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General Relativity

« Space-time geometry described by metric

ds* = g, dx"'dx"

* Non-gravitational physics uses “covariant derivative”, adapted to curved spacetime.
g = A AT
vV, =J"
 Geometry is curved by energy/momentum content of spacetime.

a lot of
calculus 1 Einstein’s Equation

g,uz/ T G,ul/ G,Ml/ ~ R,W/ ~ R,m/aﬂ ~ ﬁ G/,w = 8ﬂTuv

« Gauge freedom: different gﬂy(x“) may correspond to the same spacetime
since they may be related by coordinate transformations.



Gravitational Waves are Linear Perturbations

* Linear perturbations of Minkowski geometry
g/,w = 7]/,11/ - h/u/

5 h
h,uv — h,uz/ = 5;7/41/ = h,uyr]'u

 Gauge Freedom

e o+ ¢ haﬂ — haﬂ — éa’ﬂ — gﬂ,a
* (Obtain Einstein Tensor

17 . _ _ )
b =Rep=7 [—haﬂ,u’” — Mgl + oy 5+ g ,a] = 87T,

(one can choose Lorenz gauge) h*’ 5= 0

e Linearized Einstein’s Equation

Dhaﬁ = — 16T[Taﬁ



The TT Gauge

* For a plane wave along the z direction, we can choose a gauge like

0
0
et %,y 2 = | o
0

 In general, if wave vector is kK
- Find orthonormal basis (e, e,, e;) withe; =k ¢

* Define
e, =€ Qe —e, e,
ce,=¢e; Qe +e, Qe

Lo Lo
h+ —_ Ehije'F’ h)( —_ Ehl]ex

[only keep transverse traceless components]




Effect of GW on Freely Falling Objects

4 1
ds? = —(1 -+ ROlOmxlxm)dtz 3R01]mx X" dt dt 4 ((5 3R]1kmx X ) da dxck

. h h
1l
'A(V ) Roiom = _Ehlm e 22’ R()jlm o lekm o Py
W (T
,QA\LQD/ ® In this gauge (coordinate system):
\
e’.—
'H'g: 29 ALt C ® Local Lorentz Frame [metric is flat up to O(x/1)?]
R é * For L < Agw/(2m), main effect is objects feel tidal
= Qv i WS gravity force:
fMCC) o b t
e \ l ] [
) ¥/ = —_— — R X = — 4+
/%e & e0de 5 (S5 M 010; M >
l — -
it
Fermi Normal Coordinates oxX = Lx]



Polarizations of Gravitational Waves

: : g TT
+ polarization hxx = — hyy — h+
x polarization hxy = hyx = h,

plane perpendicular to propagation direction



Wave Propagation on Curved Background (l)

g,uz/ — gfy + h,uz/ V“V“hw —|— 2 BR“VVﬁha‘B — O

Short-wavelength Approximation:
- D/
hﬂy = Aﬂye’ 2
k,=V,® kk*=0 k°V k=0
phase ® constant along null rays, with tangent vector field k¢

A,=e,A, ee=2, ¢,6=c¢

H —
12 Iz 2% vp > euvk =0

decomposed into amplitude A and polarization tensor €

phase front

e
c
O
S

Y
)
n
©

==
o

1
kVye, =0, k*V,A=——AV k"
2

polarization tensor parallel transported; amplitude decays ~ 1/\/§
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Wave Propagation on Curved Background (ll)

8w =8uwt My  V*Vihuy +25R%,Phys =0

» Existence of wave cause second-order correction
8up = gfﬁ + eho((;) + ezhé?

