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

GW transient catalogue -2” https://arxiv.org/abs/2010.14527
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= 8 Multimessenger Astronomy
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We cannot see a light source if it is too far, too faint,

or blocked by something. i
. - y s - " . 2 e -3 .
Some objects in the universe do not emit light at all. i

» 4 . 2 e - -
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(“transients” = one-time strong emission of lights = &?)

GW sources are typically observable as transients in 10-2000 Hz
“binary inspirals” or “mergers”



Cosmic microwave background
“black body radiation (T=2.7 K)”

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

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



Some astronomical objects are observable at all times
“continuous sources”

Supermassive BH binaries would orbit very slowly

(period ~ billion yrs, dP/dt is very small, amplitude barely changes)

=2 emitting GWs at a constant frequency
=>» “continuous sources”



M supernova
EfYECH = Hf AR Eo| Tzt 27| CHAO| M Zd5H | = ot= Ee| 2 iy
2t 7tA | E 4 BhE S O[O HAH 2 o4 X[ 2] dlo] HE k= A S afterglowEf 1 &

White dwarf (WD), Neutron star (NS) and Black hole (BH)

end phases of massive stars 2 H( LS HHEA|): Mo S MHXH Sati=s

T2 oM =2 (M2?) short gamma-ray burst (sGRB)

burst of gamma—rays in seconds
central engine is still not well known, but NS-NS merger is confirmed to be a short GRB progenitor
(GW170817)
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rapidly spinning highly magnetized neutron stars
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Black Holes (BHs) not observable with light
BBHSs are strong sources of GWs

BBH = binary black holes




A radio pulsar: a cosmic light house

a rapidly rotating, highly magnetized neutron star
spin period : milliseconds up to O(10) seconds, ~3000 radio pulsars in MW

" RADIATION
" BEAM

RADIATION
BEAM

X-ray image

N e i of a Crab pulsar
Credit: Bill Saxton NRAO/AUIINSF (NASA)



Many stars in the universe are in binaries

“interacting binaries”
“X-ray binaries”

stargate.wikia.com
imagine.gsfc.nasa.gov

“merging binaries” .
“binary black holes” S

§

~ 'Ii‘gd,."org

i



compact binary coalescences (CBCs) 2 & & &gt

merging binaries consisting of WD/NS/BH

P\ ) ! ( mi + ma ) 2/
y Mo, . Mg

f=mqms/(mq+ ms)

(following Peters (1964))



https://arxiv.org/pdf/astro-ph/0402162.pdf

gamma-ray bursts . Short gamma-ray burst

(<2 seconds’ duration)

-»
short emission (within 2 seconds) of light Stars* iQ

. . a compact
in gamma-rays may occur right after binary system »
. . begin to spira
the collision of two neutron stars inward.... "
- . m— ’

e Fee—Fm o B
— | |

) Pl

) 3§

The resulting torus
has at its center

a powerful

black hole. )

*Possibly neutron stars.
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CBCs

(

compact binary coalescences

inspiral + merge + ringdown

3 phases of a CBC




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)



o= Tt (Hz) € > SEHIAEL “SEHA A " 7= > SHORS 23

; ' i ' -
(Super-)massive black hole inspiral and merger " - ﬁ
*

.

Compact binary inspiral and merger

S

Extreme-mass-
ratio inspirals

Wave period

10—10
Wave

Milliseconds
frequency

Years

Radio pulsar timing arrays Space-based interferometers

Detectors

https://www.nature.com/articles/s42254-021-00303-8/figures/2



=
=)

Jiu

10 100 1,000 10,000 100,000 1,000,000 o

Object Mass
(Relative to the Sun)

Image credit: NASA/JPL-Caltech



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

T
advanced LIGO

(HI.IOIS.‘Q _ ‘
. & . : ." : ) ‘." o
L _ o e (2080+) - -7
advancedWirgo (2016+) KAGRA ,‘( \ »

(u?mls'l-?o . ﬁ';mﬂ N  e-LISA(2030+)

¢
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2Z Y& = figure-of-merit ‘S-S X[ == for

GW detection

Definition of figure of merit

: a numerical quantity based on one or more characteristics of a system or device
that represents a measure of efficiency or effectiveness

https://www.nature.com/articles/s42254-021-00303-8/figures/2



compact binary coalescences (CBCs) &2 & ‘8
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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.

