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GWs from binary BHs
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General relativity in a nutshell

V?¢p = 4nGp.

(perfect tluid)




BHs in GR (or BHs have no hair)
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Geodesics in Schwarzschild

Metric Is static and spherically symmetric

Conserved energy and orbital angular momentum

(per unit particle mass)

= andl

GM . L?
272

Motion in 1D potential (Newtonian + corrections!)



Geodesics in Schwarzschild

e Innermost stable circular orbit (ISCO) at r=6M
 Marginally bound orbit at r=4M

o Different than in Newtonian gravity

(circular orbits all the way down to r=0)




(Geodesics In Schwarzschild

Dynamics of massless particles only depends on b=L/E

(Unstable) ci
Pea

rcular photon orbit (“light ring”) at r=3M

K of “potential barrier” at r=3M



Geodesics in Schwarzschild

Dynamics of massless particles only depends on b=L/E

Below critical impact parameter p = 3\/§M photons fall into BH



(Geodesics In Kerr

e “Separability” of geodesics equations not trivial, but possible due to
presence of “hidden symmetry” that gives Carter constant Q

w

4 2
Vi(r,0) = E (K — a® sin? 9) +al, (1 — K) ,

Ve(r) = (EWQ — aLz)2 - A [u2fr2 + (L, —aE)* + Q]
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e Qualitatively same dynamics as in Schwarzschild (“light ring”, ISCO,
marginally bound orbits), but details depend on whether motion is
prograde/retrograde



The effect of BH spins:
frame-dragging in isolated BHS

Spin affects motion around BHs (“frame dragging”)

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

Innermost Stable Circular Orbit Efficiency of EM
(i.e. inner edge of thin disks) emission from thin disks



The effect of BH spins:
frame-dragging in isolated BHS
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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



The etfect of BH spins:
IN binaries

- For large spins aligned
with L, effective ISCO
moves inward ...

- ... and GW “efficiency”
gets larger

x Pollney+ (2011)
% Hannam+ (2011)
% Reisswig+ (2009)
% Marronetti+ (2008)
% Pollney+ (2007)

% Lovelace+ (2011)

% (a, cosf+a, cosy)

EB, Morozova &
Rezzolla (2012)



The effect of BH spins:
frame-dragging in isolated BHS

Orbital frequency of prograde circular photon orbit
matches horizon's when a=M



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,




BH binary dynamics

We can rewrite geodesic motion in Schwarzschild/Kerr as
Hamiltonian/Lagrangian

How to go from test-particle limit to BH binary?

In Newtonian gravity, one can go to center of mass frame and
replace test-particle mass by binary's reduced mass

At post-Newtonian orders (O(v/c)2" beyond Newton) things are more
iInvolved



The post-Newtonian Hamiltonian

H = mic* +myc* + Hy + Hipy
+ Hopn + H3pn + ...
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The EOB formalism (Damour & Buonanno 1999)

PN Hamiltonian is complicated, can we make sense of it”

 Newtonian binaries can be mapped to non-spinning test-particle
with mass u = mimy/M around mass M=m1+mo>

* Energy levels of positronium (e+-e-) can be mapped to those of
hydrogen through

— mic* — m3c?

M1=IMo=ITle

2mqmeoc?

e Particle with mass u = mimo/M around deformed Schwarzschild BH

with M=m1+m2 (“effective one body") has Hamiltonian related to PN
Hamiltonian by

(up to 3PN order)

EOB can be generalized to include BH spins
and produce GW waveforms



PN/EOB 1SCO

Qualitatively the same as Schwarzschild/Kerr

EOB(3PN) ,/  .“Schw
e

Le Tiec, EB, Buonanno 2011



BH spin precession

- Spin precesses around total angular momentum J=L+S1 +S>
Precession-induced modulations observable with GW detectors:

- Increase SNR and improve measurements of binary parameters
(e.g. luminosity distance and sky localization)

- Allow measurements of angle between spins
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EOB waveforms for BH binary with mass ratio 1:6 and spins 0.6 and 0.8, from Pan
et al (2013) [using spin-EOB model of EB & Buonanno 2010, 2011]



The PN formalism

Main idea: expand dynamics in powers of 1/c [i.e. of v/c, oi/c GM/(r c2)]:

0t = O =

‘Poisson gauge”

Einstein
equations




The PN formalism

Expand Einstein egs+perfect fluid in 1/c, over flat space:

2 v\2 3
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The PN formalism

Expand Einstein egs+perfect fluid in 1/c, over flat space:
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The PN formalism

Expand Einstein egs+perfect fluid in 1/c, over flat space:
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The PN formalism

Expand Einstein egs+perfect fluid in 1/c, over flat space:
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PN effects are not only
relevant for BH binaries

Observed position
during the eclipse

D3

Real position

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

The Sun during
an eclipse

Guide star e GGG - - Credit: Jose Wudka
IM Pegasi @ : s 5

(HR 8703) r

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

Measured Predicted

Geodetic precession 6602 + 18 6606
(mas)

Frame-dragging 372+7.2 39.2
(mas)

%_ Perihelion advances
2° per century




How about the TT term?

