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• NCU have contributed GW science since 2017. 

• NCU is one of the institute of LIGO scientific 
collaborations 

• Taiwan-Instrumentation group (NCU-AS-NTHU) 
are joining LIGO and do the studies of Coating 
and Calibration 

• Worldwide observation is ongoing (From 
Mar.25 2023). NCU students also join 
commissioning work of observation 4 at 
Hanford Observatory. 

• ASGRAF is constructed and installation work is 
ongoing. 

• R&D for future studies is also on going.

Introduction



Science



• Science target is observation of gravitational waves.


• GW is generated by the oscillation of the massive 
object.

How to generate Gravitational Waves



Metric
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Typical gravitational wave strain sensitivity

=
Schwarzschild radius

Distance from the source

Solar mass NS-NS: rg~3km 
Typical distance: 100Mpc h~δL/L~10-21

Amplitude of GW is very tiny

~2000km

δL~2000km x 10-21 
        ~10-15m~1fm

Proton radius
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Compact Binary Coalescence 

◻BH-BH, BH-NS, and NS-NS (BH= Black hole, NS= Neutron Star)

◻Observed as Unique Chirp signal

◻LIGO and Virgo can observe it every 3 days



Gravitational wave source
BINARY SYSTEMS SUPER NOVA

STOCHASTIC BACKGROUNDPULSER



KAGRA
Virgo

LIGO Hanford

LIGO Livingston

LIGO India (Hingoli, 2030)

Gravitational wave observation network

Now!
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Observation 4

• Observation 4 has started from end of May. Livingston and 
Hanford are taking data well. 64 events are detected. 

• We detect the gravitational wave event every 3 days. 
• Commissioning break b/w O4a and O4b will be held on next 
January. 

• Data release is planed middle 2024 for O4a



Observation 3 result



Some important events in O3

Neutron star and Mass gap
Intermediate mass black hole



LIGO interferometer



• Dual recycling Fabry Perot Michelson Interferometer


• 40kg test mass


• 125W laser

Interferometer of LIGO



Squeezing 
(i)GW

(ii)Vacuum 
state

(iii)Output

a1: Amplitude 
quadrature 

a2: Phase quadrature 

Im

Re



Frequency dependent Squeezing

LIGO and Virgo will test this technology in O4b.



LIGO Hanford



Schedule of future experiment



• Future experiment after O5


• Cryogenic LIGO


• Coating study is ongoing.


• Cryogenic coating characterization 
system is necessary. 

LIGO Voyager



Activities of Taiwan-LIGO 
instrumentation group



Taiwan-LIGO instrumentation group
National Central University

Academia Sinica

Yuki Inoue (PI)
Ko-Han Chen
Miftahul Ma’arif
Dennis
You-Ru Lee
Hsiang-Yu Huang
Eason Lin
John Chen
Avani Patel
Niko Alosius
Kun-Yao Chang 

Tsz-King Wong
Feng-Kai Lin
Hsiang-Chieh Hsu
Daiki Tanabe
Debby Lin

NTHU
Chao Shiuh

Zi-Yu Wong

Tong-Yu Chen

Chung-Huan Wong

20 staffs and students join our group
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~20km(20min)

~30km(46min)

Academia Sinica

NCU

NTHU

Cryogenic & Electronics lab.
Analysis & Optics lab.

Coating lab.

NCU AS

NTHU

Facilities of LIGO-Taiwan



• Calibration 

• Systematic Error estimation in O4 -> Hsiang-Yu, Arif, You-Ru (3 members) 

• Calibration model with quantum effect -> Yuki, You-Ru, Avani (3 members) 

• Bulk deformation systematic error -> Daiki, Niko (2 members) 

• Generation-4 Calibration instruments -> Yuki (1 member) 

• Core Optics (Coating) 

• Fabrication with LPCVD -> Kun-Huan, Debby, Prof.Chao (3 members) 

• Mechanical Loss measurement system -> Zi-Yu, Chung-Huan, Daiki (3 members) 

• Optical Loss measurement system -> Tong-Yu, Kun-Huan (2 members) 

• Future technology 

• NCU interferometer-> Arif, Dennis, Jhon, Eason, Niko (5 members) 

• ASGRAF-> Daiki, Feng-Kai, Zi-Yu, Chung-Huan (4 members) 

Current activity in our group



Modeling of Interferometer

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

Definition of Calibration：Parameter estimation of A and C

Definition of Reconstruction：Calculation from interferometer response
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Modeling of Interferometer

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

Definition of Calibration：Parameter estimation of A and C

Definition of Reconstruction：Calculation from interferometer response
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Reconstruction of LIGO
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We reconstruct h(t) by modeling time-dependent Sensing and 
Actuation factor

derr, dctrl ＝ h(t)
Modeling error -> Calibration error



Development of pyDARM
• python DARM model


• Interferometer modeling


• Filter generation for reconstruction


• Calibration parameter and filter


• Systematic uncertainty estimation of provided h(t)



Quick Progress of O5 model project

Requirement of O5 model
- Including Homodyne detection angle 
- Including Detuning angle
Non-zero φ and ζ model is required!

Our approaches
Yuki Inoue: Development of analytical model

You-Ru Lee: Comparing the accuracy of 
analytical model with Finesse3

Finesse3 
simulation

Analytical 
model

Input parameter

You-Ru’s 
contribution

Yuki’s 
contribution
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Calculate C function from creation/
annihilation operator under liner 
perturbation theory 

Simulate C function with Optical 
simulation software

Comparison! 
New approaches!



Interferometer Model
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Homodyne angle:ζ

Detuning angle:φ



Comparison with simulation

Consistent with simulation!

