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Gravitational wave was detected
in 2016.

It was predicted by Einstein’ s
General theory of relativity in 1916
Human being took almost 100 years
from his prediction.
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What was GW signal?

Wave forms measured by two.

LLIGO detectors at: very same
tlme in:201 5/9/14 |
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® 30 Solar mass BH and 29
Solar mass BH merged into
o2 Solar mass BH.

® Energy of 3 Solar mass (E =
m c2 ) was emitted as
Gravitational waves !

® G\W came from 1 .3billion
light year away.

® [ he results show that the
general theory of relativity is
correct.



Nobel prize for Physics in 2017

— .
% 4. The Nobel Prize in Physics 2017
é 5 Nobelpriset i fysik 2017 VETENSKAPS
AKADEMIEN
Med ena halften till och med den andra hélften gemensamt till s
With one half to: and with the other half jointly to:

Rainer Weiss
LIGONVIRGO Collaboration

» for avgorande bidrag till LIGO-detektorn och observationen av gravitationsvagor”
R “for decisive contributions to the LIGO detector and the observation of gravitational waves”

© Xungl. Vetenshtapsakad

3 Oclober 2017

« Three LIGO scientists won the Nobel prize by GW detection.

« From left side “Experimentalist”, “Project leader”, “Theorist”
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Real size R&D for the real detection

Journey for the new astronomy

1970s
1979
1984
1989
1990
1994
1999
2000
2002
2003
2004
2005
2008
2009
2014
2015
2015

Initial LIGO events
Advanced LIGO events
R&D of alLIGO using iLIGO facility

LIGO Chronology

idea to realization ~ 15 vears
Weiss

Feasibility studies and early work on laser interferometer gravitational-wave detectors
National Science Foundation (NSF) funds Caltech and MIT for laser interferometer R&D
Development of multiple pendulum Advanced LIGO Concept

December Construction proposal for LIGO submitted to the NSF ($365M as of 2002)

May National Science Board approves LIGO construction proposal

July |_Groundbreaking at Hanford site |
LIGO Scientific Collaboration White Paper on a Advanced LIGO interferometer concept

October | Achieved “first lock”|on Hanford 2-km interferometer in power-recycled configuration
August [First scientific operation pf all three interferometers in SI run

Proposal for Advanced LIGO to the NSF ($205 NSF + $30 UK+Germany)
October Approval by NSB of Advanced LIGO
November Start of initial LIGO Science run, S5,/with design sensitivity |

April Advanced LIGO Project start

July Science run (“S6”) starts with enhanced initial detectors
May Advanced LIGO Livingston first two-hour lock

March Advanced LIGO all interferometers accepted
September Advanced LIGO observation run 1 and|detected GW|




LIGO Document Control Center

Author List by Author Id With LastName, FirstName, and Full Name
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KAGRA  Direction of GW source?

Direction can b
extracted from
the difference of
arrival time !



Hanford Livingston
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e Two LIGO + Virgo

« Virgo: sensitivity was not enough but contributed for localization.
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It was also seen in Gamma ray.

LIGO, Virgo, and partners make first detection of
gravitational waves and light from colliding neutron stars

Lightcurve from Fermi/GBM (50 — 300 keV)

INTEGRAI

11



Periodic table of elements was replaced by
merglng neutron stars

The Origin of the Solar System Elements

12
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Astronomical Image Credits:
Graphic created by Jennifer Johnson N ' ESA/NASA/AASNova
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. 0 . . ¥ el d

* Gold as amount of 10 moons was made in a
moment!
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100 Years of Detector Development

1916,

. Einstein predicted gravita'tio’nal waves 2
,"1.9,6-Os a5 V\'/eber Bar at U Mérylan'd ' 5 /] s S
'19ll69 :Neber c|a|med deteotlon el e ;
"_'.1'972 | g , We|ss pubhshe’s f|rst pra,ct|oal desqnp’m e ser | : '- étér ,_E_,:j_ete.otor‘._::.’._.-:'
{ 1974 A Holsaand Taylor dlsooveredablna ‘ L
1997 Gt | Resonant Ioar detecto
! - 1999- 2007 - TAMA (1 999)]nltlal LI
'2009__- . | ueofvmeo ik i U |
'2910 : LIGO&VIRGO started the|r upgrades o Suiaite 4 Fle e, el 1
20t_4'f . BICEPZreporte?I evi'de'noe f'or cosmolOgloaI GWs but |t.was foreground dust ‘ o
’201'5' LIGO’s first detection (annou‘noed in 2016). ' SR i 6y ; : i
. v
‘ . » .l | .
. ,201.9/5/1'% INt"—'IERI@HOS-T Osamu Miyakawa " |
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Einstein and relativity

— 4-dim space-time geometry

8 — rest mass is a form of energy
— Einstein’s field equation : = o
RINSTEIN L& - . ,"
spacetime curvature << matter and energy \ — ]
v .;" S | " a,
. .

g 48



Bl Normal position

ﬁ~~___.

