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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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Gravitational waves (GW)

* Predicted by A. Einstein in 1915
* Laser interferometer was developed to detect GW

.
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Gravitational waves (GW) &=

* Predicted by A. Einstein in 1915
* First detection by LIGO in 2015 !!
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GW sources and physics

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

Inspiral Merger Ringdown
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GW sources and physics

 Compact Binary Coalescences & |}| &
Physics examples

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

- Determination of cosmological parameters with
GW “Standard siren” & EM “standard candle”

The resulting torus

e has at its center
a powerful

Stars* in ‘\ -.eventually black hole. 34 A
a compact colliding. ok
binary system » 2 // %s;
begindto spiral ~ ; —{ Shs
inward.... - (s,

v ZAAN

*Possibly neutron stars.
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GW sources and physics

 Compact Binary Coalescences - «% Il/’ﬁrft

* Continuous waves from pulsars

* Supernovae

* Stochastic GW background _ P
from Early Universe

o% > f Al
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GW sources and physics

rom carly universe
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Typical GW strain amplitude

26y 2G M2 2GM 1 _ e
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Typical GW strain amplitude

26y 2G M2 2GM 1 _ e
4R c*R T? ¢ R R
A\ 4 4

r
NMCZ Schwar%schild , R
radius Distance

e.g. Solar mass (r,~3km) NS-NS binary merging
at ~speed of Igght located at 100 Mpc away

B~ 3 km
100 Mpc

= 102!

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

* LIGO’s GW detection opened a new era
* GW amplitude is proportional to 1/Distance

Enhanced LIGO s Initial LIGO

* 10 times improvement
of sensitivity will increase

number of sources
by 1000 !

100 _
mijion,
light years

r

 Advanced(iGO "

11

LP2017 S.Haino - KAGR



World-wide GW detector network

" 4 ‘

'
s

/anceq V.
| A 4 — =
o~ 4 —ey
- : | ] —
» ¢ i e
‘ 2 e
L
¥ L -
B v 2 Sl - - -4
J o~ . 4 —— PR -
-y = S
e N M
B s =0 N s
,_3: Y 4‘ e ~- - P 5t ,:.-,:J: \'- “
% IN\afl HOKA T
s Y 0N A8 "/)
g %, ' > o~ .
o
~
h"" -
A
- -~ .



m i =
) \:».

i ——
=

Advantages of detect

>~ i
-

* Increase the sky coverage

Single detector LIGOx2 +VIRGO +KAGRA /\
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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
\ A-BORZIZED &

HEE T B B AT
Guess by 4

LVT151012 | b @) N

GW detectors
GW151226

©

A-CORFZIZED 5
#EXE 9 % FKTT1

/ GW150914
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Advantages of detector network

Livingston) 4

% /’ advanced LIGO
&

Increase the sky coverage > - .

[ LiG0 e
* Improve the source localization = 28

_ LIGO-India \ ¢.

2xLIGO + Virgo

-75° | X : blind spot
LP2017 S. Fairhurst, CQG 28, 105021 (2011) 15



Virgos
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Comparison LIGO/Virgo/KAGRA
 [uco@n | vie | aoma

Parameters from LIGO-T1600119, JPCS 610, 01201 (2015), KAGRA: v201609
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Dual-recycling Fabry-Perot

ETMY
interferometer y L spendec
cryogenic
sapphire
g mirrors
™ / (20 K)
Laser] Ll ETMX
IMC
stabilized 200 W laser 3 km R
(1064 nm, CW)
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KAGRA Estimated Sensitivity

NS-NS 140 Mpc (1.4-1.4 Msun)
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KAGRA - The first km-scale
detector at underground

Seismic motion (Horizontal)
— Kamioka
(CLIO perpendicular end)
(2005 May 10)
= Kashiwa (suburb of Tokyo)
(2004 August 6:second)
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Seismic noise attenuation
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Seismic noise attenuation
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Vibration Isolation System (VIS)

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

& £l

Vlb I'a Installationjjust f|n|shed (Y end)
-on June 9, a201

-~ VIS)

Two-layer str ,tructure
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Comparison of
Vibration Isolation System

VIRGO KAGRA
Tall tower 2-story tunnel

LIGO
Active system

wo-stage active
nternal seismic

pendulum
suspension
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KAGRA - The first km-scale
cryogenic detector

