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LIGOPOLARBEAR/Simons Array KAGRA

• Research history:

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


• Alumina Filter, Alumina Optics, Cold Optics design, AR coating

• 2016-2021: KAGRA (Gravitational Wave experiment in Japan)


• Calibration and Reconstruction

• 2021-Now: LIGO (Gravitational Wave experiment in US)


• Calibration and HR coating

• 2025-Now: CMB

• 2026-Now:  CHRONOS


• Education

• CHiP International GW Summer school

• Design team of Bando Kobe Science Museum
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Team CHRONOS

 

National Central University Academia Sinica
Yuki Inoue (PI)
Masashi Hazumi
Daiki Tanabe
Vivek Kumar
Hsiang-Yu Huang
Ta-Chun Yu

Tsz-King Wong
Feng-Kai Lin

Senior Member
Chao Shiuh

10 staffs and students join our group

NCU-CMB group (from 2025 April)
 
National Central University
Yuki Inoue 
Masashi Hazumi

Calibration Analysis Core-Optics R&D Experimental Cosmology
Data analysis and pipeline 
development for Ongoing 
Observation

R&D for the new technology of 
GW with Taiwan semiconductor 
technology

Landscape of Gravitational wave 
stochastic background study with 
GW and CMB data
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Geophysical Gravity effects
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~20km

~30km

Academia SinicaNCU&CHiP

TSRI

Coating Fabrication

Test  facility & Optical Test
Analysis & Interferometer

Output Optics & Simulation

LIGO Hanford

LIGO Livingston

LIGO Aundha (2030)

Taiwan-LIGO instrumentation group and WorldTaiwan-LIGO instrumentation group and World

LSC fellow LSC fellow

LSC fellow (future)
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• Introduction 

• Principle demonstration phase 

• Gravity gradient phase 

• Gravitational Wave phase 

• Schedule 

• Summary

Outline
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Introduction

Science	target:	Gravitational	waves	and	Astrophysics

Project:	LIGO	Scientific	collaboration

Mission:	Observation	4	is	ongoing	


(2023	May-2025	end	of	Nov.)

Contribution	from	Our	group:	Calibration	and	Coating
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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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Gravitational wave source
BINARY SYSTEMS SUPER NOVA

STOCHASTIC BACKGROUNDPULSER

11



KAGRA
Virgo

LIGO Hanford

LIGO Livingston

LIGO Aundha  (2030)

Gravitational wave observation network
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Principle of Observation
Test  
massesNormal state GW is arrived

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

We focus on two test masses.
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Principle of Observation(LVK)

Photodetector Photodetector

We replace the test masses  
to the mirror. 

Laser Laser
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LIGO

- Dual recycling Fabry Perot Michelson Interferometer

- 40kg test mass

- 125W laser

- Frequency dependent squeezing option (LIGO and Virgo)



First Invited Patrick Brady 
Spokes person of LIGO  (2025 May)
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10 years anniversary from LIGO discovery

2015 Sep.14 The first detection

2017 Aug. 17 BNS

2019 May. 21 IMBH

2023 Nov.23 The largest Kerr black hole

2025 Jan.14 Hawking’s area law

2026 IR1
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Introduction 

2015 Sep.14 The first detection

2017 Aug. 17 BNS

2019 May. 21 IMBH

2023 May.24 Observation 4 start

2025 Aug. O4-a Data release
Main topics

10 years anniversary from the first detection of Gravitational wave 

O1, O2, O3
Previous works

OX = Observation X

O4
This Talk!

The first detection era! The statistical 
evaluation era!

It’s kind of phase transition to new era of GW observation! 

Main message of This talk!



Overview of O4-a

This talk focus on the result of O4-a data (GWTC-4)

Binary Range (Mpc) = 
average distance at which the detector can detect a compact binary coalescence with SNR = 8



Number of detections

O4c->GWTC-6
2027

Total number of events ~ 458
Every 2.8 days we detect new 
events

Data release plan

The era of O(100) events!

Binary Neutron Star 
Binary Blackhole 
Neutron star- Black hole binary

Compact binary coalescence

Events
LIGO onlyVirgo joined



O4-b result



Hubble constant

https://arxiv.org/pdf/2509.04348

Bright siren: BNS with optical counter part 
Dark siren: BBH with estimated host galaxy  
Spectral siren: Use mass distribution Mdet = (1+z)M



Principle of spectral strain method

Universe expands → redshift z stretches GW waveform:

If                has strong features (peaks/cutoffs), their 
redshifted positions constrain the cosmic expansion.