Apparent position

nght can be bent |f |t goes along
heavy mass ‘like the sun.

e,

It,ls observable only.ln a tota-l solar
.“1 echpse ‘




« May 29, 1919 Arthur Stanley Eddington
measured Hyades during total solar

<. eclipse.
| Measured [
shift "
| Newton thery
Emsteln theory

~ -
: Principe arcsec '
_ arcsec 3

'© Science Museum/Science and Society. Picture Library .



Car navigation sysiem cannot WOork without
Einstein theory s apyarec—l

i,
o W,

» Satellite moving 20000km above, time goes
0.000286sec per day faster than surface of earth
= because of smaller gravity.

« Car navigation system has 11km error in a day if
no compensation by general relatibity.




KACRA

Electro Magnetic waves and
Gravitational waves

Electromagnetism:

Acceleration of
electric charge
N/
Electromagnetic
waves

General relativity:

Acceleration of
mass
J
Gravitational
waves

V\
X
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2 masses

Observer

F=F+F,

@---"'@ & Distance: R >

- R

+
Quadrupole
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When GWs come...

Space-time squeeze and stretch when the GWs pass
- Distances between free-falling masses change

dL o L

KD
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‘Generating gravitational waves on the earth

2m

x Ar°GMR’ £, M=103kg R=1m

h 4
B F=100Hz r=1m




Gravitational Wave Sources

Every object having mass emits GW,
however, observable sources are
- Drastic Astrophysical Phenomena

~ . Supernova

. Unknown Source

5019/5/17 INFIERI@HUST Osamu Miyakawa ' | ' Vir,
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What is Gravitational Wave ?

Einstein Eq. 1

R;u/ - § g;wR —

metric tensor
“flat” space-time (Minkowski)

Guv = Nuv =

“curved (distorted)” space-time

Guv = Muv

small perturbation 'h’ --> Waves
Guv — Nuv + h,uu

1 O?
2 —
v - ?ﬁ h},l,l/_o
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Tidal force on
masses will be
induced by GW
incident.
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Amplitude of Squeeze & Stretch

A ratio as small as hydrogen atom size Iehgth change
for a Sun — Earth distance

150,000,000 km
(1.5 x 101'm)

Strain (ratio of squeeze and stretch)
= R /- TOVIm

102

GPS: 10000km above, 1cm accuracy
= 10:4m-, /.” 10"

109 i

Hydrogen atom



Weber’s Bar Detector in 60s

Pioneer work-for experimental search

.- —,——— - 4‘ -
/s
A A gm R g m A

'./:/M‘ .y ‘f‘ v_;»......v
o / 4

)

¥
of Maryianc omecior CommueEov.

He claimed the detection and many groups
built bar detectors motivated. by his work

cylinder bar § His events are considered-as noise nowadays,
GWs excite the " but he triggered the experimental approach to
mechanical resonance detect GWSs

AIP Emilio Segre Visual Archives
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Hulse and Taylor’s Discovery

V] 5L
Reduction of the orbital ' / .
period of PSR B1913+16 Nobel Prize

Orbital Phase Shift (s)

—_
12
~
©
-
=
5"
7
QO
(a4

FIG. 5—Top: Cumulative shift of the times of periastron passage rclative
to a nondissipative model in which the orbital period remains fixed at its r
1974.78 value. Bottom: Differences between the locally measured periastron
times and those expected according to the DD|1) parameter set. Dashed curves
illustrate differential trends that would be o Coottrw [
if the rate of orbital decay P,, were 2% larg
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Evidence of gravitational waves!

“For the discovery of a new
type of pulsar, a discovery that
has opened up new
possibilities for the study of
gravitation.” (1993)

27



Bar Detectors in 80’s

« More sensitive (many were cryogenic, suspended etc)
bars were built

« Observation run with three detectors, “triple
coincidence,” were made in 1986

— Allegro (LSU), Explorer (CERN), and Stanford bar
detectors

2019/5/17 INFIERI@HUST Osamu Miyakawa

28



,Ne'utrlno events 'f.f i
at ewg Kamlokande



Bar Detector Network (90s)

Res.Astron.Astrophys. 11 (2011) 1-42

- http‘i//vyww.auﬁga.tnl.in‘frf.it/'
L

»-ffNA' i
AURIGA (Italy)

AIIegro (LSU) Gl : |
s GW Ihternatronal Coltaboratron Was Formed

|h 90s they deolded to share the data to improve the statrstloal results
- 97-08 triple operat|0h for two years, quadruple operatrOh for four months
. AIIegro iLIGO joint search in 2007 -

"201 9/5/17 INFIERI@HUST Osamu

Miyakawa ° i :



Resonant Bar Detector Params

Allegro LSU

Explorer CERN

NIOBE Western
Australia

AURIGA Italy

NAUTILO  ltaly
us

2019/5/17 INFIERI@HUST -Osamu

Miyakawa

2300 kg, AL5056 cylinder, 3 m long, 904Hz 7e-19
4.2 KoK

AL5056 cylinder, 2270 kg, 3 m long, 3e-21 at 906 and 923 Hz. CQG 19 (2002)
25K 1905-1910

Niobium, 2-5K. 700Hz. Strain sensitivity of 1e-22 can be
achieved.

