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a b s t r a c t 

It is believed that stellar black holes (BHs) can be formed in two different ways: Either a massive star collapses di- 

rectly into a BH without a supernova (SN) explosion, or an explosion occurs in a proto-neutron star, but the energy 

is too low to completely unbind the stellar envelope, and a large fraction of it falls back onto the short-lived neutron 

star (NS), leading to the delayed formation of a BH. Theoretical models set progenitor masses for BH formation by 

implosion, namely, by complete or almost complete collapse, but observational evidences have been elusive. Here 

are reviewed the observational insights on BHs formed by implosion without large natal kicks from: (1) the kine- 

matics in three dimensions of space of five Galactic BH X-ray binaries (BH-XRBs), (2) the diversity of optical and 

infrared observations of massive stars that collapse in the dark, with no luminous SN explosions, possibly leading 

to the formation of BHs, and (3) the sources of gravitational waves (GWs) produced by mergers of stellar BHs so 

far detected with LIGO. Multiple indications of BH formation without ejection of a significant amount of matter and 

with no natal kicks obtained from these different areas of observational astrophysics, and the recent observational 

confirmation of the expected dependence of BH formation on metallicity and redshift, are qualitatively consistent 

with the high merger rates of binary black holes (BBHs) inferred from the first detections with LIGO. 

© 2017 Elsevier B.V. All rights reserved. 
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1. Introduction 

The formation of stellar BHs is of topical interest for several ar-

eas of astrophysics. Stellar BHs are remnants of massive stars, pos-

sible seeds for the formation of supermassive BHs, and sources of

the most energetic phenomena in the universe, such as the gravi-

tational waves produced by fusion of BHs. 

BHs and NSs are the fossils of stars with masses above ∼8 M �.

It is known that some fraction of NSs have large runaway motions,

probably due to strong natal kicks (NKs) imparted to the compact

object. NKs have also been invoked in models of the core collapse

of massive stars that lead to the formation of BHs. Such models

predict in addition, that under specific conditions, BHs can also be

formed by implosion with no energetic kicks ( Fryer and Kalogera,

2001 ; Fryer, 1999 ), depending on mass, binarity, metallicity, angu-

lar momentum, and magnetic fields, among others properties of

the progenitor star. NKs are of interest in Gravitational Wave Astro-

physics since from population synthesis models of isolated binary

evolution it is inferred that the merger rate of BBHs increases by a

factor of ∼20 when BH NKs are decreased from a kick distribution

typical of NSs to zero ( Dominik et al., 2012 ). 

It is believed that the runaway velocity of a BH-XRB can be

due to the following mechanisms. (1) The sudden baryonic mass-

loss in the SN explosion of the primary star of a binary ( Blaauw,

1961 ) (Blaauw kick). In this case the ejected matter will continue

to move with the orbital velocity of the progenitor, and to conserve

momentum the resulting compact binary will move in the opposite

direction ( Nelemans et al., 1999 ). A sudden mass loss would un-

bind the binary only when more than half the binary’s total mass

is instantaneously lost, which is not expected ( Nelemans et al.,

1999 ). (2) NKs can also be imparted to the compact object, by

anisotropic emission of neutrinos ( Fryer and Kusenko, 2006 ) and

GWs ( Bonnell and Pringle, 1995 ) during core-collapse. If formed in

a dense stellar cluster, other possible causes for the runaway ve-

locity of a compact BH-XRB could be either one of several possible

dynamical interactions in the stellar cluster ( Poveda et al., 1967 ;

Allen, 2011 ; Rodriguez et al., 2016 ), or the explosion of a massive

star that before its collapse formed a multiple bound system with

the runaway compact binary ( Section 2.3 ). 

2. Kinematics of Galactic black hole X-ray binaries 

The kinematics of BH-XRBs can provide clues on the formation

of BHs. If a compact object is accompanied by a mass-donor star

in an X-ray binary, it is possible to determine the distance, radial

velocity, and proper motion of the system’s barycenter, from which

can be derived the velocity in three dimensions of space, and in

some cases the path to the site of birth may be tracked. 

Among the estimated 3 × 10 8 stellar BHs in the Galaxy

( Remillard and McClintock, 2016 ), about 20 BH-XRBs have been dy-

namically confirmed, and until present for only five of those BH-

XRBs it was possible to determine their velocity in the three di-

mensions of space. High-precision astrometric observations with

Very Long Baseline Interferometry (VLBI) at radio wavelengths

provides model-independent distances from geometric parallaxes,

from which can be gathered insights on the X-ray binary systems,

and on the formation mechanism of BHs ( Miller-Jones, 2014 ). In

Table 1 are listed the known parameters of these five black hole bi-

nary systems and the estimated peculiar velocities relative to their

local environment and/or birth place. 

2.1. Black holes formed by implosion 

The end of massive stellar evolution depends on metallicity

( Fryer and Kalogera, 2001 ; Heger et al., 2003 ), binarity ( Linden
Please cite this article as: F. Mirabel, The formation of
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t al., 2010 ), angular momentum ( Georgy et al., 2009 ), nucleosyn-

hesis and neutrino transport for the explosions ( Sukhbold et al.,

016 ), among other possible factors. Despite multiple uncertain-

ies, most models predict that massive stars may collapse form-

ng BHs directly, when no proto-neutron star is formed, a transient

roto-neutron star is formed but unable to launch a SN shock, and

 black hole is formed by fallback of mass after an initial SN shock

as been launched. Stellar BHs may be formed with or without

xplosive ejection of a significant amount of baryonic matter, and

ith or without natal kicks. 

In Fig. 1 is shown as an example what sort of explosion and

emnants of single stars are left as a function of initial mass and

etallicity of the stellar progenitors, assuming stellar winds are

he only means of mass loss ( Heger et al., 2003 ). For stars be-

ween metal-free and about solar metallicity this model predicts

hat stars between 25 and 40 M � end as BHs by SN mass fallback,

r by direct core collapse when the stellar mass is above ∼40 M �

nd metallicity less than ∼0.6 solar. 