Hubble constant is consistent with other method.



High SNR event

SNR~80!
1.Hawking’s area law 

2.No-Hair theory (Kerr Nature of BH)

Tests of

Prediction Direct estimationvs.



Hawking's area law
Goal: Experimental verification of Hawking’s area theorem

Evaluate:



Stochastic background source
AstronomicalPrimordial

- BBH and BNS- Initial fluctuation
with Inflation

Phase transition

- Cosmic string
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Next expected discovery: 

Astronomical Stochastic Background



CMB

The new window of GW observation?

Bridge b/w LIGO and Lisa



CHRONOS Overview

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

SOLIDWORKS Educational Product. For Instructional Use Only.
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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 (2020-2025)

◻Phase 2: Integration test (2025-2033)

◻Phase 3: Construction of CHRONOS in 
Underground lab (2030-2035)

CHRONOS’s target observation year = 2035

◻ R&D is ongoing

32



SOLIDWORKS Educational Product. For Instructional Use Only.

SOLIDWORKS Educational Product. For Instructional Use Only.

Large torsion bar demonstration

Suspension systemCurrant Lab

Small demonstration

Current system

U
pg
ra
de

Optics

Summary
of

CHRONOS

Reuse

Reuse

interferometer

Demonstration



Comparison of principle
LIGO-VIRGO-KAGRA CHRONOSGW GW

34LIGO and CHRONOS have Independent detection method



CHRONOS test mass
We need to monitor the angle by 
laser interferometer method. 
ORIGINAL PAPER

TOBA and TorPeDOR already demonstrate the principle of torsion bar 
detector.
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Demonstration with mini-CHRONOS
- 300mm torsion bar 
- First Demonstration of technology 
- Educational system 
- Text book and lecture 
- 10days program

SOLIDWORKS Educational Product. For Instructional Use Only.
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Winter school and Summer school

We organized CHiP International 
GW summer/winter school! 

In the school, we tried to 
reconstruct h(t) signal from 
interferometer response.



Winter school and Summer school

We organized CHiP International 
GW summer/winter school! 

In the school, we tried to 
reconstruct h(t) signal from 
interferometer response.

Place: National Central University, Department of Physics 
Target: Undergraduate and Graduate student 
Language: English (Staffs can support with Chinese) 
Registration: 2026Mar.23 - 2026 July31 
Date: 2026 Aug.17 - 2026 Aug.31 
Participent: 20 
Registration Fee: 3,500NTD  
Contact: Yuki Inoue (iyuki@ncu.edu.tw)

校長:井上 優貴
台湾 国立中央大学准教授Registration

Lecture	and	Hands-on	Experiment:		
Training	for	Gravitational	Wave	interferometry	specialists!	

3 participants are still acceptable!



Quantum Non-demolition 

KIP S. THORNE

One of the historically important questions for the 
quantum measurement. 
1927 Heisenberg Uncertainty principle

Challenge to Heisenberg Uncertainty principle!

GW detector can improve the sensitivity more than 
standard quantum limit. 

 C.M. Caves, K.S. Thorne, R.W.P. Drever, V.D. Sandberg, M. Zimmermann, Rev. Mod. Phys. 52, 341 (1980)
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?

http://dx.doi.org/10.1103/RevModPhys.52.341


Non-demolition system?

Photo detector = δθ(t+τ)-δθ(t) = Ωτ measurement,
where τ is constant.

non-demolition!
40

Speed meter!

Probe is proportional to anglar momentum!

M. Ozawa, Phys. Rev. Lett. 60, 385 (1988), J. Maddox, Nature 331, 559 (1988)
J. Erhart et al. Nature Physics (2012) doi:10.1038/nphys2194.



Expected sensitivity

Instruments detail will be explained in Next Talk!



Publications

arXiv: 2509.23172

arXiv: 2510.24780

Main project paper

Y.Inoue et. al.

Upgrade paper

Intensity noise paper

Y.Inoue and D.Tanabe et. al.

White paper

Calibration paper

Accepted by PTEPY.Inoue et. al.
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Yukawa Gravity paper

Science paper

Sensitivity paper

Instruments paper

Y.Inoue et. al.

Y.Inoue et. al.

M.Onglao et. al.

D.Tanabe et. al.

arXiv: 2604.11167

arXiv: 2604.05801

arXiv: 2604.05840

arXiv: 2604.0626

arXiv: 2603.10070

Collaboration is very welcome!!