Keep time derivatives even though
they carry factor 1/c, because for GWs oi/c ~ 0x)

1
—1670" toy; = —167071 (P,L-’“Pj@ —~ 5J.Dz-jP’“) Tk

1
= —167 (PfP; - 5P,L-jp’“’) O~ Ty

_a(prp_Lp pr) [Tt —lz—al],a) 5 ,
SR =

1 1
~ — (Rkpjl — §Pwpkl) /Tw(t — T, CL'/)dBCU,

7‘.




How about the TT term?

Keep time derivatives even though
they carry factor 1/c, because for GWs oi/c ~ 0x)

1
—1670" toy; = —167071 (PfP; —~ 5J.Dz-jP’“) Tk

1
= —167 (Pm - 5Pz-jp’“’) O~ Ty
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The quadrupole formula

(Tttzz:ixj) = OO} (Tkl:ciwj) — 20k (T’:k:cj + Tkavi) + 27

1 L
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1

Quadrupole tensor
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The quadrupole formula

Binary moving on circular orbit on X,y plane with orbital
frequency Q, GW traveling along z

cos 202t sin2Qt 0
sin20Ot —cos20Qt 0
0 0 0

CApQPR? 4p(MQ)2/3 AMP2/3 s
r r r M

2/3 5/3 ,,
Do 101021 (e %0 M., \*?* [ 400Mpc |
100H 2 30M, dr h., ~GM_/R_ c*

~ 3.5 x 10718 Jgw 23 M., . °/3 16Gpc ~2x10°
| 10mHz 106 M, d;

o 2forh Y

h

f gw

14z w(1+42)




GW detectors

Stochastic
background

Massive binaries
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Figure generated by http://gwplotter.com/




Wrong+wrong=rignht

» S CARTOONSTOCK
. com

"It's a government funded study to find
We have started from linearized theory over Minkowski OV oW aRyiNrFengs ke g,

This implies that stress energy tensor is conserved wrt to Minkowski metric ...
... and that is used to go from "Green formula” to "quadrupole formula”

This is inconsistent as a binary system in GW-dominated regimes does NOT
move on Minkowski geodesics (i.e. straight lines)

Exercise: compute GWSs from Green formula for a system of two unequal
masses on Keplerian orbits one around the other and verify that the GW
amplitudes differ by a factor 2 (assume propagation along z axis)

Which one is correct? Quadrupole or Green?

One would expect Green, but actually the quadrupole formula is the correct one



A (more) correct derivation

HH = phv — (—g)Y/2gH OgH*? =0 harmonic gauge

s O HP = —1607*° 798 = (—g)T*# + (16m) " 'A*P

Full Einstein equations!

Aa’B — 167T(—g)tff + (}_Iauﬂ/ ﬂ'ﬂl/,’u _}_IaﬁuLV I_{P«V)

- From gauge condition,
167r(—g)t€‘f = gxug”pH,‘ff‘Hfo“

1 alB Tr\v 1 o rrfB)V 1]
B B ~ g0 Y

1 _
+§(29a)‘9ﬁ“ — ga,BgA“)(ZQUng_T — 9poGur ) H )

TP 5 =10

= geodesic motion in
curved metric g

Proceed as before
but with T replaced by t

[ 7LV 1. LV v 1 v
H" ~ B = W —




A (more) correct derivation

¢
goo = —1—26—2+O(1/c4) 70 — 7% 4 O(1/c")

goi = O(1/¢c%) 70 =T7% 4 O(l/cl)

oo (ni)ove - g

 Non-linear terms are important in Tt but not too

e Non-linear terms in Green formula account for
discrepancy with quadrupole formula for circular
Keplerian binaries

e Quadrupole formula is correct, Green’s is not



BH binary inspirals

e Quadruple formula (or quadrupole+octupole) often a decent
approximation for GW signal during inspiral

e Often used in combination with geodetic motion in Kerr to produce
‘kludge” waveforms for Extreme Mass Ratio Inspirals (stellar origin
BH + massive BH)

p=6.5M, e=0.5, a=0.5M, 6 ;=90(deg)

1000 2000

p=6.5M, e=0.5, a=0.5M, 6 =45(deg)

p=3.5M, e=0.4, a=0.99M, 6 =90(deg)

Figure from Babak et al 2007



GW “backreact” on geometry at
second order

Figure from Kip Thorne's website
2T X

ki K“’\_/ 4 anSananan  gEOMEtric-optics

regime
curved spacetime 2 01\\ ; background waves 9

\
v/
~

Jap = gsﬁ T Eha,B -+ 52jaﬂ T 0(53)

Goplge) =0, 1 9er] =0, Gc(xlﬁ)[jcd§9<]a3f]:




GWs carry energy and momentum

Average Einstein equations on scale >> A and << L

Aja,B — ja,@ — <jaﬁ>

G [(ea); 98] = —(GD[hea; 924])

C[Ajed) = =GO [hea; 95 + (GO [hea; 924))

; e GW.eff
Gaplol + €2 (o)) = 8TG TSy T + O(e®)  Toy ™ =

Using gauge freedom and integrating by parts:

1 oo
— 321 <VB]’LEEV h T>

1G 1G

2
Lmass quadrupole — 5 5< I >

<_~F3kfjk>2

(mass of the system in motion) x (size of the system)? MR?  Muv?