Cygnus X-1 is an X-ray binary at a distance of 1.86 ± 0.1 kpc

 Reid et al., 2011 ) composed of a BH of 14.8 ± 1.0 M � and a 09.7lab

onor star of 19.2 ± 1.9 M � with an orbital period of 5.6 days and

ccentricity of 0.018 ± 0.003. 

There have been several efforts to model the evolution of

ygnus X-1. Assuming Cygnus X-1 has a runaway velocity of

50 km s −1 it had been estimated that this velocity could be ac-

ounted by the ejection of at least 2.6 M � in a successful SN, with-

ut need of a NK ( Nelemans et al., 1999 ). In a more recent model

 Wong et al., 2012 ) it was found that at the time of core collapse

he BH received a kick of < 77 km s −1 at 95% confidence, but this

onstraint is not particularly strong. 

Later, it was pointed out that Cygnus X-1 appears to be at com-

arable distance and moving together with the association of mas-

ive stars Cygnus OB3, and therefore was proposed ( Mirabel and

odrigues, 2003 ) that the BH in Cygnus X-1 was formed in situ

nd did not receive an energetic trigger from a NK or mass loss

n a SN. The more recent VLBI measurements at radio wavelengths

 Reid et al., 2011 ) of the parallax and proper motion of Cygnus X-

, and the new reduction of the Hipparcos data for the association

ygnus OB3 ( Mel’nik and Dambis, 2009 ), show that within the er-

ors, the distance and proper motion, -as well as the radial velocity

f the BH X-ray binary barycenter-, are consistent with those of the

ssociation of massive stars, which reaffirmed the conjecture that

ygnus OB3 is the parent association of Cygnus X-1. The motions

n the plane of the sky of Cygnus X-1 and Cygnus OB3 are shown

n Fig. 2 . 

The upper limit of the velocity in three dimensions of Cygnus

-1 relative to the mean velocity of Cygnus OB3 is 9 ± 2 km s −1 ,

hich is typical of the random velocities of stars in expand-

ng stellar associations ( Blaauw, 1961 ). The peculiar motion of

ygnus X-1 relative to Cygnus OB3 implies that the X-ray binary

ould have reached its projected distance of ∼56 pc from the cen-

er of Cyg OB3 in (6.5 ± 2) × 10 6 years ( Mirabel and Rodrigues,

003 ). 

A lower limit for the initial mass of the BH progenitor can be

stimated by assuming that all massive stars of the parent stel-

ar association, including the BH progenitor of Cygnus X-1, were

ormed over a short time span. The highest-mass main-sequence

tar in Cyg OB3 is of spectral type O7 V and has 40 ± 5 M � ( Massey

t al., 1995 ). Because more massive stars evolve faster, the lower

imit for the initial mass of the BH progenitor in Cygnus X-1 is

0 ± 5 M �. The upper limit for the initial mass would be equiva-

ent to that of the highest mass stars found in Galactic associa-

ions, up to ∼100 M �. The time since the formation of Cygnus OB3

nd the progenitor of Cygnus X-1 as inferred from models of stel-

ar evolution is (5 ± 1.5) ×10 6 years, and it is consistent with the
 stellar black holes, New Astronomy Reviews (2017), 
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Table 1 

Parameters of black hole X-ray binaries and peculiar velocities. 

BH-XRB M BH (M �) M donor (M �) Sp Type V pec (km s −1 ) e (galactic) e (orbital) P (days) 

GRO J1655 − 40 5.3 ± 0.7 1,16 , 19 2.4 ± 0.7 1,19 F6-7IV 1,19 112 ± 18 2 0.34 ± 0.05 2 0.0 19 2.62 1 

XTE J1118 + 480 7.6 ± 0.7 3 0.5 ± 0.3 3 K7-M1 V 5 183 ± 31 4,18 0.54 ± 0.05 18 0.0 14 0.17 6 

V 404 Cyg 9.0 ± 0.6 7 0.75 ± 0.25 8 K0 IV 7 39.9 ± 5.5 9 0.16 ± 0.02 15 0.0 8 6.47 8 

Cygnus X − 1 14.8 ± 1.0 10 19.2 ± 1.9 10 O9.7Iab 10 < 9 ± 2 11 0.018 ± 003 10 5.6 10 

GRS 1915 + 105 10.1 ± 0.6 20 0.5 ± 0.3 20 K-M III 12 22 ± 24 13 0.28 ± 0.05 17 0.0 12 34 12 

BH-XRB = Black hole X-ray binary with velocities determined in three dimensions, M BH =Mass of black hole in solar units, 

M donor =Mass of donor star, Sp Type=Spectral Type of donor star, V pec =Peculiar velocity of the BH-XRB barycenter relative to 

its birth site or environment, e (galactic) = Galactic orbital eccentricity, e (orbital) = binary orbital eccentricity, P = binary orbital 

