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400Mpc

29𝑀𝑀⨀ + 36𝑀𝑀⨀ → 62𝑀𝑀⨀
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Hydrogen

150 b illion  m ete rs

Earth

Sun  
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400Mpc

29𝑀𝑀⨀ + 36𝑀𝑀⨀ → 62𝑀𝑀⨀
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2𝑀𝑀⨀ ∼ 5𝑀𝑀⨀ : Largest NS  - Sm allest BH
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2𝑀𝑀⨀ ∼ 5𝑀𝑀⨀ : Largest NS  - Sm allest BH

50𝑀𝑀⨀ ∼ 150𝑀𝑀⨀ : 
(Pulsa tiona l) Pa ir-Instab ility
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https://commons.wikimedia.org/w/index.php?curid=51201468
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𝑚𝑚min 𝑚𝑚max𝜇𝜇m
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𝑡𝑡1
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𝑚𝑚1

𝑚𝑚2

Beta distribution

Uniform  + Gaussian

𝜁𝜁 =
Gaussian

Uniform+Gaussian
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𝜃𝜃 = {𝛼𝛼,𝑚𝑚max,𝑚𝑚min,𝛽𝛽𝑞𝑞 , 𝜆𝜆m, 𝜇𝜇m,σm, δm, 𝜁𝜁,𝜎𝜎𝑖𝑖 ,Ε 𝑎𝑎 , Var 𝑎𝑎 , 𝜆𝜆}

ℒ({𝑑𝑑𝑖𝑖}|𝜃𝜃)

ℒ 𝜃𝜃 𝑑𝑑𝑖𝑖 =
ℒ({𝑑𝑑𝑖𝑖}|𝜃𝜃)ℒ(𝜃𝜃)

ℒ({𝑑𝑑𝑖𝑖})

𝑑𝑑𝑖𝑖 : 𝑖𝑖-th detection
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99th  pe rcen tile  of 
the  m ass d istribu tion
42 – 44 𝑀𝑀⨀
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𝜆𝜆𝑚𝑚
0 0.4 0.8

Ratio of the Gaussian component in mass spectrum
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Parametrized Models

𝜒𝜒eff m easurem ents
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𝜒𝜒eff ≡
𝑚𝑚1𝑎𝑎1 cos 𝑡𝑡1 + 𝑚𝑚2𝑎𝑎2 cos 𝑡𝑡2

𝑚𝑚1 + 𝑚𝑚2

𝑡𝑡1

𝑡𝑡2

𝑚𝑚1

𝑚𝑚2𝑎𝑎1

𝑎𝑎2
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𝜒𝜒eff distribution



42

Parametrized Models

𝜒𝜒eff m easurem ents
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Spin tilt distribution
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GW170817

PRL 119, 161101(2017)





ApJL848:L12 (59pp), 2017



ApJL848:L12 (59pp), 2017



49PHYSICAL REVIEW X 9, 011001 (2019)
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28 deg2 -> 16 deg2
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Dimension less spin parameter:  𝜒𝜒 ≡ |𝑐𝑐𝑆𝑆/(𝐺𝐺𝑚𝑚2)|

High Spin Prior

𝜒𝜒 < 0.89

𝜒𝜒 < 0.05
Low Spin  Prior
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High Spin Low Spin



53Effective Spin

Mass Ra tio



54K. Hotokezaka et. al., Phys. Rev. D 93, 064082 (2016)
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56High Spin Low Spin
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arXiv:1710.05446 [ astro -ph .HE]

Δ𝑡𝑡 = 1.7 sec 𝑐𝑐𝐺𝐺𝐺𝐺 − 1 < 10−15



59Abbott, B. et al. Nature 551, 85–88 (2017)



NGC 4993

2017/8/18-19 2017/8/24-25

(C) NAOJ



(C) M. Tanaka
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Black hole  + Black hole: 25

Neutron  sta r + Neutron  sta r: 6

Black hole  + Neutron  sta r: 5

Mass Gap: 2
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The KAGRA Project
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• Over 300 collabora tors
• Over 70 institu te s from  around  the  world



KAGRAIn te rfe rom ete r
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Pre-Isolator

Standard Filter

Bottom Filter

Intermediate Mass

Mirror

Recoil Mass
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Type-A + Cryogen ic Suspension
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14m
Cryo -Payload

Type -A
(room  tem p.)



Type-A Suspension  Insta lla tion
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77©Ray. Hori
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iKAGRA(2016)

bKAGRA Phase  1 (2018)

FPMI on  Aug 24, 2019
(~0.4 kpc)

FPMI a t 300 K lim it 
(~2 Mpc)

O3 ta rget (8-25 Mpc)

FPMI Dec, 2019
(~30 kpc)



Arrival time difference
Tria ng u la t io n

Pla ne  wa ve
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LIGO + Virgo 
(54 deg2)

LIGO + Virgo + KAGRA
(3.4 deg2)



Worldwide network of GW detectors
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Incremental upgrade: ~ 5 -year te rm

• Advanced  LIGO + 
• Advanced  Virgo + 
• KAGRA+ ? 
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aLIGO+

aVirgo+
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Current KAGRA Limit

After Upgrade
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• Higher Laser Power

• Lower thermal noise
• Better coating
• Larger mirror

• Birefringence free mirrors (KAGRA only)

• Frequency dependent squeezing
• Filter Cavity
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• Higher Laser Power

• Lower thermal noise
• Better coating
• Larger mirror

• Birefringence free mirrors (KAGRA only)

• Frequency dependent squeezing
• Filter Cavity
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Incremental upgrade: ~ 5 -year te rm

• Advanced  LIGO + 
• Advanced  Virgo + 
• KAGRA+ ? 

3G detectors: 10 – 20 years

• LIGO Voyager (USA)
• Cosm ic Explore r (USA)
• Einste in  Te lescope  (Europe)
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A+



97Now
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