 ζ= π/2
φ= π/2 



Bulk deformation of LVK

5,946Hz

8,153Hz

RotationLength

Internal mode

Length motion

Photon Calibrator

Taiwan calculate all LVK systematic error

- Calibration instruments to measure C and A 
- Inject independent laser beam for pushing mirror surface 
- We can separate 3 components 
- Rotation error is one of the major systematic errors 
- Estimate the effect by FEM simulations (Ansys and COMSOL)

Dr.Daiki Tanabe



4G Calibration instruments
Based on the experience of 3G 
Calibration instruments development in 
KAGRA. We are designing future LIGO 
Calibration instruments around 2029.



Optics(Coating)



Contribution of LIGO 2 (Coating)
Development of High quality coating technique with Chemical Vapor Deposition method

- LIGO employs Ion Beam Spattering 
Coating


- Large area coating technique


- Taiwan has high quality 
semiconductor technique


- Development of new coating method 
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Current problem  and approaches
High index material (Ti:Ta2O2)

Low index material (SiO2)

I.W.Martin et. al.(2009)

There are low temperature 
mechanical loss peak for 
both materials.

By using  LPCVD method,  
we will reduce the cryogenic 

peaks and optical 
absorption
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Approaches

SiO2
Low index material

High index material 

Ti:Ta2O2 Plasma  enhanced CVD method

Plasma  enhanced CVD method Low pressure CVD method
SiON

SiNX
Low pressure CVD method

Optical absorption: 1.4e-5 @1550nm

Optical absorption:5.8e-7@1550nm

Optical absorption:5.8e-6@1550nm

SiON

SiNX

Optical absorption: Ongoing

Fabrication: Done!!

Developing GNS system

Developing GNS system

Fabrication:  
Gas line this Winter
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• Taiwan-LIGO instrumentation group (NCU-AS-NTHU) have developed 
coating with chemical vapor deposition (CVD) method. By using Taiwan 
Semiconductor Research Institute (TSRI), we test this idea.


• In his study, we need to reduce the optical absorption with low pressure 
CVD method.  The sample of high index material was developed. So, we 
focus on the development of low index material. However, we need to add 
N20 gas line to LPCVD system in TSRI.


• The proposal of gas line was approved in TSRI. The gas line will be 
prepared in April 2024.

Fabrication

38



• To make a sample of Cryogenic Cantilever method, we need to consider the KOH edging 
method. But, because of pollution of system, we cannot use the   it in LPCVD method.


• We decided to develop new cryogenic mechanical loss measurement system with GNS 
system

Measurement system
Cryogenic Cantilever system
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GNS system in Academia Sinica
Electric static actuator

Readout system
Digital System (Debian 11)
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Test is ongoing

QWP

PBS

Whitening 
Filter

DGS

ADC

DAC

Piezo or 
High power 
coil driver

Electro 
Static 
Driver

Oscillator 

✖

✖

cosθ

cosθ

sinθ

LPF

LPF

A

B

√(A^2+B^2)

Laser
HWP

QPD/Interferometer Optional



Cryogenic performance 

3.87K

2.80K

27.95K

34.14K
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Active vibration isolation system
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Future technologies



Academia Sinica Gravitational physics 
Research Facility (ASGRAF) 

11M

10M

◻Test facility for LIGO

◻Controlled by Digital Control System
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◻Class 1000 clean room



NCU observatory (Physics department)

Remote Control room

Interferometer

Input optics

Output optics
Current 

configuration

Y-arm

X-arm
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New students are joining R&D 
project of IFO. System will be 
integrated into future 
ASGRAF.



Digital feedback system
GPS/GPS antenna

Timing distribution 
system

ADC/DAC(PCIe on mother board )

+ Connection board 


+ Timing synchronization board

Epics gateway
Operation 

system

Computer

DAQ Data 
Concentrator NDS

DAQ frame writer

write on local disk

Data transfer

to  Analysis server

DAQ SERVER

I/O SYSTEM MONITOR SYSTEM

Sensor and Actuator
Realtime network

Realtime

feedback

Computer

A

C

D
Actuator

Sensing

Digital

Filter

DigitalAnalog

-1

Digital system (NCU/AS)
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Compact Digital system(KEK)



CHRONOS Overview
◻ Mission: Search for Intermediate black hole on Sub-Hz range
◻ Method: Interferometorical Speed meter
◻ Full success: First detection of Intermediate Black hole merger 
on O(104M◉) range

Key technologies

SPEED METER

CRYOGENIC TORSION BAR

◻ Unique point: 10m x 10m Observatory
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CHRONOS Overview
◻Location: Underground site in Taiwan 

◻Phase 1: R&D for Key technologies (2020-2024)

◻Phase 2: Integration test in ASGRAF (2024-2027)

◻Phase 3: Insulation and Commissioning of 
CHRONOS in Underground lab (2027-2030)

CHRONOS’s target observation year = 2030

◻ R&D is ongoing
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Cross section of CHRONOS observatory
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• 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).

Torsion bar in Gravitational Wave

3D CAD
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Sensitivity
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• O(104M◉) Black hole marger


• Stochastic background


• Newtonian Noise

Expected Science
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100Mpc

Stochastic



• NCU is one of the institute of LIGO scientific collaborations. 
O4 is ongoing (From Mar.25 2023). Detection rate is 1 event 
par 3 days in O4. 

• Data releases of O4a and O4b is planed at middle 2024 and 
2026.  

• Taiwan-LIGO instrumentation group is contributing Calibration 
and Coating. We are discussing the extension of MOU2024 
for contributing these technique. 

• ASGRAF is constructed and installation work is ongoing. 
ASGRAF will be used for LIGO and CHRONOS R&D.

Summary


