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• Research history:


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


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


• Calibration and Reconstruction


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


• 2025-Now:  CHRONOS
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Introduction



• Albert Einstein


• 1916 General Relativity


• ‘Distortion of Space and Time’


• One of the most important 
predictions:

Introduction

Gravitational Wave!

Nowadays, GW is observable target to know the astronomical phenomena.
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• Science target is observation of gravitational waves.


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

How to generate Gravitational Waves
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KAGRA
Virgo

LIGO Hanford

LIGO Livingston

LIGO Aundha  (2030)

Gravitational wave observation network
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10 years anniversary 

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

Before the great history of LIGO, there are discussion of quantum principle.



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)

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


Crosscheck of calculation
M. Ozawa, Phys. Rev. Lett. 60, 385 (1988), J. Maddox, Nature 331, 559 (1988)

M.Ozawa mathematically proofs Kip. S. Thorne theory.

1927 Heisenberg Uncertainty principle

?
M.Ozawa modified Heisenberg Uncertainty principle (2003)!

Additional term

J. Erhart et al. Nature Physics (2012) doi:10.1038/nphys2194.

Experimentally confirm the formula on neutron spin system.



Crosscheck of calculation
M. Ozawa, Phys. Rev. Lett. 60, 385 (1988), J. Maddox, Nature 331, 559 (1988)

M.Ozawa mathematically proofs Kip. S. Thorne theory.

1927 Heisenberg Uncertainty principle

?
M.Ozawa modified Heisenberg Uncertainty principle (2003)!

Additional term

J. Erhart et al. Nature Physics (2012) doi:10.1038/nphys2194.

Experimentally confirm the formula on neutron spin system.

‘quantum non-demolition (QND) system’
is

keyword of today’s talk!  We would like to discuss 
beyond the Heisenberg principle based on 
Taiwanese Gravitational wave detector project.

[H,A] = 0Definition: ⇨ quantity A meet QND



CHRONOS project



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
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Recent paper

arXiv: 2509.23172
Submitted to PRL. Under reviewing.

arXiv: 2510.24780

arXiv: 2510.24779

Submit to PRD.

Submit to PRD.

Main project paper
Y.Inoue et. al.

Optical feasibility paper

Intensity noise paper

Today’s contents are based on these articles!

Y.Inoue and D.Tanabe et. al.

D.Tanabe and Y.Inoue et. al.

3 hours ago!

3 hours ago!



Principle



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

Photodetector Photodetector

We replace the test masses  
to the mirror. 

Laser Laser
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Comparison of principle
LIGO-VIRGO-KAGRA CHRONOSGW GW

24LIGO 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.



CHiP international GW Winter school
2025 WINTER

26



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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Gravitational Wave Experiment

Injection of photon = Δx measurement

If we increase the power, we can 
improve δx(t) measurement
But, it causes back action and  
changes future δx(t+τ)

dx/dt = [H,x] ≠ 0
28

Back action disturbance 

Displacement Measurement



Comparison of Technology
Thermal noise Bar thermal 

noise Quantum noise

TorPeDO Room temperature
SUS(Low-Q) 
High Optical 
availability

1m torsion bar

TOBA Cryogenic technology Silicon (High-Q) 10m torsion bar

CHRONOS Cryogenic technology Sapphire(High-Q) 1 meter torsion bar 
Speed meter

Termal noise

Small size

Radiation noise

By unifying speed meter, we solved mirror size problem.  
29



Sicence



Quantum approach 
1929 Robertson relation

e

photon
γ Δx: ε(x) ~ λ 

Δp: η(p) ~ ħ /λ

Compton scattering

1000 particles 

500 particles 500 particles 

σ(x) σ(p)

Back action disturbance 

Displacement 
Measurement

1927 Heisenberg Uncertainty principle
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Ozawa’s Inequality 

1000 particles 

500 particles 500 particles 

σ(x) σ(p)Δx: ε(x) ~ λ 

Δp: η(p) ~ ħ /λ
Back action disturbance 

Displacement Measurement

Prof. Ozawa modified Heisenberg Uncertainty principle (2003)!
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How to realize non-demolition system?

Photo detector = δx(t+τ)-δx(t) = vτ measurement,
where τ is constant.

non-demolition!
Demonstration of non-demolition system is also unique science

33

Speed meter!

Probe is proportional to momentum!



Speed meter for torsion bar
θ1(t) θ2(t) • δφCW ∝ θ2(t)+θ1(t+τ) 

• δφCCW ∝ θ1(t)+θ2(t+τ) 
• δφOUT=τ(ω1-ω2)

δφOUT

• We employ Sagnac 
interferometer.


• We measure the phase 
delay of CW and CCW 
beams.

• Time interval, τ, should 
be same because of 
common path.
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Speed meter technique
θ1(t) θ2(t) • δφCW ∝ θ2(t)+θ1(t+τ) 

• δφCCW ∝ θ1(t)+θ2(t+τ) 
• δφOUT=τef(ω1-ω2)

δφOUT

• Install the ring cavity 
to amplify the signal.

