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2025-Now: CHRONOS




Taiwan-L1GO instrumentation group

National Central Universit Academia Sinica

Yuki Inoue (PI) Tsz-King Wong
Miftahul Ma’arif Feng-Kai Lin
Ta-Hun Yu Daiki Tanabe
Hsiang-Yu Huang Vivek Kumar

Avani Patel Ting-Yi Liang
Kun-Yao Chang

Senior Member
Philippine Chao Shiuh
Mario Organo

NCU-CMB group (from 2025 April)

National Central Universit
Yuki Inoue

Masashi Hazumi

Calibration Analysis

Data analysis and pipeline

Core-Optics R&D

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

development for Ongoing
Observation

17 staffs and students join our group

Experimental Cosmology

Landscape of Gravitational wave
stochastic background study with
GW and CMB data




GW-CMB 2025 (Nov.6-7)

New Frontiers in Observational Cosmology with Gravitational Waves and
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Overview

We live in an era striving to uncover the origin of the Universe through observation. A century after
Hubble’s discovery of cosmic expansion, our instruments have advanced dramatically. Through
diverse probes—the cosmic microwave background (CMB), galaxy surveys, supernovae, and
gravitational waves—the Universe’s history has become a subject of direct measurement rather than
theory.

Cosmology has entered a stage where precision observations open new physics, and at its frontier
lies the search for the stochastic gravitational-wave background (SGWB).

Within the next five years, two landmark discoveries may be within reach:
(1) primordial gravitational waves from inflation or cosmological phase transitions; and
(2) an astrophysical SGWB from compact binary mergers across cosmic time.

These goals unite cosmology and gravitational-wave astronomy, driving international efforts such as
LIGO-Virgo—KAGRA and the Simons Observatory toward the next breakthrough.

In this mini-workshop, we explore the combined impact of GW and CMB observations on the
emerging Gravitational-Wave Landscape, the cosmology and astrophysics they enable, and new
ideas for cross-correlations with other probes.

The program mainly consists of invited talks, but we can accept poster presentations and a few short
oral presentations.
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Albert Einstein

Introduction

1916 General Relativity
‘Distortion of Space and Time’

One of the most important
predictions:

bravitational Wavel

A ¥,

Nowadays, GW is observable target to know the astronomical phenomena.
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How to generate Gravitational Waves

Science target is observation of gravitational waves.

GW is generated by the oscillation of the massive
object.




Metric

d82 — g;ul/ dZCM d.ﬂUV hlj — AU X eXP [i(wt — A’?Z)]
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Perturbation




Gravitational wave observation network

LIGO Hanford

LIGO Livingston
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10 years anniversary

Io =1—lpeqy [Ms]
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2025 Jan.1 law

ional Area Difference, (A;—A)NA;

2023 Nowv.23 The largest Kerr black hole

Livingston, Louisiana (L1)

2019 May. 21 IMBH

2017 Aug. 17 BNS

H — L1 observed
~— H1 observed (shifted, inverted)

GW190521

2015 Sep.14 The first detection

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



Quantum Non-demolition

Quantum Nondemolition Measurements

VLADIMIR B. BRAGINSKY, YURI I. VORONTSOV, AND KIP S. THORNE Authors Info & Affiliations

SCIENCE - 1 Aug 1980 - Vol 209, Issue 4456 - pp.547-557 - DOI:10.1126/science.209.4456.547

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

GW detector can improve the sensitivity more than
standard quantum limit.
One of the historically important questions for the
quantum measurement.

’ \?\ y )
R ‘$ :'\i ;

\
y

1927 Heisenberg Uncertainty principle

h
e(@)n(p) = 5

Challenge to Heisenberg Uncertainty principle! KIP S. THORNE

\
=

(



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

Crosscheck of calculatlon

M.Ozawa mathematically proofs Kip. S. Thorne theory.
M. Ozawa, Phys. Rev. Lett. 60, 385 (1988), J. Maddox, Nature 331,559 (1988)

.}7

M.Ozawa modified Heisenberg Uncertamty principle (2003)'

e(A)n(B) + o(Ain)n(B) + €(A)o(Bin) = _‘ ¢|[A'm’ an]|¢>|
Additional term

19277 Heisenberg Uncertamty principle

e(z)n(p) > p

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

Experimentally confirm the formula on neutron spin system.