2300 kg, 3 m long, aluminum cylinder  4e-22 at 911, 929 Hz (2Hz BW)
0.1K

Al 5056 cylinder, 2350 kg, 0.1K 908 and 924 Hz. NAUTILUS has a
S1'95-97, S2'98,3 ‘02 sensitivity 4e-22. Pulsar in NS 1987A
CQG 19 (2002) 1911-1917

Sl



First R&Ds for Interferometry (70s - 80s)
4

. Russian scientists proposed in 1962
# Weiss independently got the idea and proposed in ‘72

/i

L

Weiss, Thornesand Drever .establishes
the idea to 'use laser interferometersSior
the GW detections

Possible noise sources, required size of
the detector, and optical technologies
were studied

Early Prototypes

 MIT 1.5m prototype delay line
. Munich 3m prototype

»  Glasgow 10m prototype

3P



KAGRA Longer arm length, better sensitivity

——1
Mirror
— Mirror
Mirror

Laser I:I
Photo
detector

Mirror
Laser I:I
ﬁ Photo

detector



KAGRA Light storage: folding the arms

How to get long light
paths without making
huge detectors:

Fold the light path!

o |

Y

Delay line interferometer

—

Y

Fabry Perot interferometer

Simple, but requires large mirrors;

limited 7,

(LIGO design) 7,,,,~ 3 msec

More compact, but harder to control

34




Lock acquisition for interferometer

KACRA
Carrier Resonant area
= Control area
| | = linear area (straight slope)
Sidebands (probes for carrier)

<f> ~1nm

+signal |

Unlocked |

EOM:Modulation
/L _____
J

7

o2 L (~3000m)_5
Oscillator Igl
~10MHz (A)—>X

Mixer :Demodulation

‘e
I nny Phase lock
%Y L J Feedback

Real time control using computers
2019/5/17 INFIERI@HUST Osamu Miyakawa

Signal [V]
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KAGRA  Alignment control for mirrors

TEMO1 mode
EOM: Modulation +
‘e L <
L(~1000m)..° ‘2%
L oo ’
(Quadrant photo diode) Misalignment
Oscillator r . .- _|
N > (S ™~
10MHz @) M?)fer: \_ L ) Feedback

Demodulation Real time control using computers

2019/5/17 INFIERI@QHUST Osamu Miyakawa 36



Prototypes in 80s - 90s

- Many prototypes were built”
» Glasgow 10m (FP) prototype
-« (Caltech 40m - .
« Max Plank Institute, Garohlng 30m

OJ 20m (FP) Hongo 3m, LISM

— ’Large Deteotorg were funded

~ NSF approved LIGO funding in 1990
. TAMA was approved in 1995
'GEO was approved in ~1994 .

' _2019/5/17 INFIERI@HUST oSamu
: Mlyakawa

= TENKO-10, TENKO-100 (delay line),

VIRGO was approved in 1993 94 7

57



The Flrst Generatlon Detectors (OOS)

L|GJ VIRGO went offine for Big upgradeé,
KAGRA Was fumded \m 2010

.

start years of the|r flrst observatlon '

448



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

:.P.. 2

: ?
PRS-t
A . = \

e, Ocean Col or and Sealce” at

visib lee arth. nasa.gov ™. - TR
NASA Goddard Sp ace Fl ight Center Ima Fe by Reto S _3 i( land sur face, shallow water, clou ds). Enhancements by Rob ert Simmon

ﬁcean color , compositing, 3D %Iob es, anima tion ). Da ta ‘'and technica | su F?ort: M ODIS Lan d Group; MODIS Science Da taSu pport Team;
ODIS Atmosphere G roup; MODIS Ocean Group Addition ald ata: USGSEROS Dat aC enteréto rap hy) ; USG S Ter restr ial Remote

Sen sing Flagsta ff Fiel d Ce nter ( Antarctica)zogéﬁdq WMéhdbrl EoR1 @id-4158 TeOisaPnio fapaieity di g tsg.
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VIRGO

-Group of French, Italy, Netherland etc.




