Mirror thermal noise.
@ all mirrors at 300K

® only near mirrors at 20K.

27



History of cryogenicimirtors Japan originall!

1997 Starting of feasibility study at KEK.
Sapphire mirror & fiber suspension.

2001 CLIK: Control of cryogenic Fabry-Perot cavity —=

Kashiwa.

2002~ CLIO: Sensitivity of cryogenic GW detector.

2017? LCGT: Detection of Gravitational wave.




Mozumi Are-

JGW-G1100620

LCGT is planed to be built underground at
Kamioka, where the prototype CLIO detector

Gifu Pre. 'splaced
Hida-city

Kamioka

[kenoyama mt.

1000m

Underground

XMAS& L
{-l.r., Yeyniand Altitude 358

Super Kamiokande

250km away
from Tokyo
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Sensitivity Limit of LCGT h ~ factor x 1024 [/JHZ]

for observation band

LCGT sensitivity limit
VRSE(D)

Nolse budget
e MIFEOY SUDSIrAte Brownian thermal nolse  ————————— VRSE(D) quantum noise
mirror substrate thermoelastic noise VRSE(B) quantum noise
selsmic noise suspension thermal noise
standard quantum limit
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* Compact Binary

Detection Range
 Blackhole QNM

LCGT detection range (VRSE-D)

Detection Range (with optimal direction)
for CBC for BE QONM
SNR=3 SNR=3
w  SNR=8 === SNR=8
—— SNR=100 --- SNR=100

L L 111l

1
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"\ 1.4Msolar (Typical Neutron Star)

=
Luminocity Distance
Look Back Time
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10’ 10° 10°
mass of one star [M,,,]
(BH mass = 2M)

NS-NS Detection Range (sky average)
(optimal direction)




NS-NS merger rate

Current standard LCGT design (VRSE-D)
gives horizon distance (@ o =8)
= 282Mpc (z=0.065)

C '{“&‘;" 4?‘.\:
| \\\

\

-

-

However, systematic-errors which are not
included In this evaluation may e large.
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Deteetion probability

Probability to detect IZ> Success probability

In one-year observation
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LCGTT configuration

Input/Output Optics
- Beam Cleaning and stab.
- Modulator, Isolator
- Fixed pre-mode cleaner
- Suspended mode cleaner
Length 26 m, Finesse 500

Main Interferometer
- 3 km arm cavities

- RSE with power recycling
- Cryogenic test masses
Sapphire, 20K
“Type-A’ vibration isolator
- Output MC Cryostat + Cryo-cooler
- Photo detector - Room-temp. Core optics

Y-arm cavity

(BS, PRM, SEM, ...)

Power Input Power ~400 kW
~180 W Bench

X-arm cavity
Length 3,000 m
Finesse 1,550

Power-recycling
Gain ~11

Laser Source RSE: (Resonant
sideband Extraction)
- Wavelength 1064 nm Signal-band Gain ~15
- Qutput power 180 W Detuned RSE

High—power MOPA (Variable tuning)
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IXAES Excavation methods

| °
' Mozumi entrahice 7 /Jr/ New Australian Tunneling Method (NATM).
;9 m+360rn*)f ® Three access tunnels.
— f}\\f/ T ® Center, Xend,Yend experiment room.
J= e Xarm tunnel of 600m.
® Tunnel Bowling Machine (TBM).

® Almost all arm tunnels.

. /41308, 7m
.‘ OHhLSVE
~,_K -1 tﬁ/T

/\_-/
/%5@1}1 Sa|<on|sh|)
e [ e B

village &

New Sakonlshl entrance
|840m(690m+ |O40m+J 10m)

”,mmimﬁ

ew Atoetsteentrance
9 470m




three stages with
inverted pendulum

=} :K-L 1

l:m"’ . .

P N Sapphire fiber

510° &= - suspending mirror

g i = L | | | D

210"k - | y

A %57 =% Main mi

1010 s i o NI ain mirror

= , (Sapphire)

Y S ———]

107 - . e eat links extend
10 1 0 107

0 1 . .
Frequency [Hz] to the inner shield
Amplitude of seismic motion heat anchor.



