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Gravitational waves (GW)

* Predicted by A. Einstein in 1916..‘\%‘_’
Ripple of space-time propagating in speed of light

GW Is transparent for any material,
except gravity sources.

This causes detection to be difficult,
while it can bring us information
from where we wouldn’t see by EM
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GW sources and physics

* Compact Binary Coalescences
Black Holes (BH) and/or Neutron Stars (NS)

Inspiral
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GW sources and physics

* Compact Binary Coalescences = *, | ’C"j/'i:

Physics examples
- Test of General Relativity
- Possible progenitor of Gamma-Ray Burst (GBR)

- Determination of cosmological parameters with
GW “Standard siren” < EM “standard candle”
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GW sources and physics

* Compact Binary Coalescences  « *,
* Continuous waves from pulsars

* Supernovae

* Stochastic GW background - /’
from Early Universe |

NCTS 2017



Typical GW strain amplitude
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Typical GW strain amplitude
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e.g. Solar mass (r,~3km) NS-NS binary merging
at “speed of light located at 100 Mpc away

3 km
h ~ = ] -21
100 Mpc 0

GW signal is very tiny but propagate as 1/R (not 1/R?)
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History of GW Detection

* 1916 Prediction of GW by A. Einstein
* 1960’s Weber - Resonant-mass GW detectors
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History of GW Detection

* 1916 Prediction of GW by A. Einstein

* 1960’s Weber - Resonant-mass GW detectors

* 1979 Indirect detection at Hulse-Taylor binary
* 1990’s 1st. generation interferometric detectors

- GEO (De), LIGO (US), Virgo (It), Tama (Jp), ...

NCTS 2017 S Hano

13



Interferometric GW detector

Prototype Michelson interferometer with Fabry-Perot cavities

1 August 1981 / Vol 30, No. 22 / APPLIED OPTICS 315

David Shoemaker, Peter Fritschel, Joseph Giaime, Nelson Civistensen, and Ralner Weiss
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Interferometric GW detector
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1st. generation detectors
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GEO 600, as a 1.5 G detector

w—GEO 2012
Virgo V5R4, 2011 ©
LIGO S&, 2070
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History of GW Detection

* 1916 Prediction of GW by A. Einstein
* 1960’s Weber - Resonant-mass GW detectors
* 1979 Indirect detection at Hulse-Taylor binary

* 1990’s 1st. generation interferometric detectors
- GEO (De), LIGO (US), Virgo (It), Tama (Jp), ...

* 2010’s 2nd. generation interferometric detectors
- Adv. LIGO, Adv. Virgo, KAGRA
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Advanced LIGO upgrades
(2010-2015)

Initial LIGO design
specification

Advanced LIGO

design specification
rd
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Dominant noise sources

* Seismic noise

specilication

s Quantum nOise ‘ Initial LIGO design
- Radiation pressure £ N\
- LASER shot noise Tl 2 R R s a5

Advanced LIGO

* Mirror and suspension
thermal noise
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Seismic noise attenuation

X(w) o
Resonant Frequency




Quantum noise

shotnoise

-~ 1 1'2
' P

(}'..:3.!‘.1.‘!'!1 no Sé n'rA.J.

~ mV2\_100x Increased laserpower

Linear noise spectral density |1/ vHz)
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Quantum noise Reduction in 2G

o

* Shot noise
- High power laser
- Arm cavity
- Dual recycling

* Radiation pressure noise
- Heavier mirror
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Advanced Virgo

Virgo is a European collaboration with about 280 members

Advanced Virgo (AdV). upgrade of the Virgo interferometnc deteclor
Participation by scientists from France, llaly, The Netherands, Poland, Hungary, Spain

« 20 laboratories, about 280 authors
APC Pars = INFN Perugia = LAPP Annocy Nimegen

= ARTEMIS Nce = INFN Pisa = LKB Paris =  RMKI Budapest
£GO Cascina = INFN Roma La Seprenza = LMA Lyon = Urwv. of Valencia

= INFN Feerze-Urbino = INFN Roma Tor Vergata - Néhef Amstordam

= INFN Genova = INFN Tremio-Padova -  POLGRAVW Poland)

= INFN Napoli = LAL Orsay « ESPCI Paris - RADBOUD Uns

Funding approved in Dec 2009
« 21.8 ME CNRS and INFN
. 3.5 ME Nikhef in kind contribution

Goal: be part of the internatonal network
of 2nd generation detectors

Short-term goal: join the O2 run in 2017

6 European countries

| =




Advanced Virgo design

Advanced Virgo features many improvements with respect (o Virgo and Virgo+

For 2017
« Larger beam
Heavier murors
Higher qualfty oplics
Thermal control of aberrations
Stray kght control

improved vacuum

For the penod 2018 to 2019 11

200 W laser | o : ! . : =
1 N - }- ’ - H ‘

Squeezing

« Signal recyding .

