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• Fundamental Physics 
– Is GR the correct theory of gravity? 
– Do black holes really have “no hair” ? 
– What is the neutron star equation of state? 

• Astrophysics 
– What is the black hole mass distribution? 
– How did supermassive BHs grow? 
– What are the progenitors of GRBs? 

• Cosmology 
– Can we directly see before the CMB era? 
– Can we directly see before the BBN era? 

Gravitational wave Physics and Astronomy 
Science Goals 
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•  Transverse waves with  
   2 polarizations in General Relativity: 

 

•  Interferometer measures: 
 dL=x-y 

+	polarization	 x	polarization	

x	

y	

Gravitational Waves	
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The weakness of Gravity 

NASA/Dana Berry, Sky Works Digital	

•  Gravitational	waves	produced	
by	orbiting	masses:	

•  For	2		1.4								Neutron	stars	at	
1	Mpc	(3	million	light	years):		
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= ≈ ×A strain (displacement) of 	

Sun	

Earth	

1.5	x	108	km	

1.5	x	10-10	m	modulation	
due	to	GW:		equivalent	to	
the	Hydrogen-atom	size		

Proxima	Centauri	

Earth	

4.2	light	year	

0.1	mm	modulation	due	to	GW	
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Interference	pattern	changes	in	
time	due	to	temporal	
differential	change	in	distances	
due	to	GW	

High	power	Laser		

Mirror	Mirror	

Beam		
splitter	

Fabry-Perot	cavity	

Mirror	 Mirror	

Fabry-Perot	cavity	
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     World wide network of km class laser interferometers	

Virgo Cascina 3 km 

KAGRA　3 km  LIGO 　　Hanford 4 km 

LIGO Livingston 4 km,  10 
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Sathyaprakash	&	Schutz	Liv.	Rev.	Rel.	(2009)	
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Origin of the noise curve	

J Smith 	
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KAGRA	
Large-scale Cryogenic Gravitational wave Telescope
underground in Kamioka, Hida-city, Gifu, Japan

http://gwcenter.icrr.u-tokyo.ac.jp/en/

* ICRR (Institute for Cosmic Ray Research, U. Tokyo)
* NAOJ (National Astronomical Observatory of Japan)
* KEK (High Energy Accelerator Research Organization)

Host institutions:	

505 members in 14 countries and regions
200 authorship holders, 112 research groups
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KAGRA	World’s first  
2.5th generation GW detector	

ü  Cryogenic to reduce  
ü    thermal noises  
ü    (T=20K @mirrors) 
ü  Underground to reduce   
ü    seismic noises 

Tokyo

Kamioka

Amplitude of seismic motion

3km	3km	

Fabry-Perot Michelson type 
Laser interferometer	
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Detector configuration (cf Uchiyama-san’s talk for O3 & O4 config.)	

Laser light source 
 

•  100~180W (Planned) 

Cooling system 
 

•  Cools 4 main mirrors on both arms 
•  ~20K 

3km Fabry-Perot 
cavity 
 

•  Intensity ~ 400kW 
•  Amplifies gravitational  
      wave signals 

Vibration isolation systems	
Gravitational wave signal output port 

４ main mirrors 
 

•  Approx. φ22cm 
•  Sapphire 



Type A suspension	

Cooling system	
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History of KAGRA I   Timeline as of 2014  
(1-year delay due to the great eastern Japan  
  earthquake on 2011/3/11)	
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Tunnel excavation 
was completed just 
on (revised) schedule 
in March 2014.	
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2015 2016 2017 2018 2019 2020 2021 2022 

O1 O2 O3a O3b O4a O4b 

O2 O3a O3b O4a O4b 

O4a O4b KAGRA 

? 

? 

? 

100 Mpc 80 Mpc 110-130 Mpc 160-190 Mpc 

50 Mpc 80-115 Mpc 30 Mpc 

iKAGRA bKAGRA 
phase-1 

bKAGRA 
phase-2 

1 Mpc  1-3 Mpc 

Today 

1st Observing Run 3rd Observing Run 

2023 
mid-Dec. 

2015 2016 2017 2018 2019 2020 2021 2022 2023 

O3GK 

2nd Observing Run 

LIGO 

Virgo 

•  iKAGRA                   -   Michelson interferometer at room temperature. 
•  bKAGRA phase-1   -   Michelson interferometer with cryogenic operation. 
•  bKAGRA phase-2   -   All elements have been installed. 
•  O3GK                      -   Power-Recycling Fabry-Perot Michelson interferometer  

    at room temperature. 

 ~10 Mpc 

T. Sawada	
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History of KAGRA II	
2010 Funded by MEXT Japan
2012 Construction Started
2016 Test Operation @ normal temp. 

(iKAGRA)
2018 Cryogenic Test Operation 

(bKAGRA)
2019/8 FPMI
2019/10 Joint Research MoA with 

LIGO-VIRGO
2019/11 FPMI
2019/12 FPMI
2020/2 PRFPMI
2020/3 Joined O3  PRFPMI 

(@normal temp.)
2020/4 Observation O3GK

KAGRA collaboration, PTEP ptaa125 (2020)  
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We published the first paper using the KAGRA data	
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History of KAGRA II	
2010 Funded by MEXT Japan
2012 Construction Started
2016 Test Operation @ normal temp. 

