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Geophysical Gravity effects
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Prospects for Observing Gravity-gradient Noise and Earthquake AT
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GRAVITY GRADIENT

---- Mw=4.4 (T=3.1s) ---- Mw=5.6 (T=3.1s)
Mw=4.8 (T=3.1s) ---- Mw=6.0 (T=3.1s)
---- Mw=5.2 (T=3.1s) =—— CHRONOS Sensitivity (ASD)
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Outline

.- Introduction

- Principle demonstration phase
- Gravity gradient phase
. Gravitational Wave phase

. Schedule

. Summary



Introductlon

SC|ence 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
~ ~1()-21
Typical distance: 100Mpc ' h~OL/L~10-
0 L~2000km x 1021

~10-19Mm~1fm
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&if '

Proton radius
_'“‘7“'~2000km

Amplitude of GW Is very tiny



ravitational wave source
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Gravitational wave observation network
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Principle of Observation

Test . .
Normal state GW Is arrived
Mmasses
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Test masses are moved by GWs.



Principle of Observation

Test .
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We focus on two test masses.



Principle of Observation(LVK)

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

Photodetector Photodetector



LIGO

1 ERM

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

1 . cavity; SRC: signal recycling cavity.
- y kmi Parameter Value
Input : Arm cavity length 3994.5 m
o i Arm cavity finesse 450
T= 3% s '—"—~1T_M Laser type and wavelength Nd:YAG, L= 1064 nm
oG-S LA {\}/ﬂ 1 2 it - e Input power, at PRM up to 125 W
{ = kw\ /// { }‘ || Beam polarization linear, horizontal
o s Te14% Ry Test mass material Fused silica
Test mass size & mass 34cm diam. x 20cm, 40 kg
Beam radius (l/ez), ITM/ETM 53cm/62cm
SRMCD C_JSR3 Radius of curvature, ITM / ETM 1934 m /2245 m
§ -- _>é‘§_..6w aadioud Input mode cleaner length & finesse 32.9 m (round trip), 500
Mc‘?&a Recycling cavity lengths, PRC / SRC 57.6 m/56.0m

- Dual recycling Fabry Perot Michelson Interferometer
- 40kg test mass

- 125W laser
- Frequency dependent squeezing option (LIGO and Virgo)



girst Invited Patrick Brady
pokes person of LIGO (2025 May)
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10 years anniversary from LIGO discovery
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2025 Jan.1 law

2023 Nowv.23 The largest Kerr black hole

Livingston, Louisiana (L1)

2019 May. 21 IMBH

W™ 82017 Aug. 17 BNS

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

2015 Sep.14 The first detection

GW190521
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Introduction

10 ues ) ) iadiaiaal \Vave

Main message of This talk! ©* = ObservationX

Previous works

01, 02, O3

The first detection era!

This Talk!

04

The statistical
evaluation eral

1Se

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

W™ 82017 Aug. 17 BNS

2015 Sep.14 The first detection

GW190521



Overview of O4-a

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

GEO
KAGRA
LHO
LLO

Virgo

2015 2016 2017
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< "t ——+% — 4 GWTC-2
% |GWTC-1
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I
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This talk focus on the result of O4-a data (GWTC-4)



Number of detections

O1 (3) + 02 (8) + O3a (44) + O3b (35) + O4a (139) + 04b (161) = 390, O4c* = 68, Total = 458

*Q4c entries are preliminary candidates found online.

Data release plan

o0 2027
350 O4c->GWTC-6

001 02 ©O3a 03b O4a / 0ab  04c |Compact binary coalescence|

Cumulative Detections/Candidates

200 Binary Neutron Star
150. Binary Blackhole
Neutron star- Black hole binary
100 Details:
Of¥0] | |
co. T Events
Ofite
_— Total number of events ~ 458
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time (Days) Every 2.8 days we detect new
LIGO-G2302098 (f244d4f6), updated on 25 May, 2026 Credit: LIGO-Virgo-KAGRA Collaboration

events

The era of O(100) events!



