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Known Black Holes™
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Solar Masses
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Local Responses

Predicted

LIGO Hanford Data

1.0 | LIGO Livingston Data  predicted

(zOL)u

ens

SAAGSNAS
COAAT AL L

AN

A s

L




Where we are today
LIGO/Virgo’s “stellar graveyard”




Scope of this Talk
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Caveat: Errors on individual masses

are large
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Stellar Graveyard




When and Where




4. Birth of progenitors stars 3. Formation binary black holes 2. Merger 1. Detection of signal
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“3 few” Myrs - “a few” Gyrs - 1.4 Gyrs

Time

The progenitors did not live in our “back yard” “




(A)
Stellar Origin

dark
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v.

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

Frampton et al. (2010), Blais et al. (2002) ... _— ~: You ére
Cosmic time here



Part |
New insights in the
Stellar progenitors




Tarantula Nebula - a Compact Object:“Factory”
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Stars Exceeding the canonical Mass Limit

Nine “stars : > 100 M,
Crowther, Caballero-Nieves + w/dM 2016
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Ramirez-Agudelo et al '13,'15
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He stars

. WDs
non-degenerate post-MS

naway Stars & P

Evans+10, Sana + 2017 prep,
Renzo+ 2017 prep
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This is not exotic

>15 M,
Sana & de Mink et al.

cf. Abt+78, Kobulnicky+Fryer07, Mason+09,

Bin Chini+12, Kobulnicky+14, Sana+12, Sana+13,
Cosmgl)s Dunstall+15, Moe+16, Almeida+17, ...



Beta Lyrae: 13 + 3 My,
(CHARA array, Zhao et al. ApJ 684, L95)




Life with a companion
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Star in a Binary models

He Giant M, =15M, q70.8 Githerg et al. (2017)
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Animation of the life of a typical massive Star
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Part 2
Gravitational Wave Progenitors




Stellar Graveyard

LIGO-Virgo Black Holes o
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LIGO-Virgo Neutron Stars
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Stellar Graveyard

LIGO-Virgo Black Holes
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Real Stellar Graveyard

LIGO-Virgo Black Holes

Known Neutron Stars
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Stellar Graveyard

° X-ray Binary
Black Holes
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45— 120 M,

37
M

athieu Rob Renzo, Farmer, de Mink + in prep.
Renzo Farmer
3. Explosive
2. Softening of EOS (oxygen)
triggers collapse ignition
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BH mergers per year
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Part 3
Formation channels for compact
binaries
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Formation Channels




1. Evolutionary 2. Dynamical

‘ Cosmos




formation channels formation channels

i) Classical ii) Dynamical
(Common Envelope) formation in

massive star clusters

{ i) Chemically ] {:\L'av?;:::';?:}

Homogeneous .
Nuclei

vii) Stable mass . =
transfer vi) Triple systems v) Kozai
Pi€ 5y resonance with
SMBH

Stellar Density

In prep. for Annual Review in Astronomy & Astrophysics (De Mink & Antonini)
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Formation Channels
1) Classic Common Envelope Channel




I) Classical Evolutionary Channel:
Common Envelope




Stevenson, Vigna-Gomez, Mandel, Perkins, Barrett, de Mink (Nature Com., 2017)
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“I think you should be more
explicit here in step two.”
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Tauris et al. 2017 |
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Stevenson, Vigna-Gomez, Mandel, Perkins, Barrett, de Mink (Nature Com., 2017)
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Formation Channels
2) Dynamical formation




Slides by Carl Rodriguez

cf. Sigurdsson & Hernquist 1993; Portegies Zwart & McMillan 2000; Miller
& Lauburg 2009; Rodriguez et al. 2015, 2016; Antonini et al. 2016, ...
(incomplete)



Slides by Carl Rodriguez




Slides by Carl Rodriguez




Slides by Carl Rodriguez




Slides by Carl Rodriguez




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

de Mink et al. (2008, 2009), Mandel & de Mink (2016), Song et al. (2016), Almeida et al. (2017),
Marchant et al. (2016), de Mink & Mandel (2016), Marchant et al. (2017)

" Pablo
Marchant




Marchant+16,17
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Standard Evolution

Roche lobe
overflow

Chemically Homogeneous
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Simulated BBH progenitors
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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)
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GW150914

Mass ratio
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Conclusions




Quoting V.S.: “l used to think Stellar Evolution was a solved problem”
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Forget about this ...

Low & Mass
<8 M,

High Mass
8-25M,

(Size not to scale)

... much more interesting than you learned in school
Bin
Cosmos
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“Stellar Graveyard” today
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How do we know?




How do we know?

cf. Abt+78, Kobulnicky+Fryer07, Mason+09,
Chini+12, Kobulnicky+14, Sana+12, Sana+13,
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Cummulative distribution

<>Sana, de Mink et al. (2012)

10 100

1000

Orbital Period (days)

Young clusters (MW)
fyno = 0.56 £0.06
N,=71

[ Kobulnicky et al. (2014)
association Cyg OB2 (MW)
fono =0.510.07

No= 45

Almeida et al. w/SdM (2017)
30 Doradus (LMC)
foino =0.35+0.03

N, = 360

Barba et al. *
OWN Southern sky (MW)
fbm’ o =0.50£0.03

N, = aa205
*Adapted from Sana (2017)

- sana feos

v onl




o

bution

O
0o

[

Il

’'Sana, de Mink et al. (2012)

Young clusters (MW)
foino =0.56 £0.06
N,=71

C1 Kobulnicky et al. (2014)

association Cyg OB2 (MW)
f.__ =0.51%0.07

bin,0

No= 45

100

Orbltal Period (days)

Almeida et al. w/SdM (2017)
30 Doradus (LMC)
fono =0.35+0.03

N, = 360

Barba et al. *
OWN Southern sky (MW)
fbm’ o =0.50£0.03

N, = aa205
*Adapted from Sana (2017)

- sana sasnionsl




Four coupled differential equations Independent variable

I. Conservation of Mass M.
dr 1 Four primary variables
dM,  4mr? r, P, L, and T,
Boundary conditions:

dP =_GMZ r=0, L.=0, for M,=0
dM; dar P=0, T=0, for|M, =M,
lll. Conservation of Energy
d L,. Auxiliary equations
dM, —¢ p: equation of state, P = P(p, T, X;)
IV. How is energy transported X: coefficient of conductivity, A(p, T, X;)
dT 1
M = — 167274\ e: nuclear fusion rate, €(p, T, X;)
,,. 0

Nuclear reaction network