(iKAGRA)
2018 Cryogenic Test Operation 

(bKAGRA)
2019/8 FPMI
2019/10 Joint Research MoA with 

LIGO-VIRGO
2019/11 FPMI
2019/12 FPMI
2020/2 PRFPMI
2020/3 Joined O3  PRFPMI 

(@normal temp.)
2020/4 Observation O3GK

FPMI=Fabry-Perot Michelson Interferometer 
PRFPMI=Power Recycling Fabry-Perot Michelson Interferometer	

KAGRA collaboration, PTEP ptaa125 (2020)  
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History of KAGRA II	
2010 Funded by MEXT Japan
2012 Construction Started
2016 Test Operation @ normal temp. 

(iKAGRA)
2018 Cryogenic Test Operation 

(bKAGRA)
2019/8 FPMI
2019/10 Joint Research MoA with 

LIGO-VIRGO
2019/11 FPMI
2019/12 FPMI
2020/2 PRFPMI
2020/3 Joined O3  PRFPMI 

(@normal temp.)
2020/4 Observation O3GK

FPMI=Fabry-Perot Michelson Interferometer 
PRFPMI=Power Recycling Fabry-Perot Michelson Interferometer	

KAGRA collaboration, PTEP ptaa125 (2020)  

Joint Research MoA with LIGO-VIRGO
Signed on Oct. 4, 2019
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History of KAGRA II	
2010 Funded by MEXT Japan
2012 Construction Started
2016 Test Operation @ normal temp. 

(iKAGRA)
2018 Cryogenic Test Operation 

(bKAGRA)
2019/8 FPMI
2019/10 Joint Research MoA with 

LIGO-VIRGO
2019/11 FPMI
2019/12 FPMI
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2020/3 Joined O3  PRFPMI 

(@normal temp.)
2020/4 Observation O3GK

FPMI=Fabry-Perot Michelson Interferometer 
PRFPMI=Power Recycling Fabry-Perot Michelson Interferometer	

KAGRA collaboration, PTEP ptaa125 (2020)  
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LIGO	

Virgo	

History of KAGRA III  
Evolution of the distance to which a binary neutron star  
(BNS) merger is detectable with S/N> 8: BNS range[Mpc]	

KAGRA started 20 (17) years after LIGO (Virgo).   
Its sensitivity has been improving very rapidly since  
the start of its operation until the start of O3GK. 
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Observing Runs of LIGO, LIGO-Virgo, and LVK	
•  2015. 9 - 2016. 1 :   1st Observing Run (O1) 

•  LIGO only 
•  GW150914   First direct detection of GWs – binary black hole merger 
 

•  2016. 11 - 2017. 8 :   2nd Observing Run (O2),  
 

•   First LIGO only, Virgo joined on August 1st. 
•  GW170814   First triple-detector GW detection 
•  GW170817   First binary neutron star merger detection (NS-NS) 

  

•  Birth of multi-messenger astronomy with GW 
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ガンマ線 

エックス線 

紫外線 

可視光 

⾚赤外線 

電波 

重⼒力力波 

1min　　10min　　　1hour　　　　1day　　　　
10days　　　	

GW170817: Birth of multimessenger astrophysics 	

NASA/CXC/M.Weiss	
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GW170817: Birth of multimessenger astrophysics 	
As of August 17, 2017, 6 real-time signal detection pipelines were in  
operation, namely,  

•  cWB: Coherent wavelet method 
•  LALInference oLIB:  Burst detection pipeline  
•  MBTA: Multiband template method 
•  SPIIR: Summed parallel infinite impulse response 
•  PyCBC: Compact binary coalescence search 
•  GstLAL: Compact binary coalescence search 

Among them, only GstLAL successfully  
detected the event! (developed by  
Kipp Cannon@RESCEU and Chad Hanna et al).)  
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Observing Runs of LIGO, LIGO-Virgo, and LVK	
•  2015. 9 - 2016. 1 :   1st Observing Run (O1) 

•  LIGO only 
•  GW150914   First direct detection of GWs – binary black hole merger 
 

•  2016. 11 - 2017. 8 :   2nd Observing Run (O2),  
 

•   First LIGO only, Virgo joined on August 1st. 
•  GW170814   First triple-detector GW detection 
•  GW170817   First binary neutron star merger detection (NS-NS) 

  

•  Birth of multi-messenger astronomy with GW 
 

•  2019. 4 - 2020. 3 : 3rd Observing Run (O3 = O3a + O3b) 
•  The observation was scheduled until the end of April 2020,  
      but due to Covid-19, it was terminated in March 2020. 

 

•  2020. 4 :  GEO600+KAGRA (O3GK) 
•  KAGRA was planning to join O3 with LV after it has achieved a  
      sensitivity level of 1Mpc.  When it was realized, LV had stopped  
      observation due to Covid-19, so joint observation with GEO600  
      was done as O3GK. 
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modified by M. Ando	

LIGO and Virgo have found 3+8+44+35=90 events so far.	
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LIGO	

Virgo	

History of KAGRA III  
Evolution of the sensitivity range of binary neutron star  
merger with S/N> 8.	