O4-b result

Masses in the Stellar Graveyard

EM Neutron Stars
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ubble constant

1.0
01+02+03+04a (142)

0.8 O4a (76)
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Figure 2. Cumulative distribution of the size of the 90%
CR of the sky localization of CBC candidates observed during
01+02+03+04a in orange (142 total events including GW170817)
and O4a-only in blue (76 events). It can be seen that the typical sky
localization of O4a events was larger than that of O1-O3 events.
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Figure 4. Hubble constant posterior for different cases. Yellow curve: posterior obtained from the bright siren GW170817 and its EM
counterpart. Orange curve: posterior obtained with the spectral siren method and the FULLPOP-4.0 mass model. Blue curve: posterior obtained
using all dark sirens with GLADE+ K-band in the luminosity-weighting case (¢ = 1) and the FULLPOP-4.0 mass model. Black curve: posterior
after combining the dark and bright siren results. The pink and green shaded areas identify the 68% CI constraints on Hj inferred from CMB
anisotropies (Ade et al. 2016) and in the local Universe from SHOES (Riess et al. 2022), respectively.

Catalog Period Number of Events Purpose [ Significance
B right Sj_ren: B N S Wj_th Opti C al C O unter P art GWTC-1 (01-02) 2015-2017 ~10 events Proof of concept
D ar1< Siren: B B H Wj_th e Stimate d ho St galaxy GWTC-2 (03a) 2019 ~39 events Early population analysis
. . . . GWTC-3 (03b) 2019-2020 ~90 events First full-scale spectral-siren trial
Spectral siren: Use mass distribution Mdet = (14+2z)M )
GWTC-4 (early 04) 2023-2024 >200 events Toward 10 % precision on H,

https://arxiv.org/pdf/2509.04348

Hy = 76.613%° (76.6725-2) kms™! Mpc 1.



Principle of spectral strain method

0.040
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1 [ ] Figure 4. Hubble constant posterior for different cases. Yellow curve: posterior obtained from the bright siren GW170817 and its EM
counterpart. Orange curve: posterior obtained with the spectral siren method and the FULLPOP-4.0 mass model. Blue curve: posterior obtained
. . .. . . " using all dark sirens with GLADE+ K-band in the luminosity-weighting case (¢ = 1) and the FULLPOP-4.0 mass model. Black curve: posterior
Figure 2: Primary black hole mass spectrum, i.e. the distribution of masses of the larger-mass black hole (the ‘primary’) in our detected after combining the dark and bright siren results. The pink and green shaded areas identify the 68% CI constraints on Hy inferred from CMB
binary systems. GWTC-4.0 (blue/orange) refines the earlier GWTC-3.0 Power Law + Peak (black dashed), with clearer support for anisofronies (Ade ef al 2016) and in the local Tniverse from SHOES (Riess et al. 20221, resnectivelv

structure around ~10 Mg and ~35 M.

Universe expands — redshift z stretches GW waveform Mdet = (1 -+ Z) Mgre
p(z | mdet) ox p(mse = T4 | ) p(z | Ho)

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

Hubble constant is consistent with other method.



Whitened strain [a]

Frequency [Hz]

High SNR event

PHYSICAL REVIEW LETTERS 135, 111403 (2025)

Eaitors' Suggestion [ Festured in Physics ]

GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black Holes

A.G. Abac er al.”
(LIGO Scientific, Virgo, and KAGRA Collaborations)

® (Received 13 August 2025; revised 25 August 2025; accepted 26 August 2025; published 10 September 2025)

