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Gravitational Wave Science Project (GWSP)
→ Gravitational Wave Science Project Office

NAOJ
GWSP（Office）

KAGRA
Project (LoI)

TAMA&NEMO
Project (LoI)

Einstein Telescope
(3G) Project (LoI)

• GWSP’s main project
• with ICRR & KEK
• Observation & Operation
• Upgrade
• Until around 2040

• Technology R&D
• Future Project
• International 

Collaboration

• Huge next-generation
GW telescope project

• International Collaboration
• From 2030’s

Multi-messenger Astronomy
Project (LoI)

Division of
Science
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NAOJ GWSPʼs
KAGRA Project

Entire KAGRA project + NAOJ GWSPʼs roles + NAOJ GWSPʼs strategies

A Frontier Project



1. Science Goals and Objectives

Science Goals
The main purpose of this research is to develop GW astronomy/physics 
and multi-messenger astronomy from an astronomical perspective, 
which can be developed using ground-based laser interferometric 
GW telescopes of several tens of Hz to several kHz.

Science Objectives

GW Science + Technology Development
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Wei-Tou Ni, EPJ Web of 
Conferences 168, 01004 (2018)
https://doi.org/10.1051/epjcon
f/201816801004
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GW Astronomy in Frequency

Table-Top Experiments
Ground-Base 
Laser-Interferometer

Space-Base 
Laser-Interferometer

Pulsar Timing

CMB

GW EMW



• Verification of GR
• Appliable range of GR
• Non-linearity
• Polarization of GW
• Degeneration of masses and

inclination angle of binary 
stars

• GW speed (Mass of graviton)
• Reaction of GW emission
• Quantum Gravity
• GW background (Cosmology)

• Cosmic Inflation
• Density of binary stars
• Cosmological parameters

• Hadron Physics

• Black-hole Astronomy
• Stelar mass BH
• Mid mass BH
• Super-massive BH
• Distribution of BH & BH binary
• POP-III, PBH, 

Dynamical Formation
• BH spectroscopy
• Ringdown

• Neutron Star Astronomy
• Gravitational Collapse & Neutron Star formation
• Neutron star mass, Massive NS ?
• Equation of state of neutron
• Starquake
• Gamma Ray Burst
• Distribution of NS & NS binary

• Multi-messenger
Astronomy
• Nucleosynthesis of

heavy atoms
• Hubble Constant

• Cosmology
• Standard Siren

Astronomy PhysicsScientific Themes

• Supernova
• Pulsar



Large mass-ratio BNS? >100M☉

BNS

NSBH?spinning

spinning
>100M☉

>100M☉

Large mass-ratio

>100M☉

>100M☉

Large mass-ratio

>100M☉>100M☉

NSBH NSBHNSBH

NSBH?

NSBH

spinning

Spinning
(Negative)

>100M☉

GW Events until O3 +57 candidate in O4 @Oct.

LIGO Gallery: https://www.ligo.caltech.edu/image/ligo20211107b
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Fig. 10 The event rates for Pop III (standard), Pop I and II (OLD), and PBBH merger as

a function of z. These rates are derived by differentiating the cumulative event rate in Fig. 5

with respect to ln z. Note here that the detectability may change by the mass distribution

of each model.

globular cluster (GC) M15. This suggests the possibility of the formation of BBHs in the

GC. A BH of mass ∼ 30M⊙ is much larger than the typical mass of the constituent stars,

∼ 1M⊙, so that it will sink down to the center of the GC or star cluster due to dynamical

friction. Then BBHs can be formed in the central high density region of GCs. Since the

escape velocity from GCs is 10 km s−1 or so, the kick velocity in the formation process of

BHs or the kick when BBHs are formed by three-body interaction is high enough for BBHs

to escape from GCs. Rodriguez, Chatterjee, and Rasio [67] performed such a simulation to

show that the event rate is at most ∼ 1/7 of Pop I and II origin BBHs. If we take their result

as it is, the dynamical formation of binaries in GCs gives only a minor contribution of Pop

II origin of BBHs.

From only the chirp mass, total mass and spin angular momentum, it will be difficult to

distinguish the origin of GW150914-like BBHs. This is because the number of parameters

that can be determined by the distribution function of the GW data is much smaller than

that of the unknown model parameters and the distribution functions assumed in each model.

