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Network of GW Interferometers

GEO Virgo

” KGWG since 2009
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LIGO

2015 First detection of gravitational waves
- First detection of black hole binary

- First detection of heavy (stellar-mass) black holes
- Opens a new era of GW Astronomy

2017 Nobel Prize in Physics
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Gravitational waves from neutron star binaries

- B1913+16 / Hulse & Taylor (1975)
- Orbital period change due to GW radiation
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NS (radio pulsar) which will coalesce within Hubble time

PSR P b, e Total Mass Te Tow
(ms)  (hr) Mo  (Myr) (Myr)
JO737—3039A 2270  2.45 0.088 2.58 210 87
J0737—3039B 2773 2.45 0.088 2.58 50 87
B1534+12 37.90 10.10 0.274 2.75 248 2690
J1756—2251 28.46  7.67 0.181 2l 444 1690
B1913+16 59.03 7.75 0.617 2.83 108 310
B2127+11C 30.53  8.04 0.681 2.71 969 220
J1141—-6545"  393.90 4.74 0.172 2.30 1.4 590

sGRB short-hard gamma-ray bursts from NS mergers
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2704 BATSE Gamma-Ray Bursts
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Neutron Star Mergers / Kilonova

Gravitational Waves
Sources of Heavy Elements

S Rosswog 2015

lO_I I 1 1 1 1 1 1

] Ye =0.12
- Supernovae:

p neutrino-driven wind
' / Yo r-process peak at A~130

NS mergers:
r-process peak at A~195

80 101 123 144 165 186 208 229 25

Massnumber A

solar pattern vs NS-merger

Credit: NSF/LIGO/SSU/A.Simonnet

Press Release Oct 16, 2017
GW from Binary NS Mergers

GW 170817 (d=40 Mpc)
GRB 170817A by Fermi-GBM
Kilonova/X-ray/Optical Afterglows




GW170817 / GRB170817A
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GRB and Kilonova

Jet—ISM Shock (Afterglow)
Optical (hours—days) ,
Radio (weeks—years)
5{ d Ejecta—ISM Shock
g/ Radio (years)

Kilonova . (\f\/
Opical (t~ 1 day) “~._ \

; Merger Ejecta
Tidal Tail & Disk Wind

/

v~0.1-03c¢c

~ r-process peak at A~195
A

Metzger and Berger 2012 13

LETTER

doi:10.1038/nature24471

A gravitational-wave standard siren measurement
of the Hubble constant

The LIGO Scientific Collaboration and The Virgo Collaboration*, The IM2H Collaboration*, The Dark Energy Camera GW-EM
Collaboration and the DES Collaboration*, The DLT40 Collaboration*, The Las Cumbres Observatory Collaboration*,
The VINROUGE Collaboration* & The MASTER Collaboration*
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Masses in the Stellar Graveyard

Known Neutron Stars .

Gravitational-Wave & Multi-Messenger Astronomy

First direct detection of GW in 2015
First detection of BHs with masses 30 ~ 60 solar mass
GW, Gamma-ray, Optical, X-ray, Radio detection from NS mergers

New era for GW Astronomy & Multi-Messenger Astronomy

E I N ST E I N 'S M E S S E N G E RS LASERINTERFEROMETER GRAVITATIONAL-WAVE OBSERVATORY
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Image by kip Thorne
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NASA/ESA
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Line element (ds) : how to specify geometry?

should be independent of coordinate transformation
should be testable by a local measurement

ok Y (K+d, g dy)
goomey 74 i ds® = (dx)* + (dy)?
gy X
L ds® = (dr)* + (rd¢)?
A& “
% dr,d¢p < 1
S[;KWUOXQ g,wme%@

0 0. ds® = a*(df® + sin® 0 - dp?)

%mm@ deb df,do < 1

more general in curved space ds?* = a*(d6? + sin? 6 - d¢?)