period. 
1 Beer M., and Podsiadlowski, P. MNRAS 331 , 351 (2002). 
2 Mirabel, I.F., Mignani, R., Rodrigues, I. et al. A&A . 395 , 595 (2002). 
3 Khargharia, J., Froning, C.S., Robinson, E.L. et al. AJ 145 , 21 (2013). 
4 Gualandris, A., Colpi, M., Portegies Zwart, S. et al. ApJ 618, 845 (2005). 
5 Wagner, R.M., Kreidl, T.J., Howell, S.B. et al. ApJ 556 , 42 (2001). 
6 McClintock, J.E., Haswell, A., Garcia, M.R. et al. ApJ 555 , 477 (2001). 
7 Khargharia, J., Froning, C.S., Robinson, E.L. ApJ 716 , 1105 (2010). 
8 Cherepashchuk, A.M. Astron. Reports 48, 1019 (2004). 
9 Miller-Jones, J.C.A., Jonker, P.G., Dhawan, V. et al. ApJ 706 , L230 (2009). 
10 Orosz, J.A., McClintock, J.E., Aufdenberg, J.P. et al. ApJ 742 , 84 (2011). 
11 Mirabel, I.F. and Rodrigues, I. Science 300, 1119 (2003). 
12 Greiner, J., Cuby, J.G., and McCaughrean, M.J. Nature 414 , 522 (2001). 
13 Reid, M.J., McClintock, J.E., Steiner, J.F. et al. Ap.J. 796 , 2 (2014). 
14 Gelino, D.M., Balman, S., Kuziloglu, U. et al. ApJ 642, 438 (2006). 
15 Miller-Jones, J.C.A., Jonker, P.G., Nelemans, G. et al. MNRAS 394, 1440 (2009). 
16 Motta, S.E., Belloni, T.M, Stella, L. et al. MNRAS 437 , 2554 (2014). 
17 Dhawan, V., Mirabel, I.F., Ribo, M. et al. ApJ 668 , 430 (2007). 
18 Mirabel, I.F., Dhawan, V., Mignani, R.P. et al. Nature 413 , 139 (2001). 
19 Orosz, J.A. and Bailyn, C.D. ApJ. 477, 876 (1997). 
20 Steeghs, D., McClintock, J.E., Parsons, S.G. et al. ApJ 768, 185 (2013). 

Fig. 1. Remnants of massive single stars as a function of initial metallicity ( y-axis ; qualitatively) and initial mass ( x-axis ). The thick green line separates the regimes where 

the stars keep their hydrogen envelope (left and lower right) from those where the hydrogen envelope is lost (upper right and small strip at the bottom between 100 and 

140 M � . The dashed blue line indicates the border of the regime of direct black hole formation ( black ). This domain is interrupted by a strip of pair-instability supernovae 

that leave no remnant ( white ). Outside the direct BH regime, at lower mass and higher metallicity, follows the regime of BH formation by fallback ( red cross-hatching and 

bordered by a black dot-dashed line ). Outside of this, green cross-hatching indicates the formation of neutron stars. The lowest mass neutron stars may be made by O/Ne/Mg 

core collapse instead of iron core collapse ( vertical dot-dashed lines at the left ). At even lower mass, the cores do not collapse and only white dwarfs are made ( white strip at 

the very left ). Reproduced from ref. ( Heger et al., 2003 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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X  
6.5 ± 2) ×10 6 years Cygnus X-1 would have taken to move from

he center of Cygnus OB3 to its present position ( Mirabel and Ro-

rigues, 2003 ). 

From the equations for spherical mass ejection in BH forma-

ion ( Nelemans et al., 1999 ) it is estimated that the maximum

X  

Please cite this article as: F. Mirabel, The formation of

http://dx.doi.org/10.1016/j.newar.2017.04.002 
aryonic mass that could have been suddenly ejected to accelerate

he binary to a velocity of (9 ± 2) km s −1 , with no NK, is less than

 ± 0.3 M � ( Mirabel and Rodrigues, 2003 ). Indeed, there are no ob-

ervational evidences for a SN remnant in the radio continuum,

-rays, and atomic hydrogen surveys of the region where Cygnus

-1 was most likely formed. Before complete collapse the binary
 stellar black holes, New Astronomy Reviews (2017), 

http://dx.doi.org/10.1016/j.newar.2017.04.002
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Fig. 2. Optical image of the sky around the black hole X-ray binary Cygnus X-1 and 

the association of massive stars Cygnus OB3.The red arrow shows the magnitude 

and direction of the motion in the plane of the sky of the radio counterpart of 

Cygnus X-1 for the past 0.5 million years. The yellow arrow shows the magnitude 

and direction of the average Hipparcos motion of the massive stars of Cygnus OB3 

(circled in yellow) for the past 0.5 million years. Despite the different observational 

techniques used to determine the parallax distances and proper motions, Cygnus 

X-1 moves in the sky as Cygnus OB3. At a distance of 1.9 kpc, the space velocity 

of Cygnus X-1 relative to that of Cygnus OB3 is < 9 ± 2 km/s. (Adapted from ref. 

( Mirabel and Rodrigues, 2003 )). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V  

e  

a  

e  

s  

a  

d  

m  

s  

a  

G  

(  

h  

f  

p

 

d  

t  

h  

c  

t  

t  

s  

s

2

 

l  

S  

t  

e  

o  

b  

s  

c  

a  

p  

u  

N  

a  

p  

(  

(  

i  

i

 

f  

R  

m  

m  

R  

t  

b  

2  

p  

l

 

c  

o  

X  

o  

o  

t  

G

progenitor of Cygnus X-1 is likely to have gone through an earlier

mass transfer episode, which may not have been conservative, and

additional mass may have been lost by stellar winds in a Wolf-

Rayet stellar stage. The primary star would have lost by transfer

mass episodes and stellar winds a total mass of > 25 ± 5 M � be-

cause the initial mass of the progenitor was ∼40 ± 5 M �, and the

estimated BH mass is ∼15 ± 1.0 M �. 

From the kinematics of Cygnus X-1 and its association with

Cygnus OB3 it is inferred that the BH was formed by implosion

of a star of at least ∼40 M �. As shown in Fig. 1 , this observational

mass lower limit of ∼40 M � is the same as that theoretically pre-

dicted ( Fryer et al., 2012 ) for the transition from partial fallback to

direct collapse of BH progenitors of solar metallicity. 

By constraining Vpec to < 10 km s −1 , as determined by the ob-

servations ( Mirabel and Rodrigues, 2003 ), from model ( Wong et

al., 2012 ) it is found that the helium core had a mass MHe in

a range of 13 . 9–16 . 9 M �, at 95% confidence, which is consistent

with a remnant BH of ∼15 M � resulting from a complete or al-

most complete collapse of the helium core. For the more recently

determined BH mass of ∼15 M � and peculiar velocity limit of

< 9 km s −1 , from a more recent general model ( Sukhbold et al.,

2016 ) it would be inferred a SN mass loss < 1 M � ( Fig. 5 ). 

