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Forma;on	Channels	

Stellar	Density		

1.	“Evolu,onary”	
forma,on	channels	

2.	Dynamical	
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Scope	

I.   Classic	“Common	Envelope”	Channel	
	(or	other	forms	of	highly	non	conserva,ve	mass	transfer)	

II.   “Chemically	Homogeneous”	Channel	
	(Other	names:	Case	M,	Rota,onal	channel,	Tidal	mixing	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,	...	

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

1.	“Evolu,onary”	
forma,on	channels	
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Two	Challenges		
for	all	forma;on	scenarios	
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Progenitors	
Coalescence	Forma,on	BHs	Birth	

1.  “SeparaBon	Challenge”	
	

2.  	“Mass	Challenge”	
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Progenitors	
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Using	Peters	‘64	

How	long		
‘,ll	coalescence?	

SeparaBon	(Ro)	

M
as
s	B

H 1
	(M

o)
	



BinCosmos

Progenitors	
Coalescence	Forma,on	BHs	Birth	

Using	Peters	‘64	SeparaBon	(Ro)	

M
as
s	B

H 1
	(M

o)
	

1.  “SeparaBon	Challenge”	
	
How	to	get	Black	holes	close	enough		

to	coalesce	in	a	Hubble	Bme?	
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1.  “SeparaBon	Challenge”	
	

How	to	get	Black	holes	close	enough		
to	coalesce	in	a	Hubble	Bme?	

a . 10R�

	
	

2.  	“Mass	Challenge”	

How	to	avoid		
excessive	Mass	loss?	
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30	solar	masses	is	rather	massive	…		
typical	range	inferred	from	X-ray	binaries	is	5-10	Mo	

Farr	et	al.		

Some	are	more	massive...	
but	debated,	complic.	w/	wind	features)	

Caveat:		
	X-ray	binaries	probe	our	local	(metal	rich)	environment	
	Probably	not	representaBve	

Farr	et	al.	201x	
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The	Ini;al	condi;ons	

Coalescence	Forma,on	BHs	Birth	



BinCosmos VLT-FLAMES	(Evans,	Sana),	HST	(Sabbi,	Lennon,	Crowther),	Chandra	(Townsley)		

Black	Holes	in	the	making:	Tarantula	Nebula	
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1.	Masses	
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Nine	“Monster”	stars			
Crowther+10,+15		

1.	Masses	

Current
	masses:		

~	100	-	2
50	Mo	



BinCosmos VLT-FLAMES	(Evans,	Sana),	HST	(Sabbi,	Lennon,	Crowther),	Chandra	(Townsley)		

2.	Binary	Separa;ons	

Orbital	Period	(d)	
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Almeida	et	al.	(2016,	prep)	
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1.	Mass	Challenge	



BinCosmos

Need	for	reduced	winds	
Belczynski	et	al.	2010	

	Astrophysical	implica,ons	paper	
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Reduced	(line	driven)	winds		
at	lower	metallicity	

Vink	et	al.	2000,	Mokiem	et	al.	2005	
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Mass	loss	uncertain;es	
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Mass	loss	uncertain;es	
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2.	Separa;on	Challenge	
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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,	...	
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Classic	Channel	
Belczynski	et	al.	2016	
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Classic	Channel	(part	2)	
Belczynski	et	al.	2016	
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(Other	names:	Case	M,	Rota,onal	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),	…	

2.	Chemically	Homogeneous		
Channel	



Ramirez-Agudelo	et	al.	(2013,	2015)	

…	very	rapidly	rota;ng	single	stars	...	

Projected	Rota;onal	Velocity	(km/s)	
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Effect on the stellar structure 

Fast rotator: 

Time 

Chemically Homogeneous 

Standard Evolution 

Maeder 87, Yoon & Langer 05 

Slow rotator: 
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Effect on the stellar structure 

Fast rotator: 

Time 

Chemically Homogeneous 

Standard Evolution 

Maeder 87, Yoon & Langer 05 

Slow rotator: 
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Surface composition 
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What about binaries? 
Chemically Homogeneous Standard Evolution 

Ti
m

e 
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What about binaries? 
Chemically Homogeneous Standard Evolution 