0 adl  ds® =a*(db” + f7(0)de?)
%asw@ dé 0(9:90):/0 Traf(eo)dﬁb:??mf(@o)
0o : urpoe o eaat
fr:a/ i9 — af, 6;75»/7@ P PVeaut S/m/)e

0

£(0)= sim(f ({—fsml@)
C =2maf(r/a) C= zxn a sin() (/_ 4—? 9,‘«‘@)
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line element in special/general relativity

special relativity (line element is invariant under Lorentz transformation)

ds* = —(cdt)? + dz* + dy* + dz*
= —(cdt)* 4 dr? + r?(d6* + sin?0 d¢?)

general relativity (educated guess)

ds* = gopdz®dz” (a,=0,1,2,3)

information of gravity (metric)
flat space time

ds® = nagdxadxﬂ

I
—

Nap = diag(_la 17 17 1) =

o O O

o O = O
o= O O
_— o O O
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notations

a-b=ay,b" = ggaaﬁbo‘ = gagaﬁbo‘
Qo = gaﬁaB

gOﬁg’yB — 5%

a® — gaBaB
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proper time under curved geometry
ds® = gopdr®dax’  dr? = —ds?

ds* B dz® dz” B o B
ar? = T T s g T est Y

quantum fields “move” along the trajectory
which minimises the proper time under curved geometry

Special Relativity

ds? dt\? dz \° _dt E = ymc?
_ - | == = —1 v =
dr? dr cdr dr p = ymv
dt\? dt di\”
(mc?)? (E) — (mc)? <—T—9§) = (mc?)? E2? _ (pc)2 _ (m02)2

35

Geodesic equation / extremize proper time

Flat space
d?x®
5/ —Nagdrdz? =0 —
\/ UL 7z =V
Newtonian
20 20 d? g’ oL
2 _ _ 2 — —_
5 / \/ (1+—C2>(cdt) (1 02>(dsc) 0 | S22
General , ,
d“x® dxP dx”
5/ —gapdxdzP =0 — o =
\/ o dT? B dr dr

Christoffel symbol
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Tidal gravitational force / Newtonian case

&z’ — i 0®(x) d*(z' +x") _ _gii 0P(x - X)

dt? oxi ' dt2 O

p—

0D(x+x) _ 00(x) 9 [0B(x)\ 4
OxJ T O + ok \ oz )X te
X
42y 920
p— = —0Y - k
dt? (81’»7(93:k ) N X

tidal acceleration tensor
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Einstein’s Field Equation

In Newtonian dynamics: Poisson’s equation:

AN 2L
2 Y .
V2P = §¥ (axi(%J = 4rGp

i.e., summation over the quantities that describe the geodesic deviation (=tidal
acceleration tensor).

* The Ricci tensor is similarly defined with &, i1.e., summation of all tidal components.

In the presence of energy (mass, etc.), Einstein's field equation becomes

1 8tG
Rop — §9aﬂR = C—4Ta5<— Energy-momentum tensor

! A
_ R =R
Ricci tensor ftuv pAV Curvature scalar R = Rl

38



Einstein’s field equation with source

IrG 1

C—4Ta5 Gaﬁ = Raﬁ — §gaﬁR

Gop =

energy density energy flux
T =

mom. endsity stress tensor

VgTaB:O — V@GQ’BZO

local conservation

Bianchi identity
of energy-momentum

Newtonian limit
39

ds? dz® dzP

dr? 1= gap dr dr Japti”u

Newtonian vs Einstein gravity

What mass does
F=_mVd ds® = gap(x)dz™dz’
produce a field curves spacetime

Motion of a particle

d?x" 5 0P * d?x® o dx? dx”
dt2 OxJ drz2 — P dr dr
Newton’s law of motion Geodesic equation

Field equation

V2(I) = 47rG,u Ga5 =

40



Principles of Gravitational \Waves

c=1 unit _
long timescale change
W e m +  AnAnAnnNAn
curved spacetime (R)‘\ I,” background waves

\
v
~

short timescale oscillation
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Linearized Vacuum Einstein Equation

n -1 0 0 0
9o = Nap t hap L 1 0o 1 0 0
Nap = diag(—1,1,1,1) = 0 0 1 0
hu| <1 0 0 0 1

