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Yuki Inoue
Assistant professor in National Central University
Adjunct Assistant research fellow in Academia Sinica

Research history:

2011-2016: POLARBEAR/Simons Array (Cosmic Microwave Background)

2016-2021: KAGRA (Gravitational Wave experiment in Japan)
Calibration and Reconstruction

2021-: LIGO(Gravitational Wave experiment in US) + Future R&D

POLARBEAR/SimQogasisr
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Introduction

Albert Einsteln
1916 General Relativity
‘Distortion of Space and Time’

One of the most important
predictions:

Gravitational Wave!




How to generate Gravitational Waves

GW is generated by the oscillation of the massive
object.

Binary system is one of the candidate of it.
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Typical gravitational wave strain sensitivity

Schwarzschild radius

Distance from the source

Solar mass NS-NS: rg~3km
~ ~1()-21
Typical distance: 100Mpc ' h~OL/L~10-
0 L~2000km x 1021

~10-19Mm~1fm

ABRE
&if '

Proton radius
_'“‘7“'~2000km

Amplitude of GW is very tiny



Compact Binary
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B BH-BH, BH-NS, and NS-NS (BH= Black hole, NS= Neutron Star)
B Observed as Unique Chirp signal

B LIGO and Virgo can observe it every 10 days




ravitational wave source
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Multimessenger astronomy
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Observation 3 result

Masses In the Stellar Graveyard

EM Newtron Stars
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Observed IMBHs

NGC || distance | vel. disp. ¢ | BH mass

_No. | (kpe) [63] | (kan/s) [111] | (Mo) LIGO-Virgo Black Hole Mergers

104 4.5 10.0 794.7

362 8.5 6.2 116.3 160

1851 12.1 11.3 1299

1904 12.9 3.9 18.04 140 -
5272 10.4 48 41.57 “c

5286 11.0 8.6 433.4 E"’ 120

5604 | 347 6.1 089 == Intermediate Mass Black Holes
5824 32.0 11.1 1209 3 100

5904 75 6.5 140.6 g

5946 10.6 4.0 19.97 S

6093 10.0 14.5 3539 = 80

6266 6.9 15.4 4508 @

6284 | 153 6.8 168.6 2 60

6293 8.8 8.2 357.9 v

6325 | 8.0 6.4 132.4 g 40

6342 8.6 5.2 57.35 m

6441 11.7 19.5 11645 20 .
6522 7.8 7.3 224.3 A
6558 7.4 3.5 11.68 |
6681 9.0 10.0 794.7 0 f
7099 8.0 5.8 88.96

Yagi, CQG 29 075005 (2012)






Overview of LIGO

LIGO is 2nd generation
gravitational wave detector.

They have two detector
systems in Hanford and
Livingston.

4km arm length
interferometer




Principle of Observation
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Normal state Arriving GW
masses
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Test masses are moved by GWs.



Principle of Observation

Test .
Normal state Arriving GW
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We focus on two test masses.
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Principle of Observation

.
* ®
We replace the test masses
to the mirror.

Laser Laser

Photodetector Photodetector



Observation history

Cumulative Count of Events and (non-retracted) Alerts 01 02 wm O3

01=3,02 =28, 03a = 39, O3b = 23, Total = 73
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Now is upgrade period for next observation

Observation 4 will start from just one years later.

110-130
Mpc

O4
160-190

2
-

Mpc

_

Target
330 Mpc

150-260
Mpc

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026




Science of LIGO

Masses in the Stellar Graveyard v . .

GW170104

in Solar Masses L b
16( é +30.00 -3
3 / i, GW151012
/ Gw170818-HLV o
8( P 1 [ r ¢ % Yov f GW151226 Gw170608
. . Y i i : 577 %\
{ | | 3 ® ¥ 1 22/00 20:00 1§00 & 140 '.?_ncno i 0800 | 0600 04:00 0200 ol
¥ Tt l ‘ ; 15:00 4 | ':k %
£ L > /
§ / GW170817-HLV | GW170809-HLY
GWll_‘T-(\),729. ; i L3000 — GW170814-HLV s
? ! | /
Y 2 %
‘ / >
soce 4 GW150914
1(
T T T T
9 LIGO Hanford Data (shifted) LIGO - Virgo
~ 10} - BEELE
o
J 1 8 05} .
EM Neutron Stars . o —
e : S c 00 ,N“
\ 1 . . % o .. ~ :n-a
. . . 1.0+ — -
LIGO Livingston Data
|

| | 1
GWTC-2 plot v1.0 0.30 0.35 0.40 0.45
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwgstern , Time (se_c)

DLT40 VISTA Chandra

|
o | q
MassGap ‘ e o i N . £ .