? (time scale)3 73 T




BH pinaries inspiral till
(effective) ISCO

P, 3F
From energy balance: |[EkaEEat

P, 2E

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




GWs from binary BHs

Inspiral Merger Ring-
down

£ s 00

— Numerical relativity
I Reconstructed (template)

— Black hole separation
=== Black hole relative velocity

O N WM
Separation (Rs)

LSC collaboration 2015



GWs from binary BHs

Inspiral Merger Ring-
down

— Numerical relativity
I Reconstructed (template)
e 1

— Black hole separation
=== Black hole relative velocity

O N WM
Separation (Rs)

LSC collaboration 2015



Extracting the BH masses

(mymy)3/3 5
(m; +my)5 G |96

M = ny —i—m2 Z7OM®

M =

—8/3f—11/3f]

2GM/c? =210 km

fgw~ 75 Hz corresponds
to r12~350 km

Objects in GW150914
must be BHs
(not WDs or NSs)

Frequency (Hz)

Livingston, Louisiana (L1)

Hanford, Washington (H1)

umerical relativity
constructed (wavelet)
constructed (template)

constructed (wavelet)
constructed (template)

0.35
Time (s)

LSC collaboration 2015

o N B~ O 0

Normalized amplitude




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
35.2%¢%7
30.72:3
1.46%012
35.5%13
39.67 %"

my /Mo
30.6“:3:2
13.6%5%
7.71%2
20. lfﬁ
7.6
34.3’:?3_1
23.8132
25.33:?
12792
26.8"%7
29.4753

M/M,
28.6“:{2
15.2:“%:?
8.903
21 .Sff:%
.97,
35.71?:3
25.07%
24.2+14

1.1860001

26.71%1
29.3%37

Xeff

~0.01*012

-0.13
+0.28
Ol04_0.19

0.18%7;

_0.04+0.l7

-0.20

0.03+O.19

-0.07
+0.21
Ol 36_0.25

0.0779:

0.07+012

-0.11

0.0079:5

-0.0979-28

0.08+0'20

-0.22

LSC 2018, O1+02 detections

as
0.69f8:82
0.672017
0.7410°7
0.66*0-0%
0.6970
0817
0.707005
0.72+5:07
<0.89
0.67+007

0.08
0.7177

Erad/(Mocz) fpeak/(erg S—l)

3.lf8:3
15253

1.0792

3.6104 x 106
3.2+08 x 1056
34707 x 10%
3.3106  10%
3.5104 x 106
4.2+99 % 10%
3.5705 x 10°°
3.7404 x 10%
> 0.1 x 10%®
3.4705 x 10%
3.6705 x 10°°

dr/Mpc
430+150

-170
1060734

440°1%
960+430

-410

320711

27507138

990+320

-380
580+160

=210

1020740
1 8 50+84O

-840

Z
0.09+0.03

-0.03
0.21255
0.0970%4

0.19:0:0%

0.07:052

0.487030
0.20700>
0.1 2'_*8:82
0.017900
0.2070:07
0.34+013

-0.14

AQ/deg?
179
1555
1033
924
396
1033
340
87
16
39




Extracting the BH masses

In Solar Masses

LIGO-Virgo Black Holes ‘
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®
Known Neutron Stars

e L
LIGO-Virgo Neutron Stars




The formation of stellar-mass BHS

e Stellar-mass BH form

[Heger et al. (2003)]

from massive stars

neutron star

gt uﬂnﬂﬂuﬂﬂﬂﬂﬂnuﬁ

direct black hole

; BﬂﬂﬂﬂﬂﬂBS‘LﬂBHﬂﬂnﬂuﬂ!ﬂﬂﬂﬂﬂﬂﬂl!ﬂﬂﬂﬂ!ﬂﬂﬂﬂﬂﬂﬂHlﬂﬂﬂnﬂﬂﬂﬂﬂﬂﬂﬂuﬂuﬂnﬂﬂﬂl_

Hnuuﬂl“lnuﬂnﬂHlﬂuuuﬂHHHHﬂﬂﬂuuHﬂﬂﬂ1ﬂ§Hﬂﬂﬂﬂ!HHHHHHHHHHHHHHE!HH“H"HH—
- e

1e10s 1noge

stellar evolution

* Difficult problem:
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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




Last week's updates!

Metallicity
GWevents = 2x102 —— 107 Mass gaps

—_—107 —10"

¢ \'1' N\ N D 10 2 50 80 100
\’\Q%\\’\Qb\' \rD\/ O “QOO\\'\Q%\’\Q%\“@ O \’\6\ — (Mg)
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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




How do stellar-mass BH
binaries form??

