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Known Black Holes™
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We weren’t even really*
expecting a binary black hole
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Fig. adapted from LIGO+2016 ArXiv 1607.07456v1
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Fig. adapted from LIGO+2016 ArXiv 1607.07456v1
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Fig. adapted from LIGO+2016 ArXiv 1607.07456v1
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Fig. adapted from LIGO+2016 ArXiv 1607.07456v1
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Fig. adapted from LIGO+2016 ArXiv 1607.07456v1
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How, When, Where?




4. Birth of progenitors stars 3. Formation binary black holes 2. Merger 1. Detection of signal
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(A) This Talk and

. . talk by Rodriguez
Stellar Origin

(B)f‘

Primordial

e.g. Carr & Hawking (1974), Carr (1975, 1976),
Garcia-Bellido et al. (1996), Khlopov (2010),

Frampton et al. (2010), Blais et al. (2002) ... é You are
Talk by: Horowitz Cosmic time here
Bin

\Cosmos



Two Main Challenges

for all progenitor scenarios




Birth Formation BHs Coalescence
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Formation Channels




1. Evolutionary 2. Dynamical

Isolated . . i: DenseStellar .

BinGEs ¢ Environments .,




1. Evolutionary

v’ Classical channels
(involving a common envelope or
other highly non-conservative mass
transfer)

v" Chemically Homogeneous Channel
(mixing processes in near contact
binaries)

v Hybrid channels & Pop Ill stars ...

2. Dynamical

v’ Chaotic Dynamics in dense Star
Clusters or Nuclear star clusters

v' Resonances in Triple systems

v Gaseous AGN discs near
supermassive black holes in
centers of galaxies

Vo




(1a)

Classic
Common Envelope Channel

Tutukov & Yungelson 1973, 1993; Lipunov, Postnov & Prokhorov (1997), Bethe & Brown (1998),
Bloom, Sigurdsson & Pols (1999), De Donder & Vanbeveren (2004), Grishchuk et al. (2001),
Nelemans (2003), Voss & Tauris (2003), Pfahl, Podsiadlowski & Rappaport (2005), Dewi,
Podsiadlowski & Sena (2006), Kalogera et al. 2007; O’Shaughnessy et al. (2008), Mennekens &

Vanbeveren (2014), Dominik et al. (2015), de Mink & Belczynski (2015), Belczynski et al. 2016, ,
Kruckow et al. (2016)...




t=120.00d

0 50 100
x/RO

HYDRODYNAMIC MOVING-MESH SIMULATIONS Ohlmann et al. 2015

Bin
Cosmos



p/gem™
1078 1077 1076 1073 104 1073

Distance / Ry

100

50

-100
t=120.00 d
-100 =50 0 50 100
x/Ro
HYDRODYNAMIC MOVING-MESH SIMULATIONS Ohlmann et al. 2015




Belczynski et al. 2016

TIME [Myr] a[Ro] e

ZAMS
00000 |MS 962 Mo MS 60.2 Mo | 2463 0.15

RLOF /’

35445 |HG  922Mg ’(\ ‘ J MS  599Mo|2140 000




Belczynski et al. 2016

TIME [Myr] a[Ro] e

0.0000 |[MS 962 Mo 60.2 Mo | 2463 0.15

3.5445 |HG 92.2 Mo 599 Mp | 2140 0.00

HG
3.5448 or 42.3 Mo
CHeB

849 Mg | 3112 0.00

\s~_—’

3.8354 | He star 39.0 Mo ‘ MS 84.7 Mo | 3579 0.00

J DIRECTBH ‘

8354 [BH 35| Mo MS 847 Mo | 3700 003




Belczynski et al. 2016

§ DIRECT BH
38354 |BH 351 Mo ¢ ‘

MS  847M | 3700 003




Belczynski et al. 2016

§ DIRECT BH
@

3.8354 |BH 35.1 Mo MS 84.7 Mo | 3700 0.03

50445 |BH 35| M,

CHeB 822My | 3780 0.03




Belczynski et al. 2016

§ DIRECT BH
38354 [BH 350 Mo * ‘ MS  847Mo | 3700 003

5.0445 |BH 35.1 Mo CHeB 822My | 3780 0.03

5.0445 |BH 36.5 Mo . . He star 368M. | 438 0.00

5.3483 |BH 36.5 Mo ® . He star 342 M | 453 0.00
} DIRECTBH

53483 [BH  365M, . : ‘MERGER BH  308M. | 478 005

10,294 ® 0 0.00
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Stevenson, Vigna-Gomez, Mandel, Perkins, Barrett, de Mink (2017)




(1.b)

Chemically Homogeneous
Channel

(Other names: Case M, Tidal mixing channel,
Massive Overcontact Binary Channel)

de Mink et al. (2008, 2009), Mandel & de Mink (2016), Song et al. 2016; Marchant et al. (2016),
de Mink & Mandel (2016), Marchant et al. (subm.)
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Bin | e . AImeida; Sana, de Mink et al. (2015)
Cosmos . Image Credit:ESO/L. Calcada



Standard Evolution

Roche lobe
overflow

Chemically Homogeneous
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Simulated BBH progenitors
—_ N w LN O1 (@) ~
o o o o o o o

o

Mandel & de Mink (2016)

4 6 8 10 12

Time until Merger (Gyr)
cf. de Mink & Mandel (2016)
Marchant et al. (2016)




De Mink & Mandel (2016)

|

GW150914

Mass ratio

50 100 150 200 250

‘ Total Mass (1+z) M_,,
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How to proceed from here?

Homework for
(Evolutionary) Theorists

Bin
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Fast merger

Ll

-
-

Marchant, ... w/SdM (2017, subm.)

Independent observational
constraints from EM observations
of side products:

* Pair Instability Supernova

e Ultra Luminous X-ray sources
* Contact binaries

* Merger events



o 70 1 Boisson, Podsiadlowski, Marchant ... w/SdM (in prep)
. 06
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De Mink & King (2017)

Timescale: Hours after GW event
Assumption: Needs disk 103 My,

Signal: 10*2erg/s, medium energy X-
rays extending to longer wavelengths

1. Slow orbital decay: Lgw > Tvise
resonant torques & viscous spreading

Warning: Large Uncertainties

2. Fast orbital decay: Tgw < tyise
decoupling of the disk

3. Merger and recoil:
sudden rearrangement of the disk

Rossi et al. (2010)



Conclusions




How did they form?
Separation Challenge & Mass challenge

Stellar origin vs Primordial origin

Evolutionary scenarios vs Dynamical scenarios
Classic: Common Envelope

New: Homogeneous Evolution channel

New results

By products: Pair Instability SN, ULXs)
BH merger demographics: (Mass gap)

EM Counter parts:

Hours after GW event from circumbinary disk responding to
recoil, if present Caveat: Very Large Uncertainties.

Teaser: Review for Annual Review in A&A in prep.

‘ Cosmo
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