1/(11.08h h 11.24h
DECam Las Cumbres

GW 190521 » -J-‘ |

W 11.40h




-~
—
p— -
— — .
o R i
S 37 &
~ = - -~
S’ - . — =14
— . .
o B
. v\ . — H
\ .~ ]

10°

.

~Ldn L

..|.
o
—
=

s
H
-
Wl
S

S
ol
o~

S’
.-
b

-—
-
3v]
—
S

o0

—

—_—

o0

~

-

—

o0

o

() |

—

|

o0

—

-

() |

—

—

o0

o)

o™

—

100

2

EO-LIGO-Virgo gravitational-wave strain
L
Frequency [Hz]

|
b |

|

l
S|
SNk
M/L

!

IIVI

Sens




Input
Mode
Cleaner

F
]
€ —————————

Tu 3% )™
P PR2 -—cp

RM
——— - =125 W .
T /‘)@—{LHL s (1] ]
750 kW
o H
PR3 SR2 T2 Sy

R T=1.4% ERM

¥y eo==p V»—» GW readout

Qutput
Mode
Cleaner

Interferometer

Table 1. Main parameters of the Advanced LIGO interferometers. PRC: power recycling

cavity; SRC: signal recycling cavity.

Parameter
Arm cavity length
Arm cavity finesse
Laser type and wavelength
Input power, at PRM
Beam polarization
Test mass material
Test mass size & mass
Beam radius (l/ez), ITM / ETM
Radius of curvature, ITM / ETM
Input mode cleaner length & finesse
Recycling cavity lengths, PRC / SRC

Dual recycling Fabry Perot Michelson Interferometer

Virgo and KAGRA also use same configuration.

Value
39945 m
450
Nd:YAG, L= 1064 nm
upto 125 W
linear, horizontal
Fused silica
34cm diam. x 20cm, 40 kg
53cm/6.2cm
1934 m /2245 m
32.9 m (round trip), 500
57.6 m/56.0 m




LIGO Voyager | alico
—A+
* Future experiment after O5 102} —Voyager
* Cryogenic LIGO , o - |—Cosmic Explorer|

Coating study is ongoing.

Strain [1A Hz]
o

Cryogenic coating characterization system is
necessary.

LIGO Upgrade Timeline o
10 F1rgquency [Hz] 10

Mirror Mass [kg] 40 80 160 80
Mirror Material Silica Silica Silicon Silica
' Mirror Temp [K] 295 295 120 295
SuTonp K| 5 25 1 295
Sus Fiber 0.6m SiO2 0.8m SiO2  0.6m Si 0.8m SiO2
Fiber Type Fiber Fiber Ribbon Fiber
- 220r Cade: Input Power [W] 125 125 450 125
instalaion Arm Power kW] 800 800 3200 800
Advanced W Wavelength [nm] 1064 1064 1560 1064
" esign | T NN Suppression 1 5 30 5
Coating Type Si0:TaO TBD AlAs:GaAs TBD
Beam Size [cm] 53 /6.2 8/94 5.3 /6.2 11/12
2015 2020 2025 2030 SQZ Factor |dB] 0 6 10 10

F. C. Length [m] 0 16 300 1000







Facilities of LIGO-Taiwan AS
NCU

) _ Cryogenic & Electronics lab.
Analysis & Optics lab.

NTHU

Coating lab.

Academia Sinica
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Current activity of LIGO

e Calibration

* Error estimation pipeline

 Systematic error study based on the simulation
 Coating

* Large coating method

* Low loss method

* Cryogenic measurement system



Modeling of Interferometer

Digital m

Filter

IR
---'/. «‘,
4 /I

—

Realtime interferometer control Calibration pipeline

Changes of arm length are measured between Actuator and Detector
So, we can separate A and C part by estimation accurate model of A and C

e Definition of Calibration - Parameter estimation of A and C

- Definition of Reconstruction : Calculation from interferometer response

28



Modeling of Interferometer

Low Noise =\ / J / S ) : rTT T T T T T T T T T ﬂ|
Electrostatic 3

T res - |
Aetuator Top Mass 0 0 DO ° SenSIHg :
End Test ) \ s I
Mass Y Upper // 5 \// C I/C(model) |
Intermediate |
Mass (U) _ :
e|E H 'Y L. I

