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GW transient catalog -1 https://arxiv.org/abs/1811.12907

GW transient catalog -2” https://arxiv.org/abs/2010.14527

GW transient catalog -3 https://arxiv.org/pdf/2111.03606
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(Andromeda galaxy)
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Hubble Ultra Deep field image

O| PN,

FFO| A2 X2 (projected area)d| = = Tt 7§ O| 25}7F R f

v oo N - e
i % \ - . -
. -« -
r e e - T o 3 -
». . . >

- -
-~ . oy - ' - z,
. . ’
. - -
£ - . < 4
» P N -
- b . 7 .
- _\.,‘ .- . -
.. %
» ~
TSR, : B * ;
’ . A S L Y
° N - ¥
.. $. & -
/. d s . 2 %
i, = ¢ T P -
-
. ” P
- o~ - -~ -
-~ - . = "4 / .
\ fi
- : g 3 i
. -
% -



P | . . g . " .Z,‘-. Wi ) ' - | .
some heavenly bodies are intrinsically “dark” or too far to “see”
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(“Z=& T K| transients” = one-time strong emission of lights)
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Some astronomical objects are observable at all times
“continuoussources”

Supermassive BH binaries

=2 emitting GWSs at a constant frequency
=» “continuoussources”



Cosmic microwave background 23 OtO| 3 2 I} Hi A 2 A}
“black body radiation (T=2.7 K)”

“GW background” are expectedin all frequencies
lowest frequencies: early universe “inflation signature”

higher frequencies: astrophysical origin
(superposition of GWs from astrophysical objects)



- Energy increases
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= _— . . “ o ”» .
S H I} Gravitational Waves (GWs) are “ripples” in
spacetime.

Accelerated mass with non-zero quadruple (or higher)

moments perturbs spacetime. The perturbation propagates outward from
the “source” at the speed of light : gravitational waves

metric = Minkowski + perturbation h h/-“/ = _I/-“/

_Cred.it.: C. Henze, NASA

GWs emitted by “inspiral” motion of a GWs emitted from merging Black hole -
binary 1 Black hole



Astrophysics = Astro + Physics
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Many stars in the universe are in binaries

stargate.wikia.com

imagine.gsfc.nasa.gov




Black Holes (BHs) not observable with light
BBH = binary black holes BBHs are strong sources of GWs
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compact binary coalescences (CBCs) & & ‘&

merging binaries consisting of WD/NS/BH

L= mimso/(mq +msy)

(following Peters (1964))




compact binary coalescences (CBCs) 2 & & &gt

3 phases of a CBC = inspiral + merge + ringdown

> Holy de g S 3HA R L0 SHI It S Aot L M= & 4t




GW frequency ~ 1/(source mass)®

"  massive source emits GW signals at lower frequencies
= different frequencies require different observational technique
Successful technique to observe GW signals:

- laser interferometry (on Earth, in space)
- pulsar timing array (radio observation using fast-rotating radio pulsars)
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Extreme-mass-
ratio inspirals

Wave period

e
Wave

Milliseconds
frequency
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Radio pulsar timing arrays Space-based interferometers

Detectors

https://www.nature.com/articles/s42254-021-00303-8/figures/2
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\lfrequency: 10" Hz (early Universe



CBC &= AHEH - nHz ~ kHz

Glllfrequency: 10 Hz (early Universe) IOIOMORIACUSoVEe
nHz~ 0.1Hzin space 10Hz ~ kHz
supermassive BHs on Earth

X ZCHxI2t 2ays -
=AHET =S stellarmassBHs 2T 2=

neutron star binaries = Ad X}t

107 0.1 10 103
GW frequency [HZz]
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GW frequency = 2 x orbital frequency
frequency € Kepler’s law

10-2000 Hz nano ~ micro Hz

pulsar
LIGO/Virgo/KAGRA timing
array
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International GW observatory network  laser interferometry

. 2017 - present  aLIGO(USA), aVirgo(Europe) € “a” = advanced

+ 2020, 2021 aLIGO, aVirgo, KAGRA(Japan)
. 2030+ aLIGO, aVirgo, KAGRA, and LIGO-India(India) : on Earth

LISA (Europe/USA) , Chinese concept (2030+) : in Space

-
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e-LISA(2030+)
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WHaT ARE
GRAVITATIONAL WAVES?

https://ed.ted.com/lessons/what-are-gravitational-waves-amber-I-stuver

WE EXTRACT
INFORMATION ABOUT

" ASTRONOMICAL OBJECTS
FROM THE SIE

https://youtu.be/L7XgMulPtrM
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compact binary coalescences (CBCs) & & A &gt

inspiral motion LI 28 HE 2&

HEZ 2A

- post-Newtonian formalism2 2 S &I} It h(t), h(f) Al A
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compact binary coalescences (CBCs) & & A &gt

inspiral motion LI 28 HE 2&

matched filter + & H I} I} h(t) > SHLHEC| =2|&

{m1,m2,s1,s2, a, d, RA, dec} > “A=TIsst S22
observables

CHSHIO At 2 S “FSAE =87 inferences




Newton’s universal gravity and the binary motion

89 HE2S0| AlZht S7h=

Credit: Carl Rodriguez



Einstein’s general relativity and the binary motion
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https://www.ligo.caltech.edu/page/detection-companion-papers