s, WSS hyins:/[arxiv.org/abs/1811.12907




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 er 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-alarm rate (FAR) < 1 yr-tin GWTC-2

= Advanced LIGO-Virgo observing runs O3a

= multiple detections on the same date

= search space : individual mass =[2, 100] M z up to 2.3, also

sun’

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

sun’
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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”

= neutron stars (NSs) and black holes (BHs) in binaries are strong
sources of gravitational waves

150+ black holes and a few neutron stars have been discovered by
GW observations

Supernova /
Red Supergiant R T Neutron Star

Black Hole

Large Star

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




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

Credit: ESA/Gaia



Evolution of a binary

“standard” binary evolution
in the Galactic disk

initial conditions

(mass ratio, separation,
metallicity)

common envelope

supernovae

mass/angular momentum
transfer

Time (Myr)

0.0000

3.5445

3.5448

3.8354

3.8354

5.0445

5.0445

5.3483

5.3483

10,294

MS  96.2M,

HG  92.2M,

HG

or 42.3M
CHeB
He star 39.0M,
BH 35.1M,
BH 35.1M,,
BH 36.5M,
BH 36.5M,
BH 36.5M,

Zero-age main sequence

Roche-lobe overflow

‘/ Common envelope

El
o
!

Direct collapse
L ]

‘ Merger
®

MS

60.2M,,

59.9M,,

84.9M,,

84.7TM,

84.7M,,

82.2M,,

He star 36.8M

He star 34.2Mo

BH

30.8M,,

alRy) e

2,463 0.15

2,140 0.00

3,112 0.00

3,579 0.00

3,700 0.03

3,780 0.08

43.8 0.00
453 0.00

47.8 0.05

https://www.nature.com/articles/nature18322



Some binaries can be formed in
dense stellar environments !

(S8t 253 4)

2901
B

Swift J174622.1-290634 .,

5 arcminutes

CBC location

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



III

waveform in the frequency domain

a typical post-Newtonian “inspira

.ﬂ,( f) = Aet? h(f) = f h h(t)e*™ft dt

— 0

57 [ M
A= M _(5

96 ) \/ﬁ(ﬂMf)_UE [(1 + C’z)zFi + 4CEF§]”2

3 cire. spin. cire. e,
U(f) =+ 2nft.+ W(l+ﬂ cre v T AYEN +ﬂ‘1’3PN)

where t. and ¢, are the coalescence time and phase, and
v = (mM f)'/3 is the PN orbital velocity parameter. Note
that the angle [ is absorbed into a constant shift to ¢..
The standard 3.5PN circular contribution is
AUSEe = ST c,(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.



Example: Effects of eccentricity

® strong circularization due to GW emission

® eccentricity & spin information is useful to determine the formation mechanis
m and location (galactic disk vs cluster)

® important for future detectors sensitive in lower frequencies

A AVAA A A T
N ~_N
AAAAA AR
e=0 e=0.3
=
2 P "
< o A——A—] A—h
e=0.6 e=0.8
Dependence on i, for e = 0:
Amp (h,) _ 2cost
L n ! ) Amp (h,)) 1 +cos*




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

R GW150914 with IMRPhenomD in H1

<Frequency Domain>
—— IMRPhenomD

IMRPhenomD
25Hz ~ 562.4Hz
(SNR 20.74)

Re(h(f))

300 400 500 600
frequency [Hz]

Lo Je=3 GW150914 with TaylorF2 in H1

—— TaylorF2

TaylorF2
25Hz ~ 60.9Hz
( SNR 20.00)

Re(h(f))

300 400 500 600
frequency [Hz]

figure credit: Chaeyeon Jeon
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https://link.springer.com/article/10.1007/s10714-020-02751-6/figures/3
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Fig. 1

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

o 1.0 T—— T J s ; I[“Mml rger

S o05f i

S 0.0

§ -05 | Il
-1.0 - . l l

-20 -10 0 10 20

(¢ — tyrg ) [ms]

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

How to “measure” astrophysical quantities about the source in
GW observation?