Unfortunately, from the first GAIA data release it was not pos-

sible to derive more precise parallax distances and proper motions

of Cygnus X-1 and Cygnus OB3. New data release from GAIA may

allow in few years’ time a test of the hypothesis of BH formation

by implosion and a more accurate constraint of a putative NK for

the BH of Cygnus X-1. 

GRS 1915 + 105 is a low-mass X-ray binary containing a BH of

10.1 ± 0.6 M � ( Greiner et al., 2001 ; Reid et al., 2014 ; Steeghs et al.,

2013 ) and a donor star of spectral type K-M III of 0.5 ± 0.3 M � with

a 34 day circular orbital period ( Greiner et al., 2001 ). The compan-

ion overflows its Roche lobe and the system exhibits episodic su-

perluminal radio jets ( Mirabel and Rodríguez, 1994 ). 
Please cite this article as: F. Mirabel, The formation of
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Using a decade of astrometry of GRS 1915 + 105 with the NRAO

ery Long Baseline Array and the published radial velocity, a mod-

st peculiar velocity of 22 ± 24 km s −1 has been reported ( Reid et

l., 2014 ), which is consistent with the earlier proposition ( Dhawan

t al., 2007 ) that the BH in GRS 1915 + 105 was formed without a

trong NK, like the 14.8 ± 1.0 M � BH in Cygnus X-1. The new par-

llax distance implies that GRS 1915 + 105 is at about the same

istance from the Sun as some compact HII regions and water

asers associated with high-mass star formation in the Sagittarius

piral arm ( Reid et al., 2014 ). Because those compact HII regions

re located along the direction of powerful relativistic jets from

RS 1915 + 105 and show bow-shock structure, it was suggested

 Rodríguez and Mirabel, 1999 ) that massive star formation could

ave been induced by the interaction of jets and massive outflows

rom the BH-XRB with the interstellar medium at distances of ∼50

arsecs from GRS 1915 + 105. 

The modest peculiar speed of 22 ± 24 km s −1 on the Galactic

isk at the parallax distance ( Reid et al., 2014 ), and a donor star in

he giant branch suggest that GRS 1915 + 105 is an old system that

as orbited the Galaxy many times, acquiring a peculiar velocity

omponent on the galactic disk of 20–30 km s −1 , consistent with

he velocity dispersions of ∼20 km s −1 of old stellar systems in the

hin disk ( van der Kruit and Freeman, 2011 ), due to galactic diffu-

ion by random gravitational perturbations from encounters with

piral arms and giant molecular clouds. 

.2. Runaway black hole X-ray binaries 

The physical mechanisms that may impart the runaway ve-

ocity of a BH are of topical interest to observationally constrain

N models and population-synthesis models of BH binary evolu-

ion. The runaway velocities of BH-XRBs can be caused by differ-

nt physics mechanisms; a variety of mechanisms based on those

riginally proposed to explain the runaway massive stars, namely,

aryonic mass loss in the sudden SN explosion of the primary

tar of a massive binary (Blaauw kick) ( Blaauw, 1961 ), dynami-

al interactions in high density stellar environments ( Poveda et

l., 1967 ; Allen, 2011 ), Galactic diffusion by random gravitational

erturbations from encounters with spiral arms and giant molec-

lar clouds for anomalous velocities up to 20–30 km s −1 , and BH

Ks ( Fryer and Kusenko, 2006 ; Bonnell and Pringle, 1995 ). There

re two types of BH NKs ( Repetto and Nelemans, 2015 ), those im-

arted intrinsically to the BH by asymmetric gravitational waves

 Bonnell and Pringle, 1995 ) and/or asymmetric neutrino emission

 Fryer and Kusenko, 2006 ; Gourgoulhon and Haensel, 1993 ) dur-

ng core-collapse, and those imparted to the transient NS that turn

nto a BH by mass fallback. 

Several effort s were recently undertaken to estimate BH NKs

rom the observations of low-mass BH-XRBs ( Repetto et al., 2012 ;

epetto and Nelemans, 2015 ). From the statistical analysis and

odel binary evolution of low mass BH-XRBs binaries with deter-

ined positions it has been proposed ( Jonker and Nelemans, 2004 ;

epetto et al., 2012 ; Nelemans et al., 1999 ) that in order to achieve

heir distances from the Galactic disk, BHs may receive high NKs at

irth ( Repetto et al., 2012 ). This motivated the proposition ( Janka,

013 ) based on theoretical calculations that by the gravitational

ull from asymmetric mass ejecta, BHs can be accelerated to ve-

ocities comparable to those of NSs. 

However, because of the unknown origin and several other un-

ertainties of the samples of sources, it has been argued that from

nly the existing observations of the spatial locations of low-mass

-ray binaries, it is not possible to confidently infer the existence

f high BH NKs ( Mandel, 2016 ). In the following are reviewed the

bservations of the three runaway low mass BH-XRBs for which

he space velocities in three dimensions have been determined:

RO J1655-40, XTE 1118 + 480 and V404 Cyg. 
 stellar black holes, New Astronomy Reviews (2017), 
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GRO J1655-40 is an X-ray binary with a BH of 5.3 ± 0.7 M � and

 F6-F7 IV donor star with a runaway velocity of 112 ± 18 km s −1 

oving in a highly eccentric (e = 0.34 ± 0.05) Galactic orbit

 Mirabel et al., 2002 ). The overabundance of oxygen and alpha-

lements in the atmosphere of the donor star has been interpreted

s evidence for SN ejecta captured by the donor star ( Israelian et

l., 1999 ). The runaway linear momentum of this X-ray binary is

imilar to those of solitary runaway neutron stars and millisecond

ulsars with the most extreme runaway velocities. 