PHYSICAL REVIEW X 9, 031040 (2019)

GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed
by LIGO and Virgo during the First and Second Observing Runs

B. P. Abbott ef al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 14 December 2018; revised manuscript received 27 March 2019; published 4 September 2019)

1 NS-NS(GW170817)
10 BH-BH (including GW150914)

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

arXiv:2010.14527v1 = 47 compact binary mergers detected with
(posted on Oct 27, 2020) a false-alarmrate (FAR) <1 yr-tin GWTC-2

= Advanced LIGO-Virgo observing runs O3a
= multiple detections on the same date
= searchspace: individualmass =[2, 100] M,,, zup to 2.3, also

= individual mass = [1, 400] M., total mass =[2, 758] M.,



We can trace down or reconstruct the formation and evolutionary
“history” of a source by GW observation

requirement: good data (strong signal, less noise or identified noises)
accurate GW waveform (model)

method: matched filtering + Bayesian inference “parameter estimation”
=>» 15 parameters to determine GW signal h(t)

a priori knowledge helps ! (constraints, independent observations)



Evolution of a massive star “single star evolution”

Supernova

Red Supergiant
Large Star

£\
._,

Black Hole

http://essayweb.net/astronomy/images/Stellar Evolution large.jpg




typically, BBHs and NS-NS binaries reside in a galactic disk

Credit: ESA/Gaia
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Evolution of a binary

“standard” binary evolution
in the Galactic disk

initial conditions
(massratio, separation,
metallicity)
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https://www.nature.com/articles/nature18322



Evolution of a binary

“standard” binary evolution
in the Galactic disk

CBC location =» within the
host galaxy

metallicity of a galaxy
=>» stellar population
(fraction of massive stars)

Time (Myr)
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buildingblocks of the universe

star < cluster < galaxy < many galaxies = universe

_ Solar system

O)

) ianet n -'




Some bpinaries can pe
formed in
dense stellar environments!

(AT, 28154

Credit: NASA/S\;vift/N. Degenaar

r 9 " : GRS 1741.9-2853

. AX J1745.6-2901

 Swift J174553.7-290347

.
Swift J174622.1-290634 ;

5 arcminutes

CBC location

=>» ejected from a cluster
=>» “offset” from the host galaxy
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III

waveform in the frequency domain

a typical post-Newtonian “inspira

il(f) — Aei\l? ﬁ(f) = /oo h(t)ezm'.ft dt

— 00

o (M
A=—M '—('B'

96 ) \/F’(WMf)—7/6 [(1 -+ C’2)2F_'2_ + 402F>2<] 1/2

(14 AwgEsy +AUER ™ + AUSE)

U(f) = ¢c+2mft. + 3.5PN

128nv°

where ¢, and ¢. are the coalescence time and phase, and
v=(TrMf )1/3 is the PN orbital velocity parameter. Note
that the angle 3 is absorbed into a constant shift to ¢..
The standard 3.5PN circular contribution is
AU = 277_2 cn(n)v™, where the ¢,(n) can be
read off of Eq. (3.18) of [93], and the 2.5PN and 3PN https://arxiv.org/pdf/2108.05861.pdf

coefficients also depend on In v.



inspiral signal vs inspiral-merge-ringdown signal (ex) GW150914

1o 123 GW150914 with IMRPhenomD in H1

<Frequency Domain>

—— IMRPhenomD

IMRPhenomD
25Hz ~ 562.4Hz
( SNR 20.74)

Re(h(f))

300 400 500 600
frequency [Hz]

GW150914 with TaylorF2 in H1

—— TaylorF2

TaylorF2
25Hz ~ 60.9Hz
( SNR 20.00)

Re(h(f))

300
frequency [Hz]

figure credit: Chaeyeon Jeon
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When precessing dominant the GW waveform “inspirals”

1.x 10°%

(zoom-in of previous plot)

5.x100%

h(t)

-5.x10%

-22
~1.x]0 + T T T T T T T T T T T T T T

o
H

f(sec)

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.

from Neil Cornish’s presentation (2006)
https://indico.cern.ch/event/626266/contributions/2807647/attachments/1593043/2522572/SF6.pdf
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https://link.springer.com/article/10.1007/s10714-020-02751-6/figures/3



GW signals from a NS-NS merger

3 Gravitational waves & EOS

Early Inspiral | Late inspiral Merger => Black hole & torus
(fy >> Ry ) (r, <s5R ) Hypermassive NS | | & GRB?
© @ ° (e
Point mass phase Tidally dominated phase - Dynamical & GR phase
Adiabatic phase | Post-Newton
’ Post-Newton with tidal coupling or NR | | Numerical relativity ’

o;,‘f- \ ‘ ' \ A p’p \' ,. \
oo: h / \ J \ / \ | \ : \ | \\// \&/ \\/ \// 'v' \\1/\\/ \

o 500 1000 2000 2500

M. Shibata’s slide
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Fig. 1

From: Interpreting binary neutron star mergers: describing the binary neutron star dynamics, modelling gravitational waveforms, and analyzing detections

