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This lecture

What is the structure of (isolated or binary)
BHs in GR and beyond?

Innermost Stable Circular Orbit (ISCO)

Light ring

"~ [T — Numerical relativity
Reconstructed (template)
f i

Event horizon

| | = Black hole separation
=== Black hole relative velocity

O e —
. - ] ] ] ]
0.30 0.35 0.40 0.45
Time (s)

O, N WA
Separation (Rg)




GWs from binary BHs

Inspiral Merger Ring-
down
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The ISCO

Geodesics in Schwarzschild/Kerr separate

e Schwarzschild ISCO at r=6M
o Different than in Newtonian gravity (circular orbits down to r=0)



The effect of BH spins:
frame-dragging In isolated BHSs

Spin affects motion around BHs (“frame dragging”),
e.g. ISCO position depends on spin

42% for a=1,
32% for a=0.998!

ISCO = inner edge of thin disks Efficiency of EM emission from thin disks



EM BH spin measurements

Continuum fitting/iron-Ka lines

Object name
1H0707-495
Mrk1018
NGC4051
NGC3783
1H0419-577
3C120
MCG-6-30-15
Ark564
TonS180
RBS1124
Mrk110
Mrk841
Fairall9
SWIFTJ2127.4+5654
Mrk79
Mrk335
Ark120
Mrk359
IRAS13224-3809
NGC1365

Galaxy type
SO
SAB(rs)bc
SB(r)ab
SO
E/SO
SB

E
Sc

SB0/a(s)
SBb
SOa

Sb/pec
pec

SB(s)b

Binary System

4U 1543-47

GRO J1655-40
GRS 1915+105

LMC X-3
M33 X-7
LMC X-1

XTE J1550-564

log Mbh M@

6.70 + 0.4
8.15
6.28

7.47 £ 0.08

8.18 - 0.05

774505
6.65 + 0.17
< 6.90
7.3015 %0
8.26

7.40 £ 0.09
7.90

8.41+0.11

7.18 £ 0.07

7.72 £ 0.14

7.15+0.13

8.18 £ 0.12
6.04
7.00

6.605 50

M/Mg

94+1.0
6.30 £ 0.27
14.0 £ 4.4
5—11
15.65 +1.45
10.91 +1.41

9.10 = 0.61

a Reference

0.75 — 0.85
0.65 — 0.75
> 0.98

< 0.26
0.84 + 0.05
0.92 g7

+0.20
0.347 754

Shafee et al. (2006)
Shafee et al. (2006)
McClintock et al. (2006)
Davis et al. (2006)

Liu et al. (2008, 2010)
Gou et al. (2009)

Steiner et al. (2010b)

Stellar-mass BH spins

Compilations (Reynolds, Brenneman,...)
of massive BH spins



Frame-dragging
N binaries

- For large spins aligned

with L, effective ISCO x Pollney+ (2011)
moves inward ... S

% Marronetti+ (2008)

% Pollney+ (2007)

#* Lovelace+ (2011)

X Lousto+ (2012)

¥ Tichy+ (2011)

- ... and GW “efficiency” e G
gets larger (spins

increase GW amplitude) | 05 1 EB, Morozova &
Rezzolla (2012)

* Spin-orbit and
spin-spin
precession

ool AR

t/M
EOB waveform, UMD/AEI group




Beyond geodesics: the PN expansion

Observed position
during the eclipse

—Xpand binary dynamics in ,
powers of v/c [(v/c)?" = nPN] N

Real position

( same as the observed position
when there & no eclipse)

The Sun during
an eclipse

Credit: Jose Wudka

Guide star
IM Pegasi @

(HR 8703) r

Geodetic effect
6,606 milliarcseconds/year
(0.0018 degrees/year)

Measured Predicted

Geodetic precession 6602 + 18 6606
(mas)

Frame-dragging 372+7.2 39.2

(mas) %_ Perihelion advances

2° per century




The PN Hamiltonian

H = mlC2 +m2C2+HN+H1pN

+ Hopy + H3py + ...
H=H-Mc*)/u M= m+my
u=mm/M v=u/M
pr=(n-p),q=(x1 —x2)/GM,
P=P1/U, r=ri2= X1 —Xa|,

n=gq/lq] pP1+p2=0

Dynamics is qualitatively similar to a
particle in Schwarzschild/Kerr (and also
semi-quantitatively if particle’'s mass
replaced by reduced mass)

*Hipy =
44 1 2y .6
c Hypy = E(l —5v+35v )p
1 1
+ g[(s—zov—3v2)p4—2v2p2p2—3v2p‘,‘]c—1

1 1 1 1
~[(5+48V)p*+3vp?— — = (1+3v)—=,

A 1
SHapy = o (=5+35v —70v? +35v)p*

1
+ — [(—7 +42v —53v2 — 5v3) pb + (2 - 3v)v?p2p*

16

1
+3(1—v)v?pip? —5v3p9] .