Stochastic background paper (Inoue et al.)
Photon pressure actuator paper (Tanabe et al.)

Elastic deformation paper (Tanabe et al.)
In preparation (Release soon)

under reviewing in C.Q.G

Gravity gradient paper

M.Onglao et. al. arXiv: 2606.19124

Last week!

Mirror coating paper (Kumar et al.)
Dark matter paper (Inoue et al.)

Accepted!

Published!

under reviewing in PRD

Published!

Published!

Published!

2026 Mar.11

Daiki Tanabe et al. Class. Quantum Grav. 43 125017(2026)



Intermediate-mass black hole binaries Stochastic Gravitational Wave Background

❶ Quantum OpticsPrinciple 
demonstration 
phase

Erath quake Newtonian Noise❷Gravity Gradient　
Science  phase

❸Gravitational wave 
Science  phase

Science Roadmap

Yukawa Gravity
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Intermediate mass black hole
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Intermediate mass black hole

CHRONOS is sensitive to Inter mediate Black Hole 
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Stochastic Background
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Team Taiwan
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Intermediate-mass black hole binaries Stochastic Gravitational Wave Background

❶ Quantum OpticsPrinciple 
demonstration 
phase

Erath quake Newtonian Noise❷Gravity Gradient　
Science  phase

❸Gravitational wave 
Science  phase

Science Roadmap

Yukawa Gravity

2026-2030

2030-2035

2035~
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Summary

Place: National Central University, Department of Physics 
Target: Undergraduate and Graduate student 
Language: English (Staffs can support with Chinese) 
Registration: 2026Mar.23 - 2026 July31 
Date: 2026 Aug.17 - 2026 Aug.31 
Participent: 20 
Registration Fee: 3,500NTD  
Contact: Yuki Inoue (iyuki@ncu.edu.tw)

校長:井上 優貴
台湾 国立中央大学准教授Registration

Lecture	and	Hands-on	Experiment:		
Training	for	Gravitational	Wave	interferometry	specialists!	

• LIGO is the world largest GW experiment for GW 
detection. 

• LIGO observed 458 events and released the data from 
O1 to O4-b. 

• CHRONOS is an idea of Taiwanese Sub-Hz GW 
experiment. 

• By using Speed meter, Cryogenic, and Torsion bar 
system, we will improve the low frequency noise for 
Sub-Hz region. 

• CHRONOS science program has 3 science stages. 
(i)Quantum (ii) Gravity Gradient (iii) Gravitational 
Wave 

• Collaboration and Invited talks in next semester are very welcome!!
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Backup



The cumulative number of detections 

Observed Volume ×Accumulation time

with provability from 
astronomical origin greater 
than 50% 



Mass of events
- No BNS events in O4a 

- Observed some BH-NS binary 

- IMBH binary (GW231123_124430)

Total mass

Mass ratio



Distribution peaks
10Hz peak

35Hz peak

20Hz peak?



Spin of events

Effective spin



Hubble constant

https://arxiv.org/pdf/2509.04348

Bright siren: BNS with optical counter part 
Dark siren: BBH with estimated host galaxy  
Spectral siren: Use mass distribution Mdet = (1+z)M



Principle of spectral strain method

Universe expands → redshift z stretches GW waveform:

If                has strong features (peaks/cutoffs), their 
redshifted positions constrain the cosmic expansion.

Hubble constant is consistent with other method.



Most massive Binary Black hole



How to demonstrate QND speed meter?

1/f structure!

(i) Noise spectrum (ii) Transfer function

Michelson

Speed meter
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1/f Tail of Sensing function!



Geophysical Gravity effects

59
arXiv: 2606.19124



Probing Yukawa Gravity with Modulated Newtonian 
Cancellation in the Torsion bar type detector 

Newtonian + Yukawa Potential
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Fabry–Pérot Michelson vs. Sagnac Speed meter 

ma=F=Aexp(iωt)Input

Output

ma=F=Aexp(iωt)

|x|=A/(mω2)exp(iωt)=F/(mω2)

Fabry–Pérot Michelson Sagnac speed meter

|v|=A/(mω)exp(iωt)=F/(mω)
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non-demolition 



Sensitivity:

We calculate the realistic interferometer configuration for future 
testing. This is the first trial of combination idea with Torsion bar 
and Speed meter. We will submit two new paper in this week.