1.0 : ! T ! ! T

= inspiral postmerger
S 0.5 F ~
S 0.0

& -05 | -
& -1.0 ! L | |

NR simulation of a BNS merger showing the GW signal and the matter evolution. Top panel: GW signal emitted during the last orbits before the merger (late-

inspiral phase) and during the postmerger phase of the BNS coalescence. Bottom panel: Rest-mass density evolution for the inspiral (first panel), the merger
(second panel) and the postmerger phase after the formation of the black hole (third panel)

https://link.springer.com/article/10.1007/s10714-020-02751-6/figures/1



(8L 8E) 0l &, 340X s HE?
=42 ™ Z3F multimessenger astronomy

G \\) BH+disk

S — 4

. prompt ~—

i collapse //i'/;\\

HMNS ¢

}) BH+disk Mass
A

inspiral

https://link.springer.com/article/10.1007/s10714-020-02751-6/figures/4



International GW community and our group

KGWG (Korea GW Group) Pl: Hyung Mok Lee Q¥ KOREAN GRAVITATIONAL WAVE GROUP

Ewha & InJe collaboration =2 LSC (Jeongcho Kim, PhD)
KAGRA (Chaeyeon Jeon, master’s)

“parameter estimation for stellar-mass BH binaries + NS-NS inspirals”
“systematic biases in GW measurements”

Z1GO (VRGO KACRA

.L'GO LSC Vrgo Collabo a( jon
LIGO Scientific Collaboration - o ——

1330 members 465 members 360 members
860 authors 360 authors 200 authors
101 groups 96 groups 110 groups

20 countries 8 countries 14 regions






BBH = binary black holes =» 2 masses, 2 spins before merge

h(t) = ﬂ( Mew(t))2/3 e=i(® GW signal h(t) emitted from the inspiraliphase
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multi-wavelength GW observations would shed lights on
the BH mass distribution

10-2000 Hz nano ~ micro Hz
Jow = 2 forn
1 /GM
wa= —\/ — 3~
/s a
pulsar
LIGO/Virgo/KAGRA timing
array
R T T R R N R R LT L B R R L1l B AL L m
1 10 100 1,000 10,000 100,000 1,000,000 -
Object Mass
(Relative to the Sun)

Image credit: NASA/JPL-Caltech



multi-wavelength GW observations would shed lights on

the
10-2000 Hz nano ~ micro Hz
i,
> s
Stellar Supermassive
Black Hole Black Hole ™"
pulsar
Whitgn LIGO/Virgo/KAGRA timing
Dwarf | array
| |t||||l| [ |||||||I | Illlllli | llllllll | llllllll | ||||t||| | lltlnﬁ 1 Tt
1 10 100 1,000 10,000 100,000 1,000,000

stellar-mass BH inspirals, then mergers

signal duration < seconds “transients”

Image credit: NASA/JPL-Caltech



multi-wavelength GW observations would shed lights on

the
10-2000 Hz nano ~ micro Hz
»
Stellar
Black Hole
Nepitron

Star pulsar
Whitgn LIGO/Virgo/KAGRA timing
Dwarf | array
| IIIIIIII | llllllli | llllllli U | - '
1 10 100 “Hundreds of millions of years would takes

for one merger of a SMBH binary to complete”

=>» “continuous” GW signal



research interests:
stellar-mass black holes (BHs), neutron starsin binaries few=2forp

signal durations ™~ sub seconds to minutes
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below 30 Hz:

early inspiral = eccentricity

low f = massive binaries

more cycles =» far sources
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signal durations ™~ sub seconds to minutes
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research interests:
stellar-mass black holes (BHs), neutron starsin binaries few=2forp

signal durations ™~ sub seconds to minutes
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implications of squeezing
=> overall improvement in sensitivity (f,,, ~ O(10) up to 2 kHz)

=>» more BBHs (similarto those already known)

=>» larger SNR for merge-ringdown from BBHs
=>» late-inspiral for NS-NS (helpful to constrain EOS) | _
d B 4

Advanced Virgo
(PRL 123, 231108 (2019))

Advanced LIGO
(PRL 123 231107 (2019))
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Next decades will be a golden era for GW astronomy and
astrophysics! = white dwarfs, neutron stars, black holes

p
GW
astronomyand
astrophysics

\_

—

7~

.

Gravitation

strong field gravity

s

.

Galaxy formation and
evolution

large-scale structure

~

.

cosmology

Hubble constant
dark energy, standard model

J
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S A /a8t “AtRE 2417 science with a big data
AFH =249

int32 t XKGLGetDomain( //begin{proto

int32 t domain
switch (approximant)

{

}

return domain;

KGLStatus *status, /**< [in,
KGLApproximants approximant /**<
) //end{proto}

FREQUENCY DOMAIN;

case TaylorF2:
case TaylorF2Full:

break;
case NUMBER APPROXIMANTS:
default:
domain = UNKNOWN DOMAIN;
break;
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O
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ah
rhu

, visualization: C, Python, maple, mathematica, matlab

plt.text(x,y) <-- X,y are in data coordinates
Set figure title
lt.title("Hubble's law", fontsize=16, y=1.08, color='green')

show the figure on the screen
lt.show();

— Hubble's law

v

- A

~ 10001 H, =500 km/s/Mpc

Fry
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matched filter
“template h(t), h(f)” = find the best template that matches the
GW signal embedded in the data

data = signal + noise (if signal exists)



WWW.gw-openscience.org v

Gravitational Wave Open Science Center

The Gravitational Wave Open Science Center provides data from gravitational-wave
observatories, along with access to tutorials and software tools.