The gravitational-wave signal GW250114 was observed by the two LIGO detectors with a network
matched-filter signal-to-noise ratio of 80. The signal was emitted by the coalescence of two black holes
with near-equal masses m, = 33.6%)2M and m, =32.2-)3M, and small spins y,, < 0.26 (90%
credibility) and negligible eccentricity e < 0.03. Postmerger data excluding the peak region are consistent
with the dominant quadrupolar (# = |m| = 2) mode of a Kerr black hole and its first overtone. We
constrain the modes’ frequencies to 130% of the Kerr spectrum, providing a test of the remnant’s Kerr
nature. We also examine Hawking’s area law, also known as the second law of black hole mechanics, which
states that the total area of the black hole event horizons cannot decrease with time. A range of analyses that
exclude up to five of the strongest merger cycles confirm that the remnant area is larger than the sum of the
initial areas to high credibility.

DOI: 10.1103/kwS5g-d732

Hanford, Washington (LHO) Livingston, Louisiana (LLO)

LHO data LLO data
—10) - ™ Wavetorm modal reconstruction - M Waveform model reconstruction
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Tests of

1.Hawkings area law

2.No-Hair theory (Kerr Nature of BH



Hawking's area law

Goal: Experimental verification of Hawking’s area theorem

Ar > A1+ Ao

Calibrated strain h(t) from LIGO/Virgo.
Split into two statistically independent segments:
* Inspiral: pre-merger portion.

e Post-merger:t > tpeak + ot ps.

Waveform model — NRSur7dg4 /| IMRPhenomXPHM.

Bayesian parameter estimation for each segment.

A; = A1+ As, Af=87TMf(Mf—|—\/M]%—a?¢)'

A — A;
Evaluate: A, ==~
P(Ay > 0)~97% - 3-5 o support.
My ~ 68 My, af ~ 0.69.

No evidence for area decrease.

Probability Density

[ <« =1— Ilpeak [ms]

—80 —-60 —40 -20 0
1- ]}}}}l}{}}}
2250  -200  —150  —100 _50 0
I <« =1— Ipeak [7m]

I

Hawking t< t> :

Area = 1 :

Theorem s . I

£ I

Full iﬁ“’””] & -1 i

measurement . . . |

-50 0 o0 |

t - tpeak [11] |

Energy |

Conservation |

........ <+
PP P :
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Fractional Area Difference, (Ar—.A;)/A;



Stochastic background source

Primordial Phase transition Astronomical

Initial fluctuation _ Cosmic tring - BBH and BNS

with Inflation

% 1000 % 40MmE 80 % 13800 %
1 . a o v :
= < . A\ -
; ) ‘ . o Py 4
/5 n . - ' ' "
g u".&)' ) o : o ’ ’ .
“)"'o) 88 ﬁ o \ v s
a”, g\ - x » - 'p
R £3 ft ' v -«
Mé% £ 1 1 . " V.
)
58 ! . .
>ty :
~'l. ®
b -
: 1 i) s LY b7
1000 100 10 ]

1 HFHRE




Next expected discovery:
Astronomical Stochastic Background
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The new window of GW observation?

—— LIGO O3
—=~ LIGO 05 design
103 4+ —— LISA Pathfinder
—=—= LISA design
—— NANOGrav 15yr PTA
— Infraton n_t = -r/8
Cosmic String Gu = 1le-11 alpha=0.1

BH-NS ;f
‘\
Kl
I

109 ~

1\ CMB

\ I
\ I/

\ /

\ /

\\ 7
\ ,,
\\ 7
\ /
\ ,
A /
SoL/
10—12 - | 5 /

Bridge b/w LIGO and Lisa

10—15

:

10—18

Ihuhﬂ.m Il me'ﬂiﬁﬂw i

10°

..HJN.hL “h“.ll nln““ i “.Hnl iy ||.M ...||‘” TRIY

Frequency[Hz]

10°



CHRON 0S5 Overview

. Tors1on bar « Armmlength: L
4 ETMRX

\ITMRX N, —
ETMRY L
ETMLY‘ - ,7 /'TM'-X N\

‘ETMLX p o ¥—
MTMLX SRMX]1

N

PRMX1
Input mode cleaner

MTMRX

Arm length: L

1 Laser

\PRMYl BS (1064nm)