Ti
m

e 

De Mink et al. 2008, 2009 
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De Mink et al. 2008, 2009 
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Based on a grid of 
single stellar models by Yoon et al. 06 

Normal 
evolution 
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Spherical 

Distorted 

Which stars evolve homogeneously? 
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Based on a grid of 
single stellar models by Yoon et al. 06 

Normal 
evolution 
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Excluded for binaries 

For tidally locked binaries 
Z=0.004 

Contact binaries 

De Mink et al. 2008, 2009 
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Proof of principle 
1.7 days 

Z = 10-5 

M1~M2~100M¤ De Mink et al. 2008, 2009 



Selma de Mink  Argelander Institute Bonn Mykonos 2010 

Binary models 
1.7 days 

1.4 days 

1.2 days 

core  
H-burning 

Z = 10-5 

M1~M2~100M¤ 

H-shell burning 

De Mink et al. 2008, 2009 
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Binary models 
1.7 days 

1.4 days 

1.2 days 

1.15 days 

Start He-burning 

Z = 10-5 

M1~M2~100M¤ 

Core  
H-burning 

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

De Mink et al. 2008, 2009 



Is	this	really	happening?	
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Almeida,	Sana,	de	Mink	et	al.	(2015)		



Do	the	Binary	BHs	merge?		
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Cosmic	Star	forma;on	
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For	O1	16	day	run	
è 1-2	events	
è Sensi,vity:	3%	of	ALL	events	
è median	merger	redshil	=	0.2	
(event	lies	at	lower	10th	percen,le)	

Cosmic	Merger	Rate	

For	Full	sensiBvity		
è 450	event	per	year	
è Sensi,vity:	40%	of	ALL	events	
è median	merger	redshil	=	0.5	



“Predicted”	Total	Masses	
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“Predicted”Chirp	Masses		
0 0.2 0.4 0.6 0.8 1

0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r

0 20 40 60 80 100
0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

0 50 100 150 200 250
0

2

4

6

8

10

12

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

0 20 40 60 80 100
0

2

4

6

8

10

12
D

et
ec

ta
bl

e 
m

er
ge

rs
 p

er
 y

ea
r in source frame

redshifted

0 50 100 150 200 250
0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

Chirp mass

Total massChirp mass

Total mass
in source frame

Mass ratio

in source frame
Mass ratio

GW150914

GW150914

GW150914

GW150914

F
u

ll
 d

e
s
ig

n
 s

e
n

s
it
iv

it
y

GW150914

GW150914

F
u

ll
 d

e
s
ig

n
 s

e
n

s
it
iv

it
y

F
u

ll
 d

e
s
ig

n
 s

e
n

s
it
iv

it
y

S
e

n
s
it
iv

it
y
 O

1

S
e

n
s
it
iv

it
y
 O

1

S
e

n
s
it
iv

it
y
 O

1

De	Mink	&	Mandel	(subm)	



0 0.2 0.4 0.6 0.8 1
0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r

0 20 40 60 80 100
0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

0 50 100 150 200 250
0

2

4

6

8

10

12

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

0 20 40 60 80 100
0

2

4

6

8

10

12

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

0 50 100 150 200 250
0

20

40

60

80

100

120

D
et

ec
ta

bl
e 

m
er

ge
rs

 p
er

 y
ea

r in source frame
redshifted

Chirp mass

Total massChirp mass

Total mass
in source frame

Mass ratio

in source frame
Mass ratio

GW150914

GW150914

GW150914

GW150914

F
u
ll
 d

e
s
ig

n
 s

e
n
s
it
iv

it
y

GW150914

GW150914

F
u
ll
 d

e
s
ig

n
 s

e
n
s
it
iv

it
y

F
u
ll
 d

e
s
ig

n
 s

e
n
s
it
iv

it
y

S
e
n
s
it
iv

it
y
 O

1

S
e
n
s
it
iv

it
y
 O

1

S
e
n
s
it
iv

it
y
 O

1

“Predicted”	Mass	Ra,os	
De	Mink	&	Mandel	(subm)	
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Almeida,	Sana,	de	Mink	et	al.	(2015)		

Anima,on	credit:	ESO:	L.	Calcada		
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