It has been proposed ( Nelemans et al., 1999 ) that the large run-

way velocity of this BH-XRB may be accounted for by a successful

N in which a mass of ∼4 M � was ejected, that a natal kick is not

eeded to explain its large space velocity, and that a fallback of

 M � after the SN explosion would be required in order to explain

he kinematics of the system ( Brandt et al., 1995 ). In a more recent

odel ( Willems et al., 2005 ) it is found that although a symmet-

ic BH formation event cannot be formally excluded, the associ-

ted system parameters would be marginally consistent with the

urrently observed binary properties. It has been argued that BH

ormation mechanisms involving an asymmetric SN explosion with

ssociated BH kick velocities of a few tens of km s −1 , may sat-

sfy the constraints much more comfortably ( Willems et al., 2005 ).

owever, it should be mentioned that the generally assumed dis-

ance and SN origin of the overabundances of α-elements observed

n this Galactic BH-XRB binary have been challenged ( Foellmi et al.,

006 ; Foellmi et al., 2007 ). 

XTE J1118 + 480 is a high-galactic-latitude (l = 157 °.78,

 = + 62 °.38) X-ray binary with a BH of 7.6 ± 0.7 M � and a

.18 M � donor star of spectral type K7 V–M1 V, moving in a

ighly eccentric orbit around the Galactic center region, as some

ncient stars and globular clusters in the halo of the Galaxy

 Mirabel et al., 2001 ). Because of the higher than solar abundances

f nucleosynthetic products found in the donor star ( González

ernández et al., 2006 ), it has been proposed that the BH was

ormed in the Galactic disk through an energetic SN. In this con-

ext, an asymmetric kick velocity of 183 ± 31 km s −1 would have

een required to change from a Galactic disk orbit to the currently

igh latitude observed orbit ( Gualandris et al., 2005 ). Furthermore,

rom the analysis of all the available information it was proposed

 Fragos et al., 2009 ) that the BH was formed with an explosive

ass loss, and a possible NK at the time of core collapse. In Fig. 3

s shown the galactic orbital path of this BH binary. 

V404 Cyg (GS 2023 + 338) is a low mass X-ray binary system

omposed of a BH of 9.0 ± 0.6 M � and a 0.75 M � donor of spec-

ral type K0 IV. Using astrometric VLBI observations, it was mea-

ured ( Miller-Jones et al., 2009a ) for this system a parallax that

orresponds to a distance of 2 . 39 ± 0 . 14 kpc. Based on that fitted

istance it was derived a peculiar velocity of 39 . 9 ± 5 . 5 km s −1 ,

ith a component on the Galactic plane of 39.6 km s −1 , which

s ∼2 times larger than the expected velocity dispersion in the

alactic plane. Because of this relative mild anomalous motion

t was proposed ( Miller-Jones et al., 2009b ) that likely the pe-

uliar velocity is due to a mass loss in a spherically symmetric

upernova explosion, with any additional asymmetric kick being

mall. 

In the atmosphere of the donor star of V404 Cyg, contrary to

RO J1655-40, the abundances of Al, Si, and Ti appear to be only

lightly enhanced when comparing with average values in thin-

isk solar-type stars, but the oxygen abundance is particularly en-

anced ( González Hernández et al., 2011 ). Metal-rich spherical ex-

losion models are able to reproduce the observed abundances rel-

tively well and provide the energy required to explain the pe-

uliar velocity of this system. In the context of this hypothesis

 González Hernández et al., 2011 ), one would expect a milder kick

if any- in V404 Cyg, relative to that in GRO J1655-40. 
r  
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MAXI J1836 −194 is an X-ray binary discovered in 2011 ( Miller-

ones et al., 2011 ). Due to its radio and x-ray properties it is con-

idered as a BH candidate . From VLBI astrometric observations of

he compact radio counterpart, the proper motion for a source

istance between 4 kpc and 10 kpc, and systemic radial velocity

f 61 ± 15 km s −1 , imply a peculiar space velocity for this sys-

em of > 70 km s −1 , from which it was concluded that the system

equired an asymmetric natal kick to explain its observed space

elocity ( Russell et al., 2015 ). However, at present the uncertain-

ies on the distance and mass of the compact object are still too

arge. 

.3. Discussion on the kinematics of black hole X-ray binaries 

In Fig. 4 are represented the barycenter’s linear momenta of the

-ray binaries computed from the data in Table 1 , as a function of

he BH masses. A similar diagram with similar results was pub-

ished before ( Miller-Jones, 2014 ), but plotting in the abscissas the

elocity instead of the linear momentum. Except XTE J1118 + 480,

he other 4 sources are in the Galactic disk (b < 3.2 °; z < 0.15 kpc)

here likely were formed, and have peculiar motion components

erpendicular to the Galactic plane lower that 6 ± 1 km s −1 . XTE

1118 + 480 is in the Galactic halo (b = 62.3 °; z = 1.5 kpc) and could

ither have been propelled to its present position from the Galac-

ic disk by an energetic BH natal event ( González Hernández et al.,

0 06 ; Gualandris et al., 20 05 ; Fragos et al., 2009 ) or have been

ormed in a globular cluster from which it could have escaped

 Mirabel et al., 2001 ) with a mild velocity of few tens km s −1 , pre-

erving most of the globular cluster motion. 

Despite the low numbers statistics, Fig. 4 shows a possible

rend of increasing linear momenta of the BH-XRBs barycenter’s

s a function of decreasing BH mass, as expected from theoret-

cal models ( Fryer and Kalogera, 2001 ; Fryer et al., 2012 ; Heger

t al., 2003 ; Woosley and Heger, 2007 ), where higher mass stars

re believed to end as BHs by direct collapse, whereas lower mass

Hs are formed via SN fallback on a proto-neutron star. If the

Hs in XRBs are formed by mass fallback on a NS, for linear mo-

entum conservation, it is expected an anti-correlation between

H mass and NK; the larger fallback and BH mass, the lower

he NK. 