X | <
= > Penultimate P ‘ Dlgltal l
Mass (P) 0 Filter —— '
Electromagnetic ey |
Actuators . "N |
I | Actuation A ,
Input Test ¥ |
Mass Y Test Mass (T) A I 4 l g A(model) :

|
| | |
| | |
- H ! ' :
From X Arm Ctrl : :. I
Laser 4 km \ ----------------------------------
| '?51’;‘;: o E“;f;e;‘ iy el s Realtime interferometer control Calibration pipeline
GW H(Hi‘:()lﬂ Port * Actuator

Changes of arm length are measured between Actuator and Detector

So, we can separate A and C part by estimation accurate model of A and C
—p Definition of Calibration - Parameter estimation of A and C

- Definition of Reconstruction : Calculation from interferometer response

29



Reconstruction of LIGO

Low Noise

| \

' Digital

E @'— Filter
I I

Actuation

___________________________________

Realtime interferometer control Calibration pipeline

derr, detrl > h(t)

Modeling error -> Calibration error

We reconstruct h(t) by modeling time-dependent Sensing and
Actuation factor

h(t) = AL?(t) = C 1« dere(t)/L + A * detr1(t) /L

30



Development of pyDARM

pyDARM
e python DARM model

* Interferometer modeling

* Filter generation for
reconstruction

e Calibration parameter
and filter

e Systematic uncertainty
estimation of provided
h(t)

Do this once to set up reference model

ensmg
function
measurement

Actuation

function
measurement

Additional
(CERGCINERS

Divide out
everything except
optical response

MCMC over
physical

parameters

Produce sensing
model from MAP
and save posteriors

Divide out
everything except
actuator response

MCMC over
physical
parameters

Produce actuation
model from MAP
and save posteriors

FE filters/params
GDS filters
DCS filters

HDF5 file of MCMC
posteriors

Divide out everything
except sensing/
actuator response and
time varying parameters

Gaussian
process
regression

Residual sensing/
actuator frequency
dependence and
uncertainty

HDFS5 file of GP
hyper parameters

Once to set up, then
periodically
throughout the run

Do this for each
trigger or event

Sample Gaussian
distribution of
calibration lines to
generate kappas

R/Rnom_Gen

HDF5 of response
function deviations




History of pyDARM

» O1: Matlab model only, simplified error analysis

» O2: Combination of Matlab and python codes used for

modeling, filter generation, error/uncertainty (Bayesian)
estimation

» O3: pure python codebase, but awkward to use (not
modular, not easily extendable, doesn’t integrate well, etc.)

» O4: modular python codebase, installable using pip/conda-
forge/source



LIGO calibration code sprint on Dec.2 1:00 am -9:00 am

Calibration activity

* Development of systematic error
estimation tool based on the
interferometer model

* pyDARM = python base Differential ARM
length modeling code

* Taiwan team are developing new software

Jameson Rollins Afif Ismail

NCU staff

M Ma'arif

NCU student



CALIBRATION PARAMETER ESTIMATION
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* Provide hourly calibration error for the world wide collaborator



Coating study
|

‘Assignment of human resource for taking over
. | postdoc and 1 Ph.D. student
visit NTHU constantly.

Taking over | |

: - ==
-~
'S

1 master student stay in NTHU
and focus on CVD method

NTHU Prof.Chao NCUSAS Yuki Inoue (Training now)
- Prof.Chao will retire at next summer

- Yuki is taking over his coating facility | - Technical staffs and 1 master

- Process of taking over is ongoing student focus on development of
- Prof.Chao plan to continue the cryogenic loss measurement
research in Yuki’s group system in Academia Sinica
High Priority studies 2022 plan
1. Verification of large aria coating with CVD method »Prof.Chao&Yuki

2. Optimization of fabrication process for low loss coating »Prof.Chao

3. Development of cryogenic loss measurement system »Yuki




Strain [1AHz)

Reflectance (%)