KAGRA started 20 (17) years after LIGO (Virgo).   
Its sensitivity has been improving very rapidly since  
the start of its operation until the start of O3GK. 
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2016.04 
Initial trial operation 

2018.04 
Cooling trial operation 2019.08 

2019.11 

2019.12 

2020.02 
2020.03 

8-25 Mpc 

25-130 Mpc 

KAGRA collaboration, PTEP ptaa125 (2020)  

Nominal: 0.5~0.6 Mpc 
Best ~1 Mpc 
2020. 03 O3GK	
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O3GK Joint observation with GEO600 during the third 
observation run of LV(K); O3. 	

Apr. 7, 2020. 8:00 UTC ‒ Apr. 21, 2020. 0:00 UTC 
Average sensitivity in terms of BNS  range: 0.6Mpc (Max 1Mpc) 

T. Sawada	
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Ø    Collaborative work as LVK collaboration 
•  First full-scale experience of collaborative analysis since 

KAGRA joined LV (GEO600 is a part of LIGO). 
•  Building pipelines from acquisition to analysis of data from 

observation networks, incorporating KAGRA Data-Quality. 

Ø Publication of observation results 
 

•  Submitted to arXiv 2203.01270 as an LVK-full author paper. 

•  Search for compact binary mergers and burst sources, etc. 

•  Coincidence analysis of four gamma-ray bursts observed in 
the relevant period, including GRB200415A (NGC253 
3.5Mpc).   

Achievements of O3GK 

Exclusion	
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arXiv:2203.07011	

34 



What noise sources limited the O3GK sensitivity? 

Low frequency	

High frequency	

Test mass suspension control noises 

Coupling from auxiliary degrees of freedom 

Scattering light noise due to acoustic noises 

Shot noise 

Laser frequency fluctuations 
Laser intensity fluctuations 
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Improvement work in progress toward O4 

Low frequency	

High frequency	

Ø  Improvement of Vibration Isolation System (VIS) 
•  Installation of more accelerometers  
•  Installation of optical levers to monitor motion of  
    type-A marionette and platform 
•  Replacement of the magnets controlling the mirrors	

Ø  Shielding stray light by installing baffles 
Ø  Reduction of control noises by filter optimization & tuning 
Ø  Removing environmental noises with more sensors and 
    injection tests 
Ø  Reduction of shot noise by  

•  Replacing SRM 
•  Introducing high-power laser (60W; 120W in future)	

Ø  Reduction of laser frequency and intensity noises with 
better alignment using wave-front sensors 
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Improvement of VIS	
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Extensive work on health check 
and adjustments	
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Improvement of VIS	
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Additional accelerometers 
installed on the top filter. 

Optical Lever の概略略図 

Installation of optical lever for monitoring the 
motion of Type-A marionette and platform. 	

T. Sawada	
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Shielding stray light by installing baffles 

at clean room of NAOJ ATC	
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The laser under testing 
(60W, neoLASE) 

Introduction of higher power laser 
to suppress shot noise	

JGWdoc public, T2011662 

Reducing shot noise 
by increasing laser 
power.	

T. Sawada	
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Toward better cooling 

A beam spot blurred  
 
 
 
by frost on the 
mirror. 

Improvements of cooling equipment and procedures: 
        -  Installation of defrosting heaters 
     

        - Absorbing the frost onto the duct shield during 
cooling 
 

        - Start cooling after confirmation of sufficient vacuum. 

It takes many weeks to cool down properly.	
T. Sawada	
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Today 

1st Observing Run 3rd Observing Run 

2023 
mid-Dec. 

2015 2016 2017 2018 2019 2020 2021 2022 2023 

O3GK 

2nd Observing Run 

LIGO 

Virgo 

•  iKAGRA                   -   Michelson interferometer at room temperature. 
•  bKAGRA phase-1   -   Michelson interferometer with cryogenic operation. 
•  bKAGRA phase-2   -   All elements have been installed. 
•  O3GK                      -   Power-Recycling Fabry-Perot Michelson interferometer  

    at room temperature. 

 ~10 Mpc 

Toward first detection	

10Mpc 
   sensitivity	

T. Sawada	

K. Ueno	
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resceubbc	

Data must be stored and transferred	

H. Takahashi	
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resceubbc	

Data must be stored and transferred and analyzed	

Introduction of new main server on the way	

We introduced a 5376 core 
cluster at RESCEU. 
Plan to extend it to > 8000 
core this year.	

H. Takahashi	
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LIGO-H, LIGO-L, Virgo LIGO-H, LIGO-L, Virgo, KAGRA 

Once KAGRA achieves its full sensitivity, it will significantly 
contribute to sky localization	

as well as better measurement of the polarizations of  
gravitational waves.	 45 
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LIGO	

Virgo	

Conclusion	

KAGRA started 20 years after LIGO, and have been 
significantly improving its sensitivity toward its first 
detection of gravitational waves and further contribution 
to the multimessenger astrophysics and fundamental 
physics.	
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