If the X-ray binaries in Fig. 4 were formed from binaries in a

eld of relative low density, one would conclude that the three

Hs with < 10 M � were formed with significant baryonic ejections

rom SN explosions or NKs, whereas the BHs with > 10 M � were

ormed by complete or almost complete collapse with no NKs. But

f the runaway BH binaries were formed in dense stellar clusters,

he anomalous velocities of the X-ray binaries barycenter’s could

ave been caused by dynamical interactions in the stellar cluster,

r by the explosion of a dynamically bound massive star, rather

han by the explosion of the BH progenitor in the runaway bi-

ary. For instance, one possible scenario is that of a triple system

omposed by a BH low mass binary bound to a massive star that

uddenly explodes. In this scenario the BHs of 5 M �, 7 M �, and

 M � in the three runaway X-ray binaries discussed here, could

ave been formed by implosion with no natal triggers, before the

ater explosion of the third stellar component. In this context, the

unaway velocities and SN nucleosynthetic products in the atmo-

pheres of the donor stars in GRO J1655-40, XTE 1118 + 480 and

404 Cyg could be due to the explosion of a previously bound star,

ather than to the explosion of the BH progenitor in the runaway

inary. 

The three runaway X-ray binaries have low mass donors, and

heir linear momenta are comparable to those of runaway massive

tars ejected from multiple stellar systems by the Blaauw mech-

nism ( Blaauw, 1961 ). Therefore, without knowing the origin of a

unaway X-ray binary, it is not possible to certainly constraint from
 stellar black holes, New Astronomy Reviews (2017), 
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Fig. 3. Schematic Galactic orbit of XTE J1118 + 480 (blue curve) during the last orbital period of the Sun around the Galactic Centre (240 Myr).The last section of the orbit 

since the source left the plane 37 ± 5 Myr ago at a galactocentric distance of 4 ± 0.5 kpc is shown in red. The trajectory of the Sun during the later time is indicated by the 

thick white arc. The source left the plane towards the northern Galactic hemisphere with a galactocentric velocity of 348 ± 18 km/s, which after subtraction of the velocity 

vector due to Galactic rotation, corresponds to a peculiar space velocity of 217 ± 18 km s −1 relative to the Galactic disk frame, and a component perpendicular to the plane 

of 126 ± 18 km s −1 . The galactic orbit of XTE J1118 + 480 has an eccentricity of 0.54. At the present epoch XTE J1118 + 480 is at a distance from the Sun of only 1.9 ± 0.4 kpc 

flying through the Galactic local neighborhood with a velocity of 145 km.s −1 . a , View from above the Galactic plane; b , side view. (Adapted from ref ( Mirabel et al., 2001 )). 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Linear momentum of the X-ray binaries as a function of the black hole masses. Despite the low numbers statistics of sources with velocities in the three dimensions 

of space, apparently there is an increase of the peculiar linear momenta of the X-ray black hole binaries with decreasing black hole mass, as expected from several models on 

black hole formation ( Fryer and Kalogera, 2001 ; Fryer et al., 2012 ; Heger et al., 2003 ; Woosley and Heger, 2007 ). All sources are in the Galactic disk (b < 3.2 °; z < 0.15 kpc) 

where likely were formed, except XTE J1118 + 480 which is in the Galactic halo (b = 62.3 °; z = 1.5 kpc) with an uncertain origin, either in the Galactic disk ( González 

Hernández et al., 2006 ; Gualandris et al., 2005 ; Fragos et al., 2009 ) or in a globular cluster ( Mirabel et al., 2001 ). If formed in a globular cluster, the large linear momentum 

of XTE J1118 + 480 relative to its last passage through the Galactic disk would have a large velocity component from the parent globular cluster and this BH-XRB should be 

removed from the figure. 
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its peculiar velocity alone, the strength of a putative NK to the

compact object in the X-ray binary. 

If the BHs in these sources were triggered at birth by Blaauw

kicks or NKs, it would be intriguing that the components of the

anomalous motions perpendicular to the Galactic disk of GRO

J1655-40, V404 Cyg, GRS 1915 + 105 and Cygnus X-1 are respec-

tively of only, 2.1 ± 1, 4 ± 1, 6 ± 2, and 6 ± 1 km s −1 , unless there is

some unknown preference for kicks with directions contained in

the Galactic disk. The most striking case is that of GRO J1655-40,
Please cite this article as: F. Mirabel, The formation of
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or which was inferred a velocity component perpendicular to the

alactic plane, of only 2.1 ± 1 km s −1 whereas its anomalous veloc-

ty component on the Galactic plane is ∼112 ± 18 km s −1 , with a

alactic orbital eccentricity of 0.34 ± 0.05, and reaching maximum

istances from the plane of 50–150 pc. 

It is expected that with GAIA at optical wavelengths and VLBI at

adio wavelengths it will be possible to obtain more precise paral-

ax distance and proper motion for GRO J1655-40 and larger sam-

le of sources to constrain BH kicks. 
 stellar black holes, New Astronomy Reviews (2017), 
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Fig. 5. Core-collapse Supernovae from 9 to 120 Solar Masses. A novel result of this 

model relative to that shown in Fig. 1 is that for zero age main sequence stars 

(ZAMS) of solar metallicity with masses between ∼15 and ∼80 M � , there are is- 

lands of exploitability (represented in red), in a sea of BH formation (represented 

in black). This model ( Sukhbold et al., 2016 ) of mass budget for ZAMS collapsing 

stars of solar metallicity suggests the formation of the BH in Cygnus X-1 by al- 

most/complete collapse of the He core with an ejected H-envelope of < 1 M � , as 

had been inferred from the X-ray binary kinematics in three dimensions ( Mirabel 

and Rodrigues, 2003 ). For the successfully exploded cases, the compact remnant 

mass of neutron stars is shown in green. For a few models that experienced fall- 

back, the fallback mass is shown in blue. Except for narrow ZAMS regions between 

∼30 and ∼40 M � , fallback is negligible. The helium cores and the hydrogen en- 

velopes of the "failed" explosions are shown in black and yellow, respectively. The 

resulting BH mass from an implosion will most likely include the full pre-SN star 

(black plus yellow), or just the helium core (black). (Reproduced from ref. ( Sukhbold 

et al., 2016 )). 
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.4. Black holes formed by implosion: observations versus theory 

The kinematics in three dimensions of Cygnus X-1 relative to

he parent association of massive stars Cygnus OB3, and the kine-

atics of GRS 1915 + 105 relative to its Galactic environment, sug-

est –irrespective of their origin in isolated binaries or in dense

tellar environments- that the BHs in Cygnus X-1 and in GRS

915 + 105, were formed in situ by complete or almost com-

lete collapse of massive stars, with no significant baryonic SN

ass ejection and/or energetic NKs. These observational results

re consistent with theoretical models ( Fryer and Kalogera, 2001 ;

elczynski et al., 2002 ; Fryer et al., 2012 ), and in particular, with

ne of the most recent models ( Sukhbold et al., 2016 ), where the

Hs of 14.8 M � in Cygnus X-1, and of 10.1 M � in GRS 1915 + 105,

ould have been formed by complete and/or almost complete col-

apse of helium cores. 