1 Gauge transformation

5Ra5 = 5 [—Dhag + (9QV5 + 85‘/@] =0
JZ/a — ¢ +£a(.1')

0? -
Dzno‘ﬁ(‘?a@ﬁz—ﬁnva hlaﬁ - haﬁ _6a€B _8ﬁ£a
1
Va = 0yhg — 50ah Lorentz gauge
By =" hsa Vi = 0ah — S0uh' =0

Field equation

42



EM waves & Gravitational waves

Maxwell equation Einstein equation

source (charge, spin) source (energy, ...)
E,M fields space-time curvature (gravity)

EM waves gravitational waves

43

Linearized Gravitation vs Electromagnetism

basic potential

hog(e) (202, A7)

fields - _
5RO‘/B'75($) E(ta'f)?B(t’f)

Gauge transformation

A— A+ VA
hap = hap — 0afp — 058a
d— O —0A/Ot
Lorentz gauge |
Ophts — 50l =0 V-A+00/0t=0
field equation A =0

Shas =0 g =

44



Transverse-traceless (TT) gauge

impose Lorentz gauge

Dhas =0
wave equation
further impose TT gauge

O 0 0 O
o 0O a b 0 i(k-Z—wt)
hap = 0 b -a 0 |°
O 0 0 O
1
a = 2 (ha::c - hyy)
b= hmy

45

production of gravitational waves

near source, one cannot assume tranverse-traceless form

- keep entire perturbation / solve for gravitational wave
- impose TT gauge only far from the source

trace-reversed perturbation

1
huv = hyy — §hn,w

Lorentz gauge 8BW

ox, =0

wave-equation with sources

Ohy = —167GT,

46



Further properties

in vacuum

Ohy, =0
plane waves propagating with speed of light
i_lw/ = Re{A,, exp(ikAxA)}
coordinate transformation
All = 0 (traceless), Ap, =0 purely spatial

TT gauge far away from any sources

ITT _ 3 TT
hw =h,,

Regions of space around a source of GW

Local Asymptotic Rest Frame

- -

~ \
7 ~ \ \

7/ \ \ \
,/ \ \ \
3 \
(S?rong-fleld oM \ A \ -
: e + > |
region /7. \ i '
! ,‘\q \ : Induction I Local Distant
\ \ / h zone '
!

- wave zone wave zone
\ (——-4
\

" /
\,  Weak-field s ’
. Nhear zone / /

e
O
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GW propagating in z-direction in TT gauge

plus polarisation cross polarisation
00 0 0 00 0 0
T B 01 0 0 B 00 1 0
fw =he(E=2)1 g o o | TR g 1 o g
00 0 0 00 0 0

line element

ds® = —dt> + (14 hy)da? + (1 — hy)dy? + d2? + 2hy dxdy

lengths in x- & y-directions

b hx
o 1 .
Lx:/ w/]_—l—h+d$%(1—|—§h+)[/wo, .: 0¢.
1 «® * e, . .
Y2 1 .: ':. . .
Ly = V 1 - h-l-dy ~ (1 - §h+)Ly0 DTSRRI B ¢ . '0
Y1

49

Generation of gravitational waves

Ohy = —167GT),

_ Tt — [x — x'|, ¥ 4
huy(t,X):4\/‘ 1% ( |X|fX/’>{’ X)dsaj%@ —|X—X/|,X/)d3.'13
x| < x|, [x=x|=r

7 2 dQIjk(t—'l")
hjr(t,x) = 2 —L— weak source

. long wavelengths
Ly = /p;gﬂg;kd?’g; large r

conservation of energy momentum tensors are used

8Ttt aTkt 82 Ttt 82 Tkl
+ =0, and =
ot Oxk ot? oxkox!
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Order of magnitude estimates of GW amplitude

. ‘ .
I = /px]xkdgx Qjr = /P (xjxk — §T25jk) dx

Note: the moment of inertia tensor is not exactly the same as the
quadrupole moment tensor, but in TT guage, it does not matter.