Crosscheck of calculatlon

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

A() > R K \Maddo NE: 2 U QR K

19278  ‘quantum non-demolition (QND) system’ oo 0
i S : SRl
lkeyword of today’s talk! We would like to discuss

beyond the Heisenberg principle based on
M.Ozs

A Taiwanese Gravitational wave detector project.
ewa)n

Definition: [H,A] =0 = quantity A meet QND
J. Erhart et al. Nature Physics (2012) doi:10.1038/nphys2194.

Experimentally confirm the formula on neutron spin system.
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CHRON 0S5 Overview

. Tors1on bar Arm length: L

4 ETMRX

PRMX1
Input mode cleaner

Arm length: L

Laser

\PRMYl BS (1064nm)
VT
ITMLY

OBS |

‘ +~—SRMY1 PD1

== =
PD2 - b
Output mode cleaner

bL=b
Balanced
Homodyne
detection

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

S CHRBONOS



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

= CHRBONOS




CHRONOS Overview

B Location: Underground site in Taiwan

B R&D is ongoing

B Phase 1: R&D for Key technologies (2020-2025)
B Phase 2: Integration test (2025-2033)

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

- S =

| CHRONOS S target observatlon year = 2035 }

=CH R@NO



Recent paper

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

Yuki Inoue,*# %% * Hsiang-Chieh Hsu,® Hsiang-Yu Huang,»? M.Afif Ismail,>»*® Vvek Kumar,*?®
Miftahul Ma’arif,1:2 Avani Patel,*2 Daiki Tanabe,® 24 Henry Tsz-King Wong,* 2 and Ta-Chun Yul!:?2

! Department of Physics,National Central University, Taoyuan, Taiwan
2 Center for High Energy and High Field (CHiP), National Central University, Taoyuan, Taiwan
3 Institute of Physics, Academia Sinica, Taipei, Taiwan
4 Institute of Particle and Nuclear Studies, High Energy Acceleration Research Organization (KEK), Tsukuba, Japan
'P’Department of Physics, Institute of Applied Sciences and Humanities, GLA University, Mathura 281406, India.
(Dated: October 25, 2025)

Optical design and sensitivity optimization of Cryogenic sub-Hz cROss torsion bar
detector with quantum NOn-demolition Speed meter (CHRONOS)

Yuki Inoue,"»? %4 * Daiki Tanabe,®?* M.Afif Ismail,"%3 Vivek
Kumar,®® Mario Juvenal S Onglao IIL,% 2 and Ta-Chun Yu':?2

' ! Department of Physics,National Central University, Taoyuan, Taiwan

2 Center for High Energy and High Field (CHiP), National Central University, Taoyuan, Taiwan

3 Institute of Physics, Academia Sinica, Taipei, Taiwan
4I_nstit'ute of Particle and Nuclear Studies, High Energy Acceleration Research Organization (KEK), Tsukuba, Japan
° Department of Physics, Institute of Applied Sciences and Humanities, GLA University, Mathura 281406, India.
S National Institute of Physics, University of the Philippines - Diliman, Quezon City 1101, Philippines
(Dated: October 25, 2025)

Torque cancellation effect of Intensity noise for Cryogenic sub-Hz
c¢ROss torsion bar detector with quantum NOn-demolition Speed
meter (CHRONOS)

Daiki Tanabe®®¢", Yuki Inoue®%*%#, Vivek Kumar®?, Miftahul Ma’arif>¢, Ta-Chun Yu®¢
Institute of Physics, Academia Sinica, Nangang, Taipei, 015011, Taiwan

bInstitute of Particle and Nuclear Studies (IPNS), High Energy Accelerator Research Organization (KEK), Tsukuba,
Ibaraki 305-0801, Japan

“Physics Department, National Central University, Taoyuan 32001, Taiwan

dCenter for High Energy and High Field Physics, National Central University, Taoyuan 32001, Taiwan

“Department of Physics, Institute of Applied Sciences and Humanities, GLA University, Mathura 281406, India

Main project paper
Y.Inoue et. al.

arXiv: 2509.23172
Submitted to PRL. Under reviewing.