LIGO coating

— Quantum noise

— SeiSmIC Noise

- Gravity Gradients

- Suspension thermal noise

== CoOating Brownian noise

= = = Coating Thermo—optic noise
= = Substrate Brownian noise

Excess Gas

== Total Nnoise

100 —
90 e \ Dielectric Mirror Anatomy
80 Reinforced '
Reflected /
\ Light Waves T
70 \ \A /_/
) : 1J4 Hi
" N\ AN Jua igh.
40 — 21 pairs Img - - — Index Layer
o |\ o - i
s 40 pairs T ve
= Index La
2 Mt [Ny o Cayer
TAWZAY"
10 nghl&?olbhed
lass Figure 6
0 Substrate
950 1000 1050 1100 1150 1200

Wavelength (nm)

2kpT 1 — o2

S,t(f') — 71'3/7 {¢subelmtc

2 (1 =20)d

JT (1 —0) Ed)"

* LIGO employs Ta20s5-TiO2 coating with Fused

Silica mirror

* lon Beam Sputter (IBS) method is used in the

fabrication process

* They still have a challenging issue for the large

area coating with IBS.



IBS coating in LIGO

-
£

t
(\Q\

-

\us

Two aLIGO mirrors are coated simultaneously with planetary rotation and masking to ensure the
thickness uniformity (all Zernike poly terms <0.5nm was achieved for a-LIGO)



Fabrication of SiN film on Silicon by Plasma
Enhanced CVD method

SiH,

NH; | | N,

RF power
20W, 13.56MHz

Pres: 1Torr

plasma

SiH, + 4NH; — Si(NH,), + 4H,
3Si(NH,), —— Si;N, + 8NH,

Ref : Donald L. Smith, et al.“ mechanism of SiN,H, Deposition
from NH;-SiH,4 plasma”. J.Electrochem. Soc. 137, 614-623(1990)
Ref : J. N. Chiang, et al “Mechanistic Considerations in the

Plasma Deposition of silicon nitride film” J. Electrochem.
Soc. 137, 2222-2226.(1990)

Adjusting the ratio of the gas flow rate, the

Deposit on polished surface l

composition of the SiN film can be changed

Pump out _—

With fixed N, gas flow at 980 sccm, we used 5 recipes with different gas flow rate :

Gas flow rate Composition thickness * Refractive index’ Young’s Stress Uncoated Coated
SiH,/NH;(scem) (nm) @1550nm modulus (GPa) (MPa) cantilever cantilever
frequency frequency

45/15 SiNg 40 159.14£2.7 2.300£0.006 103.7£5.6 120.2%15.5 103.42 103.47

38/22 SiN 49 179.2%1.4 2.138%0.005 107.0£10.8 143.8%13.2 107.32 107.38

25/30 SiNj¢s 198.510.8 1.930+0.002 131.614.8 256.716.6 104.88 105.02

15/45 SiNj 79 204.4%1.5 1.816+0.001 137.7£9.7 382.2+21.3 107.37 107.53

8/48 SiNj g7 211.8140.1 1.783%0.001 137.0£9.2 412.7420.0 106.93 107.5




Development of loss measurement system
- Characterization of thermal property-

Cryogenic mechanical loss
measurement system

Cryogenic Optical loss
measurement system

S N

_ . - Installed two thermal stages pulse tube cooler
: ; I . for coating system
Bojs . - By injecting power for each stage, we
g . [ measured thermal loading map
e loas - We can keep 4.2 K with 0.25 W (low stage),
"] & ow T 10W (high stage)

0 35 40 45 50 55
g 50K stage temperature [K]

N
w

3

We confirmed the enough heat capability of our cryogenic system



Coating measurement system

t0

11111

Gthermal noise & \/T¢loss(a)) 0

Smmx@®3 inchs

Frequency[Hz]

720Hz 1653Hz

/\

1st mode 3rd mode

\

e ration
H H envelope

displacement[m]

-1.0
0

12 14 16 18 20 22
Time[s]

* We are developing the coating characterization system for
measurement of coating in CHRONOS.

& CHRBNOS




Moving stage 1

Cryogenic photo-thermal common-Eath interferometry system

Cryogenic chamber

Probe laser

Chopper .

Pump laser

50K -

4K
Sample

(Coating&reference)

Moving stage 2

Lock-in
Amplifier

* We will mount the radiation shield around the sample

Moving stage 1: Replace Coating sample
and reference sample * We can replace the mirrors with piezo motor.

Moving stage 2: Alignment of sample position  « we employ the high purity aluminum wire for moving cryogenic stage.

4






2035 :START OF GW

IntrOdUCtion SATELLITE MISSION

years for GW science in
Taiwan??