B WAVELET (UNMOOELED) [ DNSTENS T https-//a rx|V,Org/a bS/1811. 12907




GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

BH data with advanced LIGO-Virgo + KAGRA from Y2021
1 GW detection = 3 masses + 1 spin + LIGO India from Y2030s(?)

Event ma[Ms]  ma M) FAR [yr ']
. s . GW150914 35.773%  30673F <10x1077
[ ] 3.1 4.4
individual masses (m,,m,) =» massratio i 2atT taerit  Tox10-3
. H : GW151226 13.7157 77432 <10x107"
" individual spins (51152) GW170104 31.0*55 20‘0:)'_1»3 <1.0x1077
. GW170608 11.073% 76733 < 10x1077
m 2 L7 22 5
d Istance 2 4 GW170729 50.7116%  34.07752, 2.0 x 1072
T2 — a3 1 10.2
. - GW170809 351753 238%32 < 1.0x1077
u ( ) 5.9 5.2 -
Sky |ocat|on RA; dec G(M + m) GW170814 30.6735 253737 < 1.0x107°
*GW170817 1461012 1277008 < 1.0x 1077
GW170818 35.4775 267713 42x107°
GW170823 39.7H5%% 200758 < 10x1077
[ | o iy -
remnantmass (mf) GW190408 181802 24.5'3) 18.3737 1.0 x 107°
. GW190412 30.0°37 83755 1.0 x 107°
. ( ) 5.1 ().!.)_
remnants p In Sf GW190413 052954 33.4%7%4*% 23.4%%7 7.2x 1072
GW190413 134308 45.4%.%°% 30.97.% 1.4 x 1072
GW190421 213856 40.67.%"' 31.4713 7.7x107*
GW190424 180648 39.5%)%7 31.071% 7.8 x 107!
* GW190425 2.010% 1.4%03 7.5%x 107"
GW190503 185404 42.9%92  28.5%73 1.0 x 107°
GW190512 180714 23.0%27 12532 1.0 x 107°
GW190513 205428 35.3%55 18.1703 1.0 x 107°
GW190514 065416 36.9%1%* 27532 5.3 x 107!
GW190517 055101 36.4%1%% 24.8%57 5.7 x107°
GW190519 153544 64.5%133 39.9710% 1.0 x 107°
GW190521 91.477%3  66.87207 20x 107"

GW190521_ 074359 42.1%55  32.7103 1.0 x 1075



GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

, 3/5 : - -\ §
chirp _ (myma) — effective et — (m1X1 + maX2) - Lx
mass (mq +msg)t/ spin e my + ma
Event M M mi ma Xeff Dy, z M; Xt AQ SNR
(Mo) (M)  (Mo)  (Mo) (Gpe) (Mo) (deg®)

GW190408.181802 42.9735 18.3715 24575 183732 —0.037013 1.5870:2 0.3070:05 41.0755 0677007 140 15.3703
GW190412 38.473% 133707 300757 83705 0257007 0747017 0157003 37.3737 0677000 21 18.97073
GW190413.052954 56.973%" 24.0757 33.471%% 234707 0.017033 4.1077%5 0.667037 54.37 1% 0.697013 1400 89703
GW190413.134308 76.1715% 31.977 ¢ 45.475%° 30.975%% —0.0170 3% 5157337 0.807037 72.87153 0.697015 520 10.0793
GW190421 213856 71.873%> 30.7153 40.675%* 31.47%3 —0.057038 3.1571-3] 0.537537 68.675%7 0.6870:1] 1000 10.7753
GW190424.180648 70.775%* 30.3*3;5 39.575% 31.0773 0157032 2557133 0.457037 67.175%° 0757005 26000 10.4797
GW190425 34T3Y 144798 20738 14733 006%%3 0167390 0.03%3% - - 9900 124733
GW190426152155 7.2732 2417008 57758 15505 —0.03703 0387010 0.087005 - ~ 1400 87793
GW190503.185404 71.3733 30.1737 429727 285773 —0.027032 1.5270¢; 0.29701] 68.2727 0.677005 94 124753
GW190512.180714 35.6735 145717 23.0737 1257537 0.037013 1.497033 0.2870 70 34.21‘3-_3 0.657007 230 122707
GW190513.205428 53.6755 215075 35.3150 181705 0127078 2167075 0.3970 5 51.3755 0.69755; 490 12,9703
GW190514.065416 64.273%° 274793 36.977%* 27,5732 —0.167035 4.93737% 0.777033 61.675%° 064701, 2400 8.27032
GW190517.055101 61.973%° 26.0752 36.471%°% 24.8759 0.53702% 2.117170 0.387030 57.8751 0.877002 460 10.770¢
GW190519.153544 104.27737¢ 43.5755 64571375 39.9715% 03370355 2.857777 0.497077 98. 7*}3-3 0.807097 770 15.6703
GW190521 157.9737266.975%° 91.47222 66.87207 0.06703% 4.537230 0.727029150.373550.737011 940 14.2703