Newtonian noise subtrachion - .
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History of GW Detection

* 1916 Prediction of GW by A. Einstein
* 1960’s Weber - Resonant-mass GW detectors
* 1979 Indirect detection at Hulse-Taylor binary

* 1990’s 1st. generation interferometric detectors
- GEO (De), LIGO (US), Virgo (It), Tama (Jp), ...

* 2010’s 2nd. generation interferometric detectors
- Adv. LIGO, Adv. Virgo, KAGRA

* 2015 First GW detection from Binary BH (O1 run)
* 2017 First GW detection from Binary NS (O2 run)
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F irst GW detectlon (Sep 14,2015)
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First GW detection with
LIGO/Virgo - GW170814




First GW detection from BNS

Gamma rays. 50 to 300 keV GRB 170817A
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Masses in the Stellar Graveyard

in Solar Masses

80
40
20 (¥
10 ,
5
0 L)
Known Neutron Stars =
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Opening of GW astronomy

* LIGO’s GW detection opened a new era

* GW amplitude is proportional to 1/Distance

Enhanced LIG

* 10 times improvement
of sensitivity will increase
number of sources

by 1000 !
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World-wide GW detector network

Virgo sme
o
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LIGO-India \ .‘
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Advantages of detector network

* Increase the sky coverage

F \
- i . \
.......

' 40
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Advantages of detector network

* Increase the sky coverage
* Improve the source localization

the celestial sphere

GW events locations
by only 2 LIGO detectors We need >= 3 detectors
- for triangulation

DT Y0
GW detectors ©

NCTS 2017 = $ Haino

4]



Advantages of detector network

* Increase the sky coverage
* Improve the source localization _

2xLIGO + Virgo
60 /'sﬁ\:\\\ ass 7 ,—'
1 o-\ﬁqy o’ : Jso 12?°9.?'
- 60.\_\\&:;' 2 / -45° 6}\ :

X : blind spot -75°
NCTS 2017 SHano 5 Fairhurst, CQG 28, 105021 (2011) 4
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KAGRA collaboration
¥ ~300 researchers KA RA
‘ from ]apan and Asia
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KAGRA meeting in Korea

KAGRA operation room

o KAGRA Taiwan team *



Taipei Gravitational Wave Group (TGWG)
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Dual-recycling Fabry-Perot

1 E=m ETMY
interferometer AP e
cryogenic
c sapphire
~ mirrors
i (20 K)
PRM  PR2 - Sl \
! l ‘ ITMX ETMX
Laser - —
IMC ' I '
stabilized 200 W laser opa 5 3 km .
(1064 nm, CW) SR2
SRM
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KAGRA - The first km-scale
detector at underground
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- Tunnel excavation was

/ - do\_

Vacuum tubes
installed in 2015 ‘
/P - -
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Vacu}(;fn' System 5 P .

0 minimize t ‘Er scattering noise

* In order
ultra-hi Zz ,ﬁlO Pp?q‘mgﬂ'
* GW de‘ec re the three world
- Jargest vacuum system
-LIGO f.:,.‘f;f,.; n n‘:\};\; X2= 10,000 m? (each)

-Virgo = 1.2md x3kmx2 = 6,800 m3
- KAGRA.  0.8m¢ x4km x2 = 3,000 m?

- LHC 110 m3
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Vibration Isolation System (VIS)

Two-floor structure to avoid the resonances of the tall structure.