* In the field (plausible because ~70% of massive
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* |[n dense environments (globular clusters/nuclear
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Fleld BH binaries
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GW151226 GW170104 02 sensitivity LIGO rate:
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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




The etfect of BH spins:
IN binaries

- For large spins aligned
with L, effective ISCO
moves inward ...

- ... and GW “efficiency”
gets larger

x Pollney+ (2011)
% Hannam+ (2011)
% Reisswig+ (2009)
% Marronetti+ (2008)
% Pollney+ (2007)

% Lovelace+ (2011)

% (a, cosf+a, cosy)

EB, Morozova &
Rezzolla (2012)



BH spin precession

- Spin precesses around total angular momentum J=L+S1 +S>
Precession-induced modulations observable with GW detectors:

- Increase SNR and improve measurements of binary parameters
(e.g. luminosity distance and sky localization)

- Allow measurements of angle between spins

0,00 LLAALLANA ARAS At ann AR

TTTVTTUTV TV v e A ""!!!tiHHHWHHHHHIHH“

2000 4000 6000 800‘01 10000 1/%&00 1:21000 16000 18000 20000 22000 23500 23600 /%‘?)4700.' 23800
4 4

EOB waveforms for BH binary with mass ratio 1:6 and spins 0.6 and 0.8, from Pan
et al (2013) [using spin-EOB model of EB & Buonanno 2010, 2011]



Measuring BH spins

cS1/(Gm?) cSs/(Gm3) cS1/(Gm3) cSs/(Gm3)

o08T o08T o081 o08T

GW150914 GW151226

Figures: LSC collaboration 2016




Measuring BH spins

—— Prior — Prior
— IMRPhenom — Posterior

0.00 0.25 0.50 0.75 1.00
Xp

GW151226

Spins are either small
or precessing

Figures: LSC collaboration 2016



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



| ast week's updates

GW170729
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Parametrized inspiral tests of GR

GW150914
2
5PN 2PN SPN 3N 3pNO

GW151226

~—ded 4

—0.: 2. -2
early-inspiral regime D ; ISPN 2PN 25PNO 3PN 3PN
Pi
GW150914 + GW151226

i

. }
I.5PN 2PN 25PN 3PN 3PN
Pi

waveform regime
parameter f—dependence

Caveat: ppE parameters may depend on sources (should be viewed as BH
charges), so stacking may not be physically meaningful!



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



Perturbations of non-spinning BHS

¢ Ingoing/Outgoing boundary conditions at event horizon/infinity
e Akin to solving Schrodinger equation in 1D in quantum mechanics 101

e Counting of degrees of freedom + continuity = discrete complex
guasinormal mode frequencies

e Imaginary part of frequency shows linear stability
e Pecak at ~ 3M as / diverges

(because geometric optics limit of Ingoing Outgoing
Klein-Gordon equation is geodesics - \

equation) \\\\\\: |
J ~exp(—im r,

\ -

~ 3 when as / diverges r/M



Perturbations of non-spinning BHS

* Separability on Schwarzschild extend to vector and
tensor perturbations

* Expand in vector and tensor harmonics (of even/odd
parity, c.f. E/B modes of CMB)

a M S M . . .
. ,2=constY ;™. ., (covariant derivatives
Y = const—Y 1M (x9x3), parity (—)%; 25" LM un( 7

dxH PaTLEYs ==z

0 ¢ y=consty,, V¥, parity (—)%;

sy R M 3 A 1 oy o §
¢L", n=conste, ax,,YL (Cois) pnPATI Vil XM =1 constl e+ e MM ],

parity (—)%*.

Basis for vectors on 2-sphere Basis for tensors on 2-sphere



Perturbations of non-spinning BHS

—ho(T,r)(0/sinfd ) ¥ LM ho(T,r) (sinfd/96) ¥ 1M
—hy(T,r)(9/sinfd ) ¥ LM hi(T,r)(sinfo/06) Y LM

ho(T,r) (82/sinf003 o — cosfd /sin%0 ) ¥ 1M Sym
1he(T,r) (02/51n00 0 o+ o803/ 30 —sinho2/3090) Y LY — ho(T,r) (sinfd?/ 9600 ¢— coshd/d o) ¥V LM

Odd-parity metric perturbations (Regge-Wheeler 1957)

A—=2m*/")Ho(T,r) Y, H(Ty)V M ho(T,r)(3/00)YV LM ho(Ty)(8/0¢@) ¥V LM
H\(T )Y M (1—=2m*/r)*Ho(T,)Y LM h(T)(0/00)YV LM h(T,r)(8/0) Y LM
Sym i () Sym

+G(T,r)(8%/06%) 1Y LM

Sym r’G(T,r)(9%/960 ¢ 7 K(T,r) sin
—c0s00/sinfd ) ¥V 1. ¥ +G(T,r)(9%/0d¢
~+sinf cos#d/a6) |V LM

Even-parity metric perturbations (Regge-Wheeler 1957, Zerilli 1970)