’
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National Astronomical Observatory in Mitaka, Tokyo



The Second Generatlon Detectors (10s)

aVIRGO. 9% JKAGRA
2016 aam 2018
aL_IGO 3km A 3km arms

AN - oy
LIGO India

v 2023

© 4km Arms

43



y6 Localization

arXiv 130
Epoch [ 2015-2016  2016-2017 2017-2018 2019+ 2022+ (India)
Estimated run duration 4 months 6 months 9 months (per year) (per year)
LIGO 40-60 60—-75 75-90 105 105
Burst range/Mpe Virgo 2040 4050 40 - 80 80
. LIGO 40 - 80 80120 120170 200 200
NS range/\ . L : :
BNS range/Mpe Virgo — 2060 60— 85 65— 115 130
Estimated BNS detections 0.0005 -4 0.006 — 20 0.04 - 100 0.2-200 0.4-400
% within > deg? <1 2 > 1-2 > 3-8 > 20
90% CR ‘ 20 deg? <1 14 > 10 > 8- 30 > 50
median /deg? 480 230
0F s 5 deg” 6 20
searched area 7o Wikhin 20 deg? 16 44
median /deg? 88 29

2019/5/17 INFIERI@HUST Osamu
Miyakawa




« KAGBA IS located-in Kamioka mine umderground ,
_~220km away from Tokyo i e TR AT
- 360m altitude s SO S S

- Big laboratory area 2 R ES SR Vi 4
g W XMASS ~ KAMLAND Sy e
R o P (dark matter) - (neutrino)

p T Ly 3~

Suprer Kamiokande
=* ! (neutrino)

et © 2013 ZENRIN
Image 2013 DigitalGlobe
© 2013 Cnes/Spot Image GOOS[Q'“@arth

Data lanan Hvdroaranhic Association



KACRA Features of KAGRA

Under ground of
Kamioka site

Low temperature
mirrors

Variable bandwidth
interferomter

@



KAGRA Noise sources

Sensitivity = Noise / Response of interferometer

43

o)
> & %
=22 o
=
fd

.g 90"
|5
(Vs

Frequeucy

For better sensitivity
1. Reducing noise
2. Higher response for interferometer



KAGRA Noise sources

Sensitivity = Noise / Response of interferometer

Sensitivity

Frequeucy

For better sensitivity
1. Reducing noise
2. Higher response for interferometer



KACRA

Underground site is
QUIET

- -

o
o
—

[ Kamioka (noisy)

— —

| Kamioka (quiet) |
P R e S e R R PSS PO SIS e SRR

Acceleration (gal)
o

L 4
.
N " . N " . 2 N N "

-

0 1 2
; . ,

P 0.1 B Kamioka (noisy)
(4] * ns -+ -+
9 Kamioka (quiet)
c L
o | ’ <— blast
s O
E, Mitaka
Q
< -0.1

|

L A L A A L A A L A

Time (hour)

=N

. Displacement [m/rHz]
il

-10

P
S

11

10

10"

10

10° 10

Frequency [Hz]

Amplitude of seismic motion
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KACRA Vibration isolation (1)

10!

Higher pendulum frequ

10°

101

102

Isolation

103

104

Lower pendulum frequency

103
0.1 1 10 100

Frequency [Hz]



KACRA Vibration isolation (2)

101
100
10!
Seismic >< § )
motion 5 10

103

2 stages

104

3 stages

103
0.1 1 10 100

Frequency [Hz]



KAGRE | | . E | .

Laplace transform f(s)=L[f(1)]= T f()e™dt

0

L[F]zme{f; }+FxL[jﬂ+ka[x]

T'x 3
o F =ms’Xx +sx +kx
damper F X 1 1
&: X _ : 2 poles
kx F msi+Ts+k (s — (T Amk m))(s ( r+Jm)) ’

d2 d S=1@
F=m +F—+kx F =-mo’x+iTwx +kx

dt dt ¥ 1
x = Ae’” : complex number T —mo’+iTo+k

x| = 4:amplitude Interpretation in Physics

Arg(x)=wt =2z fi:angle resonant anglar frequency: w, =27 f, =~k /m

@ —igpx quality factor Q = 1/energy loss: Q =ma, /T’
dt Transfer function from force to position :
d’x X
~=—w’x Y 1
dt Film -0 +ioo, Q+o,