However, the redshift distribution of GW events varies robustly among the models. Namely,

the maximum possible redshift is ∼ 6, 10, and > 30 for Pop I/II, Pop III, and PBBH models,

respectively (see Fig. 10). In Fig. 10, we show the event rates for each model. These event

rates are derived by differentiating the cumulative event rate in Fig. 5 with respect to ln z.

To observe the maximum redshift as a smoking gun to identify the origin of GW150914-like

events, the construction of Pre-DECIGO seems to be the unique possibility.

Pre-DECIGO can observe NS–NS and NS–BH mergers. However no detection of GWs

from the merger of these systems has been done, though many simulations exist. For the

same distance of the source, the SNR for NS–NS and NS–BH (30M⊙) are 0.08 and 0.25

times smaller than for 30M⊙–30M⊙ BBHs. We will here postpone discussing what we can

do using Pre-DECIGO about these sources until the first observations of GWs from these
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T. Nakamura, Prog. Theor. Exp. Phys. 2015,
arXiv:1607.00897v2 [astro-ph.HE]

Scenario Selection

observation is required

Astronomy → Cosmology

What is an origin of LVK BBHs?

• Standard stars (POP I) ?
or POP II ?
→ Our universe is too young to

generate so many LVK BBH?

• POP III ?
→ Kinugawa et al. predict that binary 

merger of dozens-solar-mass BBHs 
can be observed present day. 

• Primordial BBH ?
→ Quantum fluctuation at the cosmic 

inflation era can generate many BBHs

https://arxiv.org/abs/1607.00897v2


2. Science Investigations, Instrumentation and Data
① International GW Observation KAGRA collaboration 

→ LIGO-Virgo-KAGRA collaboration (MoU)

O6 and later:
No discussion
yet

Joining to international observation is the top priority for KAGRA.
This is also GWSPʼs top priority. 

Details are not
fixed yet

← GWSPʼs Main Science Investigation in this roadmap

https://dcc.ligo.org/public/0172/G2002127/019/ObsScen_timeline.pdf



Expected Localization
Hanford-Livingston-Virgo Hanford-Livingston-Virgo-KAGRA

GW Polarization

+ mode × mode

<latexit sha1_base64="G+XCh7/6i18F24TbG2JRoTyLQto="></latexit>

✓
With more than four
telescopes, we can
identify GW polarization
and can know inclination
angle of binary orbit.

10

Figure 5: An example when the sky localization accuracy is improved significantly by adding
KAGRA. The 90 % credible area for the 3-detectors HLV case is 130 deg2, while 4-detector
HLVK case is 10.3 deg2 and 72.7 deg2 when KAGRA’s BNS range is 25 Mpc, and 8 Mpc, re-
spectively. The source parameters are (m1,m2) = (1.25, 1.44)M�, cos(inclination angle)=�0.41,
(�1,�2) = (0.03,�0.01), and distance is 46 Mpc.
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Figure 6: Locations and orientations of LIGO/Virgo/KAGRA detectors.

130 deg2 10.3 deg2

LIGO: 120Mpc
VIRGO: 60Mpc
KAGRA: 25Mpc



Current Status & Plans of KAGRA

O4b commissioning works are largely delayed by many troubles.
→ Need to select to-do-items
→ Quick shift to interferometer commissioning is required.

Risk

KAGRA joined O4a from May 2023 for a month with 1.3Mpc sensitivity
→ We aim to improve the sensitivity of 3~10Mpc in O4b (from spring 2024)

Virgo also has much troubles and its sensitivity is still 30Mpc (half of O3).
They decided to join O4 from this Dec. even with lower sensitivity.

Problems: No sufficient budget, no sufficient human-resources, no sufficient time …
And we can not identify real noises without real interferometer operation.

Note

• KAGRA budget can be terminated and GW astronomy in Japan can be disappeared.
• Without KAGRA and Virgo, event localization will be very poor and astronomy 

community can not fix follow-up observation area.



② Data Analysis

• Hiring an expert of GW data analysis and 
computing (Associate Prof. class)

Proposal

Present GWSP staffs: Hardware experts, 
No data analysis experts

• GRID Computing + 1000 CPU cores
• LIGO-Virgo share GW data analysis on Open 

Science GRID
• LV demand KAGRA to provide 5000 cores on the

GRID 
• Very small contribution to the LV GRID framework 

from KAGRA, only 1000 from Taiwan
• We wish to have initiative of GRID and data analysis 

framework to show NAOJʼs visibility.

