Mgkt Ztdel =X H3AE
(2021/7/8, et M EAH L&, =22+92))
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(Ten Questions for Gravitational Waves and Outlook)
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(EYLLH, 22|: gwkang@cau.ac.kr)
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Mars, left, and
the Milky Way
are visible in
the clear night
sky as
photographed
near
Salgotarjan,
some 110 kms
northeast of
Budapest,
Hungary, Aug.
03, 2018.
(MTVA - Media
Service Support
and Asset
Management
Fund)




Afterglow Light
Pattern
380,000 yrs.

Inflation.

Fluctuations

Dark Energy
Accelerated Expansion

5,
',

Dark Ages Development of '-..
Galaxies, Planets, etc.

= -,-_.,: itk
T
ﬂﬂl

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Credit courtesy: NASA/WMAP Science Team
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v s NdHe 24M(GW150914):
- 72| 4107189 Mpc
(7.5~18.6 &)

- EHEh3615Mg + 29%iM,




(Credit: LIGO/SXS/R.Hurt and T. Pyle
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15 3 kpc
Sun's orbit

(Credit: Andrew Z. Colvin)

14646767

https://commons.wikimedia.org/w/index.php?curid




hg": F'riu'lllg der Er||'.'~s:'!\:|!|~n-||-|||.1L||I'r|m‘.i\l']n-n Rlasse yom 32, 1y

Nehermgsweise Integration der Feldgleichuggy
der Gravitation.

Von A. Fisgrem.

Bei der Behandlung der metsten spezielien (nicht pringipiellen) Problm
auf dem Gebiete der Gravitationstheorie kann man sich damit hegnigay
die 7, in evster Niherung zu berechnen. Dabei bedient man sieh g
Vorteil der imaginiren Zejtvariable o, = if aus denselben Griinden Wi
in der speziellen Relativititstheorie, Unter verster Niherung it dabil
verstanden, dab die durch die Gleichung

500001y

15 3 kpe-
Sun's orbit

(Credit: ESA—C.Carreau)



v' MIT Technical Report in 1972: “LIGO concept paper” (j“,\;;g;m
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Strain (107*?)

astron time (s)

Frequency (Hz)
oN B O ®
Normalized amplitude

eneral Relativity prediction

Cumulative shift of peri
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« 1916 OFQILEFQIO| O =

= nab + hab

with |hab| &1

in vacuum with TT- gauge
- SFEXNH FH™oL .
ds? = —dt? + az(t)(5u + hij)dxldx]

- In general, g, = gp(t?/) + hy,
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- Lots of confusions and contraversals for the reality of GWs till 1950s
- “Sticky bead” argument: Chapel Hill meeting in 1957

d-n'

2yt R & s
= Rypn=120 4 . -
dr? op 2 a2 °

(Pirani '57)

- It was J. Weber (‘63) who tried for the first time the detection experiment
by using a resonant-mass cylindrical bar at 1660Hz.

- It was very sensitive h~1071, but still far from ~10722,

UMD LSU ('09)



IV = [ pxtx/d3x

A ke 261 r
L - €17 T
= 2| h” (£, %) c*ir IU (t C)
'\.}J Lol );- //
N 2D LN 2
), _ _ ~r X W* X Msoyrce X Rsource X 9(1)
O hay = —167G Ty
2
_ s
~1.6 x 10~*
kgm

M@~1030 kg Il

~10 protons at ¥~0.999999991c
> hgy~10"43

(o ltonx2,2m & 1kHz
> hgy~9 x 10737
" at r~1 = 300 km
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T
Inspiral

Merger Ring-
down

f)()g.

0.05

0.1
t-ime

0.15

Binaries emit GWs, resulting in decays of orbit.
Eventually collide or merge

Quickly becomes quite, e.g., a stationary single
spinning BH which is probably described by the
Kerr metric

PN gives waveforms for inspiral and ringdown
phases

h(f)

100 1000
f-requency

Abadie et al. arXiv:1102.3781
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» Astronomical sources:
— BH-BH, BH-NS, NS—NS coalescences
— Supernova explosions: GW+Neutrino+:---
— Stochastic signals
— Cosmic string kinks
— Etc.

— Galaxies ~1,000& Jlf/Universe. Stars ~1,000< Jli/Galaxy.