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters



GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

BH mass vs effective spin

1.00
GW190517_055101
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025 ] ‘ O > ‘ A '/', \
_ 0 ol e
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GWTC-3 data

WHahes M Bk

I

Event M M mi ms Xeff Dy, z M; Xt A  SNR
(Mg)  (Mg) (Mp) (Mo) (Gpe) (M) (deg®)
GW191103.012549 20.0%37 8.3410%% 11.8%52 7.9557 0217075 0997032 0.20%005 19.0133 0.751008 2500 8.97032
GW191105.143521 18.5*21 7.82*061 10.7+37 7.7+14 —0.02+513 1157043 0.23+007 17.6%%) 0.67100F 640 9.7103
GWI191109.010717 112130  47.572% 6511 47715 —0.291037 1.2970 2 0.257015 10711 0.61701% 1600 17.3703
GW191113.071753 34.571%°% 10.7+11 20712 59+44 000037 1375115 0.26+518  34*11 0451032 3600 7.9193
GWI191126.115259  20.732 8657093 121735 83%L% 021701 1.627974 0307512 196735 0.7570:0% 1400 8.3702
GW191127.050227 80733 20.9%247 53137 24417 0.18%038 3413} 0577030 76%3)  0.75103 980 9.2%57
GW191129.134029 17.5%23 7.31798 107441 67733 0.06792% 0.797926 0.16595 16.8%23 0.6919% 850 13.1192
GW191204.110529 47.2+22 19.8+3¢ 27.3+11.0 19 3+56 (54026 1 g+17 (344025 450486 (714012 3700 8.8+04
GW191204.171526 20.21F)7¢ 8557038 11.9732 82714 0.16700% 0.65703% 0.137008 19.2170°72 0.73109% 350 17.5%)3
GW191215.223052 43.3%53 18.4722 249771 181535 —0.041317 1.937082 0.351013 41.4731 0.681007 530 11.2193
GW191216.213338 19.81+289 8.33+922 12,1448 7.7+18 0114523 0.347012 0.07+5:02 18.877289 0.7010:93 490 18.6192
GW191219.163120 32.3¥3% 4.32%%12 311722 11745307 0.0073:07 0.55%075 0.1110:05 322722 0.14100% 1500 9.110:3
GW191222 033537  7911%  33.8%7 0 45.111%° 34.77150. —0.041030 3.0517 0.515038 75.558% 0.671097 2000 12.5103
GW191230_180458  86+13 5+82 4944140 3g7+ll  _0.05102¢ 4.3*21 0.69%3:2¢ 82+l 0.681%1 1100 10.4%33
M 11.0715 3.427908 9.071 7 1.91753)Y 0.0070-13 (02770 17Y0.067 503 0.43095 7900 13.7703

NS

W

Web2oll A4
H 25



Observation of Gravitational Waves from Two Neutron Star—Black Hole Coalescences

). 75F
THE ASTROPHYSICAL JOURNAL LETTERS, 915:L5 (24pp), 2021 July 1 Abbott et al. Q |
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https://iopscience.iop.org/article/10.3847/2041-8213/ac082¢e/pdf



GW200105 =>» BH spin < 0.2 for all directions L

GW200115 =» BH spin magnitude (0, 1), negatively aligned from L ?

spin2
THE ASTROPHYSICAL JOURNAL LETTERS, 915:L5 (24pp), 2021 July 1 Abbott et al.
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?)Qi I 1 ‘?00 ‘?)Qi I I {?00
BH - 0.8 - BH ~ (,)'8—
é\ I 0 6 l %O é\
o 0 —1 "‘\_/\

o .- /"/\ o
% - %

°0g, 7 I I o(\(‘)\ ’ !

08T 08I oUST 08I

Xeft = (%Xl + %Xz) ‘



160

s N £ (o]
o o o o

massin M,

o,

Masses in the Stellar Graveyard

in Solar Masses

1 & LIGO "."Hgl') Black Holes
oJ%s
o 2

EM Black Holes

o ?° o oj, A
? - 2
(&)
® o O T ob/ °
(o} o [' ' 0'4;: o o
P ) (o} ° ‘_,"° | °° ° o
o a ‘ o *
(<] =]
| o
™ T |
|
EM Neutron Stars J 1.
e e oo . .
.. . LI B . .. *e °
B o..‘O. . . Big e o I W a
.t 00. . .o. .o 09 4 L e * 000.0 . .
. o LIGO-Virgo Neutron Stars o =y
Updated 2020-09-02

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



Masses |n the Stellar Graveyard

M Neutron Stars




Scientific-Spread View: Mergers hidden, data spread equally across Scientific-Category View: Eror bars turned on, objects scaled

the x-axis, the gap in masses between NS+BH is emphasized for discussion. equally in size, distributed equally on divisions of x-axis based on category type.
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compact binary coalescences (CBCs) & & A &gt

inspiral motion LI 28 HE 2&

matched filter + S EH L} I} h(t) 2 SHLAC| =2| &

{m1,m2,s1,s2, a, d, RA, dec} > “A=TIsst S22
+ eccentricity observables

CHSHIO At 2 S “FSAE =87 inferences




How to measure physical quantitiesof GW sources?