=» parameter estimation (statistical inference)
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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
1 GW detection = 3 masses + 1 spin

= individual masses (m;,m,) =» mass ratio

= individual spins (s,,s,)

= distance A

2

= sky location (RA, dec)

" remnant mass (my)
" remnant spin (s;)

With better sensitivity.
we can “determine” orbital configuration

G(M—I—m)a

+ KAGRA from Y2021
+ LIGO India from Y2030s(?)

(inclination, eccentricity) = hetter distance measure

Event mi[M;] ma2[M;] FAR [yr |
GW150914 BT 3068 <iLox1077
GW151012 BT 16T 7.9 x 1073
GW151226 el s <1.0x1077
GW170104 3107 20072 <1.0x1077
GW170608 110735 7618 <10x1077
GW170729 50.7 0% 34.0%%: 2.0x107?
GW170809 et  238thE 1. 0x1077
GW170814 30.675¢ 253%3% <1.0x1077
*GW170817 1.4(;’;_;_{3, 1.27 :;;;;:; < 1.0x10
GW170818 384T 26755 4.2 x 107°
GW170823 goiTiibd g9g¥Sl R
GW190408 181802 24.575% 18.3%32 LDX ™"
GW190412 go.0rsT g3tls 1.0 x 107°
GW190413 052954 33.4%1%% 23.4%67 7.2x 1072
GW190413 134308 45.4%33¢ 30.9%)02 4.4 x107?
GW190421 213856 40.6%7.%* 31.4713 7.7x 1074
GW190424 180648 39.57.%? 31.0%13 7:8 % 10~
* GW190425 2.010-% 1.430:3 7.5x 1074
GW190503 185404 42.9%92  28.5*13 1.0 x 1077
GW190512_180714 23.0%33 12.5%33 1.0 x 107°
GW190513 205428 35.3755 18.1773 1.0 x 10~°
GW190514 065416 36.9%3%% 275752 5.3 x 10!
MA1aN=17  NRR1n 3(;_40_}_1: 2-3.8“.’::9; 5.7 x 10 5
6451122 399+ 1.0% 107"

QLAY G6.8Ta T 2.0x 1074

GW190521_074359 42.1%57 32.71%3 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 . . - A
chirp _ (mimsz) effective (m1xX1 + maXxa) - Ln
1/5 =

mass (my + mo) m1 + mo

Event M mi ma M X£ &Qﬂ SNR
(Mo) (Mo) (M) (M) (deg”)

GW190408_181802 18.371% 245731 183732 —0.037013 1.58i3‘§3 0.30709% 41.073% 0677095 140 15.37)2
GW190412 13.370% 300737 83709 s 37.3735 067 000 21 18.9703
GW190413.052954 240753 3347134 234787 u.ﬁﬁt}};%? 54.375%% 0.697015 1400 8.970%

GW190413.134308
GW190421_213856
GW190424_180648
GW190425

GW190426_152155
GW190503.185404
GW190512.180714
GW190513.205428
GW190514_065416
GW190517.055101
GW190519.153544
GW190521

31.9772 45.471%° 30.9720:2

30.7755 40.671%*
30.3757 39.575%°
1447503 2.0755

2417008 577575

301752 429732
145713 230724
21.573% 353750
2747575 36.977°%1
26.0750 36.471%°
0435752 4.57113

15.5 29.3
566.975%% 91.47702

314753

31. 0+7,4

1.4%53

15553
28.5713
125752
181773
275732

248755

39.9510

66.8720°7

2.557135 0.45

1.4970:33 0.28
2.1670 35 0.39
> 4.937375 0.77
2117175 0.387
2. 85+2 .02 0. 494‘
0.727025150.373550.737 011 940 14.2703

51 0.807039 72.87153 069701 520 10.079%
1018 6867157 0.687919 1000 10.7192
1022 6717125 0.75509% 26000 10.4792
0.03790% - - 9900 12.4193
0.087004 - 1400 8.7703
152+° ‘L 0.2010-11 682737 0677092 94 124702
1008 34. 2+33 0.65°907 230 12.2702
oS 513751 0697013 490 129703