MTMLY-—" \ \
|

ITMLY E—— [ B
+—SRMY1

Balanced
Homodyne
detection

Output mode cleaner

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

S%CHRBNOS




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

S CHRBNOS




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)




Summary
of

CHRONOS
interferometer

"Demonstration’
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Comparison of principle
?W

LIGO and CHRONOS have Independent detection method-



CHRONOS test mass

We need to monitor the angle by
laser interferometer method.

o ® 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, Germany
4 Earthquake Research Institute, The University of Tokyo, Yayoi 1-1-1, Tokyo 113-0032, Japan

Z  Tidal forces by

\‘_A(, | _ gravitational waves

<00mp, 00 T T A

——

———»—Fabry-Perot
interferometer

Ie

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

35



Demonstration with mml CHRONOS

- 300mm torsion bar

- First Demonstration of technology
- Educational system

- Text book and lecture

10days program



Magnitude
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Magnitude

mer school

GraVi tational Wave
ummerSchooI

Place: National Central University, Department of Physics
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Language: English (Staffs can support with Chinese)
Registration: 2026Mar.23 - 2026 July31
Date: 2026 Aug.17 - 2026 Aug.31
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Registration Fee: 3,500NTD
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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
1927 Heisenberg Uncertainty principle
h

quantum measurement.
e(@)n(p) = 5 ' .

Challenge to Heisenberg Uncertainty principle!

KIP S. THORNE

39


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

Non-demolition system”

Ozawa’s inequality (for angular momentum L and angle 6) ¢(L) : measurement error of angular momentum f
h :
G(L) 77(9) gl O'( z'n) ,,7( ) + E(L)O'(Hfm) > 5 n(@) : disturbance of angle 0
\ - ) N . J . = ) 0(L;n) : intrinsic fluctuation of input angular momentum
Error X Disturbance Intrinsic fluctuation of L Error x Intrinsic fluctuation o(0;,) : intrinsic fluctuation of input angle
x Disturbance of 6

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.

Speed meter!

Delay line 7

Photo detector = 0 6 (t+7)-0 6 (t) = QO T measurement,
where T IS constant.

Probe 1S proportlonal to anglar momentum!
=[H,L] =0 w=mmspp non-demolition!

40



Strain sensitivity [1/VHz]

Expected sensitivity

10—15 -

10-16 -
10—17 E
10-18 -

10-19 -

10720 4——r

Total
Shot noise(Finesse)

Radiation Pressure noise(Finesse)
Coating Browninan noise

Bar Thermal noise
Seismic noise
Newtonian noise

Torsion bar

10!

Frequency [Hz]

) Arm length: L -
~ B — wvex

J "\ L”
I = er
ST PO 158 (1064nm)
3 St
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i Y.
Output mode cleaner anc
Homodyne
detection

Instruments detail will be explained in Next Talk!



Publications
Main project paper

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,** MAGE Ismail,"2* Vivek
Kumar,®® Mario Juvenal § Onglao IIL%? and Ta-Chun Yu'?

Y.Inoue and D.Tanabe et. al. arXiv: 2510.24780
under reviewing in C.Q.G

Upgrade paper

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

Yuki Inoue,"** " * Hsiang-Chiel: Hsu,* Hsiang-Yu Huaug,"? M.AGSL Iswail " * Vvek Kumar,*®
Miftahul Ma’arif."»? Avani Patel,? Daiki Tanabe.*** Ienry Tsz-King Wong.*? and Ta-Chmim Yu'?