* ... because Einstein’s equation is nonlinear

— (B 1 1 22 1 2~(1 2
G, =Gh +eGh ﬂ>] +€°G;)[h! ﬂ>] +€°G}))[h! ﬂ>]

» Second-order perturbation is quadratic in first-order perturbation

G/E})[hfﬂ)] = — G;?[h;};] h@ ~ B double frequency or zero frequency

* Average over wavelength provides “energy-momentum content of GW”.

lad

rew _ 1 < L TT pap

1 h?
W T 32\ Blu TT|V>

Rew  Aow



GW from Binary Stars

Dhaﬂ = = 167[Taﬂ

Using retarded potential: gravitational radiation is caused by stress

, , TT
]}k(t_ |X_X |,X)d3X/]

hll(t,x) =4 J
]k( X) [ |X—X/|

... and energy-momentum conservation, within mass-quadrupole approximation,
radiation caused by change in mass-quadrupole moment

TT
hjk (t,x) = »

- e TT
20t - r)]

Iy = d*x p(x) XXy
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Harmonic Oscillator?

1L ~ T
el =LY 20,(t—r)
hjiT(t, X) — 4 J i p d3X, » hj%T(z-’ X) — Jk
|x — x| .

... what about this harmonic oscillator? ... actually depends on how the
“potential” is created

< >
spring constant k «
rigid :
wall
2 2.2
maw-x
H= P +
2m 2
2
I =mx2‘7 Ixxzm(L'l'x)
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Binary Stars in Circular Orbits

z AN &

A N
transverse B

plane 4N

el
-
]
-

source

Lo +
h_|_ = Eh] e].k,

> <

1

8

M:MA+MB/
M Mg
]’t: M z
e/t

Ly = pua® cos* ®, Ly, = ua® sin® @,

Ly = Lyx = pa® cos P sin @

0242 cos 2P

h, = —2(1+ cos*H) H

hy = —4cosb

10?a? sin 20

r

r
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Binary Stars in Circular Orbits

Z
A transoverse

plane

0242 cos 2P
r

0?42 sin 2®
¥

. = =2(1l 4 @os” 9)”

hy = —4c039ﬂ

Optimally Oriented: 8 = O

,quaz 4/,tv2 My?
r r r

h, ~h, ~4

Mgy~ 15X 10°m
Mpc ~ 3 x 10*?m

I 5 % 10-21 M 100 Mpc 2
100 M r 0.1
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Back Reaction!

Yy
A
A
a
() .y
B
Keplerian Motion
=0 = %
a
v=+vM/a=(MQ)3
M
Emo’cion — ‘M—

Energy carried
by GW per unit

dEY 1
dif e 5

time

Adiabatic Approach: assuming that orbit remains nearly

Keplerian, but with slowly varying parameters.

dEmotion _ d_E
it dt ) cw
Q . 96 U 5/3
& = 5 (1) MO
. 0 Q 1 Torb
O=""= . —_— —ob 45
R = 0?2 QTR R ¢
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The Newtonian Chirp

_96(’“‘)(1\40)5/3;»0

frequency becomes

infinite within finite

U= [256yM2/3(t —t)r/8

02 5 \M .
amount of time
t
— / dt’'Q(t')
MQ)2/3 cos2®
hy = —2(1+ cos” Q)V( ) » €08
— _4CO89y(MQ)2/3 sin 2&
r
0.4 |
0.25
< 00
—0.25
_0.4:" | | | | | | | | | | | | | | | ‘i
. —8000 —6000 —4000 —2000 0
SOUTCC ™. (~=-=.
t/M,

x M, = My®”> = M(u/M)3”> the “Chirp Mass”
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10—21)

N
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Extensions to the Newtonian Chirp

Eccentric orbits.

Higher v/c and GM/(rc?) corrections to Newtonian physics.