43



2035 :START OF GW

IntrOdUCtion SATELLITE MISSION

=CHRBNOS

15 years What should we do 15
years for GW science in
Taiwan??

44



CHRON 0S5 OverV1eW

Cryogenic sub-Hz cROss torsion bar detector
with quantum NOn-demolition Speed meter

S CHRBNOS



Collaborator of CHR()N()S

Ko-Han Chen Debby Lin NTNU

Chen Chuan-Ren
TKU Chrisna Setyo Nugroho

Guo-Chin Liu

Miftahul Ma’arif Martin Spinrath

Hong-Lin Lin
Tsung-Chieh Ho
Dennis

You-Ru Lee
Hsiang-Yu Huang
Chiu Yi-Hsuan
Tseng Shun-Lin

Academia Sinica
Tsz-King Wong
Fong-Kai Lin
Cheng-I Chiang
Hsiang-Chieh Hsu
Afif Ismail

Niko

Chen Yung-Ying




CHRONOS Overview

B Mission: Search for Intermediate black hole on Sub-Hz range

B Method: Interferometorical Speed meter

B Full success: First detection of Intermediate Black hole merger
on O(104M®@) range

B Unique point: 10m x 10m Observatory

SPEED METER

Key technologies

CRYOGENIC I TORSION BAR

CHRBNOS



CHRONOS Phase

B Location: Underground site in Taiwan

B R&D is ongoing

B Phase 1: R&D for Key technologies (2020-2022)
B Phase 2: Integration test in ASGRAF (2022-2025)

B Phase 3: Insulation and Commissioning of
CHRONOS in Underground lab (2025-2027)

—_— — z =

| CHRONOS S target observatlon year = 2027 }

%CH RBNOS



Fabry-Pérot Michelson vs. Sagnac Speed meter

( Sagnac Interferometer\ f 0" e o
(smdmter) - 0888 R - e s
¥ .
> 10
£
€
-
3
b "
80
¢
e
:. 10" | et bl . - weees : b A A A Ald | b d iidl
ﬂ = 10' 10’ 10’ 10’ 10’
\Photo diode® Glasgow J k Frequency [Hz) j
Fabry-Pérot Michelson Sagnac speed meter

Input ma=F=Aexp(iwt) ma=F=Aexp(iwt)

Output [IxXI=A/mw?2)expliwt)=F/(mw?2) IvI=A/(mWw)exp(iwt)=F/(mw)

=CHRBNOS




LIGO White paper

LASER INTERFEROMETER GRAVITATIONAL WAVE OBSERVATORY
LIGO

LIGO SCIENTIFIC COLLABORATION

Technical Note LIGO-T2000407-v3

Instrument Science White Paper
2020

LIGO Scientific Collaboration

LIGO Scientific Collaboration

California Institute of Technology
LIGO Project, MS 100-36 LIGO Proje
Pasadena, CA 91125
Phone (62 2120
Fax (626

F-mail: infotilig

Room N 295

~mail: info

LIGO Hanford Observatory LIGO Livingston Observatory
P.O. Box 15 19100 LIGO Lane
Richland, WA Y Livingston, LA 70754
Phon
Fax (50K

F-mail: infotilig F-mail: infot

Massachusetts Institute of Technology

SPEED METER

Normally, a GW detector measures the test mass position at different times to infer the
signal. However, position at different times does not commute with the Hamilton operator of
a free mass. According to quantum measurement theory (151). such a measurement process
inevitably introduces gquantum back action and perturbs the test mass motion. (In the
context of GW detectors, the back action is the radiation-pressure noise.) In order to evade
back action, one needs to measure the conserved dynamical quantity of the test mass—the

The latter is roximatel roportional to speed. which is why a speed meter

It has long been known that eryvogenically cooled test masses can have much i1n|>1‘n\w] marte-
rial parameters which lead to significant reductions in thermal noise. However, operating at
cryogenic temperatures presents multiple new challenges which need to be addressed. The
most pressing is to find ways to cool the temperature. to isolate the mirrors from their hot
surroundings and to constantly extract the deposited laser heat without short-circuiting the
suspension and seismic isolation system. Detailed thermal models have to be developed and

LIGO also has common technical issue for future GW technology

=CHRBNO




Procedure of technical demonstration in LIGO

TEST FACILITYIES

GAHTEGH 40M

LIGO HANFORD OBSERVATORY

GE0GO0 =
i S

GLASGOW 10M

F_'Eﬁ'ﬁ, )