→ NAOJ can not lead GW astronomy
→ Risk

KAGRAʼs CPU

Accumulated Data in KAGRA

650TB/yr
>2PB @2022



③ Frequency Dependent Squeezing for KAGRA 基盤研究（Ｓ）４ 

【１ 研究目的、研究方法など（つづき）】 

 
図4: プロジェクト年次計画 

周波数依存性スクイージング/Frequency Dependent Squeezing (FDS) 
真空場の位相揺らぎはショットノイズと呼ばれる高周波で支配的になる雑音を生じ、振幅
揺らぎは輻射圧雑音という低周波の雑音を生じる(図2)。従って、最適なスクイーズの方向
(スクイーズ位相)は、重力波の周波数によって変化する。固定されたスクイーズ位相を持つ
真空場を干渉計に入射した場合、ある周波数帯の量子雑音は低減できても、他の周波数帯で
は逆に雑音を増加させてしまう。そこで、全周波数帯域で量子雑音を低減させるためには、
周波数に応じてスクイーズ位相を回転させる、周波数依存性スクイージング(FDS)が必要と
なる。 
■ フィルター共振器 
狭い共振線幅を持つ光共振器にスクイーズされた真空場を反射させると、スクイーズ位相
に周波数依存性を付加することができる。これをフィルター共振器と呼ぶ。図3に、フィル
ター共振器を用いた周波数依存性スクイーズド真空場生成の概要を示す。まず、スクイーズ
ド真空場生成装置で、ある一方向にスクイーズされた真空場を生成する(➀→➁)。この真空
場を適切にデチューンしたフィルター共振器に反射させると(➂)、周波数によってスクイー
ズの方向が変化する(➃)。得られた周波数依存性スクイーズド真空場を、干渉計の出力ポー
トから注入する(➄)。その結果、干渉計の量子雑音が全周波数帯域で改善する(➅)。 
フィルター共振器の概念は約20年前に提案された。しかし、大型干渉計にとって必要な
100Hz付近で周波数依存性を持たせることは、超低損失のフィルター共振器が必要になるこ
とから、実現不可能であった。しかし昨年、我々国立天文台のグループは、世界で初めてそ
のようなFDSの生成に成功した。本研究は、このプロトタイプ実証実験の成果を基に、開発
された技術を実際の大型重力波検出器KAGRAに応用するというものである。 
研究計画 

■ タイムライン 
本研究では、基線長60mのフィルター共振器をKAGRAに導入する。図4に、このプロジェ
クトの年次計画を示す。最上部にはKAGRAプロジェクトの計画概要を書いた。まずは、こ
の研究に必要な各サブシステム(フィルター共振器、鏡の防振装置、スクイーズド真空場生
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The NAOJ GWSP demonstrated 
the FDS  at 100Hz range the
first in the world.
This technique has been already
introduced in Virgo/LIGO.



KAGRA FDS

Laser
BS

X-arm

Y-arm

Detection port

~80m

A candidate location

KAGRA FDS team
NAOJ
• Supervision
• Design
• Integration

KEK
• Vacuum
• Layout

KASI (Korea)
• Squeezer

NTHU (Taiwan)
• Squeezer
• Control

TAMA Squeezer

We plan to construct
KAGRA FDS by external
budget.

• NTHU acquired budget
• KASI has budget
• NAOJ/KEK could not

acquire Kakenhi budget

We plan to make and 
introduce a KAGRA 
squeezer first.

Project schedule depends on the budgetary situation.

Risk
• Human Resources
• Budget



④ Development of Large Sapphire Mirrors
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【１ 研究目的、研究方法など（つづき）】 
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Large Sapphire Mirror team
NAOJ
• Supervision
• Evaluation
• Integration

ICRR
• Procurement

KASI (Korea)
• Crystal growth
• Evaluation

iLM (France)
• Crystal growth

(in house)

Birefringence Map Optical Absorption Map

Required Items
• Large crystal growth (40-100kg)
• Small optical absorption (<20ppm/cm)
• Small birefringence 

( )
• Small defects & small optical scattering
• Super Polish 

(surface figure < ~nm, roughness < subÅ)
• Multi-layer coating with high mechanical Q

<latexit sha1_base64="DkUoxq89vIpXwYwE/HrRuCX00jQ="></latexit>

�n ⌘ ne � no < 10�6, ✓ < 5�

Risk
• Need trial to growth large

sapphire crystal
• Nobody knows origin of optical

absorption of sapphire 
at 1064nm wavelength



ICRR

NAOJ

KEK

KAGRA Project
Project Promotion Collaborators

Univ. Toyama
Univ. Tokyo
Osaka M. Univ. etc

Korea, Taiwan,
China, Hong-Kong,
Europe etc

International Joint Usage

/Research Center

Cosmic ray Researchers 
Congress (CRC)