Finite-Size effects related to spins, tidal effects, and natures of neutron
stars and black holes

Mergers of the two objects to a final neutron star or black hole

19



Extensions to the Newtonian Chirp

4

log, (7,/m)
A
| |
| I RN
/
| I .
¢ Post-Newtonian
) I Theory
B Post-Newtonian
Theory &
Perturbation /
Theory /
~ s
| Numerical Perturbation
Relativity Theory
! l ' ' L—> log,,(m,/m,)
0 1 2 3

[L. Blanchet, Living Reviews of Relativity]
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Post-Newtonian Dynamics

Full Einstein’s equation in “wave equation form”
gaﬂ — _ggaﬂ’ }_lptv = n,uv - gptv

Choose Harmonic gauge (Lorenz gauge): g“ﬁ,ﬁ =
gPr up = (—167) [(=g)T" + (=)t ] — H* g 4

Landau-Lifshitz pseudotensor

a 1 .
(=) 1 = l_éf;[gaﬁs?\gm,u — g8k, + Egaﬁgmuk L Sl

— (g%, 857 04y + 8808, 8% 84 )) + 818" 8%

+ %(Zg“"gﬁ“ — 8% gM)28,p80r — gpagw)a"",xﬁ"“,u]

[Misner, Thorne and Wheeler; Landau and LifshitZz]

(20.22)
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PN Binding Energy (Non-Spinning)

* Evolution of.circular orbits - pex 1+ (_E N l)x - (_ﬂ I Bv Bl ﬁ) 2
can be obtained from 2 4 12 g8 8 24
adiabatic matching: 675 o 34445 205 , , 155 2 35 35 3.3

64 | 576 96 9% = 5184 )°
dx  dE/dt F(x)

dt  dEldx  dE(x)/dx =

498449 3157 o1, 301 5 7T .\
f TT p— X
3456 ' 576 1728 ' 31104

ro)

2x | 448 4988 656
glog _ _ He x{ vxt Inx -+ (— — v) vx> Inx

. SV L (3969 [ 123671 9037 , 896 +@1n<16)
128 5760 " 1536 15 'E XY

* Multipole waveform can
also be obtained.

tail 2 15 35 5
N 1967284 N 914782 - 32384 2t O 1
— x X
8505 945 135 cl4

GmQ\ >/ 1
() oft)

[L. Blanchet, Living Reviews of Relativity]
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PN Energy Flux (Non-Spinning)

Evolution of circular orbits
can be obtained from
adiabatic matching:

dx  dE/dt F(x)

dt  dEldx  dE(x)/dx

Multipole waveform can
also be obtained.

jE’

95, g 25 \
— = P = 2 4732
5G o { %_( 336 12v)x_% =

133112905 , 3719141v3

1

290304 38016

[L. Blanchet, Living Reviews of Relativity]

9/2 O —
X+ (cm

)

471 9271 65 5\, BI9T 583 N\,
— — —— ——V|7x
e 50h g G oA
| 6643739519 16 , 1712 __8561n(16x)4_ 134543 41
69854400 @ 3 105 'E 105 s
94403 , 775 4| ,
3024 M ]x
16285 214745 193385 5\
504 ' 1728 304 )™
323105549467 232597 1369 , 39931 47385
— + Vg — ™+ In2 ———In3
3178375200 4410 126 294 1568
232597
8820
| 1452202403629 41478 267127 , 479062, . 47385
1466942400 245 BT 74608 2205 392
L 20739
245 )Y
1607125 3157 ,\ , 6875 5 5 .|,
(6&M :m4”)v s04 " 6"
265978667519 6848 __3424111(16 - 2062241 41 5\
745113600 105 "B~ 105 o 2176 127"

2>v

n3
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Effects of Spins

........................... Ofézz,( Leading-order dynamical effects
A %0/ superimpose with each other.
0,, B

described by gravito-magnetism

For aligned spins, both binding energy
and radiation flux are affected by spin-
orbit and spin-spin coupling.