Y.Inoue et. al. arXiv: 2509.23172
Intensity noise paper EEEN

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

Daiki Tanabe*™!, Yuki Inoue®**", Vivek Kumar<*, Miftahul Ma’arif*Y, Ta-Chun Yu*<

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

Calibration paper

mproving calibration accuracy with torque coupled gravity field calibrator for sub-Hz
gravitational wave observation in CHRONOS

Rescarch Organization (KEK), Tsukuba, Japan

Y.Inoue et. al. Accepted by PTEP
Yukawa Gravity paper

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

Yuki Inoue,' 34" Hsiang-Yu Huang,"? Vivek Kumar,"? and Daiki Tanabe®*

Y.Inoue et. al. arXiv: 2604.11167

Gravity gradient paper

White paper

Prospects for Observing Gravity-gradient Noise and Earthquake Gravity Signals with
CHRONOS

Mario Juvenal S. Onglao IIL,"? * Yuki Inoue,®3 %% and Daiki Tanabe? * %5

M.Onglao et. al. arXiv: 2606.19124

Science paper

Science of Cryogenic sub-Hz cROss torsion bar detector with quantum
NOn-demolition Speed meter (CHRONOS)

e 2.3.4. % §1o: : 2 > 2 .
Yuki Inoue,”» %% * Hsiang-Yu Huang,"? Vivek Kumar,"? Mario

Juvenal S. Onglao 11,2 Daiki Tanabe,®? % and Ta-Chun Yu':?

Y.Inoue et. al. arXiv: 2604.0626
Sensitivity paper

NOn-demolition Speed meter (CHRONOS)

Noise budget of Cryogenic sub-Hz cROss torsion-bar detector with quantum

Mario Juvenal S. Onglao ITI,':2: * Hsiang-Yu Huang,®? Yuki Inoue,®2 4% Vivek Kumar,* 2 and Daiki Tanabe® 25

M.Onglao et. al.  arXijv: 2604.05840
Instruments paper

2026 Mar.11
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Author:

Yuki INOUE, Mario Juvenal S Onglao T1I, Daiki Tanabe,
Vivek Kumar

on the behalf of CHRONOS collaboration

CHRONOS
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quantum NOn-demolition Speed meter (CHRONOS)

Instrumental development for Cryogenic sub-Hz cROss torsion bar detector with

Daiki Tanabe,"? % % * Hsiang-Yu Huang,?? Yuki Inoue,®? *% Mario Juvenal S. Onglao III,>%? and Ta-Chun Yu*?

DTanabe et. al. arXiv: 2604.05801
In preparation (Release soon)

arXiv: 2603.10070

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

Mirror coating paper (Kumar et al.)

‘Dark matter paper (Inoue et al.)
under reviewingin PRD Collaboration is very welcomel!
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Science Roadmap
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p ase C ) . ) - i 0(Lin) : intrinsic fluctuation of input angular momentum
(small-angle approximation)
Error X Disturbance Intrinsic fluctuation of L Error x Intrinsic fluctuation o (0;n) : intrinsic fluctuation of input angle

x Disturbance of 0

Commuttion with CGonservation in:time Commuting at Vanishing CHRONOS
o " QND observable :
the Hamiltonian -> afs 1 all times - N disturbance Experimental
[13, H} =0 E = E [L’ H] i [ﬁ(tl)y j;(t2)] =0 Lisa W(L) -0 -' demonstration of
" N (for any tq, t2) QDA pervablee (back-action can be QND measurement
For a freely rotating body, Therefore L(t) = L(0). made arbitrarily small) of angular
H = L?/(2I), hence = = = momentum.
[f, IjI] -0 ‘ QND condition (Braginsky): [A(t1), A(t2)] = 0 for the measured observable A. ’

Here we choose A = ﬁ, which is satisfied because [ﬁ, I‘?] =Y0:
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Intermediate mass black hole

B8 wmass HiErARCHY

o &

v

Stellar-mass
Black Holes

10 — 100 M

Intermediate-mass

' Black Holes (IMBHs) ' « ‘; -
102 — 105 M, *

v

Supermassive » ——
Black Holes (SMBHs) ' @

106 — 101° M, |

IMBHs are the missing link
in the mass spectrum.

