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Part 1:

Part 2:

Part 3:

Part 4:

Plan of Talk

Retrieving Black Hole (BH) parameters
Tests of General Relativity
Astrophysical Implications

Perspective & what’s next? [my views]
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Part I:
Retrieving BH parameters
lif General Relativity is correct]
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The GW waveform encapsulates Binary
Black Hole Evolution

[see Gonzalez talk]

Insplral Merger Ring-
down
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[LVC, arXiv:1602.03837, PRL 116, 061102, 2016] 7/47



Decades of theoretical effort in source modelling
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numerical relativity
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chirp mass: 0.30 time (s) 0.40 0.45

M =

Chirp mass drives inspiral waveform

[LVC arXiv:1602. 03837 PRL 116, 061102, 2016]
I I

Insplral Merger Ring-
down

e/j()g‘

,\M :

-
(mymy)>" «
(my +my)' Inspiral ~ Chirp Ringdown
_6'_3[5 —8/3f—11/3f] /3 . . .
G |96 driven by the chirp mass ... remnant mass & spin

9/47



The GW waveform encodes source parameters
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Necessity of Numerical Relativity

Inspiral Merger Ring-
down
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Unprecendented high velocity, dynamic
regime of strong-field gravity
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Different flavors of numerical relativity
waveforms
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Two classes of model waveforms used in O1
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State-of-the-Art:

Inspiral-Merger-Ringdown Phenomenological Fit with Numerical Relativity
& [Khan et al. 2016, Hannam et al. 2016]

Spinning Effective-One-Body Numerical Relativity [Taracchini et al., Purrer et al. 2016]

= Allows for systematic error analysis and consistency check 14/47




Extract source information from GW:s

h(t): 9-15 dimensions

+ [Mlasses
+ Spins

+ Geometric properties:
- Inclination angle
- Source Position
- Luminosity distance

[see e.g. Cutler and Flanagan 1994, Poisson and Will 1996...] 15/47



Extract source information from GW:s

Model h(t)

—1570

h(t): 9-15 dimensions time (s
Detector output m

+ [Mlasses

ici T 0) Lol (10
+ Spins Explicitly map out:  p(0|s) x p(0)Liota1(s]0)

+ Geometric properties: 'ii:::i:::mgtiié Likelihood
_Inclination angle
- Source Position
- Luminosity distance

" parameter 1

parameter 2

using Bayesian Markov Chain Monte Carlo
and Nested Sampling Techniques

[see e.g. Veitch et al. 2015;
LVC, arXiv: 1602.03840, PRL 116, 241102, 2016]



Diversity of BH masses and errors ...
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... length of the chirp signal
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http://www.soundsofspacetime.org

Remnant BH masses & spins
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Challenge: large degeneracies between
mass ratio and effective spin
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Luminosity distance: beyond existing
spectroscopic galaxy catalogs
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Part |l
Tests of General Relativity in
dynamical strong-field gravity
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Deviations from GR Waveform Coefficients

Introduce parameterized violations of GR: Di — pi(l -+ 5]3@)

Vaw(f) =) [ + tulog fIf77 + @M, oy
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Deviations from GR Waveform Coefficients

Introduce parameterized violations of GR: Di — pi(l + 5]57,)

Vaw(f) =) [ + tulog fIf77 + @M, oy

1

tail - backscattering of GWs by curved spacetime
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. two events constrain different parts of

waveform

[LVC, arXiv:1606.09619, 2016]
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... GW150914 merger + ringdown in the
detector noise bucket!

inspiral merger ringdown
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GW150914: Inspiral vs. merger-ringdown
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GW150914: Massive Graviton Bounds

- massive graviton dispersion relation:
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Part lll: Implications for
Astrophysics

i) how to form heavy BHs?
ii) how & where do binary black holes (BBH) form?
iii) astrophysical rates ?
iv) absence of an EM counterpart
[see Branchesi’s talk] ?
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Diversity of BH masses

22 (19 Galactic) X-ray binaries
with dynamical mass
measurements <20 Mg

[see review Cesares & Jonker 2014 & references therein]

Black Holes of Known Mass

GW150914:
Heavy (> 25 Mg) BHs

X-Ray Studies

GW150914

LVT151012
GW151226

[courtesy LIGO labs, Caltech]
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How to make a stellar-mass BH?