Thermal Temperature
noise \4 Mechanical

Vo o /ToY

Sapphire ¢ = 9 X 10_9 (bulk)
@ 20K ¢ — ]_ X 10_7 (fiber)

AAAAAAA
""""""
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Thermal lensing effect

LIGO and Virgo : Silica mirrors at room temperature

Power recycling cavity Arm cavity

PRM\ [TM /
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Thermal lensing effect

LIGO and Virgo : Thermal compensation system

Power recycling cavity Arm cavity

1)&\1\ [TM /
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Thermal lensing comparison

Power recycling cavity Arm cavity

PRM\ ITM /

Thermal lensing effect is
significantly reduced with
cryogenic sapphire mirror

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

Th. conductivity K(Wm—lK—l) 1.4 46 4.3 x 103
gniell B(K™ 1.4 x 107 1.3 x 1073 <(9 x 1079)
Wave front -1 -9 —4
vave front g /i (W=1) x 10 2-20 1-3 <2 x 1074

T. Tomaru et al., Class. Quantum Grav. 19 (2002) 1
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Cryogenic suspension system

LP201

Vibration Isolation system

Platform
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KAGRA

Vibration Isolation

Cryogenic system system (300 K)

suspended from 2F

Inner shield (8 K)
Mirror (20 K) I~
/ Outer shield (80 K)

Cryocooler

B

il
Beam tube shield/

LP2017

Cryostat and vacuum tube (300 K)

Cryocooler

Cryocooler
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Key cryogenic developments

Achievement of low vibration
pulse-tube cryo-cooler

Whole System

—— VRS Lower Stage

VRS Upper Flange
—— Original PT N ; ; :
—— Kamioka Seismic e | h Vibration Isolation
2% i system (300 K)

suspended from 2F

172
]
o

Inner shield (8 K)

Mirror (20 K

¢ Cryocooler| p—
Ty
Frequency [Hz Y _l;

T. Tomaru et. al., Cryocoolers 13, (2005) 695 Beam tube shield/ |

LP2017 S.Haino - KAGRA Cryostat and vacuum tube (300 K) 3¢

Displacement Density [m/Hz

Outer shield (80 K)

|| Cryocooler

Cryocooler




Key cryogenic developments

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

system (300 K)

=i suspended from 2F

Inner shield (8 K)
Mitvor (20 K) A
Outer shield (80 K)
Cryocooler | = : | Cryocooler

T. Tomaru et. al., J.J. A. P. 47 (2008) 1771 Beamtubeshield; ;
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Application of Accelerator
technologies to KAGRA

KEK cryogenic center is
leading the development of
KAGRA cryogenic system

J-PARC neutrino
super-conducting beam line
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Cryogenic suspension system
was just installed at Y-end
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Vacuum System . | :
Sl — _
 In order 16 minimize the lager scattering noise

ultra-high vacgmng»__ (107 Pw [equirg,d‘---

LS

w\l ’
* GW detectorstare the three world
T largest vacuum system

-LGO  1.2md x4km x2'= 10,000 m?® (each)
- Virgo 1.2md x3km x2 = 6,800 m3
- KAGRA. 0.8m¢ x4km x2 = 3,000 m?

- LHC 110 m?3
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Time line

Caenaarver ]

Project start

Tunnel excavation ‘

- I

operation

bKAGRA Adv. vibration isolation, optics, ... |

OperatiOn

M s
soaie] /

> 4

Room temperature

Cryogenic system

bKAGRA

Cryogenic

S.Haino - KAGRA

Final configuration
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Observation Scenario
With 25-40 Mpc in 2020, 40-140 Mpc in 2021

Opening (2018-19, 2—-8 Mpc)

e Early (201920, 8 25 Mpc)
- [ Mid (2020-21, 25-40 Mpc)
| B Late (2021-22, 40— 140 Mpc)

' -l)u. n (2022, 140 Mpc)

Hz_m

amplitude/

Early

. W Mid
G T T W Late
- -
| :)A\ -

Strain noise

Y

B Design

10!
Frequency/Hz

Living Reviews in Relativity 19, 1 (2016) e SR e s
to be updated 2005 016 2017 005 2019 200 A2 2022 023 2024 202
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Summary

* GW will allow us to explore new physics
and early Universe

* The next milestone is to build world wide network

* KAGRA is the first km-scale GW detector at
underground and with cryogenic mirrors based on
many particle accelerator technologies

* We expect to have physics results around ~2020
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