E FORMATION CHANNELS

(A) Hierarchical Mergers

¢io @

Growth through repeated mergers
in dense stellar environments.

~

B SPIN AS A PROBE OF FORMATION

The dimensionless spin parameter

cJ
GM?

Ay =

(B) Direct Collapse

G K.

Gas cloud Massive star Black hole
Rapid collapse of massive gas
in the early Universe.
(C) Primordial Origin
Primordial Primordial
density fluctuation black hole

Collapse of primordial overdensities
in the early Universe.
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measures the black hole spin.

Relativistic effects require 0 < a, < @max-

—\ 7

Maximum spin: amax = 1 — €
(Thorne limit from relativistic effects)
e~ 43 %X 107% > amax =~ 0.99957

S/

as. =10 a, ~ 0.5

®

p

Ay — Amax

®

Near-maximal spin

Non-spinning Moderate spin

0 - amax
Spin increases

Expected spin characteristics

Formation scenario 3
(qualitative)

Hierarchical mergers

| — —————————————

Typically moderate spins (a, ~ 0.1 — 0.7)

Prolonged (coherent) accretion | Tends to produce high spins (a, — @max)

Chaotic / random accretion Broad, often low-to-moderate spins

Primordial formation

Broad distribution (model-dependent)

-

Measuring spins of IMBHSs helps
discriminate formation scenarios. J




=
o
w

Luminosity distance [Mpc]
o

[
o
=

Intermediate mass black hole

103

Total mass [M ]

Frequency [Hz]

RONOS is sensitive to Inter mediate Black

10-15
Q 200000M3200000M,
10716 - s |
N 50000Mz50000M,
g
Z 107174 25000M525000M,
—
5 as
= 10000Mz 10000M,,
a 1018 -
n
<
10-19 5000M>8Q00M.
| 1000M=1000Ms
10*20 LR R AL | LA | v LB AR AL | L' LR A AL | v LA RAL | v LR R AL |
101 10° 10! 102 103 10*

ole

45



Stochastic Background

1023
w— CHRONOS 5yr - = PGW CMB Lesing
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- = Cosmic String CMB B-mode
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Team Taiwan
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w— CHRONOS 5yr - = PGW CMB Lesing
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CMB Polarization data

low-frequency noise and
instrumental systematic effects
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foregrounds
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Science Roadmap

Principle
demonstration
phase

2026-2030

Gravity Gradient
Science phase

2

2030-2035

Gravitational wave
Science phase

2035~

~

/ Quantum Optics

s 5 &
Ozawa’s inequality (for angular momentum L and angle 0) (D) : measurement ervorofiangulir momentum-F,
B o :
eL)yn®) + o(Lm)n(®0) + e(L)o(bim) > 3 e (£, 0] ~ ih
< — S — o(Lin) : intrinsic fluctuation of input angular momentum
(small-angle approximation)
Error X Disturbance Intrinsic fluctuation of L Error x Intrinsic fluctuation 0(0;,) : intrinsic fluctuation of input angle
x Disturbance of 6

Commuttion with Conservation in time Commuting at QND observable Vanishing CHRONOS
the Hamiltonian -> afs o all times - et disturbance -> Experimental
[]3, H} =1 o = B [L, H] =0 [[/(tl)7 L(tz)] =0 Lisa n(L) -0 demonstration of
QND observable.

QND measurement

(for any tq, t2) (back-action can be

For a freely rotating body, Therefore L(t) = L(0). made arbitrarily small) of angular

H = L?/(2I), hence

QND condition (Braginsky): [A(tl), A(tg)] = 0 for the measured observable A.

(L, A] = 0. ‘

’ momentum.

