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Bin *Merchandise: Baby black hole, comes with adoption certificate www.etsy.com




(A)
Binary Black Holes
of Stellar Origin

(B)
Primordial i _
Black Holes  #&uawi [N ‘ ?
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(A) Stellar Origin Black Holes 6@_

v Gravitational Collapse of v" Observed
(the core of) a massive star (albeit at somewhat lower mass)

(B) Primordial Black Holes

v’ Gravitational Collapse of v" Somehow evaded strong constraints by
extreme densities at high redshift * Micro lensing events

 CMB spectral distortions
v" Constituent of Dark Matter

(instead / in addition to more popular
but still elusive WIMPs) v’ Still hypothetical ... (so far)

Carr & Hawking (1974), Carr (1975, 1976), Garcia-Bellido et al. (1996), Khlopov (2010), Frampton et al. (2010), Blais et al.
(2002), ...




Birth of progenitors stars Formation black holes Coalescence




formation channels formation channels

Isolated .7 Dense Stellar .. .
Binaries .. - Environments

Stellar Density



formation channels

v’ Classical channel
(involving common envelope or
other forms of mass transfer)

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

Vo

formation channels

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



Two Main Challenges
for all progenitor scenarios




Birth Formation BHs Coalescence




Formation BHs Coalescence
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Formation BHs Coalescence
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LIGO Hanford Data Predicted

Strain (10?%")

! |
1 1

LIGO Livingston Data Predicted

Strain (10%")

Gravitational Waves X-ray Binaries

Caltech/MIT/LIGO Lab ESO/L. Calgcada/M.Kornmesser
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Cosmos



Solar Masses
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X-Ray Studies

Courtesy Caltech/MIT/LIGO Laboratory




Black holes with Known Masses:
Typlcally 5-10 M,

‘Nova Mus 1901 | l GRO J0422 |
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Some seem to be more massive... ]
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Birth Formation BHs Coalescence
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Belczynski et al. 2010

Astrophysical implications paper
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Renzo et al. (in prep)
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What do we know about the
progenitors
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Closest Peak at their Progenitors

Large Magellanic Cloud
2/2,=~1/2

Small Magellanic Cloud
2/7,=~1/5

Bin| .
Cosmos
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Nine “Monster” stars
Crowther+10,+15
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Dynamical formation Channels

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




Movie available through Carl’s website

Bin Credit — Northwestern Visualization, Carl Rodriguez




Evolutionary
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1. 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, ...




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

3.8354 | He star 39.0 Mo, 84.7 Mo | 3579 0.00

Bin
Cosmos




Belczynski et al. 2016

§ DIRECT BH
38354 |BH 35 M, ¢ ‘ MS  847Mo | 3700 003

5.0445 |BH 35.1 Mo CHeB 822My | 3780 0.03

50445 |BH  365M, . . He star 368 M. | 438 0.00

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

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

10,294 o 0 0.00




2. Chemically Homogeneous
Channel

(Other names: Case M, Rotational channel, Tidal mixing channel )

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

Vot




... very rapidly rotating single stars ...
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Effect on the stellar structure

H rich
Slow rotator: ‘

Standard Evolution

Time

Maeder 87, Yoon & Langer 05

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Effect on the stellar structure

H rich
Slow rotator: ‘

Standard Evolution

Time

Fast rotator: |< ™ < \

Chemically Homogeneous

Maeder 87, Yoon & Langer 05

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Surface composition

Yoon + 06

Helium (at stellar surface)

60 M

sury

Z =0.004

0.7
0.6 f
05 F
03V,
0.2V,
0.4 f
03t 0.1V,
02 L = = B = - L -l
0 0.5 1 1.5 2 2.5 3

Mykonos 2010

Selma de Mink

Argelander Institute Bonn



What about binaries?

Standard Evolution
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Roche lobe
overflow

Mykonos 2010 Selma de Mink Argelander Institute Bonn



What about binaries?

Standard Evolution Chemically Homogeneous

AT TS TN TN
// \\ // \\ \\
/ ANV \ \
[ Y \ \
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Roche lobe

overflow '

e De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Which stars evolve homogeneously?

Spherical

\ 2

: Normal
4 evolution

S |
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Distorted

lllllll

Based on a grid of 20 40 60 80 100
single stellar models by Yoon etal. 06 M (Mg) De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink Argelander Institute Bonn



For tidally locked binaries

S N 7=0.004
Normal
4 evolution
)
3 i@
5 1 <@
- Chemically
[, . homogeneous
'.é :
© 5
1 ) -
i Contact binaries :
2 Ia |I L ‘ " j | i A1
20 40 60 80 100

Based on a grid of
single stellar models by Yoon etal. 06 M (M@)

De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink
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Proof of principle

; 51 505 5 495 49 485 48 475
Z=10 log T (K)
M,~M,~100M, De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Binary models

———— H-shell burning — - '
ol , N
_i% 6.4 _‘  ) | | Y : |
g) 63 | . | . : : : _
6.2 | | | ‘, -
6.1 | :
51 505 5 495 49 485 48 475
= 105
Z 10 |Og Teﬁ (K)
M,~M,~100M, De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Binary models

Start He-burning ———— . .
6.6

6.5

More recent work:
Larger grids with 2 different codes
Song+(2015) & Marchant+ (2016)

S 83
6.2 | * : Core
| H-burning
6.1 | NN N
. 51 505 5 495 49 485 48 475
Z=10 log T (K)
M,~M,~100M, De Mink et al. 2008, 2009

Mykonos 2010 Selma de Mink Argelander Institute Bonn



s this really happening?




Almeida, Sana, de Mink et al. (2015)

Mykonos 2010 Selma de Mink Argelander Institute Bonn



Do the Binary BHs merge?

~
o

)]
o

v

within a Hubble time

Simulated BBH progenitors
N W S 6)
o o o o

—_
o

2 4 6 8 10 12
7_delay (Gyr)

Mandel & De Mink (2016) cf. Marchant et al. (2016)
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Cosmic Star formation
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Merger rate per (Gpceyr)

Cosmic Merger Rate

De Mink & Mandel (2016)
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“Predicted” Total Masses

De Mink & Mandel (2016)
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“Predicted”Chirp Masses

De Mink & Mandel (2016)
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Detectable mergers per year

“Predicted” Mass Ratios
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De Mink & Mandel (2016)
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Chemically Homogeneous Channel
to form BH-BH mergers

Mandel & De Mink, Marchant et al. (2016), De Mink & Mandel (2016)

Normal Evolution
<

Merger or
severe mass loss

e.g. Kippenhahn (1969)

uoilnjony
snoauabowoH Ajpd1way>

De Mink et al (2009)

A |
S.E. de'Mink



Wrap Up
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Making-of

(i) (ii)

“Classical” Channel

Dynamical interactions

(iii)
“Homogeneous evolution”
in tidally distorted binaries

Bin
‘ Cosmos



... Positions opening in Amsterdam
to work on massive binaries