Bandwidths and significances of sources: (Cutler & Thorne '02)

Extremely Low Freq. band (ELF, 10~15~10718 Hz):
Primordial GWs

Imprint on the polarization of CMB radiations

Quantum origin at big bang subsequently amplified by inflation
Great potential for probing the physics of inflation

Very Low Freq. band (VLF, 10~7~107° Hz):
- Emitted by pulsars (e.g., Hulse-Taylor '75)
- via pulsar timing array, or indirectly by pulses at earth
- Extremely massive BH binary or violent processes in 0.1 second of
the early universe

Low Freq. band (LF, 10~*~0.1 Hz):
- From massive (10A5~10A7M®) BH binaries out to cosmological distances (CD)
- From small BHs, NSs and WDs spiraling into massive BHs out to CDs
- From orbital motions of WDB, NSB, and stellar-mass BHB in our own galaxy
- And possibly from violent processes in the very early universe
- To be observed by the space-based detector, LISA - : - - -
High Freq. band (HF, 10~103 Hz): AL
- From a spinning slightly deformed NS in our Milky Way galaxy
- From a variety of sources in the more distance:
- Final inspiral and collisions of NSB and stellar-mass BHB (up to ~100M 0)
- Tearing apart of a NS by a companion BH
- Supernovae, Triggers of GRBs, etc.
- To be measured by earth-based detectors such as LIGO, Virgo, KAGRA, and resonant-mass bar

Gravitational-Wave Spectrum

Three complementary |
approaches to detection |
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(Credit: LIGO/SXS/R.Hurt and T. Pyle




(Credit: LIGO/T. Pyle)
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Data
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Distance: 800 MPc

Total mass: 200 M.
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Data & Best-fit Waveform: LIGO Open Science Center (losc.ligo.org); Prediction & Animation: C.North/M.Hannam (Cardiff University)
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Sources of Noises

Laser shot noise

- Inrcrease laser power. resonant cavity.

power recycling

- Radiation pressure noise

- Make mirrors heavierSuspension

thermal noise/ mirror coating brownian
noise

- Increase beam size. monolithic

SllSpEﬁllSiDll structure

Seismic noise

- Multi-stage suspension. underground

Newtonian Noise

So far difficult to avoid. Seismic and
wind measurement and careful
modeling

]
-4

!

Strain [1/VHz]
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Angle-averaged range [Mpc]

2= 715 33]: = 524 A=

- 01 (2015.9.12~2016.1.19): 3 BBH

- 02 (2016.11.30~2017.8.25): 7 BBH & 1 BNS

- 03a (2019.4.1~9.31): 36 BBH & 3 others,
O3b (2019.11.2~2020.3.27): 2 NSBH+77?

- Virgo: 2017.8.1~ , KAGRA: 2020.4~

Binary neutron star inspiral range

i
.
{

0 3 6 9 12 15 18 21 24 27 30 33
Time [weeks] from 2019-04-01 15:00:00 UTC (1238166018.0)

GWTC-2 ("20)

Cumulative Detections

1 I I
0 500 1000 1500
Effective BNS VT [Mpc® kyr]

~8 events per month!
Duty cycle: ~40% (?)

Network duty factor
[1238166018-1250193618]

Triple interferometer [43.2%]
Double interferometer [38.0%]
Single interferometer [15.4%]
B No interferometer [3.5%]



 Detections of GWs: GW150914, ..., GW170817, ---
— 52 observations in total
— Mostly from BBH (binary black hole) mergers, e.g., 46 events

— No signals other than GWs have been observed from them.

- Merger events with “neutron” star(s): GW170817 (BNS
(1.46,1.27)Ms), GW190425 (‘BNS’ (2.0,1.4)Ms), GW190426_152155
(BBH/NSBH (5.7,1.5)Mg), GW190814 (BH-NS/BH (23.2,2.59)M),
GW200105 (NSBH (8.9,1.9)Ms), GW200115 (NSBH (5.7,1.5)M)

« GW170817:
- Both GW & EM signals were observed.

— True beginning of the multi—-messenger astrophysics/astronomy!



Frequency (Hz)

500

100

50

G W 1 7 0 8 1 7 . https://www.youtube.com/watch?v=aWX-BY-A9CY

First observation of a BNS inspiral on Aug. 17, 2017 at 12:41:04 UTC in O2 (2016.11.30
~ 2017.8.25)
Duration: ~100 s, SNR: 32.4, FAR: < One per 80,000 years

Normalized amplitude

0 2 4 (I’ Low-spin priors (|| < 0.03)
———— | :
Primary mass m, 1.36-1.60 M,
LIGO-Hanford Secondary mass m, 1.17-1.36 M,
Chirp mass M 11887090 M
Mass ratio m,/m, 0.7-1.0
Total mass myq 274150 M
Radiated energy E, 4 > 0.025M¢?
Luminosity distance Dy 407%, Mpc
Viewing angle © < 557
e Using NGC 4993 location _ <28°
LIGO-Livingsion Combined dimensionless tidal deformability A < 800
Dimensionless tidal deformability A(1.4M ) < 800

=20 =10 0
Time (seconds)

PRL 119, 161101 (2017)




v' Sky localization and EM follow-up observation:

190 deg?