Stellar core collapse at end of lives of massive stars:
direct formation or fallback? first stars?

FPFROTOSTAR

[courtesy www.chandra.harvard.edu]
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Recipe for making heavy BHs

[LVC, ApJL 818, L22, 2016; adapted from Belczynski et al. 2010]
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Tale of two binaries

[see review by Miller 2016;
LVC, ApJL 818, L22, 2016]

Isolated Binary in Field Dense Environments
(e.g., Clusters)

range of binary interactions BHs sink towards cluster core

low redshift to Pop Il Dynamical interaction -> pairs

rapidly rotating massive stars | | Binaries ejected with
inspiral < Hubble time

[e.g., Tutukov & Yungelson LI o B v
1993, Lipunov+97, ... b o o Y [e.g., Portegies Zwart+00, O'Leary
Belczynski+10, Mandel 3 S +06, Downing+10, Morscher+13,
+deMink 16, Marchant+16, L ::?; 3 ',_ % Ziosi+14.; NB Galactic Center:
Belczynski+04, AT A oo s G Miller+Lauburg+09, O'Leary+09,
Kinugawa+14 ] o R 3R L _ Koscis+12, Bartos+16, Stone+16 | 33




Lifecycle of Isolated Binary Massive Stars

Rare but important (feedback, i oy o
. . Main Sequence l' Common
chemical enrichment) | c
nvelope
Roche Lobe Overflow Q-
|

Complex physics in multi-staged WR-star .l O
evolutionary process

|

Supernova, Common Envelope, Mass
Transfer, BH natal kicks @ Mierser

~ 6 to 9 steps: survival is 0.01-10%

[figure from Marchant et al. 2016]
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GW150915 & GW151226:
both field and cluster formation are possible

Isolated Binaries:

GW150914; weaker winds & weak metallicity. o e @ S
GW151226; tension with the chemically s [ .@ S Sy
homogenous model & dark matter models. . ;:::

[e.g., Bird et al. 2016] ssus | or 42.3Mo( . ";,C:) MS  849Mo 3112 000
local Universe; recent formation, short merger
delay time -or- early Universe formation with a il
long merger delay time N I
Cluster: O e o] 5 0

metallicity lower than solar

[Belczynski et al. 2016;
see also Kinagawa et al. 2016,

~1 Gyr to form binaries, wide range of delay Eldridge et al. 2016, ..
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How to discriminate between formation channels

Isolated Binaries: [Vitale et al. 2015]
0.025 T !Postqrior d!istribption for mixture parameter _
. . . : = 00 | anti-
Spins - preferentially aligned 0020]| 2ligned |7 M1 - ;
0.25
L ~ aligned
Y T S —— R ]
mass ratios < 0.5 are difficult to form < Il
0.005|
; : 0000l 28 S, D4
Dense Environment: SO P PO E @ RO
, ' . _ fa: mixing parameter
Spins - all configurations between formation channels
mass ratios - all allowed = 10% for 200 events
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Astrophysical rates could soon probe
formation scenarios

06 e o ol ol _ -3 -1
Event Based J- 240 GpC yr

GW150914

LVT151012 Excludes < 10 Gpc3yrt =

]

|solated

— Disfavours a v. low common
envelope binding energy or
— V. high BH natal kicks

(> several hundred km s)

Dvnhamical

AL Disfavours low-mass clusters
10-1 100 10! 10
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[LVC, arXiv:1606.09619, 2016; see Tom Dent’s talk this afternoon] 37/47




Future perspectives
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Tens of BH detections in the next few years

100%
80%
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20%

P(N > {10,35,70}{z;}, (VT))

0%
1 10

surveyed time volume
[LVC, arXiv:1606.09619, 2016] 39/47



BBH detections out to redshifts of a couple

Mc (M)
10 20 30 40 50 60
[ [ * [ [ [ [ 2-97
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— 2019+ -0.09
—2017-2018 i
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—2010 10.02
20 40 60 80 100 120 140 160

[LVC, ApJL 818, L22, 2016]
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GW enable a few % error in Hubble
constant ... importance of populations !!!