2019/5/17 INFIERI@QHUST Osamu Miyakawa 22



KACR .
pBode lot : frequency vs. gain, phase

Gain Resonant
¥ frequency

100 -
Q=100 Echrresponds to
10 | — Q=10 I height of resonant
mea Q=1 [ P
= Q=1/2 [
1 ==—— EEEE
f-2:2 poles
0.1
N
Fim —o +iom,/ O+ 0.1 02 0.5 1 2 5 10
ifo<<w, = _L_>L2 - constant Phase[deg]
F/m (ON I [ T N A A
_ 150 5= F=4p?; -
if 0>> 0 = —— - ! : 7 slope m=1;
1 ! Film - P 100 wo:zl 1-_
. x 0 50 P s
if w=w, = =— — — :resonance w=2p€£;
F/m io, 0 H— L
ifo=w0,Q >0 => =———>w =30 NN
F/m ey
—-100 |
:resonance,no damp “ -
: . . -150 e
if Q=1/2 = cretical damping ——— =SS fHz]
if Q <1/2 = over damping 0.1 02 05 1 2 5 10

2019/5/17 INFIERI@HUST Osamu Miyakawa 53



KACRA Inverted pendulum

Recovering force = Spring force of metal +
Anti spring force by gravity
= Lower resonant frequency

N 1
u !

M (xy)

Frequency [mHz]
1N
3

0 20 40 60 80 100 120 140 160
Load [kg]




KAGRA |solation for vertical motion

Coupling between vertical motion and beam
direction exists

* by curvature of Earth
 Mechanical asymmetry
* Slope of tunnel (for draining water)

— Needs isolation for vertical ground
motion



KAGRA Geometric Anti-Spring (GAS) Filter

Recovering force = Spring force of blade +
Anti spring force by pushing from sides

= Lower resonant frequency

: k,/k, ‘
< | 1 ; — 10.0
T 4 S — 150 T
>‘o | 5.0 H
2 | ‘ ‘
g | |
X
8 |
= |
[}
g
1T
0_4;' T T T
0 2 4 6 . 8 10 12 14 16
Compression (1y,-x,) / 1y, [%]




7

/ARt Vibration isolation system

. Tunnel (2" floor)
Chamber

Inverted pendulum

GAS filters

\Tunnel (15t floor)

-~ ———Chamber
~— Mirror




KACGRA Vibration Isolation System

Cryostat

Type-C: Others

IP: Inverted Pendulum
GASF: Geometric Anti-Spring Filter
Pl: Pre-Isolator = IP + GASF

®1500

3000

Type-B

GASF

ki \ GASF Type-A: Test Masses

Type-B: RM, BS

®2000

3200

Stuck

1200

Type-C
2019/5/17 INFIERI@QHUST Osamu Miyakawa

Displacement [m/rtHz]

1e-04.

1e-06°F

1e-08:
1e-1 0:
1e-12:
1e-1 4:
1e-16%
1e-18:
1e-20:
1e-22:

0.01

QARLIRILL/ELLMERL WA

— Type-A
— Type-B
Type-C

L m "111"1“1 7”T1”'1 l"lr" LRILUBLL I

— Ground

= = |[LCGT Test Mass

AN
LN
N

L]

0.1

1
Frequency [Hz]

10
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KAGRA Noise sources

Sensitivity = Noise / Response of interferometer

Sensitivity

Frequeucy

For better sensitivity
1. Reducing noise
2. Higher response for interferometer



Thermal-noise reduction

Mid.-freq. (around 100 Hz) improveme

: Mirror
| Cryogenics .

Mirror ~20K
Suspension ~16K

Sapphire mirror

> High mechanical Q-value hermal
at low temperature fluctuation
»
Thermal T
: X /=
noise Q

E> Cryogenic is
a straight-forward way
to reduce thermal noise.

)
. ®

| | Atomic
. 2019/5/17 INFIERI@HUST Osamu Miyakawa i o



KACRA Thermal noise (1)

10-18

101

10-20

102

Strain [Hz'1/2]

1022

10-23

102

0.1 1 10 100 1k 10k 100k
Frequency [Hz]



KACRA Thermal noise (2)

10-18

101

10-20

102

temperature

Strain [Hz'1/2]

1022

10-23

102

0.1 1 10 100 1k 10k 100k
Frequency [Hz]



KAGRA Noise sources

Sensitivity = Noise / Response of interferometer

Sensitivi

Frequeucy

For better sensitivity
1. Reducing noise
2. Higher response for interferometer



Shot Noise
Radiation Pressure Noise

mirror

Shot Noise e -
| L P

.l Radiation Pressure Noise » L xrp-(f') X me |

High Power ? or Low Power ? e

64



KACRA To reduce quantum noise?

Reducing laser power reduces the shotnoise and
increases the radiation pressure noise.

