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This proposal does not concern the entire KAGRA project, but 
rather the plan that is being carried out and promoted by the 
National Astronomical Observatory of Japan Gravitational Wave 
Science Project (NAOJ GWSP) as one of the sub-host of KAGRA. 
Therefore, although both the part about KAGRA as a whole and 
the plan of the NAOJ GWSP will be described, we will try to 
distinguish between them by clarifying the subject below.
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2. Science Goals
Promoting GW Astronomy

• Understanding the universe based on GW observations
• Study of fundamental physics such as general relativity, cosmology, 

and particle physics

KAGRAʼs science goals = NAOJ-GWSPʼs science goals

However, the role of NAOJ-GWSP is to promote GW astronomy from 
an astronomical perspective, and advanced technology development.

• Multi-messenger astronomy with EM telescopes
• Supernova study with NAOJ-DOS
• Advanced technology R&D with NAOJ-ATC



• 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 Physics

• Supernova
• Pulsar

3. Science Objectives
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GW Events until O3

More than 200 events until Dec. 2024

Black-hole 
Science

• >100M☉ BH
• >2M☉Compact Object
• Spin …



Berger (2014)

GRB Jet angle: ~10° • Isotropic
• Long time delay

• Isotropic
• Short time delay

Radiative 
elements

Heating 5k – 10k K

Binary Neutron Star 
Merger

→ Multi-messenger
Astronomy

Only one follow-up observation
was successful.

Source localization of GW telescopes

44

LIGO+Virgo

LIGO+Virgo+Kagra

Moon
2019/6/7 New Eyes on the Universe

Cassiopeia

Slide from Prof. Yoshida
in Subaru Telescope



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



kHz Band Development: KAGRA-HF (tentative)

Post merger BNS signals

5

Post-merger BNS signal
NS EoS

~ 3kHz

Full GR simulation of the BH formation L83

Figure 3. Snapshots of the entropy distribution (kB baryon−1) for Z70 at Tpb ∼ 160, 231, 261, and 294 ms (from top left to bottom right), respectively. The
sheet represents the lapse function (α) on the z = 0 plane.

previously identified in 1D full-GR simulations with Boltzmann
neutrino transport (Liebendörfer et al. 2004), these features are
commonly observed in the literature, due to rapid contraction of the
PNS to the forming BH (see also, Sumiyoshi et al. 2007; Fischer
et al. 2009; Hempel et al. 2012). The detection of the short-live
(∼300 ms after bounce) neutrino signals are basically limited to
Galactic events (see Mirizzi et al. 2016 for a review). However,
further study would be needed to clarify the contribution of these
BH-forming massive stars to the prediction of the diffuse supernova
neutrino background (e.g. Lunardini 2009; Horiuchi et al. 2018).

4 SU M M A RY A N D D I S C U S S I O N S

We have presented the results of full 3D-GR core-collapse simu-
lations of massive stars with three-flavour spectral neutrino trans-
port using the M1 closure scheme. Employing a 70 solar mass
zero-metallicity progenitor, we self-consistently followed the 3D
hydrodynamics from the onset of gravitational core-collapse until
the second collapse of the PNS, leading to the BH formation. We
showed that the BH formation occurs at the post-bounce time of
Tpb ∼ 300 ms for the 70 M⊙ star, which is significantly earlier than
found in the literature. At a few ∼10 ms before the BH formation,
the neutrino-driven shock revival was obtained, which is aided by

violent convection behind the shock. Although it requires much
longer simulation time to evaluate the final explosion energy Eexp

and also determine if the mass ejection occurs, Eexp, at the BH for-
mation time, is significantly lower than the binding energy ahead of
the shock. This indicates that the mass ejection would be hardly ex-
pected. Our full 3D-GR core-collapse simulations, however, present
the first evidence to validate the BH formation by fallback (Heger
et al. 2003) up to the 70 M⊙ star, where the neutrino-driven shock
revival precedes the BH formation. We also presented analysis on
the neutrino emission which possesses characteristic signatures of
the second collapse.