=>» Parameter estimation for compact binary coalescences

AL K
RS



Parameter estimation (2 &%)

H|O|X|1 Z=o0f 7|gt,
YRS A=) 2RE 2AS 0| 20| YH"(FF)

NS

|. S8 ot 22 &2 22

2. likelihood (25 At= 2 A|Z2|0|M ALE)
3. prior (SEHIIA HA|Z2[eh)

PENLG
o= A%Y £ U= B2 (posterior)
e =X SAX2E (numerically, sampling, marginalization)



Bayes’ theorem

p(d|H, I)p(H|I)

p(H|d,I) = o(d|])

posterior & prior X likelihood



BAYESIAN REASONING IN HIGH-ENERGY PHYSICS: el U
PRINCIPLES AND APPLICATIONS G D'Agostini 19 July 1999

http://dx.doi.org/10.5170/CERN-1999-003

FaEd

What is probability?

a measure of the degree of belief that an event will occur



What is data?

e 742 HE HEOR e Ho|Eols Sal7F BAUE B ofa}
Rhol &,01Z A 2Iolo @ WS Chtst 20| AoiUct

data = noise + signal

data(t) = noise(t) + signal(t)

Median

Measurement
| I O I |

I N S S . M NS N PN SN N NN B N GEEN I N
Time plot: http://www.sixsigma-institute.org




35 Y =% (probability density function)

presents a “relative likelihood for this random variable to
take on a given value”

A1 2] 77k (confidence interval):
EY =5 (PDF) fx(x)E TE&

a set of randome variables {x}°l| T 3l
E3 A3k X7F 77 [a,b]Ate] ol &A1& & &

PSS/fX



Central Limit Theorem (CLT)

The central limit theorem and the law of large numbers are the two
fundamental theorems of probability.

Roughly, the central limit theorem states that the distribution of the sum (or
average) of a large number of independent, identically
distributed variables will be approximately normal, regardless of the
underlying distribution.

The importance of the central limit theorem is hard to overstate; indeed it is
the reason that many statistical procedures work.

http://www.math.uah.edu/stat/sample/CLT.html

ax 0| 72 A[eh = MHEL

-
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Example of a PDF: standard, normal distribution
“Gaussian distribution”

fa)= —— exp (_(:v—u)z)

o\ 2m 202

: u : :
-1o0 +10 ;
| 68.26%
2 - >
- 20
95.46%

99.73%

99.9937%

99.99943%

99.999998%

plot is taken from http://www.sixsigma-institute.org/



Many phenomena we observe in nature have
MANY occurences that can be described by Gaussian distribution

(ex) human (in age, size, etc),
mass measurement of Higgs from N observations

0 | | ] 1 1 | | | 1 I 1 I 1 ]
> L P=0, 0?=02, == -
. pu{ s - 2 R
%) H=0, 0?=1.0, m—
o 08 . —
o , H=0, 0?=50, == |
go) B P=-2, 0°=05, == -
B}oeb B FFex
- pey -4
—_—
. pe - -
- “

04
o) 4
@) = .
h B
Q-‘o.z

0.0

| . 1 . P | | 1 4 | e | . . 1

x: random variable (physical quantity to measure)

figure from Wikipedia



E Al 5 & (statistical inference)

7V el A5 (hypothesis test)
7H4 (hypothesis) : 23S B3l TH/5F8 &AM

Ho null hypothesis
(oll: S35 ut £l =7t H|o|Efol| ZX|SIX| 2F)

H, alternative hypothesis
(oll: S5t 21=7} H|o|E{of| ZXH)

p-value: HEH T3 257}
“Z 5 3 A1 &7} Hlo] g o] EA 3R] gF="0] gk 7HA ol A
Qnh} ol L} QLEHE Veh 2




Probability density

>

BHE X[2 CIRES A “ERSro|C)

—

More likely observation Hj

/

1

P-value

SHI =
Very un-likely H,
observations

Very un-likely
observations

Observed

data point\
TS

Set of possible results

A p-value (shaded green area) is the probability of an observed
(or more extreme) result assuming that the null hypothesis is true.

(wikipedia)



Bayesian inference in a nutshell

differentdata shows differentlikelihood
Bayesian inference deals with a probability density function (PDF)

observation (experiment, or simulation)

=>»obtain the data “time series”
=>» a data follows a likelihood (distribution or PDF)

GOAL of the Bayesian inference is to calculate
a joint probability of likelihood x prior
this is the posterior PDF, given a hypothesis

example of a hypothesis:

“there is a GW signal embedded in noise”



Parameter estimation in a nutshell

In the context of GW waveform modeling,
we need more than 10 physical parameters in order to determine the GW waveform h(t)

joint posterior PDF

P(m1, m2,sl, s2, d, sky position, orbital shape and angles, polarizations, etc)

=» compute a single posterior for each parameters
by marginalizing the joint posterior PDF P(X) = /P(X, Y = y)dy
Y

examples: P(chirp mass), P(distance), P(eccentricity)
M = (17111113)3/5/(1111 +/;12)1/5

=>» Then we can discuss the general shape, width of the PDF



example of ideal PE results

all physical parametersarerandomandindependent
detector noise follows Gaussian distribution
=>» single marginalized posteriors would look like this