Perturbations of non-spinning BHS

0 0 —ho(T,r)(0/sinfd ) ¥ LM ho(T,r) (sinfd/96) ¥ 1M
0 0 —hy(T,r)(9/sinfd ) ¥ LM hi(T,r)(sinfo/06) Y LM

MV

Sym Sym Rt mittt st 0TSOy i el
Sym Sym Ifew(Remeeiintmmtmtmmee s Ot (Ot el ,

Odd-parity metric perturbations (Regge-Wheeler 1957):
2 free radial functions

(1= 2m*/NH(T)Y M Hi(Ty)V 1M e
H\(Ty)Y M (1—2m*/r)*Ho(T,r) Y LM

- PLE(Ty) ==Sya=

mblomdepinicdlotdl) 1V 1M

P (el o) s ) K(T,r) sin%d
—eTstOrsTiOTrr i BER-ATEIA AL o
—FMW LM

Even-parity metric perturbations (Regge-Wheeler 1957, Zerilli 1970):
4 free radial functions, but 2 algebraic relations from Einstein eps




Perturbations of non-spinning BHS

Construct complex variables out of each pair of free radial functions

[(1+ 1) _%]

=2 = [(r) [ Odd-parity

3 2 2 2 (- 3 2
2f(7°)9M + 3N Mre+ X (L+X)r° +9M= Ar

Even-parit
rs (3M + )\r)2 P Y

+
Vizo =

A=(1-1)1+2)/288f(r)=1—-2M/r

Effective potentials peak at r=3M in the large /limit
(i.e. in the geodesics limit)



Perturbations of spinning BHS

e Separability of equations not at all obvious in Kerr, but
possible due to “hidden symmetry” (c.f. Carter’s constant)

 Use Newman-Penrose scalars (projections of Weyl curvature
on null tetrad) to get Teukolsky equation

VIN, O
Wy = — C’1313 — m/)\ol“m ["m

Y

U, = — Cosos = —Cupren*m*™n *m*?

[82(1 _ uz)(‘?i] +S1,, Spin-weighted spheroidal harmonics
u u

m—l—su2
%]85“”:0

AO?Riym + (s +1)(2r — 2M)8, Ry + VRym = 0.

+ [a2w2u2 — 2awsu + s+ sAim —

1
V = 2iswr — a?w? — A, + — [(r2 + a®)’w? — AMamwr + a*m?

A

u=cosh, A=(r—r_)(r—ry)



Perturbations of spinning BHS

QNM (n=1)
QNM (n=2)

QNM (n=3)
QNM (n=4)
QNM (n=5)
QNM (n=86)
QNM (n="7)

QNM data from E Berti

* Connection to circular photon orbit frequency w and
Lyapunov coefficient A (i.e. curvature of geodesics effective
potential) in geometric optics limit!

wé”g:l ~ lw.,. — z)\+(n + 1/2)

« Amplitude of modes depends on merger physics/initial
conditions; set by “continuity” near circular photon orbit in
phenomenological waveform models (e.g. EOB)



EOB vs numerical relativity

— NRRe(h,)

— — EOBRe(hy) .
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0 500 1000 1500 2000 2350 2400 2450
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Example from Taracchini et al 2012, c.f. also phenomenological waveforms



Ringdown tests of the no-hair theorem

W — Wem (M J)1 + dwprm)  Tem

- Difficult with advanced detectors
because little SNR in ringdown

- Can perform consistency tests between
merger/ringdown
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240 260
QNM frequency (Hz)

From the LSC paper on tests of GR



The tirst direct observation
of GWs and ... BHs|

Hanford, Washington (H1) Livingston, Louisiana (L1)

— Numerical relativity
Reconstructed (wavele Reconstructed (wavelet)
Reconstructed {template Reconstructed (template)

M "MW WA\ MY M

vy Ww

Frequency (Hz)

Normalized amplitude

LSC collaboration 2015



Not the biggest BHSs In the

Universe!

A monster of
4.5 million solar
masses Iin the

so-5 @

Keck/UCLA Galactic
Center Group

%&?5_5




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



Fossil evidence for massive
BH mergers

o Nuclear Star Clusters: masses up to ~107 Msun, I ~ pC

o BH binaries eject stars by slingshot effect and through remnant’s
recoil (“erosion”) -

o Erosion by BH binaries crucial
to reproduce NSC scaling relations

Me; 0.7¢"% Myin + 0.5Myp;y, In (—

+5Mbin (Vkick/%sc)l.’m ’

Antonini, EB and Silk 2015a,b

50 100 200 500 10% 107 10%® 10° 109 10" 102

o (km 8_1) Mbulge(MSun)



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




| 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




Detector designs considered In
ESA studies

- Armlength L=1, 2, 5 Gm (A1, A2, A5)

- Low-frequency (acceleration) noise at the LISA requirement level of LISA
Pathfinder (N2) or 10 times worse (N1):

- 4 or 6 links (L4, L6), 2 or 5 year mission (M2, M5)