Optical feasibility paper

Y.Inoue and D.Tanabe et. al.
arXiv: 2510.24780

Submit to PRD. 3 hours ago!

Intensity noise paper
D.Tanabe and Y.Inoue et. al.

arXiv: 2510.24'779
Submit to PRD. 3 hours ago!

Today’s contents are based on these articles!
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Principle of Observation

Test . .
Normal state GW Is arrived
Mmasses
o ® o /
. ®
*
@ 4 @
o e . . ® .,
° . p ;
bt e ® e e o o ¢ ¢
o o
¢ ¢

Test masses are moved by GWs.



Principle of Observation

Test .
Normal state Arriving GW
Masses @
.
«* ¢ o/ * @
o o e
: : . .
. . * O,
. o . .
¢ o g © ¢ & &
L ¢
0,

We focus on two test masses.



Principle of Observation

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

Laser Laser

23

Photodetector Photodetector



Comparison of principle
?W

LIGO and CHRONOS have Independent detection method-



CHRONOS test mass

We need to monitor the angle by
laser interferometer method.

a0 ORIGINAL PAPER

Torsion-bar Antenna for Low-frequency Gravitational-wave Observations

Masaki Ando,'** KojiIshidoshiro,? ! Kazuhiro Yamamoto,® Kent Yagi,'
Wataru Kokuyama,? Kimio Tsubono,? and Akiteru Takamori?
! Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
“Department of Physics, The University of Tokyo, Hongo 7-3-1, Tokyo 113-0033, Japan
I Maz-Planck-Institut fiir Gravitationsphysik (Albert-Einstein-Institut), D-30167 Hannover, Germarn
4 Earthquake Research Institute, The University of Tokyo, Yayoi 1-1-1, Tokyo 113-0032, Japan

y

Z  Tidal forces by

\‘_A(, | _ gravitational waves

mm 20 P —\
/ / /( -m/as b}r/ ———»—Fabry-Perot
v - interferometer

Ie

TOBA and TorPeDOR already demonstrate the principle of torsion bar
detector.



CHIP international GW Winter school

11:55.:‘47
1423626965

2025 e L4 Nations Cemiral Univernity

Congrandaiior.
Firs Olvweryaticn of Grorbathow! Ware Noaie i Tevee!
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Demonstration with mml CHRONOS

- 300mm torsion bar

- First Demonstration of technology
- Educational system

- Text book and lecture

10days program



Gravitational Wave Experiment

V,
1
.
'

0

h
e(@)n(p) = 5

Back action disturbance

Displacement Measurement

10 Injection of photon = Ax measurement
mmmml- |f we increase the power, we can
¥ Improve 0O Xx(t) measurement
S 10 Quantum Noise 1
< === But, it causes back action and
= Shot Noise
. - \\ changes future J x(t+T)
N
10%*}  Radiation X ;
1PressureNoisel2 \SAQL . dX/d't o [H,X] i O
10 10 10

Frequency [Hz]
28



Comparison of Technology

Thermal noise Bar th_ermal Quantum noise
noise
SUS(Low-Q)
TorPeDO Room temperature High Optical I m torsion bar

availability
* Termal noise * Radiation noise_*

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

Small size gt 2

1 meter torsion bar

CHRONOS | Cryogenic technology | Sapphire(High-Q)
Speed meter

By unifying speed meter, we solved mirror size problem.
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1927 Heisenberg Uncertainty principle
e(x)n(p) = h

ph(;/ton Ax: e (x) ~ A
Displacement
Measurement
e
l Compton scattering
Ap: n(p) ~h/A