Here we choose A = ﬁ, which is satisfied because [ﬁ, ﬁ] ="0:
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ummary CHiP [P

LIGO is the world largest GW experiment for GW GI’ avitational Wave
detection. ummer SChOOI

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 Wj.].]. j_mprove the ].OW fre quency no:i_se for Place: National Central University, Department of Physics

Target: Undergraduate and Graduate student

S Ub - H zZzre gj. on. Language: English (Staffs can support with Chinese) E B

Registration: 2026Mar.23 - 2026 July31
Date: 2026 Aug.17 - 2026 Aug.31

. . Participent: 20 -
CHRONOS science program has 3 science stages. Regstration Foe: S500NTD R Sm ot e
. .. . . e . . Contact: Yuki Inoue (iyuki@ncu.edu.tw) Registration B8 EihR kSRS
(i)Quantum (ii) Gravity Gradient (iii) Gravitational e )
Wave R amanse D'ID") SC PZQHRENOS %CHIP nnnnnnnnnnnnn v

Collaboration and Invited talks in next semester are very welcome!!
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Cumulative number of detections

The cumulative number of detections
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Cumulative effective hypervolume (Gpc2 yr)
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Secondary mass (My)

Mass of events
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Distribution peaks

10Hz peak
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Figure 2: Primary black hole mass spectrum, i.e. the distribution of masses of the larger-mass black hole (the ‘primary’) in our detected
binary systems. GWTC-4.0 (blue/orange) refines the earlier GWTC-3.0 Power Law + Peak (black dashed), with clearer support for
structure around ~10 M, and ~35 Mg,



Spin of events

Effective inspiral spin y.g

1.0
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=== GW230529_181500 GW231028_153006 === GW231123_135430

Effective spin
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ubble constant

1.0
01+02+03+04a (142)

0.8 O4a (76)

0.6

0.4

Cumulative Distribution

0.2

0.0
10t 102 103 10*

Aﬂgo% [degz]

Figure 2. Cumulative distribution of the size of the 90%
CR of the sky localization of CBC candidates observed during
01+02+03+04a in orange (142 total events including GW170817)
and O4a-only in blue (76 events). It can be seen that the typical sky
localization of O4a events was larger than that of O1-O3 events.

0.040 ' '
Planck

0,030 Bright siren
k= = Spectral sirens
= .
n (0.025- = Dark sirens
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=£.0.020
-
=
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T
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Figure 4. Hubble constant posterior for different cases. Yellow curve: posterior obtained from the bright siren GW170817 and its EM
counterpart. Orange curve: posterior obtained with the spectral siren method and the FULLPOP-4.0 mass model. Blue curve: posterior obtained
using all dark sirens with GLADE+ K-band in the luminosity-weighting case (¢ = 1) and the FULLPOP-4.0 mass model. Black curve: posterior
after combining the dark and bright siren results. The pink and green shaded areas identify the 68% CI constraints on Hj inferred from CMB
anisotropies (Ade et al. 2016) and in the local Universe from SHOES (Riess et al. 2022), respectively.

Catalog Period Number of Events Purpose [ Significance
B right Sj_ren: B N S Wj_th Opti C al C O unter P art GWTC-1 (01-02) 2015-2017 ~10 events Proof of concept
D ar1< Siren: B B H Wj_th e Stimate d ho St galaxy GWTC-2 (03a) 2019 ~39 events Early population analysis
. . . . GWTC-3 (03b) 2019-2020 ~90 events First full-scale spectral-siren trial
Spectral siren: Use mass distribution Mdet = (14+2z)M )
GWTC-4 (early 04) 2023-2024 >200 events Toward 10 % precision on H,

https://arxiv.org/pdf/2509.04348

Hy = 76.613%° (76.6725-2) kms™! Mpc 1.