LIGO ' N

31 deg® 3o \ ‘
(= 28 deg?) LIGO/ r .t S

Virgo &

L \ Fermi/
0° '\ GBM
16h 12h

IPN Fermi / ~1100 deg?
INTEGRAL

-30° N ! L\ -30°

8h

Near NGC 4993

Swope +10.9 h
1
. ‘ N
30" E
DLT40-20.5d

Centered around (12"57™,—-17°51") ApJL ('17)




v Multi-messenger observations for GW170817:  ApJL (17)
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v Propagation speed of a GW vs Speed of a light:

- In GR, Vew = C.
- - From the time difference at two LIGOs: 0.55c¢ < vgy < 1.42¢
- Use the arrival times of GWs and lights with distance for GW170817

D~40%7. Mpc . .
Vew = D/(ro —1,) €= D/[(to + ot,) — (1, + ot, )]

~1.3 x 108 ly
. dv Vgw—C ot,—ot, c(ot, — ot,)
ot, , ~ few seconds - — = — = =
= C C t, —t, D
vGW C C i )
5t —65x 10710 2MPC( O g, Ok
7 ot, o/(t,—t) 1. — 7 D \174s 777 10s)
e 0<dt,<10s g
g EERE ov
INTEGRAL | e i o _3 X 10—15 S, L2l S ‘7 x 10—16
3 S C

ov
(—0.45 < = < 0.42)



1.4

1.3

B (x| <005

BNS masses consistent with galactic binaries B & i
3

Justifies the ‘'kilonova’ model: BNS mergers create J

many heavy elements including Ag! a5 4

0.7 I I

1
0.6
1.25 150 1.75 200 225 250 275

my [Mg)]
This simultaneous observation in different forms of radiation gave a firm
evidence of GW detection, marking an exciting new chapter in multi-
messenger astronomy!

Hubble's Law: v = Hy X D

« Amplitude of GW = distance estimate

« Host galaxy ID = redshift
« Independent estimate of Hubble constant !

Hy = 70.07g%°kms~! Mpc™
Credit: T. Dent ('19)



— Hubble tension problem:

KP

GW170817 |
SHoES
. CPH HST+
{ SHoES |GAIA2
[ ] } i
X
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B _ [] L)
w1 w7 WOLJ p
P13 1320 P18
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- GWs from a compact binary coalescence in inspiral phase:

S 2
hy =—— D, 1 + (L+h) ]cos[d'(_t}]. o
4 'VISI.I} f (¢ 23 L+n %m()
h*&. — Z [F—f{ }] ( ."i'] Sill[q}(f}]. grm
Dy =

i 1/5
w (8m)83 [ G\ e {18y __ =
fanlm === ( 3 ) =0, W) "”_E((%) o (fow) ™ (Fow)

Then, we can estimate the luminosity distance D, (z) though degenerate with
inclination.

z dz p
d.f_ — C[l-l—Z)/ H(sz \ H[Z ):Hﬂ\/ﬂm(1+2f}3—|—ﬂh

Thus, the Hubble constant H, can be estimated provided that the redshift z is
measured separately, e.g., from the EM measurement of the host galaxy.

Lots of BBH merger events, but BBHs do not have such luminous object!



- Schutz's method:

d; estimate

z value

Hy estimate

o 40 &0 a0 100 ro
Counterpart / identified host galaxy
dy estimate \ z values Hp estimate
i
[ +
/ A // '\.t -//.\.
T @ i
Different possible galaxies for single event Multimodal Hy estimate
d) estimate /\ z yalues Hp estimate
§
\
/ | Hp estimate H
\
: \
/ \ ;-
.t LW
40\ “ III- 100 120
Different possible galaxies for single event Multimodal Hp estimate
7
L LA N " e, e
eee oo o0 _'/-;,. e el _.hl-._"h:-\
o A i B oo

Slide credit; A. Askar ‘19

Unimodal joint Hy result

12o
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v'Tests of General Relativity

LLLILLLL I [ AALLL I LLRLLLLL | BRI I ILRLLLL | I T TR

Lo

f_ - But most of these are in
10 weak field regions:
= Ex) For binary pulsars,
_ 10_4 B Double Pul Porp~ — (10_14~10_1 )
i ouble ruisar I
= E Shapiro Delay 2 Even in ?he most
2 10°E m : relativistic one, JO737-
o HT 3039, v~2 x 107 3¢ =
i g Double Pulsar 0.2% c.
S 10_8 L LAGEOS Orbital Decay
< L ® i i ® - By contrast, for GW150914,
UL F | P,p~— (0.1~1). v~0.5c
- L“.”ar Laser Ranging — just before merger!
-10"% @ o) = - In addition, coalescences of
10 7~ Perihelion Precession b compact objects are in
- of Mercury - highly nonlinear and
-14 L L1 [ v [ o [ [ 1w [ o i Strong ﬁEId regime,
100 - - r i .
™ 107 10" 10° 10" 10” 10°

® =M/L
Probing gravity at all scales (arXiv: 1903.09221)



v' Masses in BBHs:

- No BBH of stellar origin >
50Mg?