Back action disturbance

Quantum approach

1929 Robertson relation

-----------------
e® ¥a
s* Y,
°
.
.
.
°

1000 particles

AN

5'00 partlcles 500 partlcles
oo S s o) s

o(z)o(p) =
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Ozawa’s Inequality

Prof. Ozawa modified Heisenberg Uncertamty principle (2003)!
e(A)n(B) + o(Ain)n(B) + €(A)o(Bin) 2 _| ¢|[Am, an“"ﬁ)‘

Ap: n(p)~h/A P
Back action disturbance : 1000 particles

e \

500 partlcles 500 partlcles

*
'S
S
%
4,

O (X :: -'\ ol )
Ax: e (x) ~ A < > - <P>‘x’

Displacement Measurement goreeees
owo) > :
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How to realize non-demolition system°
Speed meter!

Delay line t

- N
10 3 e —— e —
L
~
- W
» 10 SRMETES
£
E
.
:
"
@10 e T rEIHING
3 :
L -
(=)
" ' bbb > > > | > > PR P
10 . ) ? ) 4
10 10 10 10 10
K Frequency [Hz) /

Photo detector = 0 x(t+ 7)-0 X(t) = vT measurement,

where 7 Is constant.

Probe is proportional to momentum!
H,p| = 0 === non-demolition!

Demonstration of non-demolition system is also unique science

33




Speed meter for torsion bar

.« O¢Pcwe B2(t)+01(t+T)
. O ¢Pcecwex O1(t)+02(t+T)

e« O Qourt=T (W1-wW?2)

e We employ Sagnac
interferometer.

PAVLS

O @ouT

« We measure the phase
delay of CW and CCW

beams.
e TiIme interval, T, should

be same because of
common path.

& CHRBNQOS




Speed meter technique
01(t) B2(t) . OPcwo B2(0)+01(t+7)

fg—) . 3 docwe 01(0)+O2(t+T)

0 0 G . O pout=Teff(W1-W2)
e Install the ring cavity
\ e Power recycling cavity
' and Signal recycling
‘ c cavity are also employed

The first idea of Quantum non-demolition

to amplify the signal.

§ demonstration on angular momentum for GW detector: §

//
O @ouT

L = [H _L] =0

= CHRBNOS




ll‘ Arm length: L




ll‘ Arm length: L




Torsion bar Arm length: L

< >
'\ETMRX —
Lhisio BSX
Lbar 0 teTMLY | ERvEN i
ETMLX 2 i
e 'fiTMLX SRMX1
P
5o PRMX1
=
B . .
: Dual Recvyceling cavit
‘ Laser
. Ry PRMY1 1B (1064nm)
MTMLY. 5 I —
f ITMRY '
ITMLY- 4 OBS | ﬁ
SRV .
| “(X)—N—E):DI
BTY PDZ'J? HZ* 61-52
| - Balanced
Output mode cleaner Homodine

detection



Comparison

' OzaWa mequahty

o - AT s v e > o e - Dl I B - e Lz v e e

€(A)n(B) + (A m)n<B>+e<A>o<Bm)>—\ Gl Ain, Bl 0)]

» SL B Rad1at10n no1se ~ Shotnoise

() aLIGO: A=k, B=p
dx/dt = [H.X] # O = tradeoff b/w n () and & (x)
(ii) aLIGO+speed meter: A=p, B=x

YT - g K e _ TS VR BEE

dAp/dt =[/|l|,/|c\)] = 0 = minimize n (}) by keeping shot noise € (p)
(iii) TOBA: A=6, B=L

d/G\/dt = [Iil\,é\] + 0 = tradeoff b/w 7 (ﬁ) and ¢ (/9\)
(iv) CHRONOS (This work): A=L, B=8

d/li/dt =[I/—\I,/I\_] = 0 =>minimize n (5) by keeping shot noise & ()

*¢Squeezing is corresponding to o term.