There 1s no test
. . facility of LIGO iIn
A 5 Asia!
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Academia Sinica Gravitational physics
Research Facility (ASGRAF)

B Location: Academia Sinica Institute of Physics
(B1 floor)

B Environment: 10m x 11m Class 10000 clean room
and Class1000 clean booth
B Cryogenic Interferometer

B Main purpose: R&D of gravitational wave
technologies

SCHRBNOS



Academia Sinica Gravitational physics
Research Facility (ASGRAF)

B Cryogenic Active Vibration isolation system

B Controlled by Digital Control System

{

B Dual recycling interferometer

1_
4

B Verification of calibration instruments

B Apply for Geoscience

SCHRBNOS



Benefit of ASGRATF for future application

B We can give a good training of interferometer control in
Taiwan. We will send the human resource to LIGO after

COVID-19.

B We can test the new GW technology in Taiwan. If we can try
actual contribution, ASGRAF will be a test facility of LIGO In

Asia.
B CHRONOS itself has interesting science. This technology can
be applied for future LIGO. In any case, our effort can be led for

the essential contribution in GW science

B System is totally same as LIGO. So, we can test the LIGO’s
software in ASGRAF.




Expected Science
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Comparison of principle
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Torsion bar in Gravitational Wave

* Torsion bars keep staying through the metric

* Tensor mode metric perturbation (= Gravitational wave) change the relative
angle of cross bars

* By measuring relative angle, we can reconstruct the gravitational wave foam, h(t).

& CHRBNOS




Resonant frequency

LVK CHRONOS
Tmm
<+—>
.E type
¢ Sapphire
Pendulum Torsion bar

EOM |mx +cx+ kx=F Ié+F9+u9:T

Resonant

r ; 7TG7°4 )
e - G 2(1+v)
Typical value O15HZ OOO4HZ
(I=10m, d=1mm) \ '

We can dramatically reduce resonant frequency

SCHRBNOS




Cross section of CHRONOS observatory
VESE 255

Suspension

.

@ Server

1om 3m

S CHRBNOS




Seismic isolator

Lab test Underground site

g | x1/10
7 |
%y <1/1000
S x1/10¢

Expected Attenuation factor for rotation: 1/1012

& CHRBNOS




Speed meter technique

.« O¢Pcwoe B1(t)+02(t+ T)
e OQPccwex B2(0)+601(t+T)

. O Qout=T (Wcew-wew)

« We measure the phase
delay of CW and CCW

beams.
e Time interval, T, should

be same.

« Similar to Sagnac
Gyroscope.

S CHRBNOS




Speed meter technique
04(t) 0a(t)

(G_) . 8 dowe B1(1)+62(t+T)

G e OQPccwex B2(0)+601(t+T)

. O Qout=T (Wcew-wew)

m m e Install the ring cavity
\ to amplify the signal.

\'/ e Power recycling cavity
‘ c and Signal recycling

cavity are also employed

e Differential angular
velocity.

//
O @ouT

S CHRBNOS




Cryogenic vibration isolation technology

— 50, = JAykyT/(Iw?)

N ~ 8 : M 2
meam - Z\/d)mns's'/‘h’T/(‘wwhm w)

.
AN SRR To attenuate the brownian
ST S gl X :

RN P A motion, we cool down the
R Tt s LA

STt suspension system

SCHRBNOS




Overview of CHRONOS Cryogenic suspension system

Cryogenic Cross Bar .

& CHRBNOS




Sensitivity

10-14
—— guantum noise
10-15 ——— total noise
—— suspension noise
10-16 —— bar thermal noise
\ ~— Vacuum noise le-7
§ 10-17 | — Vacuum noise le-6
£
@ 10718
=)
g 10—19 :
= : - ‘
% 10720 § \
10-21 1
10-22 ‘
10-231...., vy Ty
103 102 1071 109 101 102 107
Frequency(Hz)
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Research team of CHRONOS