A
_____
- -
-~ -
______
_______
.............

for non-aligned spins

1. Orbital motion of B around A causes Sg to precess [spin-orbit]
2. Sa causes Sgto precess [spin-spin]

3. Sacauses orbit of B to precess [spin-orbit]

4. Sg causes orbit of B to precess [spin-orbit]

24



Effects of Spins

dL 2 3my Sp X L
T = pSaxlit e —a—
e, 218 s
A ~HXxvpg . e
B spin-curvature
gravitomagnetic i
coupling

precession of orbit

Sl = %{(LN X Sl) (2+ §T-2—) —Sg X Sl

2m1

+3(f - Sy)f x sl}, (2.4a)

2m2

S, = %{(LN x sz)(2+ §_v_v}_1_) ~S; xS,

+3(A - S1)h x sz}, (2.4b)

Kidder, 1995
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Waveforms from Precessing Binaries

simple precession

51,& Jio¢ ~ fixed

4 L

3 |

2 s

1 L

0 . e o [Apostolatos et al., 1994]

10 30 100 300
£ (10 Mo/M) (Hz)

2 transitional precession
A i )
0.5 ‘E ~ J,o, tumbles in space
\

O l 2 | A 1 anLl 1 1 iy 1
10 30 100 300

f (10 Mo/M) (Hz) 26




Waveforms from Precessing Binaries

05 1 15 2
t/Second
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M [Mp)] q Xeff Xp Dy, [Gpc]
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q(4q + 3)
Al 3q 2,1 (>

A
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Transition from Inspiral to Plunge

[Innermost Stable Circular Orbit, ISCO]

‘unstable
Jcircular

* orbits ,

0.10-
0.05/

0.00|

Vet

~0.10}
~0.15}

~0.20L—

O O
Qe
49 X7
SEVE
VA

)
{Q\

©

Stable Circular Orbits

~0.05

\2\0

0 15 20
r/M 29



Inspiral, Merger and Ringdown

10—21)

— 0.0

Strain

-1.0 H

0.4
0.3

Velocity (c)

I
Inspiral

— Numerical relativity
Il Reconstructed (template)

Merger Ring-

{ ed sge

ﬂ

down

0.5 H

— Black hole separation —
=== Black hole relative velocity _
/ —
— | | | |
0.30 0.35 0.40 0.45
Time (s)

Orr N WA

Separation (Rg)

Inspiral

Post-Newtonian:
Linear Perturbation of Minkowski

Merger
“Nonlinear Regime”

Ringdown

Linear Perturbations
of Kerr
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Search Upload Communities

oo |

September 16,2019 [ Dataset |
Binary black-hole surrogate waveform catalog

Scott E. Field; Chad R. Galley; Jan S. Hesthaven; Jason Kaye; Manuel Tiglio; Jonathan Blackman; Béla Szilagyi; Mark A.
Scheel; Daniel A. Hemberger; Patricia Schmidt; Rory Smith; Christian D. Ott; Michael Boyle; Lawrence E. Kidder; Harald P.
Pfeiffer; Vijay Varma

This repository contains all publicly available numerical relativity surrogate data for waveforms produced by the Spectral
Einstein Code. The base method for building surrogate models can be found in Field et al,, PRX 4, 031006 (2014).

Several numerical relativity surrogate models are currently available in this catalog:

o Current models
1. NRSur7dqg4.h5 — This is a surrogate model for binary black hole mergers with generic spins and mass ratios
up to 4. A paper describing it can be found at Varma et al, arxiv:1905.09300. It is evaluated with the
gwsurrogate Python package, which can be found on PyPI. Instructions for evaluating this surrogate can be
found at this example IPython code.

2. NRHybSur3dq8.h5 — This is a surrogate model for binary black hole systems with generic mass ratios but
restricted to nonprecessing spins. Before constructing the surrogate, the NR waveforms are hybridized with
post-Newtonian waveforms to include the early inspiral. Therefore this model covers the full stellar mass
range for ground-based detectors. A paper describing it can be found at Varma et al., PRD 99, 064045 (2019).
It is evaluated with the gwsurrogate Python package, which can be found on PyPl. Instructions for evaluating
this surrogate can be found this example [Python code.