In Fig. 5 are shown the results from a recent model ( Sukhbold

t al., 2016 ) of explosions for the core-collapse of solar metallic-

ty stars of 9–120 M �. The compactness of the stellar core is an

mportant structural characteristic of a pre-supernova star to turn

hat is initially an implosion into an explosion ( Fryer, 1999 ; O’

onnor and Ott, 2011 ; Sukhbold and Woosley, 2014 ). A small com-

actness favors explosion whereas a large compactness favors im-

losion. Stars from 22 to 26 M � are hard to explode, between ap-

roximately 35–50 M � even harder to explode, and end as BHs

 Sukhbold et al., 2016 ). 

A novel aspect of this model is the use of a one-dimensional

eutrino transport model for the explosion of stars along the lines

f previous “neutrino powered models” ( Woosley and Heger, 2007,

015 ). In these models the iron core of a massive star collapses to

 NS, depending on the critical neutrino heating efficiency required

or exploding a neutron star progenitor with a given compactness

tructure ( O’Connor and Ott, 2011 ) . The binding energy of the NS

s radiated as neutrinos, a fraction of which deposit their energy in

he matter above the NS causing it to expand and explode. Stellar

ollapses that fail to create a strong outward moving shock after
Please cite this article as: F. Mirabel, The formation of
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–15 s form BHs, assuming that the core of helium and heavy ele-

ents collapses into the BH. The fate of the hydrogen envelope is

ess clear. In stars of solar metallicity and masses above ∼30 M �

he H envelope will already have been lost by winds. In the lighter

tars, all of which are red supergiants, the envelope is very tenu-

usly bound and any small core disturbance prior to explosion or

nvelope instability could lead to its ejection. Even if the envelope

s still in place when the iron core collapses, the sudden loss of

ass from the core as neutrinos can lead to the unbinding of the

nvelope ( Lovergrove and Woosley, 2013 ). 

In Fig. 5 the masses of He cores are represented in black, the

asses of NSs in green, the masses of the H-envelopes in yellow,

hose of SN ejecta in red, those lost by winds in grey and the fall-

ack masses in blue, for the core-collapse of zero age main se-

uence stars of solar metallicity. The final masses of the BHs are

hose of the He cores represented in black plus an uncertain frac-

ion of the outer H-envelope mass represented in yellow. 

As inferred from the observations ( Mirabel and Rodrigues,

003 ) presented in Section 2.1 , in this model on the evolution of

ingle massive stars the BH of 14.8 ± 1.0 M � in Cygnus X-1 was

ormed by direct collapse of a star of ∼40 ± 5 M �, with a bary-

nic mass ejection of < 1 M � by a putative faint SN explosion, and

n this model for single stars evolution, ∼25 M � are lost by stellar

inds. 

The agreement of BH formation from single stars shown in Fig.

 with the observations of the binary Cygnus X-1 may be surpris-

ng, unless possible early interactions, mass transfer and common

nvelope phase in the evolution of Cygnus X-1 have been irrelevant

or the core collapse of the primary star. Alternatively, a chance co-

ncidence due to uncertainties in the observations and/or theoreti-

al model cannot be excluded. 

The progenitor of the BH of 10.1 ± 0.6 M � in GRS 1915 + 105 is

ore uncertain. It could have been formed from a star of zero age

ain sequence between ∼35 and ∼60 M � by complete or almost

omplete collapse of a He core of ∼9–10 M �, but the mass loss by

inds is uncertain. 

.5. Stellar black holes in globular clusters 

It is expected that in a typical globular cluster (GC) with

resent day masses of 10 5 –10 6 M �, hundreds of stellar-mass BHs

hould be born during the first ∼10 Myr after formation. The

pecific frequency of X-ray binaries in GCs is ∼100 times larger

han in the field and provides strong evidence that in GCs mass-

ransferring binaries are dynamically formed with high efficiency. 

If BHs are present in GCs, a subset should be detectable as ac-

reting binaries ( Chomiuk et al., 2013 ). However, it is known that

he majority of the most luminous X-ray binaries in GCs are accret-

ng NSs since they are detected as sources of Type I X-ray bursts,

hich are thermonuclear explosions on the hard surface of accret-

ng NSs. 

In the last decade BH candidates may have been identified

n galactic and extragalactic GCs. It was assumed that these

ources are candidate BH binaries because they have X-ray lumi-

osities above the Eddington luminosities of NSs, and they vary

ignificantly on short timescales, making it implausible that the

uminosity could come from a superposition of several NS X-

ay binaries. The most luminous ULXs so far identified are as-

ociated with a GC in the massive Virgo elliptical galaxy NGC

472 ( Maccarone et al., 2007 ), which has a peak X-ray lumi-

osity L X ∼ 4 × 10 39 erg s −1 . Optical spectroscopy of the associated

C exhibits broad (1500 km s −1 ) [OIII] emission but no Balmer

ines. 

The few BHs possibly observed in extragalactic GCs would be

hose with either the most extreme accretion rates or very mas-

ive. They likely represent only the very tip of the iceberg in terms
 stellar black holes, New Astronomy Reviews (2017), 
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of BH X-ray binaries in GCs. Many BHs with lower accretion rates

are almost certain to exist among X-ray sources in GCs, but they

are greatly outnumbered by NS binaries and are difficult to distin-

guish from NSs using X-ray data alone ( Chomiuk et al., 2013 ). 