Note that this is the first simulation where the 70 M⊙ of Taka-
hashi et al. (2014) was employed. We shortly compare our results
with previous works that focused on the BH formation. O’Connor
& Ott (2011) studied in their extensive 1D simulations the impact
of progenitors and EOSs on the BH formation while simplifying
neutrino physics by a leakage scheme. Their U75 model using the
same EOS (LS220) shows Mb(g),BH ∼2.592(2.498) M⊙, which is
close to that Mb(g),BH ∼ 2.60(2.51) M⊙ for Z70 in this work. Re-
garding S40, the BH formation does not occur in the first 300 ms
after bounce, which is consistent with multi-D results by Chan et al.
(2018) and Pan et al. (2018).
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Figure 4. Gravitational waveform and its spectrogram (top), neutrino lu-
minosities (middle), and rms neutrino energies (bottom) as a function of
post-bounce time for Z70. Note in the top panel that h× and D denotes
the GW amplitude of the cross polarization and the distance to the source,
respectively. Red, blue, and black lines represent νe, ν̄e , and νx, respectively.

In this study, we have presented results of only the two progeni-
tors. Although one of them leads to the BH formation with a mass
of ∼2.6 M⊙, it is a long way to understand the final BH mass (∼8
to ∼30 M⊙) observed in the GW events (Abbott et al. 2016a,b,
2017). We need to follow a much longer evolution up to the order
of Tpb ∼ 10 s until the entire helium core (at a radius of 109 cm)
accretes to the BH. To do this, one needs to implement both the
apparent horizon finder and some special treatments for neutrinos
and fluids within the apparent horizon (e.g. Hawke et al. 2005).
Understanding the dynamics and evolution of the BH-forming mas-
sive stars should progress not only with such an update in numerical
techniques but also with the advance in binary stellar evolutionary
calculations (e.g. Marchant et al. 2016).
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study

< 2kHz
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kHz Band Development: KAGRA-HF (tentative)Signal Extraction Scheme

14th June 2023 TAMA Long SRC Workshop 3

SRM

PRM

𝜙SRC
Signal Recycling

Resonant Sideband Extraction

𝑅S𝑅𝑀

FPMI

Dual-Recycled 
Fabry-Pérot 
Michelson 

Interferometer

Tuning

Input power is fixed to 150W

Comparison of HF options

Input power is fixed to 150W

Comparison of HF options+ Frequency Independent
Squeezing (FIS)

Long SRC

KAGRA can have better sensitivity 
than ultimate LIGO upgrade (A#) 
at around kHz band

In 60-80Mpc distance, KAGRA-HF can detect
postmerger BNS signal with S/N=5



4. Science Investigations
NAOJ roadmap &
5th NINS mid-term plan

O5 & upgrade toward O6

Best 
Commissioning

• OMC VIS
• Fiber Q

• ITMs replacement
• DGS upgrade

Improvements
• New timing system
• Maintenance

First 
Detection

KAGRA-HF upgrade?
• ITM recoating
• Squeezer



4. NAOJ-GWSP’s Science Investigations
4.1 Science Investigations until 2033

• Best KAGRA commissioning → ~10Mpc BNS sensitivity → Joining O4
• Hardware improvements → Commissioning → >25Mpc BNS sensitivity 

→ Joining O5 → First GW detection by KAGRA

Before FY2028 Top priority mission for us is successful GW detection by KAGRA

• Most of hardware development is only possible on NAOJ

• NAOJ-GWSP is playing a key-role of a practical international development
• NAOJ-GWSP has quantum optics technology

FY2028 ‒ FY2033 Detailed plan is not fixed yet, but maybe we have major upgrade before O6

• KAGRA Squeezer implementation
• KAGRA-HF by Long SRC?
• New data analysis group with 1000 CPU

• KAGRA squeezer development with Taiwan and Korea

• GRID computing for LVK data and computer-resource sharing

KAGRA common investigations
Our unique investigations



4. NAOJ-GWSP’s Science Investigations
4.2 Science Investigations beyond 2034

4.3 Threshold Science

• KAGRA-HF by Long SRC?
• Data analysis
• New technology development
• Shift to 3G

GW detection!