3. NRSur7dg4Remnant — This is a surrogate model for mass, spin, and recoil kick velocity of the remnant BH
left behind in generically precessing binary black hole mergers, with mass ratios up to 4. A paper describing it
can be found at Varma et al., arxiv:1905.09300. It is evaluated with the surfinBH Python package, which can
be found on PyP!. Installation instructions and an ipython help notebook can be found in the same link.

e Older models
1. SpEC_q1_10_NoSpin_nu5thDegPoly_exclude_2_0.h5 — A surrogate model for binary black hole mergers with
non-spinning black holes. This is described in Blackman et al., PRL 115, 121102 (2015). It is evaluated with the
gwsurrogate python package, which can be found on PyPI. Instructions for evaluating this surrogate can be
found in tutorials included with the gwsurrogate package and in this example IPython code.

2. NRSur4d2s_FDROM_grid12.h5 and NRSur4d2s_TDROM_grid12.h5 — These are fast frequency-domain and
time-domain (respectively) surrogate models for binary black hole mergers where the black holes may be
spinning, but the spins are restricted to a parameter subspace which includes some but not all precessing
configurations. NRSur4d2s_FDROM_grid12.h5 is the NRSur4d2s_FDROM model described in Blackman et al.,
PRD 95, 104023, (2017), and NRSur4d2s_TDROM_grid12.h5 is built from the underlying (slower) NRSur4d2s
time-domain model in the same way but without the FFTs. These surrogates are also evaluated using
gwsurrogate, and a tutorial can be found in this example IPython code.

3. NRSur7dq2.h5 — This is a surrogate model for binary black hole mergers with generic spins. A paper

20,751 30,145

@ views & downloads

See more details...

Indexed in

OpenAIRE

Publication date:
September 16,2019

DOL:

Related identifiers:
Supplement to
10.1103/PhysRevX.4.031006
10.1103/PhysRevLett.115.121102
10.1103/PhysRevD.95.104023
10.1103/PhysRevD.96.024058
arXiv:1809.09125
10.1103/PhysRevD.99.064045
arXiv:1905.09300

Communities:
Simulating eXtreme Spacetimes
Zenodo

License (for files):
(Z Creative Commons Attribution 4.0 International

L W R .
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SXS Gravitational Waveform Database

Completed Simulations

Catalog Description Help and Documentation Latest News and Updates

Last updated Tue, 29 Sep 2020 02:23:24 GMT Download complete table data Toggle search fields

FN —sorb fni |

Pages:

Name €2 Mini1 / pini2 Xeft i g eref Nerbits Files
From: From: From: From Promms eot From:
To: To: To: To: Toi o To:
SXS:BBH:0001 1.220x1072 1.000 1.216x1077 9.733x10°10 1.430x107° 2.569x10™4 28.12 5
SXS:BBH:0002 1.129x1072 1.000 9.399x1078 7.182x10710 1.473x107° 1.746x107% 32.42 )
SXS:BBH:0003 1.128x1072 1.000 2.707x107% 0.4994 7.429x10°8 2.869x10™% 32.34 5
SXS:BBH:0004 1.131x1072 1.000 -0.2498 5.018x10°11 1.403x10° 3.802x1074 30.19 ()
SXS:BBH:0005 1.217x1072 1.000 0.2498 6.905x10711 2.745x107° 2.355x107% 30.19 5
SXS:BBH:0006 1.446x1072 1.345 -0.1351 0.2770 0.1115 2.485x10 20.08 5
SXS:BBH:0007 1.220x1072 1.500 1.140x1077 7.405x107°10 3.566x10710 4.338x107% 29.09 )
SXS:BBH:0008 1.443x1072 1.500 1.831x1077 1.870x107? 8.263x107? 1.586x1073 21.28 5
SXS:BBH:0009 1.737x1072 1.500 0.2998 1.206x10710 5.697x107° <9.500%107° 17.10 O
SXS:BBH:0010 1.448x1072 1.500 -0.2596 0.2499 5.689x10°8 4.385x10™% 19.40 0O
SXS:BBH:0011 1.438x1072 1.500 0.2599 0.2489 2.302x10°8 6.030x107° 23.42 5
SXS:BBH:0012 1.449x1072 1.500 -0.2998 3.793x10°11 1.406x107° 5.960x1073 19.08 M