- Laser power of 0.7 W for A1 and 2 W for A2 and A5; telescope mirror size
of 25 cm for A1, 28 cm for A2, 40 cm for A5.
2W laser and 40 cm telescope improve high-frequency performance

| --- N1AlIMxL4 | | --+ N2A1MxL4

| -- N1A2MxL4 i | -+ N2A2MxL4

| ==+ N1A5MxL4 1O AN | ==+ N2A5MxL4

| — N1A1MxL4 + Gal | — N2A1MxL4 + Gal

| — N1A2MxL4 + Gal N | — N2A2MxL4 + Gal

| — N1A5MxL4 + Gal “A\N | — N2A5MxL4 + Gal
\ — eLISA/NGO | — eLISA/NGO

From
Klein EB et al 2015




alax

Evaporation
and dissolution

Tidal truncation
and disruption

High-z black-hole seeds:
light vs heavy, high vs low
halo occupation number

Black-hole mergers:
delayed from
galaxy mergers;
in stellar vs gaseous
environments, or
triggered by friples

BH co-evolution

Accretion and mergers
(merger tree)

Dynamical friction,
tidal stripping/evaporation

UV ionizing

Dark Matter background

Cooling, cold flows,
gravitational quenching

SN feedbac
Star Gaseous disk Tidal
ida
Tidal / formation evaporation

evaporation

instability

instability Major mergers

‘ Star formation |

SN feedback

EM and GW
emission

Fueling triggered
by star formation
(e.g. radiation drag)

AGN feedback (jets)

Black hole QSO accretion

- Radio-mode accretion

AGN feedback (jets)

Nuclear
gas reservoir

In situ star formation

Tidal truncation|and disruption in galaxy mergers;
Mass deficit from black-hole binaries and kicks "/ Nuclear Star

Cluster

Dynamical-friction driven infall of
star clusters

EB 2012



The “tinal pc problem”

Stall?.
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Massive BH model’'s uncertainties

- Seed model: light seeds from Poplll stars (~100 Msun) VS heavy
seeds from instabilities of protogalactic disks (~10° Msun)

- No delays between galaxy and BH mergers, or delays depending
on environment/presence of gas:
- 3-body interactions with stars on timescales of 1-10 Gyr
- Gas-driven planetary-like migration on timescales = 10 Myr

- Triple massive BH systems on timescales of 0.1-1 Gyr

Poplll=light seeds, delays
(but similar results with no
delays)

Q3-d= heavy seeds, delays
Q3-nod= heavy seeds, no
delays
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Detection rates

all detections, T=5yr, S/N>8
SUA IMR
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From Klein
EB et al 2015

Red = poplll, orange = Q3-d, green = Q3-nod
thick = six links (L6), thin = four links (L4)

- Armlength L=1, 2, 5 Gm (A1, A2, A5)

- Low-frequency (acceleration) noise at the LISA requirement level of LISA
Pathfinder (N2) or 10 times worse (N1): we know it’s N2!

- 4 or 6 links (L4, L6), 2 or 5 year mission (M2, M5)



The effect of BH spins:
frame-dragging in isolated BHS

- Mass behaves qualitatively like in Newtonian gravity

- Spin affects motion around BHs (“frame dragging”):

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

Innermost Stable Circular Orbit Efficiency of EM
(i.e. inner edge of thin disks) emission from thin disks



The etfect of BH spins:
IN binaries

- For large spins aligned
with L, effective ISCO
moves inward ...

- ... and GW “efficiency”
gets larger

x Pollney+ (2011)
% Hannam+ (2011)
% Reisswig+ (2009)
% Marronetti+ (2008)
% Pollney+ (2007)

% Lovelace+ (2011)

% (a, cosf+a, cosy)

EB, Morozova &
Rezzolla (2012)



The effect of BH spins
on the waveforms

Spin precesses around total angular momentum J=L+S1 +S>
Precession-induced modulations observable with GW detectors:

- Increase SNR and improve measurements of binary parameters
(e.g. luminosity distance and sky localization)

- Allow measurements of angle between spins

mmmmnmm T

gL

2000 4000 6000 800‘01 10000 1/%&00 1:21000 16000 18000 20000 22000 23500 23600 /%‘?)4700.' 23800
4 4

EOB waveforms for BH binary with mass ratio 1:6 and spins 0.6 and 0.8, from Pan
et al (2013) [using spin-EOB model of EB & Buonanno 2010, 2011]



Am,,,,/m,,,,<0.01 T=5yr

Errors on individual
Masses/spins

absolute number

Ax,<0.01 T=5yr
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Red = poplll, orange = Q3-d, green = Q3-nod
thick = six links (L6), thin = four links (L4)




Errors on spin inclinations
and final spin

Aex'3< 10deg T=5yr
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(Bardeen-Petterson effect)
and ringdown tests of GR



The Bardeen Petterson effect

+ Coupling between BH spin S and angular momentum L of misaligned
accretion disk + dissipation

* Either aligns or anti-aligns S and L in ~10° yrs (for MBHSs) <<
accretion timescale