1 1
+ [E(—27 +136v+109v?)p* + 617 +30v)vp?p?

12

l( 25 1 , 335
+ |- T T v

1 1
+—(5 +43V)Vp‘,‘] .




BH pinaries inspiral till
(effective) ISCO

P, 3F
From energy balance: |[EkaEEat

P, 2E

‘7 ICTS Ankit Singh / P. Ajith : ‘
- time (s




Extracting

(mymy)3/3 5

M=
(m; +my)5 G |96
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2GM/c? =210 km
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to r12~350 km
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Objects in GW150914
must be BHs
(not WDs or NSs)

BH masses

Hanford, Washington (H1)

Livingston, Louisiana (L1)

= H1 observed

— Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template)

— Numerical relativity
Reconstructed (wavelet)
[ Reconstructed (template)

0.30 0.35
Time (s)

LSC collaboration 2015
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Extracting the BH masses

Event
GW150914

GW151012
GW151226
GW170104
GW170608
GW170729
GW170809
GW170814
GW170817
GW170818
GW170823

m1 /Mo
35 .61“31:8
23.3+140
13.7%33
31 .Oﬁ;:g
10.91“?:?‘,
50.62155
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30.72:3
1.46%012
35.5%13
39.67 %"
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-0.22

LSC 2018, O1+02 detections

as
0.69f8:82
0.672017
0.7410°7
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0.6970
0817
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0.08
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Extracting the BH masses

In Solar Masses

LIGO-Virgo Black Holes ‘
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The formation of stellar-mass BHS

e Stellar-mass BH form

[Heger et al. (2003)]

from massive stars

neutron star
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e Evolution depends

on mass, metallicity,

rotation



The role of metallicity and stellar winds

PAR§EC + dellaved supelrnova molde/

Metallicity
1.0E-4 - - -2.0E-4 5.0E-4
1,0E-3 =--+ 2.0E-3 7---- 4.0E-3
6.0E-3 ----=~ 1.0E-2 ——2.0E-2

Weak wind

T y T y T
100 120 140

LSC 2015; Dominik et al 2013



The role of metallicity and stellar winds
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Pair instability SN

+ Helium + Carbon N eon

P
. S®OO

Starting point:
Giant star
(160 solar masses) Photons collide forming

electrons and positrons
Not shown o scale

solar masses solar masses
10-95 hl\cl)leeutron star, black Ordinary supernova

Neutron star, black Pulsational pair-

hole instability supernova

remnant supernova

Woosley, Blinnikov, Heger (2007)

Scientific American




A cutoff at 40 Msun??

solar masses solar masses
10-95 hl\;leeutron star, black Ordinary supernova

Neutron star, black Pulsational pair-
remnant supernova

Woosley, Blinnikov, Heger (2007)

Talbot
& Thrane 2018




Updates from O2

Metallicity
GWevents = 2x102 —— 107 Mass gaps

—102% —10"

¢ \'1' N\ N D 10 2 50 80 100
\’\Q%\\’\Qb\' \rD\/ O “QOO\\'\Q%\’\Q%\“@ O \’\6\ — (Mg)
4, 4‘4 '\ 4 ﬁk mr o "
NFE S *\ *““ QQo DA 7ZAMS ®

LSC 2018



How do stellar-mass BH
binaries form??

* In the field (plausible because ~70% of massive
stars have companion, c.f. Sana et al 2012

* |[n dense environments (globular clusters/nuclear
star clusters) via dynamical mechanisms




Time (Myr)
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Fleld BH binaries

GW170814
GW170608

GW151226 GW170104 02 sensitivity LIGO rate:
GW150914 (120 days) (arrow)
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From www.syntheticuniverse.org



http://www.syntheticuniverse.org

Dynamical channel
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Antonini & Radio 2016

Similar uncertainties (natal kicks)
Possible in globular clusters and
nuclear star clusters, or even in the
field (field triples)

May be as important as field channel

Comoving Merger Rate [Gpc™3 yr!]