NCTS 2017 S Hano 55

4 m



Comparison of
Vibration Isolation System

VIRGO KAGRA
Tall tower 2-story tunnel

LIGO
Active system
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KAGRA - The first km-scale
cryogenic detector

Thermal Temperature
noise \ Mechanical

Va@) < \/T¢¥ ™

Sapphire d=5x%x10"7 (u 2o a
@ 20K ¢ = 1 X 10—7 (fiber) 2999909

- - - - - - -

AAAAAAA
vvvvvvvv
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Thermal lensing comparison

Power recycling cavity Arm cavity

Thermal lensing effect is
significantly reduced with
cryogenic sapphire mirror

Fused silica (300 K)  Sapphire (300 K) | Sapphire (20 K)

Abs. coeff o (ppmem™') 2-20 40100 90
Th. conductivity . (Wm~'K~1) 1.4 46 4.3 x 10
an/dT BKN 1.4 x 1073 1.3 x 1073 <(9 x 10°%)
Wavefront o g/0(W=1) x 1072  2-20 1-3 <(2x 1074
disiortion
T. Tomaru et al., Class. Quantum Grav. 19 (2002) 1
NCTS 2017 SHano
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Cryogenic suspension system

* Vibration Isolation system

Platform

14 m
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Key cryogenic developments

Black coated baffles
at ~100 K can reduce the
thermal radiation by 1/1000

ié Vibration isolation

system (300 K)
ISZ suspeaded from 2F

Inner shield (8 X)
%« shield (80 K)
| Cryocooler

e i
T. Tomaruet. al., JJ.A. P. 47 (2008) 1771 Beam tube

NCTS 2017 $ Haino Cryostat and vacuem tube {300 K) 65




Application of Accelerator
technologies to KAGRA

KEK cryogenic center is
leading the development of
KAGRA cryogemc system

J-PARC neutrino
super-conducting beam line

NCTS 2017



Cryogenic suspension system
was just installed at Y-end

- L -




Time line

Calendar year | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 12016 | 2017 | 2018 12019 2020

Project start h

Tunnel excavation

iIKAGRA =)

operation

bKAGRA Adv. vibration isolation, optics, ... [

operation

Room temperature

NCTS 2017

Cryogenic system

Cryogenic
mirrors

a
/
— 7

Cryogenic
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Final configuration
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Phase 1 Installation On Going

@mm ETMY
* The first km-scale cryogenic R

interferometer operation

C i rt
will start in March/2018 i comiglng

Cooling test done

Under commissioning Crogenic part

Installi
== \ installed s \

IFl PRM PR2 /
— N ETMX
AN 1
stabilized 2 W laser oR3
(1064 nm, CW) Vi o . SR2
installed Ry
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arXivorg > gr-gc > arXiv1304.0670

Ty | Nrarel n
Ceneral Relativity and Quantum Cosmology

Prospects for Observing and Localizing Gravitational-Wave Transients with
Advanced LIGO, Advanced Virgo and KAGRA

The KALRA Lollaborasaon

Early ==Mid Late w=mDesign

190

LIGO

Virgo

KAGRA

|
- -

2016 2017 2018 2021 M2

« y ™ Phase-3
1ase-
Pgase-l ic (PRIMI Phase-Z. RSE Cryogenic RSE, 1-yr
ryogen.u?(‘ ) Cwogeq.; , commissioning after
No sensitivity goal No sensitivity goal

NCTS 201Y R the first full operation,



Improvements and upgrades - Caltech
Roadmap 2016-2040

e Experience shows that concept to operation takes about 15 years.

» Detector cycle includes: simulation, experimental tests, conceptual design,
prototyping, engineering, construction, installation and commissioning

e Three detector upgrade epochs over next 25 years
» A+, LIGO Voyager, LIGO Cosmic Explorer

frimate RRD + Desgn Losenuc Daplocer ~ New Facility

S, Cryo, 1550nm RAD W-Cm’enthdw
Loanng. Suspension RAD LIGO-T16800119
' Instrument Science
Color Code: White Paper

ey

—
et scman e
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1 | §
2015 2020 2025 2030

LIGO-G1602451 Workshop on GW activities in Taiwan - Jan. 15, 2017 36
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Summary

* GW will allow us to explore new physics
at extreme condition and/or from early Universe

* GW detections (BBH, BNS) in 2015~2017 !!

* The next milestone is to build world wide network
LIGO/Virgo/KAGRA network will start in 2019~2020

* 3rd Generation (3G) detector under planning
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