7. Current Status

aLIGO

GEO600

AdVirgo

KAGRA

M7.6

Noto
M6.5

Noto
M6.6



7. Current Status Mechanical recovery was finished around July 2024

23

Mirror
MCi x  o
MCo x  o
MCe x  o
IMMT1 o
IMMT2 o
PRM x  o
PR2 x  o
PR3 x  o
BS 0
SR3 o
SR2 o
SRM o
OMMT1 o
OMMT2 o
OSM o
OMC x  o
ITMX(IXA) x  o
ITMY(IYA) o  o
ETMX(EXA) x  o
ETMY(EYA) x  o,

Small leak
X-arm VAC Small leak

 We need again the optimization of the control for each 
suspension whose parameters were slightly changed from 
those in O4a.

 It will take two months or so.

 New vacuum leaks were found, We need to fix them. 

Damaged Situation in I/E-TM-X/Y Suspensions

21

ITMX ETMX
 All sapphire bases for magnets 

were on ETMX. One magnets 
dropped off.

 We checked the strength of the 
other three magnets by bringing 
an Allen key closer. Then, one 
magnet (H2) was easily dropped 
from the spacer though H2 
actuator was healthy at the 
health check after the 
earthquake. This implies that 
magnet can be damaged even if 
they seem healthy as well as 
ITMX case.

 We decided to reglue all 
magnets including ITMY.

ETMY

IM: The damping magnets at 
X+Y+ were touching the IM 
body

 All sapphire spacers and 
magnets have fallen off.

 Signal cable to LVDT was found 
to be cut in the Bottom Filter 
damper

All Magnets off with 
all sapphire bases

 Signal cable to LVDT was 
found to be cut in the 
Bottom Filter damper

Damaged Situation in IMC Mirror Suspensions

14

MCe MCi

 All magnets alive.

 One EQ stopper at X-Y+ 
bottom was touching the 
TM.Magnet off

Magnet off

All Magnets off

MCo

IM: The damping magnets at 
X+Y+ were touching the IM 
body

The wire ends might be 
touching the magnets

Cable break

PRFPMI lock : done @Sep.
→ Noise hunting
→ Better sensitivity (~2Mpc)

than O4a has been achieved.
→ Noto Earthquake of M6.6 again @Nov.



7. Current Status

O4a Noise budgets 7
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Expected Sensitivity Curve and its Noise budgets for O4b(c)

O4a Sensitivity and Estimated Noise Budget

Laser power: 2W

Laser power: 10W

Expected Sensitivity and Noise Budget
in O4b/c



7. Current Status

Revised Schedule for 10Mpc in O4b(C?)

We plans to join O4
at 2025 spring



Q.
A development plan using TAMA300 has also been submitted as a separate LOI, 
but do you have sufficient budget and human resources to run both in parallel? 
Wouldn't it be possible to accelerate technological development by concentrating 
resources on KAGRA?

In response to the question, "Do we have the budget and human resources to run both TAMA and KAGRA?", 
the answer is NO. 
As explained above, we do not have enough people to operate the KAGRA hardware, which is the 
responsibility of NAOJ-GWSP.
To add a little more detail, most of the FTE of NAOJ-GWSP staff is used for KAGRA and not for TAMA300. 
TAMA300 experiments have been and still are funded by Grants-in-Aid for Scientific Research. 
Human resources are also dependent on students and domestic and international collaborators. 
The reality is that activity has been low in recent years.
In fact, TAMA is extremely important for KAGRA. Of course, research for the future upgrade of KAGAR is 
being done at TAMA, but more than that, it is important to keep students and domestic and international 
researchers connected to KAGAR.
For students who develop hardware, there is little room for independent research in KAGRA, which has 
entered the operational phase, so development at TAMA and ATC seems very attractive. 
For this reason, many students enroll thanks to the development research at TAMA and ATC. 
Also, since the construction of KAGRA has been carried out only by Japanese researchers, there are 
overseas collaborators who want to introduce equipment they developed for the upgrade of KAGRA, and 
TAMA and ATC provide that environment. For example, development of the Squeezer for KAGRA has begun 
with Taiwan and Korea, centered around NAOJ, and Taiwan and Korea have contributed both financially and 
human resources. In other words, there is an aspect that KAGRA receives human and financial support thanks 
to TAMA and others.




