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Observation of Gravitational
Waves (GWs)

o GWTC-1 (Gravitational-Wave Transient Catalog)
o O1 (Sep. 12, 2015 - Jan. 19, 2016)
m  First detection of GWs
o 02 (Nov. 30, 2016 - Aug. 25, 2017)
m  First detection of a binary neutron star inspiral
o 11 GW sources

e GWTC-2,GWTC-21 JUpdsted = Of 02 - 04 05

o O3a (Apr. 01, 2019 - Oct. 01, 2019) 80 100 150 160+ 240-325

o 44 GW sources LIGO Mic Mpe & Mpc
e GWTC-3

o  O3b (Nov. 01, 2019 - Mar. 27, 2020) Mpc See text

o 35 GW sources Virgo I I,
o GWTC4¢ . 25-128

o Oka (May. 24, 2023 - Jan. 16, 2024) _ Mpc

o  O4b (Apry. 10, 2024 - Jun. 9, 2025) KAGRA . | Z

o Hundreds of GW sources?

G2002127-v24 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

https://observing.docs.ligo.org/plan/
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Binary black holes (BBHs)

More than 90% of GW sources ever detected

Strong GW signal

Detectable frequency for current interferometric GW detectors
Predictable waveforms

Coalescence

o  Inspiral - Merger - Ringdown

e

Merger Ringdown

Inspiral

M. Favata/SXS/K. Thorne
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Stochastic
background

Massive binaries

Extreme mass
ratio inspirals

http:/gwplotter.com/

GW150914
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Intermediate mass
BH

Stellar
mass BH

Neutron star,
Primordial BH?




Formation



¢ /) Two OB main-sequence

stars

F I B B H /
o rmatl 0 “ Of T~10" yr, N~30 More massive star (primary)

overfills Roche lobe. Stable or
unstable nonconservative mass
exchange

T~3 Myr, N~10

Helium-rich star
with OB-companion

T~2:10"yr, N~500

e Massive binary star — Binary black hole

a2 Primary explodes as
~10" yr core-collapse SN or ECSN
and becomes a neutron star
or black hole

" Secondary s close to Roche lobe.
T~10 yr, N~100 Accretion of stellar wind results

. @K in powerful X-ray emission

P Hellum core of the secondary
T~10 yr, N~30 with compact companion inside
mass-losing common envelope

T~2:10"yr, N~50 -t T~1Myr, N~1000

He- star with compact f Red (super)giant with

companion surrounded <« ¥ @ > neutron star or black hole

by an expanding envelope core (Thorne-Zytkow object)
- -

.
Secondary explodes as T ~10 Gyr, N~10

& xR Single neutron star
e a supernova, ~10 x yr 5 * * * or bgl.ick hole

’ T~10 Gyr, N~10° :*)-\/* \ -f Supernova explosion

Binary relativistic ~ ~7 disrupts the system.
/ \ star Two single neutron
- stars or black holes

. /s
\ / Merger of components

with a burst of emission
. of gravitational waves a

gemma-ray, & Yungelson 2014

3 ’
E~10’ erg, ~l°4 yr :

Figure T: Evolutionary scenario for the formation of neutron stars or black holes in close binaries. T is the

T

typical time scale of an evolutionary stag is the estimated number of objects in the given evolutionary

stage.




Formation of BBH

Dynamical evolution of star cluster L

Self-gravitating system

(@)
o  Core collapse
M80 (NGC 6093)
DL
Description} . as? % v 0 e 7
N .....',' Lo 5 » 't .

Mass segregation

(@)
e Dynamical formation of BBH

o0  Three-body process A

o  Dynamical capture kel 5RO N,

L S e
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Nuclear star cluster of Milky Way

Stefan Gillessen, Reinhard Genzel, Frank Eisenhauer
http://www.eso.org/public/outreach/press-rel/pr-2008/pr-46-08.html|



http://dayton.hq.nasa.gov/IMAGES/LARGE/GPN-2000-000930.jpg
http://grin.hq.nasa.gov/ABSTRACTS/GPN-2000-000930.html
http://www.eso.org/public/outreach/press-rel/pr-2008/pr-46-08.html

Three-hody problem

No general closed-form solution exists, generally

chaotic.
o  Series solution by Sundman (1912)
Restricted three-body problem
o  one negligible mass under two massive bodies
o Lagrange points
Special case solutions

o  Euler’s collinear solution, Figure-eight shape, ...

Numerical methods are required in general.

