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Direct detection of gravitational waves
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Direct detection of gravitational waves

Black hole binaries exist



Direct detection of gravitational waves
Black hole binaries exist

BH with more than 30 solar mass
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Putative Mass Gaps

2Mo ~ S5Mg : Largest NS - Smallest BH
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Putative Mass Gaps

2M5 ~ S5Mg : Largest NS - Smallest BH

SOM@ G 150M@
(Pulsational) Pair-Instability




By Philip D. Hall - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php2curid=51201468

22



23

By NASA, The Hubble Heritage Team, STScl, AURA






01, O2 Compact Binary Detections

Event m /Mg my/ Mg M/Mg Xt  Mp/Mg  a;  Eng/(Mgc?) Cpen/(ergs™) dp /Mpc 7z AQ/deg?
GW150914 35.6757 30.677 28.67/7 —0.017545 63.1755 0.69700,  3.1707  3.6705 x 10°° 440750 0.09755; 182
GWI151012 2327057 13.675¢ 152775 0.05005) 35.65:%° 0.6750 17 1.679° 32778 x10% 1080735 0.21500 1523
GWI151226 137735 77738 897035  0.18797) 205705 0.745007  1.0705 34777 x 10°° 45075 0.09700; 1033
GW170104 30.8777 20.07;, 214775 —0.047)5] 48.97), 0.66 07 22702 337700 x10% 990775 0.207008 921
GWI170608 110577 7675 7955 00355, 178755 069555  0.9%) 3505 x 10 32005 0.07%5 392
GW170729 502703 34.070:!, 354702 0377095 79.5%/37 0.817007 48717 42777 x 10%° 28407 500 0.4970)) 1041
GW170809 35.07%) 23.872) 249775 0.087),7 563735 0.70700s  2.770¢  3.57,9 x10% 10307355 0.20700; 308
GW170814 30.6°3§ 25235 24.101{ 007:013 532133 072/00  27°0%  37:0¢ %10 600130 0.1238;
GW170817 1.467015 1.277565 1.186 00 0.007007 <28 <0.89  >0. > 0.1 x 10°° S 0.01590
GW170818 35472 267755 26.5777 —0.097057 59473 0.67700 27702 34705 x 10°° 10607355 0.2175¢7
GW170823 39.5745% 29.0797  29.2738  0.097098 654751 0.72700) 3.3, 3.670] x 10°° 194075 0.357012

. Rev. X 9,031040 (2019)







THE ASTROPHYSICAL JOURNAL LETTERS, 882:1.24 (30pp), 2019 September 10 https://doi.org/10.3847/2041-8213 /ab3800

© 2019. The American Astronomical Society. All rights reserved.
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Binary Black Hole Population Properties Inferred from the First and Second Observing

Runs of Advanced LIGO and Advanced Virgo
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Model parameters

0 = {CX, Mmax. mmin, ﬁCI’ Am» Hm, Om> Sm; C: 0i, E[Cl], Var [Cl], /1}

Likelihnood of observed events
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Bayesian inference of model parameters
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Parametrized Models

Xeff Mmeasurements

—— Mixture
Mixture (with singular)

— = Model V

[sotropic

Aligned
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Effective Spin Parameter
m,a, COSt; + Mmya, CoS t,

Xeff i mq B ms,
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PHYS. REV. X 92, 031040 (2019)

Xeff distribution



Parametrized Models

Xeff Mmeasurements

—— Mixture
Mixture (with singular)

— = Model V

[sotropic

Aligned
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Spin tilt distribution

— \[ixture
Gaussian

== [sotropic
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Properties of neutron stars in GW170817

Low-spin prior (y < 0.05)

High-spin prior (y < 0.89)

Binary inclination €,y

Binary inclination #;5 using EM
distance constraint [108]

Detector-frame chirp mass M9t

Chirp mass M

Primary mass m,

Secondary mass m,

Total mass m

Mass ratio ¢

Effective spin y.s

Primary dimensionless spin y;,

Secondary dimensionless spin y,

Tidal deformability A with flat prior

14675 deg
1515 deg

s
1-186:).'001 Mg
(1.36,1.60) M
(1.16, 1.36) M,
2-73f8.'8? Mg
(0.73, 1.00)
0.00%40;
(0.00, 0.04)
(0.00, 0.04)

30050 (symmetric) /30055, (HPD)

152157 deg
15377 deg

g v
118620001 Mo
(1.36,1.89) M,
(1.00,1.36) Mg
27792 M,
(0.53, 1.00)
0.027702
(0.00, 0.50)

(0.00, 0.61)
(0, 630)

PHYSICAL REVIEW X 9, 011001 (2019)
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Prior for spin

Dimension less spin parameter:. ¥ = |C§/(Gm2)\

High Spin Prior
¥ < 0.89

Low Spin Prior

y < 0.05



Mass posterior

Taylork2
m== PhenomDNRT

== SEOBNRT

= PhenomPNRT |

High Spin

TaylorF2
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= SEOBNRT
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- Numerical —————— '~ ' T " Numerical
EOB SFHo -~~~ -~ EOBDD2 -

-~ Numerical —— T . " Numerical —
EOBTMA -~~~ -~ | EOB TM1

K. Hotokezaka et. al., Phys. Rev. D 93, 064082 (2016)
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K. Hotokezaka et. al., Phys. Rev. D 93, 064082 (2016)



Tidal deformability
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Multi-Messenger Astronomy
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NGC 4993

(C) NAOJ



(C) M. Tanaka
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Days after GW170817
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O3 Open Public Alerts

Black hole + Black hole: 25
Neutron star + Neutron star: 6
Black hole + Neutron star: 5

Mass Gap: 2

my = m; by definition
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The KAGRA PrOjeCt

Over 300 collaborators
Over 70 1nst1tutes from around the World
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KAGRAInterferometer

Resonant Sideband Extraction (RSE)

Type-A (cryogenic) Mode Cleaner
Type-B

Type-Bp

Type-C -
Others

Output Optics
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Beam Splitter Suspension

Standard Filter <

A\Y 4

Bottom Filter <

Intermediate Mass <

Mirror

> Pre-Isolator

Recoil Mass
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Type-A + Cryogenic Suspension

$ g 1ype-a

(room temp.)

Cryo-Payload
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-A Suspension Installation

Type

b\auiowe
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GW source localization

Plane wave

Arrival time difference

> Triangulation




Improved event localization
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Worldwide network of GW detectors
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What's next ?

Incremental upgrade: ~ 5 -year term

* Advanced LIGO +
* Advanced Virgo +
« KAGRA+ ?
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Projections toward al.IGO+ (Comoving Ranges: NSNS 1.4/1.4 M, and BHBH 20/20 M)
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Ingredients of incremental upgrades
» Higher Laser Power
» Lower thermal noise
» Better coating
» Larger mirror

» Birefringence free mirrors (KAGRA only)

* Frequency dependent squeezing
 Filter Cavity



Ingredients of incremental upgrades
» Higher Laser Power
* Lower thermal noise
» Better coating
» Larger mirror

» Birefringence free mirrors (KAGRA only)

* Frequency dependent squeezing
» Filter Cavity



@Freq. dependent rotation of squeezing angle
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Observed rotation of squeezing angle
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What's next ?

Incremental upgrade: ~ 5 -year term

e Advanced LIGO +
* Advanced Virgo +
e KAGRA+ ?

3G detectors: 10 —20 years

 LIGO Voyager (USA)
* Cosmic Explorer (USA)
* Emstem Telescope (Europe)
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