1031 61.672%° 0647011 2400 82703

020 57.879% 0877000 460 10.770%
02T 98.77133 0807097 770 156703

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



compact binary coalescences (CBCs) 2 & Ao &gt

inspiral motion LI 28 HE 25

matched filter + S EH L} LA h(t) > SHLHC| =2| &

{m1,m2,s1,s2, a, d, RA, dec} > A =755 20|27
+ eccentricity observables

CH SO AtRE EM4 9 “SAX =87 inferences




parameter estimation

Measuring observables
( )
-ml1, m2,sl, s2
GW. .................... > -H2|d
detection - M40 @I%[ sky location
\ J A=
Bayesian inference

two sites of LIGO \/ “parameter estimation”

on Earth detect GWs

by 7ms time _difference/\ \./ J{ \

.............. > \

A\ r| |||

MIVIHE .’M"""* T I\I' "." ||' | &l §>‘/‘ "




1ffage credit : SXS smusing sre spacsimes

individual masses are measured

- Qverall
——  |IMRPhenom

w
(&)

w
o
1

N
[6)]
1

N
o
1

secondary BH mass, m2 (Msun)

25 30 35 40 45 50
primary BH mass, m1 (Msun)

example of parameter estimation: GW150914

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

500

400

[\
o
o

distance (Mpc)

distance and

7 binary inclination are

correlated

)

90° 120° 150° 180°
QJN

binary inclination (deg)

0® 30° 60°




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
( 0=<a=< 1) GM

0.85

0.80

0.75

0.70

< 0.65

0.60

0.55

0.50

0.45

—  Qverall
IMRPhenom
—— EOBNR

50




Multi-messenger astronomy

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

* \

GCamma rays

They point 10 their sources, but they
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 origing

alr shower

*
They are charged particies and
are deflected by magnetic fields

* X




Detection of the first “astrophysical” neutrinos from another galaxy (“blazer”) by

the IceCube Neutrino Observatory

ICECUBE

SOuUTH POLE NEUTRINO OBSERVATORY

THE FIRST SOURCE OF
HIGH-ENERGY NEUTRINOS

P> »l o) 0:22/6:18

original URL:
https://www.youtube.com/watch?v=wfVM6To7XfE

IceCube Neutrino Observatory
1.85K subscribers

oA Z40[X} K| ALt
Korean science news article "HE|H AKX LFS2|S AlCH 2"
https://bit.ly/2Wyk8g4

Oo= T



https://www.youtube.com/watch?v=wfVM6To7XfE

Example of MMA: GW170817 “GW + light”

neutrino is also expected but not detected

original URL:
https://www.youtube.com/watch?v=txpl TOPWO02E

A Tour of GW170817

%Y

Chandra X-ray Observatory
28.6K subscribers

> >l RN) 009/307

Neutron Star Merger Gravitational Waves and Gamma Rays

original URL:
https://www.youtube.com/watch?v=EAyk20sKvtU

-~ Veritasium @
6.96M subscribers

P Pl R) 359/525

further reading (in Korean)
HHOIM @ S2mo} 20k, X-H, JtAZH S MALI|IH A5 SA| B 5% 42 I-(I\Sl er=HFZHPH

Korea Astrononsy & Space Soende Inatitute

https://www.kasi.re.kr/kor/research/post/mainResearch/10215



https://www.youtube.com/watch?v=wfVM6To7XfE
https://www.youtube.com/watch?v=txpIT0PW02E
https://www.youtube.com/watch?v=wfVM6To7XfE
https://www.youtube.com/watch?v=EAyk2OsKvtU

Contact us

Three Southern Sites of the KMTNet

News More+  Notices More+  Links More+
Follow-up observations of GW170817 Observation Schedule 2019-202¢ Updated KMTNet data archive

Discovery of a new Earth-mass planet . Observing Statistics 2079 Updated : Monitoring Page

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

Publication of The First Obs. Data Crosstalk Correction of CCD Images Microlensing Member Only

& Today's Live View

KMTNet-SAAO

https://kmtnet.kasi.re.kr/kmtnet-eng/
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GW170817 success story

= GW signals from neutron star — neutron star inspiral is observed
=  Fermi gamma-ray satellite telescope independently detected gamma-ray burst
signals 1.7 s after the GW “trigger”

= temporal & spatial coincidence can be explained if
both GW and y-ray light are emitted from the same source

= GW observation =» individual masses, distance “m,, m,, d”