(mass) X (size)?
Ijk ™ (transit time)2

~ quadrupole Kinetic E. = eMc?

hip ~ 10722 <L1) (1&4@) (10071>/[pc>

In most cases, € is small, but it could become ~0.1

51

Quadrupole radiation from a binary NS merger

B ~ 1.4Mg(ra/T)?

in

G B
h ~ — —kin 4y

C4 r T2 = <—GM) a3

5 (6.3 kpc M N\ T\
h ~ 10 X —
T 2.8Mg 1.0s

52



GW Kang (KISTI/KGWG)

~ 2. GW sources: h

, 1.6 x 107" sec’kg~'m™!
; 2 i
Ly = T s
N So, extremely weak for most cases!

» Laboratory generation of GWs:

Ex). A rotating dumbbell of two masses: 1ton, 2m & 1kHz

- ) |
By = 2.6 x 107 m x —.
h)

R~A=300km 2 /iy, =9 x 107

Ex). Particle accelerators, e.g., LHC:

L(L)Q
h;u/ ~ 4.04 x 10754 M2 207 where vp = 0.9
r

yon)2 . 2
- 1(]—30(l /o) for m=167g = 1()247111,
r

In the LHC, v~0.999999991 and 10”11 protons per bunch & h ~ 107-43 1l

GW sources

« Compact Binary Coalescence (neutron stars Black hole binaries
and black holes)

h(t)

« Strong signal, but rare

e Computable waveforms

53

» Continuous (~ single neutron stars)

« Deviation from axis-symmetry is not known W amom o on am o

*  Weak, but could be abundant

Gravitational Wave Signal
°

x102' Example Burst Gravitational Wave

* Burst (supernovae or gamma-ray bursts)

*  GW amplitudes are now well known, not

Gravitational Wave Signal

frequent : o
. L, = /pxjxkdgx .

L L L L .
0 002 004 006 008 0.1 012 014
Tima (sar)

Stochastic

X107 Example Stochastic Gravitational Wave

* Superposition of many random sources

* Could be useful to understand distant
populations of GW sources or early universe

Gravitational Wave Signal

0 0.1 0.2 03 0.4 0.5 06 0.7
Time (sec)

08

09
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Waveforms can tell many things

Neutron star binary |

VWV

0.01 0012 0014 0016 0.018 0.02 0.022 0.024

high f

h(t)

Black hole binary

AVAVAV,

0.05 0.1 0.15 0.2 0.25
time

h(t)

low

Contents

different
pattern

different
time-scale
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(MM2JINVIRGO

Laser Interferometer Gravitational-wave Observatory

b RIS —
Test )| —Hl
Mass | 10-2 | —u .
T
N
z
E g -22
-
Il <
2D o
]
1073
F " MR | " "
J‘;ssts 20 100
NdYAG _T'_X‘”E‘”()lx‘l Frequency (Hz)
Power
1064nm (E'I_-II 9|A‘—-|) Recycling Beam i =4km— 5

Splitter

Laser 20w I_l é 100 kW Circulating Power

Source Test Test
; Mass Mass
Signal
Recycling ;
"W Photodetector

40kg 842[7} (SIO)

Goal 200 W Goal 750 kW - -
(&= 1ppm Ol3})

ol
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GW propagating in z-direction

he | hy

plus polarisation cross polarisation

What is interacting with GW, laser light or test mass?

Kip Thorne
TT gauge
- mirrors & beam splitters remain at rest
- GW (h) interact with interferometer’s light

local Lorentz (LL) frame

- in the proper reference frame of beam splitter
- beam spilitter is freely falling with GW

- mirrors are moving

- tiny correction due to GW & light interaction

physical observables should be independent of coord choice
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Sensitivity of Interferometers A B3 AN A7 B

If the length resolution is Aiaser, detectable strain is

Al Naser  107%m

h 1T 103m

Fabry-Perot cavity (~ 250 bounces) : Acw ~ 1000 km for 300 Hz

Al Alaser 10~ 5m

=10""2
leff >\GW 106m

B~

Due to quantum nature of the photons, the length resolution could be
reduced

1 /\laser

\/ Nphotons Aew

hf'\./
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Measuring the phase shift by averaging over some period T