Comoving Merger Rate [Gpc~3 yr=1]

LIGO/Virgo Rate (Uniform in LoQ)

GCs
Triples
Field

mmmm Total Rate

Redshift
LIGO/Virgo Rate (Power Law)

Redshift

Rodriguez & Loeb 2018




Extracting BH spins

GW170729 ¢S1/(Gm3) ’ ’ ¢S/ (Gm3)

08T 08T

GW170729 GW151226

Figures: LSC collaboration 2016, 2018



Comparison to models

Misaligned spins possible in field channel if large kicks,
natural in dynamical channel

GW150914 fallback BH kicks
LVT151012 (M20)

GW151226
GW170104
GW170608
GW170814

high BH kicks
(M23)

Figure from Belczynski et al 2017



GWs from binary BHs

Inspiral Merger Ring-

down

— Numerical relativity
I Reconstructed (template)

— Black hole separation
=== Black hole relative velocity

O N WM
Separation (Rs)

LSC collaboration 2015



Perturbations of non-spinning BHS

o (Consider scalar field toy model first

 On Schwarzschild, decompose in spherical harmonics

r
, = 2M'1 (——1)
r r -+ n SN

Tortoise coordinates ranging +/- oo



BH ringdown perturbations

e Perturb Kerr/Schwarzschild BH metric (g=go+h)

e Expand in Fourier modes and (spin-weighted spheroidal) harmonics

¢_§( otz ' or )

AO?Ryy + (s + 1)(2r — 2M)0, Ry + V Ry, = 0

e Akin to solving Schrodinger equation in 1D in quantum mechanics 101

e Discrete complex quasinormal mode |

‘requencieS Ingoing Outgoing

* [maginary part of frequency ) |
shows linear stability expliory) |

~exp(—iw r,)




Ringdown tests of the no-hair theorem

W — wgm (M J)(1 + dwpy,)

- Difficult with advanced detectors — MRU=2m=2n20)
because little SNR in ringdown:
need LISA/3G

- Can perform consistency tests
between
merger/ringdown

- Connection to circular photon orbit 9 5 N < o
frequency w and Lyapunov coefficient QNM frequency (Hz)

A (i.e. curvature of geodesics effective
potential) in geometric optics limit!

From the LSC paper on tests of GR

W=t lwy —idp(n+1/2)




Null geodesics Iin Schwarzschild/Kerr

e Dynamics only depends on b=L/E (and spin)
¢ [n Schwarzschild (Kerr qualitatively the same but for frame dragging):

- (Unstable) circular photon orbit (“light ring”) at r=3M

- Peak of “potential barrier” at r=3M (same as for QNM potential,
because of geometric optics limit)



BH shadows

Event Horizon Telescope
will image SgrA* and M87
via VLBI radio (mm wavelength)
observations

Simulated Image EHT 2017-2018

Imaging a Black Hole. At left is a model image for Sgr A* using a semi-analytic accretion flow (Broderick et al. 2011). Light is gravitationally lensed by the black hole to form a distinctive “ring” encircling the black
hole’s “shadow” (Falcke et al. 2000). The ring diameter is ~5 Schwarzschild radii . The image is bright on the approaching side of the accretion disk and faint on the receding side because of Doppler effects. At right,




| |GO’s are not the biggest
BHS In the Universe!

A monster of
4.5 million solar
masses in the

Keck/UCLA Galactic
Center Group




lookback time (Gyr)

Galaxies merge...

... SO massive BHs must merge too!
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Ferrarese & Merritt 2000
Gebhardt et al. 2000,
Gultekin et al (2009)

EB 2012
Figure credits: Lucy Ward



What links large and small scale”

Small to large: BH jets or disk winds transfer kinetic energy to the galaxy and keep
it “hot”, quenching star formation ("AGN feedback”). Needed to reconcile ACDM
bottom-up structure formation with observed “downsizing” of cosmic galaxies

Galaxy M87

2000 light years

4000 light years

-
-
ot
-
-
-
S
(it
-

VLA — — HST - WFPC2
Radio D4 ont years Visible

NASA, NRAO and J. Biretta (STScl) * STScl-PRC99-43



GWs from massive BHs

Figure generatea
by http://gwplotter.com

Characteristic Strain

\ 2

10
Frequency / Hz

Problem: terrestrial detectors blind at f = 1-10 Hz (seismic noise)



I'he space race!

Bertone 2007 @

Guo 2011 00 VY
Barausse 2012 ® 0

McWilliams 2014

Background characteristic strain at f=1/yr
is A<1.45 x 10-1% (Nanograv 2018)



| aser Interferometer Space
Antenna (LISA)

1 AU (150 million km)

“LIGO ~ 2030” vs LISA




Multi-band gravitational-
wave astronomy
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| ISA status and timeline

- LISA Pathfinder mission a success (surprisingly stable

- LISA is now a mission (June 2017

- Phase 0 ended; currently (2018-19) in Phase A, then ~ 10 yrs of
iIndustrial production, with launch ~ 2030-34




The LISA Data Challenge
and the enchilada problem

Challenge 2.2 (training)

Everything (TDI X) Galaxy Instrument
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