1 2 3 456 7 8 9

10 11 12 13

14 15

Next

Last 1 of 68



Black-Hole: Ringdown

potential barrier (light ring)

i ' Richard Price (1970s):
300 | GW at the end of gravitational collapse is made
- up from QNMs, because the star no longer
: ) sources radiation that can escape the potential
250 F barrier
200 |
150 |
a
L <
100l 5 &
S 5
2 5
=
50 | exterior
: ) BH perturbation
oL N
-5 0 50 100 150 200
Iy
Posing Data on Inflating Shell: Hybrid Approach Close-Limit Approximation
[Nichols and Chen, 2010; Zimmerman and Chen, [Campanelli, Lousto, Baker, Price, et al., 1990s]

2011] 33



Black-Hole: Quasi-Normal Modes

toward future toward future
horizon null infinity

Waves will reach the
future horizon, and distort it.

but the horizon simply passively
receives the radiation.

The horizon will not radiate.
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Teukolsky Equation

TABLE 1

“V I’l 2 BR“ 'B h = FIELD QUANTITIES ¢, SPIN-WEIGHT 5§, AND SOURCE
Vv Ry T - Sap TerMS T FOR EQUATION (4.7)

too many components!

P s T

() 0 O® = 4T
In 1973, Teukolsky found decoupled i -1 See references in Appendix B
equation for Weyl scalars y/, and ;. 40 1 J, (eq. [3.6])

J —1 p~2J2 (eq. [3.8])

Po®? 2 2T, (eq. [2.13])

P A" -2 2p~*T4 (eq. [2.15])

(r? + a?)? T %  4Mar 62¢ 1 0%
[ A a” sin® 6 a2 T A Otogp ~ sin? 0| 9¢?

|5
_A_sa As+1a¢')——l——?-(sm0 ) [a(r—M)_I_icosO]a:,b
o

or \ or 6 00 sin? 0 | O

B 2 _ 42
— 25 M(rA a)—-rwiacosﬁ]

+ (s2cot? 0 — s) = 4=XT. (4.7)

35
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Black-Hole: Quasi-Normal Modes
¢ — e-—ia)teim(pS(g)R(r)

Separation of Variables

2 __ ’ .
A-s D (ps+r AR\ | (K2 = 2is(r — M)K | p AR =0,
dr dr A

K= (r?+ a®)w — am

Radial Equation

1 d (. ,dS
sin 0 d0 (S‘n 9715) +

2
5:2—9 — 2aws cos § — 2”;‘;120089 — s2cot?20 + 5 + A)S=0,

(a2w2 cos? 0 —

Angular Equation (Spin-Weighted Spheroidal Harmonics)
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Quasi-Normal Mode Spectrum
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Black-Hole: Quasi-Normal Modes

Spin

4

Precession

m 1
Wg =L (worb + zwprec) Y= (n‘|_ Q)YL
QNMs are features of the photosphere
[Huan Yang et al., PRD 86, 104006 (2012)]

Photosphere: Graviton Circular Orbits

oS — —iErHimg+iR(r)+iO()
025 05 _
ox® oxP

L and m: number of nodes in
the angular directions

n: radial pattern

W, Orbital frequency

Wprect Precession frequency
(splitting)

y;: orbital Lyapunov exponent
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Black-Hole: Quasi-Normal Modes
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Excitation of QNMs

ﬂlm J
: B N1 g=1.000
i N2 =1.250
100—E B N3 g=1.500
] N4 =1.832
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; [ N6 g=3.000
I B N7 q=4.000
-2 ]
10 [ N8 g=5.039
] N N9 g=6.000
[l
10*4 d
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N——
Group 1 Group 2 Group 3 Group 4

FIG. 4. The relative importance .4,,,, defined in Eq. (16) as the strain component in spin-weighted spherical mode (/, m) squared and
integrated from e, t0 #yeqc + 100M. Groups 1-4 of the (I, m) modes are defined according to their relative importance in the QNM

expansion and are added to the fitting models in order. See details in Sec. III A.