Japan Gravitational Wave 
Community (JGWC)

Gravitational Wave 
International 
Committee 
(GWIC)

LIGO

Virgo

Current plan to push for top priority 
as the most important issue

GW observation by KAGRA 
is the top priority

Collaborations and Agreements

Collaborations and 
Agreements

• Construction
• Operation
• Maintenance
• Upgrade

3-parties MoU

LIGO-Virgo-
KAGRA
collaboration

• Observation
scenario

• Science paper

3. Operations

• Main Interferometer
• Vibration Isolation
• Auxiliary Optics
• Mirror Evaluation
• Calibration, PEM etc

• Vacuum
• Cryogenics
• Surveying Meas.
• Monitor & interlock

• Facility
• Budget & Management
• Control System
• Input & Output Optics
• Electronics
• Data Characterization



4. Key Technologies, and Issues
① International GW Observation: Top Priority 

② Data Analysis

③ Frequency Dependent Squeezing for KAGRA

④ Development of Large Sapphire Mirrors

• Noise hunting     ← Nobody knows noise sources. Steady noise hunting is required. Time!
• Replacement of two ITMs before O5 (in progress)  ← Maybe OK, but very tight schedule
• Hardware Maintenance   ← Hard budgetary situation…

• Data Analysis & GRID Computing    ← We donʼt have data analysis & computing experts.
• 1000 core CPU ← Budget & long-term maintenance

• Squeezer development   ← Technically OK, but no budget and no human power
• Filter Cavity  ← Technically OK, but no budget and no human power

• Large crystal growth ← The iLM constructed a large furnace. Try & Error. Time!
• Small optical absorption ← Nobody knows its origin. This is a big uncertainty.

← Wide-band sensitivity improvement

← Low frequency sensitivity improvement



11. Risks
① If KAGRA donʼt join International GW Observation with more than 

25Mpc sensitivity:  

② Data Analysis

③ Frequency Dependent Squeezing for KAGRA

④ Development of Large Sapphire Mirrors

• The KAGRA project can be terminated.
• Promises in the LVK are broken and trust of Japan is lost.
• LIGOIndia starts

• NAOJ can not lead GW astronomy. Only hardware contribution
• The KAGRA can not provide sufficient CPU to LVK in GRID frame.

→ NAOJ can lead GW data management

• We will lose technological advantage as a FDS pioneer.
• No improvement of  sensitivity in principle
• We will lose Taiwanese and Korean friends…

• No improvement of  sensitivity in principle, in particular lower frequency range



5. Threshold Science Mission
① International GW Observation

② Data Analysis

③ Frequency Dependent Squeezing for KAGRA

④ Development of Large Sapphire Mirrors

• More than25Mpc BNS sensitivity at O5 to give impact of localization improvement 
by KAGRA

• 80% Duty cycle

• Hiring an expert of GW data analysis and computing

• Development and implementation of Squeezer to KAGRA to reduce photon
shot noise

• Development of 40-100kg sapphire mirror substrates
• Small sapphire crystals with 20ppm/cm in optical absorption at 1064nm wavelength



8. Scientific Traceability Matrix

Science goals Science 
objectives

Investigations Instruments Data 
RequirementsPhysical 

parameters Observables Design 
Parameters Requirement

Foundation of
GW astronomy
and Multi-
messenger
astronomy

Black-Hole 
Astronomy

Mass, Spin, 
Luminosity 
Distance, Number 
density

GW waveform 128Mpc BNS 
range

More than

25Mpc BNS 
sensitivity @05

Provision of 
5000 CPU cores 
to LVK

in GRID
Multi-messenger 
astronomy using 
binary neutron 
star mergers

Mass,  Luminosity 
Distance, Number 
density

GW waveform 128Mpc BNS 
range

More than

25Mpc NBS 
sensitivity @05

Inclination 
angle of orbit Polarization LVK network More than 4 

detectors @O5

EM wave,

Neutrino

Luminosity,

Spectrum, 
Energy, Arrival 
Time…

J-GEM (Subaru 
etc.), Rubin, 
ALMA, Ice-
CUBE, SK/HK, 
Fermi…

Wide FOV, 
Various 
wavelength, 

Various 
detectors



7. Project Organization



6. Cost Estimation