Strain sensitivity

Frequency



KACRA

noise [arbitrary unit A//Hz]

Noises |

e tOtal noise

3 : Pendulum thermal noise
10" Mirror thermal noise

> Radiation pressure noise
10" Shot noise
10" 1
10° -
10"
107 -
10° -
10°
10° -
10° -

LY | LR LELELLRRLL | LELELLRRLL| LAY | LELELELRRLL | LR
10° 10’ 10 10° 10* 10° 10°
frequency [HZ]
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KACRA  Sensitivity of KAGRA

-20 LCGT sensitivity limit
VRSE(D)
......... VRSE(B)

Noise budget

10

mirror substrate Brownian thermal noise
21 - U R CCCITIIIIre mirror substrate thermoelastic noise
selsmic noise

standard quantum limit

10

VRSE(D) quantum noise
--------- VRSE(B) quantum noise
suspension thermal noise

107

102

10

strain equivalent noise spectrum [1/rHz]

1 0-25 L L L\l !

..

llll'

100
frequency [Hz]




How to get More sensitivity with control?

One of the mirror is

at
detection port (Dark fringe
locking)
Control
{
—
Bright
por (
— |

Dark port

|
A/ —Q_

2011/9/27 GCOE 'seminar@Nagoya Univ..Osamu- Miyakawa 68



KAGCRA Development of optical configurations

Michelson interferometer (MI) Fabry-Perot MI (FPMI)

== Keep dark at detection
port to reduce shot Longer folding light
noise path using Fabry-

I:» Perot cavity

=2 |
i CLIO

Power recycling (PRFPMI) Dual recycling (DR)
Enhance inside
laser power by Reflect and enhance the

reflecting coming GW signals by additional
back light using mirror at the dark port
additional mirror at I:» (Signal Recycling, RSE)
the laser port

TAMA, LIGO , VIRGO ==KAGRA, aLIGO, aVIRGO
AwA 69




KACRA Fabry-Perot cavity

RIBEE R 1 PRIEEBEER: 1

PRIER ST rp PRI RT3 1y
Ein — EoeiQt b, = 23 — [
1 — rprge—t® "

F, = tply, +reky, _ tprge™®

= —F
Eb — —2ZQE i; 1 — TFTEG_Z(I)

N tpirge? P
EI‘ — tFEb — TFEIH F 1 — T’FT‘EG_’@ in
by = tEG_zTEa B = tptge™' s
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= EE==cs s eEmmE
KACRA Fabry-Perot cavity
§ 0.9
0.8 ~0.05 0 0.05 0.1
_ 100
S
£ 100
_ Lk tp?rpe"® —0.05 0 505 0.1
rC&V((I)) — B = —Tp 1 — TFTEG_i(I) phase [rad]
FE tptpe "2 1
fone(®) = t_ FLE _
i, 1 — rprge™"
YR L [E12%
T4 R o 05
VESR
F o= /0 DT 2\,
VEWHM N,, = = Lk
N /A T
o 1 — rere
rere 0 — 5
[xm]
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-~ *KAGRA is located in Kamioka mine underground Y
~220km away from Tokyo e e TN QS
- 360m altitude . Lﬁ\:’_;; Pt 2E |
Big laboratory area . ReaES (Halld e S
KIVIASS & KAMLAND
e @ e ) (dark matter) & e
» i - S~ -,..','w’m—-mq‘:f,., “ .? p
(’j‘/’ CLio E Suprer Kamiokande
\\&X\ A == $ (neutrino)
"foice/ oA
Control room
\\ >
: \ K ¥
' \ %
, R . R = entrance
s D R
S R a1 ox B Aif‘
B koK
PN
-t © 2013 ZENRIN

|r:age © 2013 DigitalGlobe Google%arth

o © 2013 Cnes/Spot Image
e Data lanan Hvdroaranhic Association



S
Ka ; o , © . '

{ 3
XMASS ' o | yo.ac.jp/
(Mal'. 20 : BN ,,m/ : %_ , ; : |
¥ % | : oy sites
(Ch;’ | Super-Kamiokade i)

{ \ (LCGT budget is partially

approved in this summer)

i | A HAO " Atotsu

| 1~ Entrance

lihlillll\jlls Z é\LO/I/ \ CLIO (Gravitational Wave)
g ac!ollnlum Laser extensometer
Go det. - Project R&D (Geophysics)
o e\ ||
= | /— NEWAGE
(Mar.08~) o

Supercoiauctive gravimeter



KACRA

Underground site is
QUIET

- -

o
o
—

[ Kamioka (noisy)

— —

| Kamioka (quiet) |
P R e S e R R PSS PO SIS e SRR

Acceleration (gal)
o

L 4
.
N " . N " . 2 N N "

-

0 1 2
; . ,

P 0.1 B Kamioka (noisy)
(4] * ns -+ -+
9 Kamioka (quiet)
c L
o | ’ <— blast
s O
E, Mitaka
Q
< -0.1

|

L A L A A L A A L A

Time (hour)

=N

. Displacement [m/rHz]
il

-10

P
S

11

10

10"

10

10° 10

Frequency [Hz]

Amplitude of seismic motion
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KACGCRA

Snow in winter.
Melted snow in April.