Principle of spectral strain method
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1 [ U] Figure 4. Hubble constant posterior for different cases. Yellow curve: posterior obtained from the bright siren GW170817 and its EM
counterpart. Orange curve: posterior obtained with the spectral siren method and the FULLPOP-4.0 mass model. Blue curve: posterior obtained
2 . . A . . " using all dark sirens with GLADE+ K-band in the luminosity-weighting case (¢ = 1) and the FULLPOP-4.0 mass model. Black curve: posterior
Figure 2: Primary black hole mass spectrum, i.e. the distribution of masses of the larger-mass black hole (the ‘primary’) in our detected after combining the dark and bright siren results. The pink and green shaded areas identify the 68% CI constraints on Hy inferred from CMB
binary systems. GWTC-4.0 (blue/orange) refines the earlier GWTC-3.0 Power Law + Peak (black dashed), with clearer support for anisofronies (Ade et al 2016) and in the local Universe from SHOES (Riess et al 20291 resnectively

structure around ~10 Mg and ~35 Mg,

Universe expands — redshift z stretches GW waveform Mdet = (1 -+ Z) Mgre
p(z | mdet) ox p(mse = T4 | ) p(z | Ho)

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

Hubble constant is consistent with other method.



Most massive Binary Black hole

o g | Mt GW231123

a gravitational-wave signal from the most
massive binary black hole observed to date

v
WMES' OF
TS5 Y

travelling from 2 - 13 billion light years away ...

Not only are these black
holes massive, they are

highly spinning.

GW231123 was detected on

Each is rotating at ~80-90% of November 23, 2023 at 13:54 UTC by q
o0 01000 HIERARCHICAL
astrophysical “UPPER MASS GAP” times Earth’s rotation speed! ORIGIN STORY? I o
distribution of ‘ H1
kn?‘wln LVK black an I'd
ole masses GW231123
L lighter black hole 225 and
the black holes solar masses
Eerge and
ecome ...
GW231123 ‘ LIGO
heavier black hole
GW231123

L1
I black hol i
final black hole ° for a duration

of 0.1 seconds.

The high masses and
spins of GW231123's
components indicate
that they could come

0 50 100 150 200 250 from previous black

hole mergers.

MASS [SOLAR MASSES]



How to demonstrate QND speed meter?

() Noise spectrum () Transfer function
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Geophysical Gravity effects

—

Prospects for Observing Gravity-gradient Noise and Earthquake AT

" M 6.5 (242.01 km)

Gravity Signals with CHRONOS | YTy
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|
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A . . 245 . . 245
Mario Juvenal S. Onglao III2*® Yuki Inoue®3%% 1@ and Daiki Tanabe?3:4:5

I National Institute of Physics, University of the Philippines - Diliman, Quezon City, Philippines

2Center for High Energy and High Field Physics, National Central University, Taoyuan, Taiwan

3Department of Physics, National Central University, Taoyuan, Taiwan

4Institute of Physics, Academia Sinica, Taiwan

SHigh Energy Accelerator Research Organization (KEK), Japan

TCorresponding author: Yuki Inoue, iyuki@ncu.edu.tw
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Probing Yukawa Gravity with Modulated Newtonian
Cancellation in the Torsion bar type detector

Yuki Inoue,''% 3% * Hsiang-Yu Huang,!'? Vivek Kumar,’? and Daiki Tanabe?
! Department of Physics,National Central University, Taoyuan, Taiwan

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

? Institute of Physz'cs: Academia Sinica, Taipei, Taiwan

* Institute of Particle and Nuclear Studies, High Energy Acceleration Research Organization (KEK), Tsukuba, Japan

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

( Sagnac Interferometer\ ( 10" ey \
(smd'mter) : E:IZ:: - e - -
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g |
:. 10" | . eee : bbb i | el A A : A A Aldl
":‘ 10 10' 10’ 10’ 10
\_ Photo diode® / N Frequency [Hz) S
Fabry-Pérot Michelson Sagnac speed meter
Input ma=F=Aexp(iwt) ma=F=Aexp(iwt)

Output [IxI=A/(mw2)exp(iwt)=F/(mw?2) lvI=A/(mw)exp(iwt)=F/(mw)

=CHRBNOS




2. 5m arm Iength
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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.