= gamma-ray burst + follow-up light observation
=» host galaxy = redshift “z” “SE|& L

= Hubble’s law
v=H,d - g
'o //o////ll
A RELATION BETWEEN DISTANCE AND RADIALVE |, a1 |
AMONG EXTRA-GALACTIC NEBULAE E P
https://www.pnas.org/content/pnas/15/3/168,  ° =

VA |
DISTANCE
[ 0*PARSECS 2210% PARSECS
FIGURE 1 :

Velocity-Distance Relation among Extra-Galactic Nebulae.


https://www.pnas.org/content/pnas/15/3/168.full.pdf
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Hubble constant by GW observation
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Hubble constant can be measured by GW observations (NSNS and BBHSs)
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[8 2] Compact objects as GW sources

= compact binary coalescences (CBCs)
merging binaries consisting of WD/NS/BH

3 phases of a CBC = inspiral + merger + ringdown

Types of known CBCs in GW transient catalogue (GWTC-1, 2)

)

NS-NS “extragalactic population” “EM is not required”

BH-BH (binary black holes = BBHs) “stellar-mass” black holes

NS-BH (not included in GWTC-2) GW200105, GW200115




GW detections so far

better sensitivities =» more detections, many surprises!

Ol : GW150914

0O2: GW170817 (NS-NS binary merger)

0O3: GW190814 (NS-BH candidate)
GW190521 (Intermediate-mass BH)

Cumulative Count of Events and (non-retracted) Alerts

56 detections from O3 o 01 = 3, 02 =8, O3a =33, O3b =23, Total =67
5-times more O1+02 gm
(total 11 detections) E"’“ o1 02 O3a F03b
Image credit: %20
LIGO-Virgo 5.
Collaboration. 0 ,_.—r"

0 100 200 300 400 500 600 700
Time (Days) it: LIGO-Vir



prospects for BH astronomy with GW/EM observations

Stellar-mass BBHs

= advanced LIGO + advanced Virgo + KAGRA (from the year 2021)
Korea contribute in KAGRA data analysis (Ewha, Inje, UNIST) &

LIGO data analysis = Korea GW group (KGWG)

= develop accurate/fast/realistic waveform models

- higher modes, eccentricity

- important for better distance measure = “standard sirens”

= realtime parameter estimation for mass, distance, sky location

- important for EM follow-ups

= compare model predictions with GW/EM observation



GW science goes on !

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 (JST/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 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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Pulsar timing array and search for supermassive BH binaries

Image credit: D. Champion




Pulsar timing array (PTA) collaborations (alphabetical order)

= European Pulsar Timing Array (EPTA)
Europe: Effelsberg, Lovell, Nancay, Sardinia, and Westerbork Radio Synthesis Telescope

* North American Nanohertz Observatory for Gravitational Waves (NANOGrav, 2007-)
USA/Canada: Arecibo Telescope, Green Bank Telescope (GBT)

= Parkes Pulsar Timing Array (PPTA, 2004-)
Australia: Parkes Radio Telescope

arXiv.org > astro-ph > arXiv:1602.03640

Astrophysics > Instrumentation and Methods for Astrophysics

[Submitted on 11 Feb 2016]

The International Pulsar Timing Array: First Data Release

J. P. W. Verbiest, L. Lentati, G. Hobbs, R. van Haasteren, P. B. Demorest, G. H. Janssen, .



THE NANOGRAYV 11-YEAR DATA SET: HIGH-PRECISION TIMING OF 45 MILLISECOND PULSARS

High-precision timing of millisecond pulsars offers the promise of
detecting gravitational waves with periods of a few years, i.e., in the
nanohertz (nHz) band of the gravitational-wave spectrum

Main science target:
= direct detection of gravitational waves using pulsar timing

" jncoherent superposition of GWs from the cosmic merger history
of supermassive black hole binaries = GW background

1/ {

= detection of a SMBHB ? “resolvable sources” “continuous signal”

[on-going] in collaboration with Hyosun Park, Andrea Lommen (Haverford),
and Juhan Kim (KIAS)



unanswered questions:
1) Would merging galaxies result in supermassive BH binaries ?

2) Stellar-mass BBHs merge (like GW150914), do SMBHBs merge ?