Laser room

L iy
Tiemethod ¥ arm (ew Aotse)  Conter ares
Tire mathad Tire mathad

Center room e T e



KACRA Y end area for chamber location

o

L 1
—- 4 TR

-~ > Sahonishi
Tire method
; | New Atotsu|
‘D1
/ New AMtotss
il i‘ V entrance
. Mozumi tennel 1
New Atotss &
ormi tumel / k) @ Tire mtbed
(Already exintipg "UMM“") | taee
Tiemethod ¥ arm (ew Aotse)  Cunter ares 77

Tire methed Tire method



KAGRA Y arm under water

L iy
arm Bew Atotse)  Conrer ares
Tire mathed Tire sethod




KAGRA Yacuum System 130417 VAC (YS)

1. Layout (four planes/floors)

“* horizontal floors in each room prepared for installing chambers
“* translation matrix confirmed for four sets of coordinates

Xopt

AN

optical plane of interferometer horizontal plane at X end

_— 0 (BS) \ horizontal plane at center room

Yopt

BS 1/300 slope

X arm

-
—_—
-

Yopt

‘@ Water to River

2019/5/17 INFIERI@QHUST Osamu Miyakawa 79
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KAGRA configuration

HiIpUU CULpuUL Upucs
- Beam Cleaning and stab.
- Modulator, Isolator
- Fixed pre-mode cleaner
- Suspended mode cleaner
Length 26 m, Finesse 500

- Output MC
- Photo detector

~

Gain ~11
Laser Source
- Wavelength 1064 nm
- Output power 180 W
High-power MOPA

Main Interferometer

- 3 km arm cavities

- RSE with power recycling

- Cryogenic test masses
Sapphire, 20K
‘Type-A’ vibration isolator
Cryostat + Cryo-cooler

- Room-temp. Core optics
(BS, PRM, SEM, ...)

Y-arm cavity

Power ~400 kW

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

E: (Resonant
sideband Extraction)
ignal-band Gain ~15
etuned RSE
(Variable tuning)

81
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Technologies to realize large vacuum area

82
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' Vacuum duct :=
3km length, 8!
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Bonded mikror is |ntegrated
tnto the Cryowpayload
And the type C suspeneon
L at the S|te

CTT [

:AII the sapbhire mir
"_'j;has installed = .“

inNov2018 - .
| MM and MY “w{ggﬁfﬁﬁ

;. Plctures from K Yamamoto

9 See Ushlba Yamada _Eat_s were bonded :,at._fT,Oy‘aa.‘
i Fukunagastalks e e e

' _-‘20_19/5/177,INF1ERI@"HUST Osamu Miyakawa: ke 90 .



Super polished large scale mirrors

Beam splitver (d380mm t8 Omm) very low (0SS Sapphire mivror '
o \j fused Silica (d200mm t150mm) ,
‘ 0.1ppm/cm - [055: 20~50ppm/cm

2km curvoture | s

w

"' 2019/517INFIERI@HUST. Osamu Miyakawa a1



Most recently, aII S s
have been ms‘talled'

SRM s SR i e

".’*SRI\/I hasatemporaryZ 1noh mlrror el IR SRRl R SR
L R ok '.f > See, Burton, Tapia, Fujit, Kozu's talks

o . .
oy . . L . » . o« ® .
R X 5 - g ’ 25 TP

*2019/5/7 INFIERI@HUST Osamu Miyakawa: = L 0 9%



Input Optics

Mach-Zehnder ifo type™

" moduiation system, ,-'.,'., |

Lo 40Wlaser installed © T  PMC installed PMEAM momtor system

put MOade NEr e W|th 1OVV
b ang ity st aa-b atio N S b@mg ComrmSS]oned . ) e Bl
o :'; Frequency StablllZatIOﬁ (mode pleaner & reference Ca\nty) has been ol

' eratl smce hase1
. Qp | ng . l’IO S —éSee, Nahanostalk

.
. 3 e vy
EPRitea s e "|.' : . e ‘ e " e ..- K
4 P . . v, . . " 3 .',. . B e . ..
: -~ . ¢ . v "3 . . . s 5. W
y . o & o e PR TR , aEa. . 5 B
B e ; . 1 . 2 AP RN
% . X . . P . G .
e .
.
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Output Optics

-+ Output mode cleaner ( OMC)
‘ Output Faraday Iso]ator (C)FI)
@UJEXQUI oe‘- 18 i('".. e P