[see also Schutz 1986, Dalal et al. 2006,
Sathyaprakash et al. 2010,
Messenger et al. 2012, Taylor et al. 2012, ... ]

[Nissanke et al., 2010,13]
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Similar reasoning applies detecting BH kicks, testing GR and neutron star

equation of states ...
[e.g., Lasky et al. 2016, Yunes et al. 2013, Meidam et al. 2014, Lackay & Wade 2014, Agathos et al. 2014,15] 41/47



Statistical host galaxy demographics with

SDSS GW galaxy catalog
n O CO u nte r p a rt see https://astro.ru.nl/catalogs/
D, (Mpc) sdss_gwgalcat/index.html
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Hundreds of resolvable BHB by
space-based GW detectors before they enter
LIGO- Virgo band

[Sesana 2016; see also Brevik et al. 2016, Klein et al. 2016, Vitale 2016]
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Plethora of other GW sources

Low Frequency GWSs High Frequency GWSs

Neutron Star Binary Mergers

Supermassive Black
Hole Binary Mergers
with gas

Credit: NASA

Pulsar Supernova

Credit: Bode, GIT

AM CVn (mass-
transferring
White Dwarfs )

-

Credit: NASA Credit: NASA Credit: CIT

First-order phase transitions, superstring kink and cusps, inflationary signature, new sources
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Combine & interpret GW +
Electromagnetic (EM)

from the GW chirp from EM signature

Masses : :
Mass ejecta and velocity

Magnetic field strength
Energetics and Beaming
Redshift, Accurate Position

Spins

NS radii

, , Nuclear Physics -> Opacities
Geometric properties:
- Inclination angle
- Source Position

- Luminosity distance

Strong sighal binary: Characterization
Population: Demographics, ecology and census

Stellar populations
Previous binary evolution & mass loss




Recent change: we now have the potential
to detect GW and EM radiation

< ) >

—

wwwblackeme j;; |

Learn about sources’ ~ Learn about sources’
dynamic and environment and
fundamental properties energetics
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http://www.blackgem.eu

The immediate future is loud and bright!

Immediately: GW detector sensitivity & network increases => Tens of BBH mergers yr
and first EM-GW detections

Tests of GR: population constraints and single source studies; test of no-hair theorem.
Astrophysical implications:

1) Constraints from rates and spin/mass ratios: binary stellar evolution & BHs
through cosmic history;

2) EM-GW joint characterization: learn about the nature and
environments(circumstellar, etc...), neutron star equation of state, internal
structure;

3) Cosmological constraints Ho; geometry and dynamics of large scale structure.

What needs to be done urgently:
1) GW waveform : spin and fast characterization for BBHs, alternative theories of
gravity
2) EM-GW joint characterization & statistical tools required now (to make detection!)

Beyond LIGO, Virgo era: Witness the opening of the entire GW spectrum with CMB, PTAs,
eLISA, new generation ground based detectors ...
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The GW waveform encodes source parameters
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The GW waveform encodes source parameters

le—21 le—21

oom in

“
4

iy
1.5 210 215 310 315 410 415 5.0 4.80 4.I85 4.I90 4.I95 5.00
time (s) time (s)

‘ /

hy(t) = A[MDf(t)] (1 + cos® ) cos P (t) hy(t) = B[MDf(t)] (cos i) sin Paw ()

10/1



The GW waveform encodes source parameters
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Lifecycle of Isolated Binary Massive Stars

Rare but important (feedback,
chemical enrichment)

Complex physics in multi-staged
evolutionary process

Chemically-homogenous model



Tale of two binaries




GW waveform describes Binary Black Hole

evolution
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Decades of theoretical effort in source modelling
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Chirp mass drives inspiral waveform
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... remnant mass & spin
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Chirp mass drives inspiral waveform
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Chirp mass drives inspiral waveform
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