AR . | | _ 1:GW: 21:orb
& - i*'.‘"\ -

; z 1o S 4 1 |GM
. fow = =/ —
e . - T a

billion solarmass BBH
N | s 6 a =(1/1000) parsec !

“It takes hundreds of millions of years for one merger to complete”

=>» GW signals from a SMBHB ~ nHz up to pHz


https://sci.esa.int/web/hubble/-/42637-merger-stages-of-interacting-galaxies

GW signals emitted from “merging” supermassive BBHs
are expected to be continuous =2 narrow-band search

“It takes hundreds of millions of years for one merger to complete”

=>» GW signals from a SMBHB ~ nHz up to nHz




BBHs astronomy for the next decades
=>» nHz (PTA), micro Hz (LISA), ~100 Hz(LIGO)

stellar-mass BBHs,
supermassive BBHs,
BBHs with large mass ratio =2 supermassive BH + stellar-mass BH

T R ——
\ Galactic Background i
|"\ § MBHBs at z = 3 '
10-1/ . ¥ Verification Binaries
. N = EMRI Harmonics
= | \ | = LIGO-type BHBs
B_ ; 10718 \ — GWI150914
T o \
s
'G5 a9
e £ 10
L =
w = |
= 10-205
Chs
10?1‘ Ead Total
10° 10
Figure 4: Depiction of the LISA Orbit. GW frequency (HZ)

https://arxiv.org/ftp/arxiv/papers/1702/1702.00786.pdf



HHAH O A TIF 2| A} Z= 24T} OF Q| A

WD-WD and NS-WD binaries are important GW sources in mHz frequencies

=>» some accreting WD-WD binaries in our Milky Way are “LISA verification sources”
(AM CVn = AM Canum Venaticorum = AF'g7HXt2| am Had) «AH B o

1071 gy r & ——

use eq. (16) in his paper to calculate h.(f)?, and find 10-2° _;

- a6 MNYC f T8 Ny NY2 (Tope\ 112 ) - §

Frms(f) = 1.7 % 10 (T) (mHz) (Mp(- 3) ( \: ) ’ (14) 2 - .

where M is the “chirp mass” of a NS—WD binary defined by 10 _g

_ (Mns Mwn )%/° L ]

M= (Mys + Mywp)'/? ' (1s) 10_22 3 E

and N, is the comoving number density of NS—WD, i.c. the number of sources per Mpc?. i ]

21072k E

o i :

1072 4

. . . 1072 <

The effective GW amplitude for coalescing ; :

NS-WD binaries overlapped with the 1028 L :

expected LISA sensitivity curve in 2004. : mex.1141

. . . . 107% .

https://iopscience.iop.org/article/10.1086/424954 /pdf : §

. { OF SCENCE RATE L B S R J
THE PROBABILITY DISTRIBUTION OF BINARY PULSAR COALESCENCE RATES. 1L 0.0001 0.001 0.01 0.1

NEUTRON STAR-WHITE DWARF BINARIES

Cruscree Kim,' Vassiuikr Katocera,! Duscas R. Lorimer,” asp Trrasy Warme!
Received 2004 February 5; accepred 2004 August 7
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Multi-frequency GW observation will
shed lights on the BH mass spectrum and BH evolution

Observed Mass Ranges of Compact Objects

Intermediate Mass
Black Hole
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1 10 100 1,000 10,000 100,000 1,000,000 oo

Object Mass
(Relative to the Sun)



Multi-frequency GW observation will

shed lights on the GW background with astrophysical origin

f dpgw{f) energy density

QGW
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BH astronomy and astrophysics in the next decades

-

Measuring observables from
GW signals

M1, M2, Mfinal BH
spin, eccentricity
distance

sky location
\

~N

7

.

Follow-up observations
(supermassive BHs are favored)

metallicity (of a host)
redshift (of a host)

\ 4

7

.

empirical population study
evolution scenario

environment




Next decades will be a golden era for GW astronomy and
astrophysics ! =» white dwarfs, neutron stars, black holes

GW
astronomy and
astrophysics

\.

—

Gravitation

strong field gravity

\

Galaxy formation and
evolution

large-scale structure

cosmology

Hubble constant

dark energy, standard model




Would more GW observations bring answers or more questions ?
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