Poisson distribution - .
NN —N —
p(N) _ eX]I\)ﬂ( )’ AN: /N

N: measured number of photons over period T

B= h@N —3 AE-= h%cf

At

Uncertainty in the phase measurement: A® — 27—
l

h —
2 21 )\l 2
1 . 1
- ; N >
~¥ AD> NI —3 = 2(AD)2
Shot noise O B T A7 HAy

Collect photons for a time of the order of the period of GW wave

T~1/few
N _ PlaseT T ~ Plase']" 1
photons hc/)\laser hC/)\laser faw

FOI’ 1W lasel‘ With ilaser=1 um,fGW=300HZ, Nphotons=1016

L Al Np_hlo/tinsAlaser 1078 x 107 5m
leff Aew 10%m -

By adopting high power laser (20W for O1) and Power Recycling,
we can reach ‘astrophysical sensitivity’ of ~10-22,
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Why Neutron Stars ?

Ultimate testing place for physics of dense matter

I - O quagnetic axis
— l I
_|_ T

e pair creation —

€

iradio beam

M = 1.5~ 2.0Mp | /

' outer

; acceleration
R =10~ 15 km | S gap
57 i S - inner
; i acceleration
A ~ 10°" nucleons i / e
open ' :
field lines | .
E Closed !
E field lines :light
E icylinder

67

P = P(p, T, composition)
Theomodynamics with General Relativity k=r(p,T, Compos.lt.lon)
e = €(p, T, composition)

Hydrostatic equilibrium

3 -1
d_P:_GMp @Z_GMp 1+£ 1+47TP7‘ 1_2GM
dr r2 dr

r2

pc? Mc? rc?
Mass continuity
dM dM €
= 472 = 472 (—)
r p dr c2) T —

includes all energy sources

physics of dense nuclear matter
(strong interaction)

4T (r) _ _ 3L(r)k(r)p(r
dr Anr24acT (r)3
dflir) = 47 p(r)e(r)

Radiative energy transport

Energy conservation
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Maximum Mass of Neutron Stars

Q) How to understand ?

5 9 10 11 12 13 11 15 16

Neutron Star-White Dwarf Binaries
1.97 solar mass NS : Nature 467 (2010) 1081
2.01 solar mass NS : Science 340 (2013) 6131

Response of NS to GW during Inspiral

perturbative approaches

Inspiral Merger Ringdown
[
R N R
s 7 = —

’ |
known > supercomputer< known

~1000 cycles | simulr?tions |
~1min !




Tidal deformability & Love number

Selected references

A.E.H. Love (1909) - The Yielding of the Earth to Disturbing Forces

K.S. Thorne & A. Campolattaro (1967) - non-radial pulsation of NS

J.B. Hartle & K.S. Thorne (1969) - stability of rotating NS

K.S. Thorne (1998) - Tidal stabilization of rigid rotating, fully relativistic
neutron star

%
o
[ ]

[ ]

L} L) ] L]
.....
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Tidal deformability & Love number

(14 gee) m - 3Qij (i i 1 1 Eij 2 i j 3
- =-— - 33 nnj—géj +0 3 +7rnn7+0(7‘)

&;: : external quadrupole tidal field
Qi; : quadrupole moment of NS

)\ . Tldal deformablhty Qij = /d3x5p(:17) (xiwj — %735“)
Qij = —A&ij o

dimensionless parameter

ko : [ = 2 Tidal Love number

3 5
ko = §GAR Hinderer et al. PRD 81 (2010)
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| aser Interferometer

» Consider a simple Michelson
interferometer with [ = [, =L

* The phase difference of returning
lights reflected by x and y ends

A¢ = ¢z — ¢y ~ 2w |lz — Iy + Lh(1)]

- Toward the photo-detector:

Epp o %7 — Py = ewy(em¢ —1)