- Anti-alignment only if disk carries little angular momentum (L < 2S5)
and is initially counterrotating
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Accretion and mergers Dynamical friction,

|
E ‘ e Ct rO m a g n et | C (merger tree) tidal stripping/evaporation

UV ionizing
Dark Matter background

Cooling, cold flows,

gravitational quenching
SN feedbac

tar Gaseous disk Tidal

ida
Tidal / formation evaporation

evaporation

- GWs provide measurement of @

instability

instability Major mergers
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Cosmography with LISA

Moddl [ NoAwGIS | N2ADM5LA

[ POA [ A [ A0 [ Ak | Aup [ B, | POA | A0y [ Ay | Ak | Aup | Au,

5 100 2.51 4.40 0.951 8.01 55.2 80.5 120 253 24.8 177 2230
param 100 4.64 6.90 2.58 22.4 103 44.1 1480 3250 371 2350 | > 10*

[ Model | N2A5M5L6 | N2A2M5L4

 omwsa
[ PO [ Ay [ A0 | Ak | Aup | Aw, | PO | Ay | A | Ah | Auo | Au, |

s 100 | 4.31 7.16 1.58 13.2 [ 923 | 67.8 [ 320 799 47.7 344 | 5530
param., 100 18.0 24.9 9.95 88.6 | 392 || 254 | >10* | > 10*| >10* | > 10* | > 10*
100 | 2.80 5.15 0.681 4.66 | 55.7 || 68.6 138 306 13.3 127 | 2400
ACDM | 100 [ 0.0819 [ 0.281 | 0.0521 91.5 | 0471 | 2.66 | 0.429
+ eury. 100 | 0.220 | 0.541 | 0.136 12.7 | > 10% | > 10* | > 104
100 | 0.0473 | 0.207 | 0.0316 90.7 | 0.174 | 1.26 | 0.145
100 | 0.0473 | 0.0473 | 0.0210 97.5 | 0.275 | 0.275 | 0.0910
ACDM | 100 | 0.0917 | 0.0917 | 0.0480 32.2 | 0.543 | 0.543 | 0.220
100 | 0.0371 | 0.0371 | 0.0146 99.2 | 0.126 | 0.126 | 0.0400
100 0.253 | 1.32 || 97.5 1.03 | 6.36
DDE 100 0.584 | 2.78 || 37.3 496 | 26.1
100 0.176 | 1.00 | 95.8 0.427 | 2.87

100 1.05 1.97 0.265 2.07 21.2 93.2 12.6 27.8 2.08 15.9 227

ACDM 100 | 0.0467 | 0.155 | 0.0299 96.6 | 0.315 1.51 0.228
+ curv 100 | 0.0875 | 0.209 | 0.0527 77.1 | 0.396 1.61 0.306
" 100 | 0.0265 | 0.0914 | 0.0161 99.2 | 0.0610 | 0.342 | 0.0520

100 | 0.0267 | 0.0267 | 0.0121 99.2 | 0.121 | 0.121 | 0.0445
ACDM 100 | 0.0368 | 0.0368 | 0.0199 90.7 | 0.151 | 0.151 | 0.0681
100 | 0.0186 | 0.0186 | 0.00803 100 | 0.0464 | 0.0464 | 0.0159

100 0.149 | 0.798 || 98.3 0.507 | 3.09

DDE 100 0.241 | 1.14 89.0 0.777 | 4.06

100 0.101 | 0.544 || 99.2 0.201 1.20
Accel. 100 | 0.0105 | 0.0412 99.2 | 0.0660 | 0.174
& curv. 100 | 0.00972 | 0.0429 84.7 | 0.0544 | 0.161
test 100 | 0.00887 | 0.0310 99.2 | 0.0381 | 0.0804

Accel. 100 | 0.0190 | 0.0735 99.2 | 0.211 | 0.396
& curv. || 100 | 0.0280 | 0.105 373 | 0977 | 1.30
slEmer | | @il | |
Error 100 | 0.00966 100 | 0.0319
on Oy 100 | 0.00935 94.1 | 0.0283

100 | 0.00788 100 | 0.0199

Eror | 100 | 0.0173 100 | 0.0670
on Oy || 100 | 00238 53.4 | 0.0755
100 | 0.0172 100 | 0.0437
oo | 100 0.00712 100 0.0146 Zrror | 100 0.00412 100 0.00850
onh | 100 0.00996 53.4 0.0175 100 0.00446 94.1 0.00937
100 0.00531 100 0.00853 onh 0 0.00307 100 0.00485
100 0.0590 100 0.121 100 0.0342
o 1 100 0.0467 100 0.0734 onwy |00 0.0254

sky-location by inspiral only sky-location by IMR

From Tamanini et al 2016

o Better LISA configurations provide measurements of h under different
systematics than present probes

o Measurement of Qm slightly better than SNla with best designs

o Measurement of combination of Qn and Qa different from SNIa/CMB (i.e.
potential to break degeneracy)

o Discovery space: LISA sensitive to cosmological evolutionatz~1 -8



Cosmography with LISA
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What can we learn from PTA limits?