Pl: Yuki Inoue Co-Pl: Henry Wong

MAIN INTERFEROMETER ASGRAF THEORY
Leader: Daiki Leader: Yuki Leader: Henry
: ] ] Sensitivity
Optics Jeff, Niko, Ko-Han Cryogenic Hsiang-Chieh,
Yung Ying Code A: Jeff, Hsiang-Chieh, Daiki
_ ] Code B: Afif, Arif, Chrisna, Hsiang-Yu
VIS Daiki, You-Ru, Hsiang- Coating Chao Shiuh, Debby Exotic sciomee Chrisna, Arif. Afif.
Chieh :
Infrastructure Feng-Kai, Martin
E h k fif
Onsite Analysis Hsiang-Yu, Afif, ® Cheng- arth quake Afi
Arif :
I‘SGRAF Astronomy & Guo-Chin,
o Cosmology Hsiang-Yu
Demonstration of Prepar_atlon of '—'St'n_g up t_he
locking and onsite * Lab enwronme-nt possible science of
analysis tool for to accept main CHRONOS based

iInterferometer in on the expected
2023 June sensitivity

the observation



Test in National Central University

- R&D of interferometer control

- Establishment of procedure

for digital feedback control

and onsite analysis
- R&D for input optical system
to provide high quality laser
- Training for staff and student

for ASGRAF phase




Output optics

NCU obseryatory (Physics department)

A

Input optics

X-arm

Y-arm
We develop the Michelson interferometer system
‘ | .. R B for the test of the digital feedback control.
{~., o m e We will test the Sagnac interferometer for the
| : ::: ) ; pre— “WEW tcst of speed meter after Michelson test.

oo A ; ‘. P
2 f ._:‘.?._\ » Even if it is COVID-19, we can learn LIGO’s
interferometer system in Taiwan.




NCU observatory (Physms department)

Output optics
‘ ‘”Wﬂ
lnterferometer — % — e e

1 - *"‘
=

’A-!"" I

Input optics

L iy : Y-arm
‘ 1 P9y e S Daiki Tanabe B the Michelson interferometer system
y: : 1 ; A (. ¥ est of the digital feedback control.
A | : (POStdOC) test the Sagnac interferometer for the
; : ::: (s, N = M \@ test of speed meter after Michelson test.
'.'.' .':.':1 i: ' " Even if it is COVID-19, we can learn LIGO’s

interferometer system in Taiwan.



Studies of main interferometer

VIS _ Optics DGS
(suspension)

(digital system)

v Mode cleaner

v Two suspension

. . v Intensity stabilization v Monitors
v Passive damping o
. - Frequency stabilization v Digital feedback
- Active control
v Data storage
- Vacuum chamber Noise improvement by

intensity stabilization - Control GUI

10° 4 locked

10-2 4

PD signal “" |
(VIrHZ) o

1079 4

10-10 4

10-1 10° 10! 10? 10° 10*

Frequency (Hz)




Input optical system
E(x,y)=Aexp(iwt)

Beam Intensity Phase

Mode Intensity
cleaner

Frequency
Stabilization | | Stabilization

INTERFEROMETER]| |
Mode Cleaner LENS .

1Y)
LENS

=<

J AQWP LENS

= $—0—0—D
LENS I[ :ll

(7 i [E DCPD 1 Ref. Cavity

CCD

LENS
m LENS

* To keep the lock acquisition
state constantly, we need to
provide high quality laser beam

EOM

==
AOM
LENS Y

EOM

A

Faraday HWP

Isolator
Faraday
Isolator

* By using feedback control

system, we stabilize the laser
beam.

7

OPTICAL LAYOUT OF INPUT OPTICS

Laser

=CHRBNOS




We need further vibration isolation

VlS SUSpenSiOn nOise to make interference.

Seismic & wind

oomnet P e

'| Power spectrum |

K1:VIS-Xend_Fil_TM_L_IN1
K1:VIS-Xend_Fil_TM_Y_IN1
K1:VIS-Xend_Fil_TM_P_IN1

X-end

Acoustic

10"

102

10°

« larget level

10°*

Magnitude

Now the suspension noise is
limited by

- Oscillation of the building
- Wind

‘ 10

107 10"

| Power spectrum |

Y-end

10%

K1:VIS-Yend_Fil_TM_Y_IN1

K1:VIS-Yend_Fil_TM_L_IN1
K1:VIS-Yend_Fil_TM_P_IN1

10°?

«~_larget level

i T 10°
I 10*

I8 | 7022800212022 11:14:39 Avg=11

Magnitude

‘ Next we apply active damping
| ° ” and vacuum pumping.

BW=0.0117187

J



Test in Academia Sinica

- Preparation of infrastructure
to accept NCU interferometer
at early 2023

- Development of cryogenic
measurement environment

with large chamber




Temperature of large chamber
We need to achieve the 4K temperature at

main stages. We need to reduce the
thermal loading and establish the heatlink
technology with pure aluminum wire.