Vibration Isolatien

B 1.2m diameter 5m tall borehole
containing standard filter chain




Cryogenics

Rod support

8 K O ¢ 5 vertical spring

Heat link A o

99'9999% purity l Vv cryostat shield Heat |Ink B
T T e N el 99.9999% purity

#1mm : Vertical pring $3mm

number: 7 heat link B| o Radius of U: 20cm
number: 5

uppet mass j:gol mass for the upper mass

8600m

.......... >

mirror 2 QD 0il mass for the mirror

Connection to SAS

Cryostat

Gate valve

Shield duct $800 7 TENL Shield duct $800 Gate valve

Low vibration o —T— Low vibration
cryocooler unit T ! ' cryocooler unit




High power laser




== Keep dark a

Reflect and ¢
GW signals
mirror at the




Real time control for interferometer using computers

LIGO control room

Recent GW detector allow us to
control, measure and tune the
interferometer on the PC screen in

control room
Importatnt to avoid human noise
Good software makes a big

advance for sensitivity

<,

: b Tond ' ‘ il |
o ﬁMAS@é GORtrol panele
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m Lock acquisition for interferometer

Resonant area

Carrier
= Control area
[ | = linear area (straight slope)
Sidebands (probes for carrier)
— ~1Tnm
+signal
_ Unlocked |
EOM:Modulation _ Lock point (<1pm
() A I S Sl A
J 7 ] =
oD < L(73000m)..5 Eﬂ
Oscillator
~10MHz (A >2><§
Mixer :Demodulation
S
Locked
( ) /
_J I
nns Phase lock
\_ = _) Feedback

JGW-G1100620

Real time control using computers
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Im Alignment control for mirrors

TEMO1 mode

EOM: Modulation

5 ]\

L(~1000m). 5 /€
Eg— aPD € ‘ >
(Quadrant photo diode) Misalignment
Oscillator

N == "1
~10MHz @ >M?§er. W\ ) Feedback
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n TAMA w3 Base line: 300m

- . Firstlarge scale interferometer in
—  the world operated from 1998

M World best sensitivity in 2000
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Underground in Kamioka mine
| n CLIO Cryogenic mirrors

b | ‘Baseline: 100m



Mozumi Are-

Gifu Pre.
Hida-city

Kamioka
[kenoyama mt.

XMASQﬁ@ P
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ﬁ& Atotsu Entrance
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1000m

Underground

Altitude 358m







1996 Construgion.
2005 Firs servation
servation with LIGO

eline: 3km
rance and ltaly

Location: Pisa in Italy




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

Desert in north west, Washington

LIGO Livingston Observatory (LLO)
L1 :4 km arms

Swamp in gulf coast, Louisianna

Adap ted from “The Bkbe M arb le: L ‘abid-Surfac e, Ocean Col or and Seall Ce”.~at
visib lee arth. nasa.gov ™. B ¥

NASA Goddard Sp ace Fl ight Centerima geby Reto Stx;?ckli( land sur face, shallow water, clou ds). Enhancements by Rob ert Simmon
(ocean color , compositin g, 3D g lob es, anima tion ). Da ta 'and technica | sug:)l{)ort: M ODIS Lan d Group; MODIS Science Da ta Su pport Team;
MODIS Atmosphere G roup; MODIS Ocean Group Addition ald ata: USGS EROS Dat aCenter ﬁto pograp hy) ; USG S Ter restr ial Remote
Sen sing Flagsta ff Fiel d Ce nter ( Antar ctica); Def ense Meteor. olo gical Sa tel lite P rogram ( city li ghts).




m GW telescope network




GW network

At least 3 GW detectors
which have the same GW source
sensitivity are needed to
determine the location of
GW source

— Using difference of
arrival time at each
detector

— International
collaboration




Einstein Telescope (Future Plan)

T .
Future European project with 10 times better
sensitivity than aLLIGO/aVirgo/LCGT.

Expected ET Sensitivity




GWIC (Gravitational Wave International Committee)

RoadMap

We expect first detection of GW !
2010| 2011 2013| 2014| 2015 2016 2!18 2019| 2020| 2021| 2022| 2023| 2024| 2025 2026| 2027|2028
AdvLIGO
AdvVirgo

LCGT
GEO-HF

ET

ATGO hl_ .

_—__—___———‘

B cConcept P Fabrication
P pesign B 1nstallation
P Funding Commissioning
. sitePrep Upgrade

(

https://gwic.ligo.org




Supermassive Compact Object Galactic White - Cosmic Strings and
Black Hole Binaries _ « Captures Dwarf Binaries Phase Transitions

" Gravity is talking. LISA will listen..

-y

Laser Interferometer - Space Antenna
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