[Xiang Li et al., 2021]
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Overtones in Ringdown Waves: Theory

i -
N=0
10-1F N =1
N =2 = g0l \ VN A o~ T T2
- NI s —
N =4
0= N=5
| N=6
N=17
1075} =
=
S
1079 R e Lt o
o 07 R A
) L . I L L -8 ‘ ) . . I
—20 —10 0 10 E} 30 40 50 10 0 20 40 60 80
to — tpeak [M] t — tpear [M]

“Mismatch” between numerical waveform and sums of QNM overtones

for ([,m) = (2,2)
[Giesler, Isi, Scheel and Teukolsky, 2019]
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Overtones in Ringdown Waves: GW150914
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With early starting time, more With additional overtone, better
overtones are better! to start early!

Extracting overtone frequencies allow “no-hair” test!
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Nonlinearity
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Effective Stress-Energy of the 220 mode will drive a (4,4) spatial mode with 2w,,, frequency!

[Keefe Mitman et al., 2023; Sizheng Ma et al., 2022] 4



Nonlinearity

(2,2, 0(@2.0)
(4,4)

|A

|A(a,4,0)]

across different binaries: amplitude of 2@,, mode is quadratic in @, , mode
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[Mitman et al., 2023]
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Other Tests of Relativity

Alternative Parametrized
Theories Deviations
e Scalar-Tensor Theory e How many polarizations?
e Higher-Derivative Terms e Speed of GW?
e Chern-Simons Gravity e Waveform’s Amplitude/
e Stars phase-transition Phase deviates from GR?

instead of forming BHs

Environment?

e |s there a third object around our binary?

Confirm
Phenomena

Is Energy/Angular
Momentum Lost during
Merger?

GW Memory?

Is Horizon Black?

Are there quantum
fluctuations around BH?

e Are there other things? Like Dark-Matter Halo, Axion Cloud, etc?
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Parametrized Test of GR

—1 PN
10—1 N
10724
[ ] [ ] O
Individual - |
‘910731
Events E 4
10—4_
107° :
Y—2
—0.005 _I'PN
“Combined” S 000
0.005 . o
Y2

OPN 05PN 1PN 15PN 2PN 25PN® 3PN 3PNO® 35PN

45
10" 4 —
35
1094 = _—— 8 E(D
‘ S
* 25 5
i1 $ ¢ $ h
& L4 =
15
1072y & GWTC-3 (SEOB)
¢ GWTC-2 (SEOB)
& GWTC-2 (Phenom)
1073 +— : : : - - - - - 5
%0 ¥1 ¥2 ¥3 P4 ¥51 ¥6 ¥6l P7
0 PN 0.5 PN 1PN 1.5 PN 2 PN 2.5 PN® 3 PN 3 PN® 3.5 PN
3
2
1
0
1
-2
I 90I1 sﬁlz sﬁla

®o

46



Superradiance of Black Holes and Dark Matter

Compact
Object

Cloud may spontaneously form around
spinning black hole, extracting rotation energy

if Compton wavelength comparable to size of
black hole.

Dark Matter 'spike'

Dark matter around BH causes change in waveform o
[Arvanitaki et al., 2010-2011]

[Kavanagh et al., 2020]
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GW170817: Merger of Binary Neutron Stars
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EM Counterparts
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GW from Neutron Star Binaries
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Neutron-Star Tidal Deformability
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[Constraints from GW170817, LIGO-VIRGO Collaboration, 2017] 51



Summary of Lecture 1

* General relativity describes gravity using space-time geometry

* Confirmed by waveforms from binary black holes
* Weak-field effects: spin/orbital precession.
» Strong-field effects: black-hole quasi-normal modes.
* Precision tests require improved sensitivity.

* Neutron star binary merger
* probes state of matter at high densities
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