. For small 8¢,

Ipp o« [€2? — 12 x |A¢|? = 4wd (I — 1,)* + 8w (I, — 1,))Ih(t)
73

week ending

PRL 112, 101101 (2014) PHYSICAL REVIEW LETTERS 14 MARCH 2014

Systematic Parameter Errors in Inspiraling Neutron Star Binaries

Marc Favata

128nv°
+ AR + AUSE A ATERY - AT

\IIT(}() = Q¢ + 2”.}“[(' + (A\IIEPSPN

ida 39 ~ , (6595 ~ 3115~
A\Il‘()‘g‘l\} = _TAU]O + p12 ( 364 SN — 7R A)
v=(nfM)/3
~ i 8 NP
v/c = (GMnf/c)/3 A=3255=3 (1470 =30r) (4 + 4)

—/1T=4n(1 + 97— 112 (4, — )]
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accumulated GW phase

[Apaw (f)] = [P3.5pp(faw) — P35A(faw)|

0.005 0.01 0.02 0.03
T T T T I J
@ Lo two 3.5PN variants oint-particle approximation
S 8 ---- 35PN 3PN point-p PP
@ | seeea- 1=1x10¥ gem? §?
N e 1=5x10*® gem? §?
T Ol =—— 1=10x10* gcm? §?
M
@
£
o
=
(O]
<
a

700 1000

PRL 112, 101101 (2014) PHYSICAL REVIEW LETTERS
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week ending
14 MARCH 2014

Systematic Parameter Errors in Inspiraling Neutron Star Binaries

Marc Favata”

phase shift vs deformability

ae| 195 232 )\ A
dz |, 8 15 M5 MP
2/3 : :
v = (WM)?? = <WGC¥ ) dimensionless

n = mims/M?

A 2\’ me\° A
A=— — ] =950.5(—
s A (Gm) 9505( m ) (1036 g cm? 52)

Re2\° Riorm \°
€ ky A 0495 ( ZA0km ) g
Gm MM
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Press Release Oct 16, 2017
GW from Binary NS Mergers

GW 170817 (d=40 Mpc)
GRB 170817A by Fermi-GBM
Kilonova/X-ray/Optical Afterglows

|8 Selected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

E3

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

PHYSICAL REVIEW LETTERS week ending

PRL 119, 161101 (2017) 20 OCTOBER 2017

TABLEL Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors (|y| < 0.05) High-spin priors (|y| <0.89)

Primary mass m, 1.36-1.60 M, 1.36-2.26 M.,
Secondary mass m1, 1.17-1.36 M, 0.86-1.36 M,
Chirp mass M 11882550 Moo 11882506, Mo
Mass ratio m,/m,; 0.7-1.0 0.4-1.0
Total mass m 274550 Mo 28210 M,
Radiated energy E > 0.025M,c? > 0.025M ,c?
Luminosity distance Dy, 4078, Mpc 4075, Mpe
Viewing angle © < 55° < 56°
Using NGC 4993 location - <28° < 28°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M ) < 800 < 1400
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Contents

- Motivation

- Spacetime and GW

- Principle of general relativity & GW
- LIGO

- Neutron star coalescence and GW
- Prospects
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Magnitude of strain
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in detector’s frame (7,6, ¢)

h(t) = Fiha (1) + Fichx (1)

1
Fy =— 3 (14 cos? ) cos 2¢ cos 21 — cos O sin 2 sin 2¢)

1
Fy = +§ (1 + cos? 0) cos 2¢ sin 21) — cos A sin 2¢ cos 21)

i (8) = = 521+ cos? (1)
helt) = ~ 2702 cos ) 1)
relt) = 5 (£ ) WGP cosf2o(0) - 200
halt) = 5 (4 ) RG] sin 20(0) — 260

optimal condition

with t =¥ =0
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t=0 & 606=0
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Uncertainty in the estimation of deformability under optimal condition

With Y-B Choi, H-S Cho, YM Kim

10, - ; § . E Known BNS systems E
— AT -
9 ' 1 g —_ m:del
“E“ o ;
|75 E
S af E
_—"F 3
I 3

o 5 10 50 100 200 00 05 10 15 2.0 25 30

Distance(Mpc) M(Mo)
GWs from low-mass NS mergers are better to distinguish NS EoS
83
Prospects

Distribution of black holes and neutron stars
Tidal deformability and NS structure from GW
From 2019, expecting more GWs from aLIGO
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