Comparlson

Ozawa’s mequahty

e(A)n (P}' ~cl A Nl R\ 1 A AN~(DR. N ll/,./.lr\/?mém]wﬂ /

eS| NN S
(1> aLIGO — A GHEEEES e

dx/dt = [H "
(ii) aLIGO+: ":

Hpl=0| £ e & (p)
(iii) TOBA: |

" \

do/dt=1 "« W W W W |3)

<1V> CHRON\ Frequency [Hz) /

H,.L] = 0 = minimize n(8) by keeping shot noise ¢ L)

*¢Squeezing is corresponding to ¢ term.



Torsion bar

2.5m

Specification

. Armlength: L R
ETMRX "SI
— ,
-/ ™NITMRX Rt
0 s - = ETMRY = B
Litsne ETMLY | _ /A ,
ETMLX f :
B MTMLX  SRMX1
oo '_'\
=
2 B0 PRMX1
. 5 m 3 Input mode cleaner
: -
‘\P = Laser
v LU i e 1SS (1064nm)
ITMLY OBS ;
«—SRMY1
~ L£Z>—N—ED’]£1
/\ BTY /\ poz- Wit
Balanced
| >\J \ Output mode cleaner b omodsne

detection

Definition Symbol| Value
Signal-recycling mirror reflectivity| R 0.5
Power-recycling mirror reflectivity| R, 0.9
Input test-mass reflectivity R; 0.9999
Input laser power P, 1 W
Circulating power in arm cavity P 444 W
PRC detuning phase bp —85°
SRC detuning phase Os 0°
Homodyne detection angle ¢ 46°
Ring-cavity finesse Fring |3.14 x 10*
Beam radius on ETM w 2.6 mm
ETM mass MgrMm 171 kg
ETM moment of inertia Ietm [19.9 kg m?
Torsion-bar length Lyar 1m
Geometrical coupling factor n 0.936




Sensitivity

ASD [1/VHZz]

10712 5

10—13

~2.5m arm length

| —— Total

Quantum noise
Coating noise

Bar Thermal noise -
Seismic noise :

10°1 10°

10!

10° 103

Frequency [HZz]

OsqL

O =
\/2 F(¢sa C) Rsag

\/1 + (cot Cesr — neﬁ)z,

Comparison

—— CHRONOS 2.5m
=== CHRONOS 40m
------ CHRONOS 300m
—— TOBA design
—— TorPeDO desing

-
.'.
e
fe
-
e
o)
Sy

10~ 10° 10! 10° 103

Frequency [HZz]
3 xX10-18 [1// Hz] at 1Hz



Inter mediate black hole

[e)

o — 300m SNR=1 —— 40m SNR=1 —— 2.5m SNR=1
> S22 300m SNR=3  —-=- 40m SNR=3  =-=- 2.5m SNR=3
g S 300m SNR=5 - 40m SNR=5 - >.5m SNR=5
© ]

)

k%

2

>

o

(V)]

(@)

<

&

)

—

Total mass [Mg ]



Stochastic background

1023
=+ CHRONOS 5yr(2.5m) = = Cosmic String CMB B-mode
= = CHRONOS 5yr(40m) - = PGW CMB Lesing
1016 4 = CHRONOS 5yr(300m) NANOGrav 15yr m— | |GO O3
- = BBH+BNS - Sachs Wolfe effect — | |[SA PF
SMBH CMB temperature TOBA Phase-ll
10° PBH
&=
=  102-
O
@
10—5 -
’_—_..— ————————————————— __—_r-—'-" -
10-12 - ',.—"
- . . [ | .'f‘ | ' - " " _' J |‘-'- s ' ¢
10-19 H 1 |I"I ;' ' : - X I : . i
10-11 10~7 1073 101

Frequency [HZ]



Instrumental Noise



1. Cryogenic

ASD [1/VHZ]