In reality, there is strong correlations (degeneracy) between
parametersin the waveform eq.

example: mass vs distance,
mass ratio vs spin,
orientation vs distance

PE requires
= understandingabout the detector characteristics
= GW waveform

= physics/astrophysics/astronomy/cosmology/gravitation...



example of parameter estimation: GW150914

B two GW waveform models for BH-BH binaries
- (IMRPhenom and EOBNR)

" Ifflage credit : SXS Smusing exrims Specetms)

. distance and
individual masses are measured ' { 80 9 binaryinclination are
correlated
—— Overall 3500
—— IMRPhenom - - -

w
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mass and spin of the final, single BH remnant
formed after the merger of two BHs (GW150914)

GW energy ~ three Suns (E=mc?)

m; + m, = mg,,,+ GW energy

First concrete measurement of

a BH spin ~ 0.65
dimensionless cJ
spin parameter a= 2
(0O=<a=<1) GM

0.85

0.80

0.75

0.70

s 0.65

0.60

0.55

0.50

0.45

—  Qverall
IMRPhenom
—— EOBNR

50
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measuring eccentricity is challenging but interesting!

Peters (1964)
'°°t N N B N L
e << 10 of known NS-NS binaries @ fgw=20 Hz -
stellar interactions can produce eccentric binaries
. 10— —
in clusters - ]
T g ——————_ S ———_——— B | l B n
45 B —~ —
tA (0): 15.71 '
401 7 ! = =
_ 35F . - -
z 36f 3 - ]
2 L h ] ~ —
2 30F “-: . i i
25 @ 7 ol 1 |
! 0] 2 4 6 8 e}

20F _ﬁ.\u;o 3 &
0.0 0.2 0.4 0.6 0.8 1.0 < > 3045637” i (m 1+ m2) ( +‘]£62)
pccentricily cdat (1 62) 5/2 304

< > 12a[1+(73/24)ez+(37/96)e4]
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eccentricity and GW waveform “inspirals”

h(t)

8. % 10727 =

6.% 10722 =

4.x 1022 =

2.% 102 =

e = 0 (circular), initial frequency 2 f_orb = 60 Hz

e = 0.5, no periastron precession, initial frequency 2 f_orb = 30 Hz

e = 0.5, with periastron precession, initial frequency 2 f_orb = 30 Hz

:WMWMWWMWWWMWWWWMWWWWWMWW

=

e = 0.9, no periastron precession, initial frequency 2 f_orb = 6 Hz
-2.%x 10" = ‘ } ‘ ‘ ‘

(]| ] NAARNAARRRARAAARA) HHM‘IHNHH"’
4.x10°2 Frr AnEanEhEEERREREAREAARAAND M\‘HH WHIH“
-4.x T —

e = 0.9, with periastron precession, initial frequency 2 f_orb = 6 Hz
-6.% 10% =
-8.% 1077 =

I 1 1 I 1 1 1 I 1
9.5 9.6 9.7 9.8 9.9 10 10.1 10.2 10.3

104

circular chirp

e=0.5

e=0.9



Population study meets GW data analysis example

dynamical = possibilityto measure physical parameter(s)
binaries in clusters ™ measurementaccuracy

=» possibly more “eccentric” Thiswould be more importantin O4+

Constraining the orbital eccentricity of inspiralling compact binary
systems with Advanced LIGO

Marc Favata, Chunglee Kim, K. G. Arun, JeongCho Kim, and Hyung Won Lee
Phys. Rev. D 105, 023003 — Published 3 January 2022 https://arxiv.org/pdf/2108.05861.pdf

o /-
A. Gravitati 1 3 { del . o . - 2
ravitational waveform mode InJeCtlon . MCMC PE constraint |
In terms of the GW polarizations h. y and the corre- 4 e=0.2 degrade§ 'f e<0.04
sponding antenna pattern functions F., ., the GW signal g -; 5 [prellmlnary]
readout from the detector is S =
3 S
(=] a4
h(t) = Fyhy(t) + Fxhy(t) = A(t) cos[2¢(t) — 28 — 2Py, 2 2
(2.1a) 3 =3
where 2 =2
£ g
2nM . > A -
Alt) = — ';) ()2 [(1+ C2)2F2 + 4C2F2]"/? ]
(2.1b)
1 2F
and @ = arctan [F 1x002 ] ' (2.10) 0.45  0.60 0 01 02 03 04 05
+{1+C?) e0 e0
Here C' = cost, with ¢ the binary inclination angle (the . ..
aLIGO can constrain eccentricity of a CBC

angle of the Newtonian orbital angular momentum direc-

tion relative to the line from source to detector), 3 spec- . . . .
inspiral if e0 > 0.04 (if low cur-off f > 25 Hz)



http://webzine.kps.or.kr/contents/data/webzine/webzine/14762086606.pdf
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Multi-messenger astronomy

light + particles (neutrinos, cosmic rays) + gravitational waves

I \

GCamma rays
- They point 10 their sources, but they
A “,.‘ can be absorbed and are created by
muitiple emission mechanisms,