https://en.wikipedia.org/wiki/Lagrange_point#/media/F
ile:Lagrange_points2.svg

https://en.wikipedia.org/wiki/File:Lagrangian_points_eq
uipotential gif






Three-hody process

e Three-body process

o  Binary formation through the interactions of three or more bodies

Hut & Bahcall 1983




Dynamical capture

e Orbital energy loss through GW emission
e Energy radiation > orbital energy
e Hyperbolic — Elliptic orbit
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https://content.cld.iop.org/journals/0004-637X/871/1/91/revision1/apjaaf6ecf8_video.mp4?Expires=1723030060&Signature=i8Mdkfu7WvBQikyTT3ixHxD2-D4yRWGT4z5VlFwBorgYxjxLuMb~8mc550EEqLjBwK0y-3kkNmcL41P385O75CPkaNdcfeChMCPUqxrob6GFAGZjaiIsvKzUEca-j7FB5FWaV9auI~36pvbqDO0No3KS0x01NBf2-PVHHfOK5O5SFDUCeClQ-sphxKcTKX5k4yWmeJWvo4L6RL4jJoivI84KtOmpxP5aa47vq-agfbnL0CN5tsMpzQgQf~H6Qil982GFAYmCTpnybAnnNIYvcrdnkZe8Zs-GbaoUfUsoRM9bEv2LLLpTDzODUG5bZrGoHoaI-MgS-2M3uErAUohTPA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0004-637X/871/1/91/revision1/apjaaf6ecf8_video.mp4?Expires=1723030060&Signature=i8Mdkfu7WvBQikyTT3ixHxD2-D4yRWGT4z5VlFwBorgYxjxLuMb~8mc550EEqLjBwK0y-3kkNmcL41P385O75CPkaNdcfeChMCPUqxrob6GFAGZjaiIsvKzUEca-j7FB5FWaV9auI~36pvbqDO0No3KS0x01NBf2-PVHHfOK5O5SFDUCeClQ-sphxKcTKX5k4yWmeJWvo4L6RL4jJoivI84KtOmpxP5aa47vq-agfbnL0CN5tsMpzQgQf~H6Qil982GFAYmCTpnybAnnNIYvcrdnkZe8Zs-GbaoUfUsoRM9bEv2LLLpTDzODUG5bZrGoHoaI-MgS-2M3uErAUohTPA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0004-637X/871/1/91/revision1/apjaaf6ecf8_video.mp4?Expires=1723030060&Signature=i8Mdkfu7WvBQikyTT3ixHxD2-D4yRWGT4z5VlFwBorgYxjxLuMb~8mc550EEqLjBwK0y-3kkNmcL41P385O75CPkaNdcfeChMCPUqxrob6GFAGZjaiIsvKzUEca-j7FB5FWaV9auI~36pvbqDO0No3KS0x01NBf2-PVHHfOK5O5SFDUCeClQ-sphxKcTKX5k4yWmeJWvo4L6RL4jJoivI84KtOmpxP5aa47vq-agfbnL0CN5tsMpzQgQf~H6Qil982GFAYmCTpnybAnnNIYvcrdnkZe8Zs-GbaoUfUsoRM9bEv2LLLpTDzODUG5bZrGoHoaI-MgS-2M3uErAUohTPA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0004-637X/871/1/91/revision1/apjaaf6ecf8_video.mp4?Expires=1723030060&Signature=i8Mdkfu7WvBQikyTT3ixHxD2-D4yRWGT4z5VlFwBorgYxjxLuMb~8mc550EEqLjBwK0y-3kkNmcL41P385O75CPkaNdcfeChMCPUqxrob6GFAGZjaiIsvKzUEca-j7FB5FWaV9auI~36pvbqDO0No3KS0x01NBf2-PVHHfOK5O5SFDUCeClQ-sphxKcTKX5k4yWmeJWvo4L6RL4jJoivI84KtOmpxP5aa47vq-agfbnL0CN5tsMpzQgQf~H6Qil982GFAYmCTpnybAnnNIYvcrdnkZe8Zs-GbaoUfUsoRM9bEv2LLLpTDzODUG5bZrGoHoaI-MgS-2M3uErAUohTPA__&Key-Pair-Id=KL1D8TIY3N7T8

Evolution



Inspiral
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Example Inspiral Gravitational Wave

Gravitational Wave Signal

0.05
Time (sec)

A. Stuver/LIGO, https://www.ligo.org/science/GW-Inspiral.php



Inspiral

e C(Circularization
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Inspiral

e Innermost Stable Circular Orbit (ISCO)
e ISCO of test particle in Schwarzschild metric

6GM
rISCO = 3

e Highest GW frequency of inspiral phase

; 1/1\%? % 4396
= — | — = i/
PO =2 \6)  G(mi+ms)  M/M,
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e [Eccentricity

Osburn et al. (2016)

amplitude [arbitrary units]
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time [s]

Figure 1. Examples of gravitational waveforms for a 10 M., — 10 M, BBH system with eccentricities 0 (black) and 0.5 (red).

Abbott et al. (2019)



Inspiral

e Spin

Precessing binary black hole inspiral waveform, m1 = 0.5, m2 = 5 solar masses;
spinl = 0, spin2 = 0.99 (Kerr dimensionless spin parameter);

spin2 initially misaligned from initial orbital angular momentum by 60 degrees;
detector direction 140 degrees away from initial orbital angular momentum;
initial frequency is 2 f_orb = 40 Hz; ending frequency is 2 f_orb = 4282 Hz.

https://www.soundsofspacetime.org/spinning-binaries.html


https://www.soundsofspacetime.org/spinning-binaries.html

Merger

e GW emission peak

e Numerical relativity
e Recoil (Kick)

(@)

(@)

(@)

Asymmetric GW emission
Unequal mass, Spin
Up to ~10,000 km/s (Healy et al. 2009)

Campanelli et al. (2007)

FIG. 4 (color online). The three-dimensional trajectories of the
punctures showing the orbital precession and the final recoil for
the SP2 configuration. Note that the scale of the z axis is 1/10
that of the x and y axes.



Ringdown

e Ringing of merged BH
o  Gradually settling into a stable Kerr BH
o  Damped oscillation after the merger

e Higher GW frequency than inspiral

Astrophysical information - mass, spin

e (Quasi-normal mode (Berti et al. 2006, ...)
o Quasi: damping by emitting GWs

h(t) ~ Aexpli(fr +ifr)t]

e Testing general relativity




Summary

Binary black holes are the main

targets of current GW detectors.
Formation

o  Evolution of stellar binary
o Dynamical formation in star
cluster
Coalescence

o  Inspiral-Merger-Ringdown