2 5m arm Iength

10—12
10-13 S —— Quantum noise
e Coatln n0|se
-14 A " . -
w0 — Bar Thermalnorse :
107 Seismic noise
10-16 LN _[ [ [ 111 Total
10—17
1018

| Ly L) Ll v'rrrr] LE Al ) pan pw wd R L T Y'iT’TTr
101 10° 10! 104

Frequency [HZz]

(r
//jﬁib" o
(4 __:)))
9|9 o
o
) o IR
WO o,

Noise = source X TF
TF = Transfer functlon

jj Brownian morion of

| crystal causes vibration
jsource

emperature

{ Resonant peak and its ;

 tail amplify the source |

Q facto
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10—12

10-13 3

[}

o
s
I

=

o
L
un

ASD [1/VHz]

[

o
e
=]

— = Quantum noise

~ —— Bar Thermal noise

—— Coating noise

, Seismic noise
- —— Total

10-1

20>

10° 10 10 10°

Frequency [HZ]

\“ﬁmm

2.Torsion bar system

LVK CHRONOS

type

Pendulum Torsion bar
EOM |mé+ci+ke=F |I0 +T0 +ud=r
Resonant
Freq.

Typical value

0.15Hz

NN

0.004Hz

(I=10m, d=1mm)
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Project Status



NCU observatory (Physics dep

artment)

Output optics

A

Input optics

X-arm

system

Y-arm

!

Michelson type interferometer
We demonstrate the interferometer
operation with real suspension




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




ibration Isolation system
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Cryogenic performance

T(K)

12

Cold head

—

Active damping

— Stepping motor

< 750mm ¢ < 750mm

(@) The CAD rendering of the cryogenic

102

10

Temperature v.s. T

4K head(DS121872) TR

aK slage(DS121765)

"""" 14K

~5.80K

llllllllllllllllllllllllllllllllllllllllllllll

0 500 1000 1500 2000 2500 3000 3500 4000
Time(mins)

Active damping
system

Cold head

Stepping motor

D : DT-670B (D6122524)

C:DT-6708B (D6117620) -> 50K stage

-> 50K head

A : DT-670-CU-1.4L (D6121872)
-> 4K head



Low Pressure CVD Coating

a-Si coating (n=-3.95) | SINO coating (n =~1.62)

-Fabrication: Done : .
High-Low coating - Fabrication: Done

-Optical absorption: Ongoing I - Optical absorption:2.8e-6@1550nm
. (Preliminary)
- Mechanical loss: Ongoing . - Mechanical loss: Ongoing
ﬁ - Taiwan demonstrated with PECVD
e SiH,Cly,) + NyOy, + NH;,—P SIONH, , + residual gas

~ SIN coaling (n =~2.68)

- Fabrication: Done

- Optical absorption:5.8e-6@1550nm
- Mechanical loss: Ongoing

H
SleClZ + NH3 ﬂt’ SixNy + residual gaS(HCl + Hz)

Nobody have tried three combinations! Candidate of LIGO voyager.
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Demonstration with mini-CHRONOS and CHRONOS Pathfinder
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Digital Control System
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Summary

* 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/y Hz Strain sensitivity.

* Instrumental demonstration is ongoing.



two-photon mode

Single freqg. + Noise
7z —»

Ideal case
wy/2m

A4

actual case
wi/2m » Caria

(w) £ wsp) /27 » Sideband

Operator of sideband

a4+ = awliw, ai = awliw

Operator meats following relation:

[a4,a4] =0, [a_,a_]=0, [a4,a_]=0,
lat,al,] =27m6(w —w'), [4-,a" )] = 276(w — ')
Define:

Creation and Annihilation operator

Define
Amplitude quadrature

 ay—al
g = ——— . .
SN Classical light
G1,a1/] =0, |a2,a42] =0, [a1,a2] =0,
[a1,ad,] = 2ind(w — '), |ag,al] = —2imd(w — ')

. Finally, we can describe the photo-electro field as

E(r,t) = u(r)

47 b

Ac

[a1(z,t) coswit + a2(z, t) sin wt]

dw
21

a;(z,t) = /0 [&je_i(“’t_kz) + &}ei(“t_k‘z)] — (1=1,2)

. We will neglect the following factor in this discussion
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E(r,t) = u(r)

4 ﬁwl
Ac

eiikz



Squeezed state

l? 2 Vacuum field

\ No correlation for AQ and PQ fluctuation.
CLl E » However, we can make a correlation state with non-lender optical system
1

; o We callis as Squeezed state’

Classical light

(i) ¢ =0

Squeezed state: |x)
. Str,01a1.9[r,0] = e"a.