Neutrinos

They are weak, neutra
particies that point 10 their
sources and carry Information
from deep within their origins

alr shower

*
They are charged particies and
are deflected by magnetic fields

6
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Neutron Star Merger Gravitational Waves and Gamma Rays

You are seeing here pictures of the light from two neutron stars that merged Ve

P M W) 359/525 > Pl © 237/525 n @ ¢ (= O 2

Neutron Star Merger Gravitational Waves and Gamma Rays

111 5 57K GP DISLIKE ) SHARE L DOWNLOAD 3 CLIP =+ SAVE

@ Veritasium @ SUBSCRIBE
12.3M subscribers

Orlgl na I U R L ° The merging of two neutron stars was detected by gravitational waves and then by

htt pS ://WWW.yOUt u be C Om/Wa tC h ?V= EAykZ OS KVt U tdee[:i)c:g:astienjll parts of the electromagnetic spectrum. This is a historic detection as it




https://kmtnet.kasi.re.kr/kmtnet-eng/

KMTNet 24A[ZFO[LY| ZFA[ &M 25

\// X & Today’s Live View

KMTNet-CTIO /7

KMTNet-SAAO

y '\7’\

New More+  Notices More+  Links More+
oooooooooooooooooooooooooooooo Ob: Schedul KMTNet data arch
Discovery of a new Earth -mass planet Observing Statistics 2079 Updated Monitoring Pag

Recoating of KMTNet-SSO Tel. mirror Official Opening Ceremon y Microlensing Alert

Publication of The First Obs. Data

Crossta Ik Correction of CCD Images Microlensing Member Only



Best targets for MMA:
mergers of two neutron stars (ex: GW170817)

=» gravitational waves, neutrinos, and light

“~
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Velocity-Distance Relation among Extra-Galactic Nebulae.

(Hubble, 1929)
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https://www.youtube.com/watch?v=2ShB8oDQQHY
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(2] SHLUESEANS BEHE S

= compact binary coalescences (CBCs & &4 H 3t
merging binaries consisting of WD/NS/BH

3 phases of a CBC = inspiral + merger + ringdown

Types of known CBCs in GW transient catalogues (GWTCs) so far

(]

2 NS-NS “extragalactic population” “EM is not required”
86 BH-BH (binary black holes = BBHs) “stellar-mass” black holes

2 NS-BH (GWTC-3) GW200105, GW200115




(2o S TN=2/atnt BT 5=

L 1

stellar-mass BBHs (10-2000 Hz) with laser interferometers
= stellar astrophysics/population study based on PE

= precision GW astronomy =2 GW lensing?
=» Hubble constant “standard siren”

SMBHB mergers (nHz) with radio pulsars
= continuoussignals (if resolvable) or GW background

= outcome of a galaxy-galaxy merger?

= stellardynamics + gas accretion = GW signals of SMBHBs can be more
complicated even duringthe inspiral phase than stellar-mass BBHs



GW science goes on !

|
N _<

LIGO Hanford Observatory control room. Credit: Caltech/MIT/LIGO Lab.

LIGO-Virgo-KAGRA Webinar to Discuss New Results on the
Gravitational-wave Background

News Release « February 2, 2021

On Thursday 4 February, at 10:00 Eastern US (other time zones below), the LVK will host an online webinar entitled
“Constraining astrophysical and cosmological gravitational-wave backgrounds with Advanced LIGO and Virgo's
third observing run.” We will present results from our recent papers: arxiv.org/abs/2101.12248 and
arxiv.org/abs/2101.12130. The webinar is open to all.

Register for the webinar.

LIGO-Virgo-KAGRA Webinar

Thu, 4 Feb at 10:00 Eastern Time (US and Canada)
Thu, 4 Feb at 07:00 (US PST/Los Angeles)

Thu, 4 Feb at 09:00 (US CST/Chicago)

Thu, 4 Feb at 16:00 (CET/Pisa, Italy)

Thu, 4 Feb at 20:30 (IST/Pune, India)

Fri, 5 Feb at 00:00 (J)ST/Tokyo)

Fri, 5 Feb at 02:00 (AEDT/Sydney)

A recording will be posted after the seminar for those who cannot attend the live event.

Update: View the webinar:



GW detections so far

better sensitivities =» more detections, many surprises!

O1: GW150914

0O2: GW170817 (NS-NS binary merger)

03: GW190814 (NS-BH candidate)
GW190521 (Intermediate-mass BH)

GWTC'3 Contains 90 Cumulative Count of Events and (non-retracted) Alerts
. 01 =3, 02 =8, 03a =33, O3b =23, Total =67
confirmed sources

~
o

2]
o

5-times more O1+02
(total 11 detections)

(4}
o

O1 02 O3a s03b
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Image credit:
LIGO-Virgo Collaboration.
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GW observation will be resumed hopefully soon!

Review Article | Open Access | Published: 26 April 2018

Prospects for observing and localizing gravitational-
wave transients with Advanced LIGO, Advanced Virgo
and KAGRA

B. P. Abbott, R. Abbott, [...] KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration

Living_Reviews in Relativity 21, Article number: 3 (2018) | Cite this article

https://link.springer.com/article/10.1007/s41114-018-0012-9
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Would more GW observations bring answers or more questions ?

chunglee.kim AT ewha.ac.kr