Overview of Cryogenic system

® Multiple Applications cryocooler
system with Realtime feedbacked Low
Environmental background (MARLE)

consists of 3 chambers

N Y
n l- )

SIDE POD =

B

= CRYOGENIC CHAMBER - MAIN CHAMBER

HEEELEEEENER
[ N ] 5
14 G
/ [ | >

® Cryocooler : 2-Stages pulse tube cooler

® Stages temp. : 50K, 4 K

® CHRONOS requirement : 4K

Filling sand



Setup of cryogenic system

Compressor

®Optical table and standalone server are prepared

| Cryogenic chamber |

Standalone

o

(Digital Control system)

50K cooling head
heat links (50K)

Stage of 50K for
testing

4K cooling head

Stage of 50K for testing
(in Run002, we do not
install the heat links for
4K)

| Optical table

Chiller(to be upgraded
to be more powerful)

50 layers MLI
cover the 50K
stage

MLI cover the 4K
cooling head




Feedback control system

®Feedback control :
QVibration noise almost large enough to swamp the signal we are looking for

QDo more than barely make the instrument work : use feedback to control the
relevant angles and positions

"6 degree of freedom?
QTranslational vibration couples to the rotational motion

Accelerometer

(seimometer) Pitch T Roll
iﬂzE%ﬂr

Piezo Flexure Actuator
P-844 Preloaded Piezo Actuators



Development of loss measurement system
- Characterization of Vibration-

Accelerometer - \We measured the vibration from PTC

““"A - To mitigate the periodic vibration from PTC
(~10um), we are developing active damping
vibration isolation system

- To make error signal for feedback, we start to
Install the accelerometer and photo sensors.

- We plan to finish the initial test within 1.5
month

- From May, we will start the optical test for loss
characterization svstem with mv students

1074 5

—— Hrizontal
— \Vertical

5 5 : -5 |
Vibration measurement with 107 3

laser displacement sensor

1076 5

ol - R

\ 1077 3

1078 5

Displacement noise [m/sqrt(Hz)]

10~9

10-10

10_11 LA | v v v LA B AL | v v v LN L AL | v v v LN BB AL |
1071 10° 10! 102
Frequency [Hz]




3. Listing up the science and sensitivity

= |Intermediate Black hole
Astronomy ==l

= Contentious Wave

-SMBH marger?

Test of Gravity * - Black hole spectroscopy

Cosmolo ->
g8y = Black hole binary with host galaxy

* = Earth quake in Taiwan

- Hidden photon
Exotic science ==l { _, ..,

= Yukawa Gravity

= Stochastic background

Geophysics

By collaborating with theorist, we need to list up all
science possibility with sensitivity curves. We will discuss
It In Theory session.



Earth quake measurement in Taiwan

 Dynamical of mass inside the earth surface can generate a perturbation to gravitational
potential on the surface of the earth

* |t can be observed by strainmeter throught gravity strain

L 7/
h(r,t)z/0 dT’/O dr V ® églr, 7].

 Harms (2016) provided a numerical calculation method to compute the gravity strain signal by
solving the equation with double-couple source (symmetric moment tensor) in homogeneous
half-space (the signal is sourced from the underground).

118° 120° 122° 124° 126°
H 7

We can cover all Taiwan region for
detecting earthquake around M 6.0

Number of detectable earthquake events from 1995 until 04/2021
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Simulation and Sensitivity

SIMULATED GRAVITY STRAIN FROM MOMENT TENSOR DATA IN TAIWAN

Gravity strain

Gravity strain
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Collaboration is very welcomel!!

B Development of ASGRAF (Software / Hardware)
B Vacuum, Electronics, Machining, and Cryogenic

B Application of active damping cryogenic system for other
experiment (CMB, Dark matter, ..)

B Astronomical research for Intermediate black hole
generation process

B Study for Stochastic back ground

B GEO science and analysis with ASGRAF data



Summary

B Gravitational wave was detected by LIGO. Nowadays, we can
observe gravitational wave every ten days.

B AS-NCU-NRHU group start the LIGO study from 2021. We
focus on calibration and coating study.

B Construction of ASGRAF is ongoing. We will test the new

technology for future R&D. We would like to apply our facility as
one of the test facility of LIGO in the future.

B R&D of Taiwanese GW experiment, CHRONOS, is ongoing.
We are testing key technology in NCU and Academia Sinica.