()
2
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Auxiliary Optics

WAB EX

» % Trahsmon EXT i

PR | WAB 3 of4|nstalled' The last orie. dehvered at theXend . e U
Yy '-, Transmlttlng m.onltor (T RANSMON) lnstalled in’ both of the X and Y ends'

s
. e . »
._' ..‘. 3 : . L . 4 - ‘. . 'e ‘.o'
. . . o % . .
N

" A & . . . .
o . Ry 8 ® .
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Real time control for mterferometer using computers

o Recent GW detector allow usto
; "control measure and tune the
1nterferometer on the PC screen 1n =
- control OO gs, W e . s
R Importatnt to avoid human n01se ’
" Good software makes a blg
- advance for sensitivity
Improvement
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\
xxxx

for remote
electronics

A23/ time s
A2a/ time s

Remote control room



KACRA Time PCs

- Ba&%h rack

.“'NW.‘ oo( E

\a“
l

m"‘,

O- 4
o N
Q )
& &
o m— 4=
) i
— D
8 3%
o2

Dolphin RFM:

Short distance real time signal ~10m
GE RFM:

long distance real time signal ~3km




KACGRA Field racks

* 11 Field racks have been located at central
area(6), Xarm(1), Xend(2) and Yend(2).

* Center Field racks include
— 10 chassis with ADC/DAC
— AA/AI filter chassis
— whintieng filter chassis
— electronic circuit chassis, like coil drivers
— No real time PCs

 End field racks have real time PC
additionally.

RTFE PC to |

10 chassis

~100m

|I driv

A A filter
fllter

18V DC powerﬁ—-r-——“

' Supply

eii

"ﬂlm




Control room in surface building
out of the KAGRA mine




i Arm cavdty lockein cryogenic.

. .k

. -
s &
o .

GR lock on April 17 * L. IRlock on April 28

.." '.-."'..-.‘
a . “er i Lo
g 4 y 3 | e 4
;- o

-—

X arm was re-locked on April 17.
Y arm was locked with green on April 18.

Y arm was locked with IR on green on April 28 with frequency control.
= Needs mass feedback lock next.
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KAGRA . .
Modeling system: Single Fabry-Perot cavity

Seismic

noise

Laser EOM

-

- e e e e e e e e e e

A

Seismic

<«

Suspension

’Coil-magnet

Actuator

——————

noise

. Mission:

7/

Make a feedback filter to
| keep distance between
" “Actuator ITM and ETM constant !

_________________________ ETM
[ Feedback |
; filter !
j 1
Oscillator «_ Mixer ! )
Sensor " Feedback filter
4L >
]\[ '\rl f) -S "
Noise -
Plant Sensor
A
Actuator
F

Feedback filter

P: flat around
resonance
S: flat

F. ??

A: suspension TF

2019/5/17 INFIERI@QHUST Osamu Miyakawa
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KACRA Transfer function from Noise N to error signal I,

Ve Vs Vi =Fisime Vour
Outloop noise T I Error signal V.= AxV
N——- p s > Vo ’ ;
| A — Plant Sensor VC — N B VB
B
A Vo, =PxV,
Actuator r
Vour =5 %V,
Feedback filter
VA
Vour = SxPx(N—AxeVOUT)
(1+ SPAF Vs = SPxN
Summary:

Relationship between “Error signal” V) V. = SP x N = SP x N
and “Outloop noise” N can be written oout (1 + SPAF) (1 + G)
with “Open loop transfer function” G .
and “transfer function” P,S. Open loop transfer function :

o 4

G = SPAF
2019/5/17 INFIERI@HUST Osamu Miyakawa 103



KACRA Transfer function from outloop noise to inloop noise

Inloop noise
Ve v,
Outloop noise T T
N— p s Vo
V - B Plant Sensor — V;ut — 1 SP x N = 1 x N
B © SP SP(1+G) (1+G)
Actuator - if G>>1,V. = % << N;supression
l Feedback filter if G <<1, V. = N; no suppression
VA
Summary:

ﬁOutIoop noise” N is suppressed by Open\
loop transfer function G (if G>>1) into
“Inloop noise” N/(1+G),

then it is multiplied by transfer functions

SP through output port.

\ /
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KAGRA DAQ network

. @ : :

netWork switch _

(&)
(O4
€
! Ty
<

DE _ distributor f

"w“eﬂvork |

\
!
\
§
\

H frame writerﬁ
Iw frame writér§

v.liﬁ

sender
j ;sender




Timeline of the Project

2010 |-Project started

2014 Tunnel Excavation Finished

2016 iIKAGRA

2018 bKAGRA-phaseT
Present . bKAGRA-phase?, joining O3

Small suspensions,
Simple Michelson ifo
Room temperature

Large suspensions,
Simple Michelson ifo
Partially cryogenic

Large suspensions,
DRFP ifo
Full cryogenic
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' Supermassive _Eompact Object Galactic White . Cosmic Stringsand . . slaser Intorferometor Space A“t pa
Black Hole Binaries ¢ Captures Dwarf Binaries x Phase Transitions .
: S . . = & . - -
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