Masses in the Stellar Graveyard

in Solar Masses
- Similarly, no BBH < 5Mg 7
=> “"Mass Gaps” (?):

Belczynski+2011,
Sathya+2019

Abbott+19 (arXiv:1811.12940)

EM Meutron Stars




v' Effective spins of binary objects:

(MY + may-) - L
M

Xeff =

-

GW190426_152155

GW190412

V
—0.50 —
_06541
—0.75 A
—1.00 | | R | | A
1 2 1 7 10 20 40 70 100

Xeff = 0 (27)

=» Implications
on the origin of
binary formations



v' GW echo:

L n _ 010 .
I - Extremely compact objects
- A ||| '“"'| |"'"’|H1I“"» i instead of BH: ex) boson
- B oos] ||l i’ stars, strange stars,
o ool o gravastars, ...
;- A 100 150 200 250
T I
= 1 i I' || I| M
5 h0]— I\f\" S 11 P vy Different nature of the
T e event horizon: ex) fire-
| J | wall, ??
_05__ d } ClePhO
i L “““ B - Probe some parts of
o 0 Tf '(10:':0' - om0 quantum gravity (?)

Credit: Cardoso, Pani (2016)



* Inspiral-Merger-Ringdown (IMR) consistency test:

3: . | . l . | AMf/Mf - Z(Mif"s"-Mfmﬁnsp)AM}']5p+M?°Sﬁ"Sp)
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BH no-hair theorem or QNM test:
QNMs of the Kerr BH are completely determined

T

Merger ng
down

by its mass and angular momentum.

TABLE II.  First three overtones for / = 2. A comma separates the real part from the imaginary part of M . To save space, in this and
the following Tables we omit leading zeros.

Insp\ral

J m=2 m=1 m=10 m=—1 m= =2
0.00 .3737..0890 .3737..0890 .3737..0890 .3737..0890 .3737..08%0
0.10 3870..0887 .3804,.0888 .3740,.0889 .3678..0890 .3618..0891
0.20 4021,.0883 .3882,.0885 .3751,.0887 .3627..0889 3511,.0892
- \ 0.30 4195,.0877 .3973,.0880 .3770,.0884 .3584,.0888 3413,.0892
* \ 0.40 4398,.0869 .4080,.0873 .3797..0878 .3546,.0885 3325,.0891
E 1 0.50 4641,.0856 4206,.0862 .3833,.0871 .3515,.0881 .3243,.0890
— 1 0.60 .4940,.0838 4360,.0846 .3881,.0860 .3489,.0876 3168,.0890
= 1 0.70 .5326,.0808 A4551,.0821 .3941,.0845 .3469,.0869 .3098,.0887
g I 0.80 .5860,.0756 4802,.0780 4019,.0822 .3454,.0860 .3033,.0885
= 1 0.90 6716,.0649 5163,.0698 4120,.0785 34440849 .2972,.0883
098 8254,0386 56420516 42230735 .3439,.0837 2927 — .0881
Berti, Cardoso, Will (2006)
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« Test of waveform modelings:
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FIG. 3. Combined posteriors for parametrized violations of GR, obtained from all events in Table I with a significance of FAR <
(1000 yr)~! in both modeled searches. The horizontal lines indicate the 90% credible intervals, and the dashed horizontal line at 0
corresponds to the expected GR values. The combined posteriors on ¢; in the inspiral regime are obtained from the events which in
addition exceed the SNR threshold in the inspiral regime (GW150914, GW151226, GW170104, GW170608, and GW170814),
analyzed with IMRPHENOMPv2 (grey shaded region) and SEOBNRv4 (black outline). The combined posteriors on the intermediate and
merger-ringdown parameters f; and «; are obtained from events which exceed the SNR threshold in the postinspiral regime
(GW150914, GW170104, GW 170608, GW170809, GW 170814, and GW170823), analyzed with IMRPHENOMPv2.
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LIGO’S GROWING UNIVERSE

An upgrade to the Gmwtdtlondl Wave
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EM Waves

« Theory: Maxwell (1864)
« Detection: H. Hertz (1886)

20¢
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Gravitational Waves

« Theory: Einstein (1916)
 Detection: LIGO (2015) 1004

Weak because of
~G /h
~9(1)

GWs+QS
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 Based on the observed GW data, GR is so far valid as a theory of

gravitation for the real world.
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