Ir, #) = exp [,,. (&+&_e_2""7’ — &L&T_e%‘f’)] 0) = S[r, ¢] |0)
squeezed state operator

Str,0]a2S[r, 0] = e "y

Action for operator: Squeezed to AQ direction!
Str, ¢la1S[r, ¢] = a1 (coshr + sinh 7 cos 2¢) — a4 sinh  sin 2¢
Stlr, ¢laaS[r, ¢] = ao(coshr — sinh 7 cos 2¢) — a1 sinh r sin 2¢ (ii)) ¢ = /2

Stlr,m/2)a1S[r, 7 /2] = e "a1
EFQ E2 Str, 7/2)a28[r, 7/2] = €"as

Squeezed to PQ direction!







Coating
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Figure 5: Total quantum-noise spectra including shot noise, radiation-pressure noise, and other technical noise
sources. Coating effects dominate the sensitivity in the 0.1-10 Hz band. The intensity noise is calculated
elsewhere [34].



Power recycling detuning
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Figure 8: Total quantum-noise spectra including shot noise, radiation-pressure noise, and technical noise sources.
The optimal point balances the three contributions, while detuning leads to degraded sensitivity. The intensity noise
is calculated in elsewhere [34]



Signal recycling detuning
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Figure 11: Total quantum-noise spectrum including shot noise, radiation-pressure noise, and technical noise. At

resonance, the three contributions balance near 1-10 Hz, while detuning leads to significant degradation. The
intensity noise is calculated in elsewhere [34]



Homodyne angle

10-15 E
f\ —— HOM=+40deg —— HOM=-30 deg
1 —— HOM=+30 deg HOM=-40 deg
10716 34 —— HOM=+20deg ~--- Coating Brownian Noise
- 6 —— HOM=+10deg =--- Bar Thermal Noise
N \ ™N —— Optimal --~ Seismic Noise
" Sty 2% O N . :
S 10 v : —— HOM=-10 deg -~ |Intensity Noise
— HOM=-20 deg
£ 1018 5
V)
<
10—19_
101 100 10! 102 10°

Frequency [Hz]

Figure 14: Total quantum-noise spectra for various homodyne angles. The optimal configuration at (opt =~ 46°
achieves balanced suppression of radiation-pressure and shot noise, yielding the best sensitivity near 1 Hz. The
intensity noise is calculated in elsewhere [34].



Earthquake

~—-=- M5.0 ---- M9.0

-~~~ M6.0 —— CHRONOS(2.5m)
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Figure 5: Predicted sensitivity to prompt gravity signals from large earthquakes. By detecting gravitational
perturbations at the speed of light, CHRONOS enables warnings before surface-wave arrival.



Long arm length

Table I: Interferometer parameters for sensitivity
estimates. Definitions: R; = r?, R, = rf,, R, = 7‘3; Fin
input power, F,,,, arm power; ¢, PRC detuning, ¢,

SRC detuning, ¢ homodyne angle; Fi;,, finesse, w beam
radius at ETM.

2.5 m 40 m 300 m
Rs, Ry, R; [0.5, 0.9, 0.99990.5, 0.95, 0.999| 0.5, 0.99, 0.995
Pin, Parm | 1 W, 444 W |20 W, 2391 W (100 W, 18.3 kW
bp, Ps,C | —857,0°,46° | 26°,0°, —50° 41°,2°, —66°
Fling 3.14 x 10* 3.14 x 10° 6.27 x 10°
w at ETM 2 mm 20 mm 35 mm