Bertone 2007
Cuo 2011
Barausse 2012

McWilliams 2014
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Background characteristic strain at f=1/yr
is A<1.45 x 10-1% (Nanograv 2018)

green=koushappas, blue=Q3, cyan=Q3_short, magenta=poplll,

gray=lllustris, black=Illustris+delay
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Why are we seeing nothing?

Predictions assume:

- GW driven binaries

- Circular orbits

- Efficient formation of bound massive BH binaries after
galaxy mergers

- M-0o relation

Loopholes:




The final parsec “problem”

- If BH binaries stall and do not merge, triple systems naturally form as
a result of later galaxy mergers

- Merger induced by Kozai-Lidov resonances (secular exchange
between eccentricity and orbital inclination)

a'gut(]- _ e<2)ut)3/2 vVmi + My
G1/2a3 % mg

m1 = mg = ma3 = 10° Mg, ain = 1 pc, @out = 10 pc, and eouts = 0.

~ 2 x 10° yTS,

tkL ~

PN 3-body simulation in a stellar
environment, with m1=108 Mgun,
M2=3 X 107 Msun, M3=5 X 107 Msun
(Bonetti, Haardt, Sesana & EB 2016)




Triple-induced BH mergers:
PTA and LISA

10-13, Model — stalled vs Model — delayed, LS : i light seeds
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Bonetti, Sesana, EB, Haardt 2018

Bonetti, Sesana, EB & Haardt, in preparation




Eccentric inspirals and bursts”?

0.9999 0.999
[ ISNR >1

[ 1SNR > 8, Tyw <4yr

14 F —SNR> 8, Ty <dyr TleeS

Standard
Channels

0
—-40 -35 —-3.0 —-25 =20 —-15 —1.0 =0.5 0.0
log(1 — esnp>1)

Bonetti, Sesana, EB & Haardt, in preparation

Standard MBHB have small eccentricity by the time they get into band
Triple driven systems can display eccentricities >0.99!

Possibility to see eccentric non-merging sources (bursts)

Possibility of an unresolved signal?



Multi-band gravitational-
wave astronomy
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Multi-band gravitational-
wave astronomy




Tests of the equivalence principle
with multi-band observations

- Smoking-gun sign of
deviation from GR/BH

1 E 9 A0620-00 LMXB

hairs” would be BH-BH )

dipole emission (-1PN . OWISOL4
term in phase/flux) - DR
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- Pulsar constrain IBl s 107,
GW150914-like systems +
LISA will constrain same
dipole term in BH-BH
systems to comparable
accuracy

From EB, Yunes &
Chamberlain 2016



Ringdown tests '
of the no-hair theorem

In GR, BHs have two hairs (mass and spin)

W — wgm (M, J)(1 + Swem) W — Tem (M J)(1 + 07,

Tests impossible in ground-based detectors because little SNR in ringdown

-4A- Q3nod 4L -A- Q3nod 4L

-#- Q3d 4L -0~ Q3d 4L

- ®- PoplII 4L -O- PoplII 4L

—d— (Q3nod 6L == (Q3nod 6L

—8— (3d 6L == (Q3d 6L

—e— PoplII 6L —O=— PoplII 6L
p>8 P > PGLRT

events/year

events/year

Berti, Sesana,
EB, Cardoso,
Belczynski, 2016

PGLRT = min(deRT, pG:LRT)



Bounds on BH mimickers

- Spinning objects (eg BHs) possess ergoregion, i.e. region where free falling
observers cannot be static and need to coronate with BH due to frame dragging

- In ergoregion, negative energy modes can be produced but are confined within
ergoregion (only positive energy modes can travel to infinity)

- By energy conservation, more and more negative energy modes can be produced,
which would cause instability save for the existence of BH horizon (which acts as
sink)

- BH mimickers with no horizon are unstable (ergoregion or super-radiance
instability)

to/ty~ [log(107%9)|

1078 10°° 1074 1072
f (Hz)

EB, Brito, Cardoso, Dvorkin, Pani 2018




Constraints on axions/fuzzy DM

Isolated spinning BH +
massive scalar fields with
Compton wavelength
comparable to event horizon
radius are unstable under
super-radiance

Mass and (mostly) angular
momentum are transferred
from BH to scalar
condensate surrounding BH
on instability timescale;
condensate then emits
almost monochromatic
waves on timescale

- Observable by LIGO/LISA

as stochastic background
and resolved sources

) (
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The LISA Data Challenge
and the enchilada problem

Challenge 2.2 (training)

Everything (TDI X) Galaxy Instrument
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Conclusion

Gravitational waves have opened a new wir

on the Universe, and the LIGO detection is
beginning...
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Gamma-Ray (N. Gehrels et.al. GSEC, EGRET, NASA)

Infrared (DIRBE Team, COBE, NASA) Radio 1420MHz (J. Dickey et.al. UMn. NRAO SkyView) Radio 408 MHz (C. Haslam et al., MPIfR, SkyView)
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