• Power recycling cavity 
and Signal recycling 
cavity are also employed
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The first idea of Quantum non-demolition 
demonstration on angular momentum for GW detector:



Ring cavity



Sagnac loop



Dual Recycling cavity



Comparison 
Ozawa’s inequality 

(i) aLIGO: A=x, B=p

(ii) aLIGO+speed meter: A=p, B=x

(iii) TOBA: A=θ, B=L

(iv) CHRONOS (This work): A=L, B=θ

SQL Radiation noise Shot noise

※Squeezing is corresponding to σ term.

dx/dt = [H,x] ≠ 0

dθ/dt = [H,θ] ≠ 0

⇨ tradeoff b/w η(p) and ε(x)

⇨ tradeoff b/w η(L) and ε(θ)

^ ^
^ ^ ^

^ ^

^^^
^ ^

^ ^

^

^

dL/dt =[H,L] = 0 ⇨minimize η(θ) by keeping shot noise ε(L)^ ^^^^

dp/dt =[H,p] = 0 ⇨ minimize η(x) by keeping shot noise ε(p)^ ^^^^

^

^



Comparison 
Ozawa’s inequality 

(i) aLIGO: A=x, B=p

(ii) aLIGO+speed meter: A=p, B=x

(iii) TOBA: A=θ, B=L

(iv) CHRONOS (This work): A=L, B=θ

SQL Radiation noise Shot noise

※Squeezing is corresponding to σ term.

dx/dt = [H,x] ≠ 0

dθ/dt = [H,θ] ≠ 0

[H,p] = 0

[H,L] = 0

⇨

⇨

minimize η(x) by keeping shot noise ε(p)

⇨ tradeoff b/w η(p) and ε(x)

⇨ tradeoff b/w η(L) and ε(θ)

minimize η(θ) by keeping shot noise ε(L)

^ ^
^ ^ ^

^ ^

^ ^

^^^
^ ^

^ ^
^ ^^



Specification

2.5m

2.5m



Sensitivity

３×10-18  [1/√Hz] at 1Hz



Inter mediate black hole



Stochastic background



Instrumental Noise



1. Cryogenic

Brownian morion of 
crystal causes vibration 
source

Resonant peak and its 
tail amplify the source 
signal

Noise = source × TF
TF = Transfer function

Temperature

Q factor
46



2.Torsion bar system
LVK CHRONOS

Pendulum Torsion bar

type

EOM

Resonant


Freq.

Typical value


(l=10m, d=1mm)
0.15Hz 0.004Hz
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Project Status



NCU observatory (Physics department)

Remote Control room

Interferometer

Input optics

Output optics
Current 

configuration

Y-arm

X-arm

Michelson type interferometer
We demonstrate the interferometer 
operation with real suspension 
system



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


• By using feedback control 
system, we stabilize the laser 
beam.

Input optical system
E(x,y)=Aexp(iωt)
Beam Intensity Phase

Mode  
cleaner

Intensity 
Stabilization

Frequency 
Stabilization

OPTICAL LAYOUT OF INPUT OPTICS



• Isolation from ground 
motion with feedback 
control system


• Small suspension test 
is ongoing.

Vibration Isolation system



Cryogenic performance 

3.87K

2.80K

27.95K

34.14K

52



Low Pressure CVD Coating

High-Low coating

a-Si coating

SiN coating

SiNO coating(n =~3.95) (n =~1.62)

(n =~2.68)

Nobody have tried three combinations! Candidate of LIGO voyager.

・
・
・

- Fabrication: Done


- Optical absorption:5.8e-6@1550nm


- Mechanical loss: Ongoing

- Fabrication: Done

- Optical absorption:2.8e-6@1550nm


(Preliminary)

- Mechanical loss: Ongoing

- Taiwan demonstrated with PECVD

-Fabrication: Done


-Optical absorption: Ongoing


- Mechanical loss: Ongoing
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Demonstration with mini-CHRONOS and CHRONOS Pathfinder

54

CHRONOS PATHFINDER

800mm bar length300mm bar length



Digital Control System



• CHRONOS is an idea of Taiwanese GW experiment. 

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

• CHRONOS is corresponding to the demonstration of non-
demolition measurement system for angular momentum. 

• By assuming realistic parameter of CHRONOS instruments, we can 
reach 3x10-18/√Hz Strain sensitivity. 

• Instrumental demonstration is ongoing.

Summary



two-photon mode
z

Single freq. + Noise

ideal case

actual case
Caria

Sideband

Operator of sideband

Operator meats following relation:

Define
Amplitude quadrature 

Phase quadrature 

Finally, we can describe the photo-electro field as

We will neglect the following factor in this discussion
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Define: 
Creation and Annihilation operator



Squeezed state
No correlation for AQ and PQ fluctuation. 
However, we can make a correlation state with non-lender optical system

We call is as ‘Squeezed state’

Squeezed state: 

squeezed state operator

Action for operator: Squeezed to AQ direction!

Squeezed to PQ direction!
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Coating



Power recycling detuning



Signal recycling detuning



Homodyne angle



Earthquake 



Long arm length