Because ULXs may also be powered by NSs ( Bachetti et al.,

2014 ), a new strategy for identifying quiescent BH X-ray binaries

in Milky Way GCs makes use of both radio and X-ray data. Stellar-

mass BHs accreting at low rates have compact jets which emit

radio continuum via partially self-absorbed synchrotron emission.

BHs are much more luminous in the radio than NSs with com-

parable X-ray luminosity; in fact L R /L X is ∼2 orders of magnitude

higher for BHs than NSs. 

Before the recent upgrade to the VLA, the radio emission from

a quiescent BH like V404 Cyg would not have been detectable at

high significance at typical GC distances. The upgraded VLA can

now readily detect the expected flux densities (tens of μJy) in rea-

sonable exposure times. Using observations at radio frequencies

two candidate stellar mass BHs in the core of the Galactic GC clus-

ter M 22 have been found ( Strader et al., 2012 ). These sources have

flat radio spectra and 6 GHz flux densities of 55–60 μJy. As these

sources are not detected in shallow archival Chandra imaging, they

cannot yet be placed directly on the L X –L R relation; nevertheless,

their overall properties are consistent with those expected from

accreting BH binaries. Another BH candidate in a second Galactic

GC, M62 (NGC 6266; D = 6.8 kpc) named M62-VLA1 was discov-

ered ( Chomiuk et al., 2013 ). Unlike the former cases for the M22

sources, M62-VLA1 has clear X-ray and optical counterparts, and

so it is the most compelling candidate BH X-ray binary in a Milky

Way GC. 

It was believed that BHs formed by implosion in GCs fall to

the center, where accreting BH X-ray binaries as XTE J1118 + 480 10 

and BH–BH binaries like GW150914 may then be formed through

three-body interactions ( Rodriguez et al., 2013 ) that lead to re-

coil velocities much larger than the escape velocities from typi-

cal GCs of few tens of km s −1 . However, it has been shown re-

cently ( Morscher et al., 2015 ) that core collapse driven by BHs

(through the Spitzer “mass segregation instability”) is easily re-

verted through three-body processes, and involves only a small

number of the most massive BHs, while lower mass BHs remain

well-mixed with ordinary stars far from the central cusp, suggest-

ing that stellar BHs could still be present today in large numbers

in many GCs. 

2.6. Intermediate mass black holes in globular clusters 

The formation process of supermassive BHs is still uncertain

and one of the possible clues to understand their origin may re-

side in the evolutionary connection between stellar mass and su-

permassive BHs through the formation of intermediate mass BHs

(IMBHs) of 10 2 to 10 4 M �. Although it is believed that such ob-

jects should be formed in dense stellar systems such as GCs, the

observational evidences for their existence had been elusive. For

instance, based on the lack of electromagnetic counterparts in X-

rays ( Grindlay et al., 2001 ) and radio waves ( De Rijcke et al., 2006 ),

in the GC 47 Tucanae, which is at distance of ∼4 kpc, upper limits

of 470 and 2060 M � had been placed on the mass of a putative

IMBH. 

Recently, probing the dynamics of the GC 47 Tucanae with pul-

sars it has been inferred ( Kiziltan et al., 2017 ) the existence of

a gas-starved IMBH with a mass of 2200 ( + 1500/ −800) M �. The

authors conclude that this BH is electromagnetically undetectable

due to the absence of gas in the core within the radius of influence

of the IMBH, and that IMBHs as the one in 47 Tuc may constitute

a subpopulation of progenitor seeds that formed supermassive BHs

in galaxy centers. 
t  
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. BH formation as a function of metallicity and redshift 

Theoretical models on the evolution of single massive stars

 Belczynski et al., 2016 ; Heger et al., 2003 ; Georgy et al., 2009 ;

ragos et al., 2013 ) predict mass and metallicity dependence of

tellar progenitors for BH formation (e.g. Fig. 1 ). For stellar clusters

f a given mass it has been proposed that the numbers and orbital

eriod distributions of HMXBs should also depend on metallicity

 Linden et al., 2010 ). More recent models ( Spera et al., 2015 ) pre-

ict with respect to previous models, significantly larger values of

he carbon–oxygen core mass of massive stars, which would im-

ly substantially larger BH masses at low metallicity ( ≤2 × 10 −3 ),

han previous population synthesis codes. According to this model

 Spera et al., 2015 ) the maximum BH masses for a given progenitor

ass would be ∼25, 60 and 130 M � for metallicity progenitors of

/Z � = 2 × 10 −2 , 2 × 10 −3 and 2 × 10 −4 . 

On the other hand, hydrodynamic simulations on the formation

f the first generations of stars in the universe, show that a sub-

tantial fraction of stars in primordial galaxies are formed in small,

ultiple, top-heavy Initial Mass Function groups, with a high in-

idence of binaries with typical masses of several tens of solar

asses ( Krumholz et al., 2009 ; Turk et al., 2009 ; Stacy and Bromm,

013 ). In fact, more than 70% of stars of spectral type O in the

alaxy are in binaries, and massive binaries in the Milky Way have

at mass ratios ( Sana et al., 2012 ) (e.g. half of the companions of a

0 M � star have > 20 M �). 

In the context of these models, where BH formation depends

n metallicity and can take place by direct and failed SN core-

ollapse, it was proposed that BH-HMXBs, namely, the fossils of the

rst generations of binary massive stars, should have been prolifi-

ally produced at cosmic dawn ( Power et al., 2009; Mirabel, 2010 ;

irabel et al., 2011 ). At present this hypothesis cannot be con-

rasted observationally at very high redshifts but the cross corre-

ation of infrared and X-ray background fluctuations suggests sig-

ificant populations of BHs among the Cosmic Infrared Background

ources ( Cappelluti et al., 2013 ). 

The metallicity dependence of BH-HMXBs has been observa-

ionally confirmed for galaxies in the local universe ( Kaaret et al.,

011 ; Brorby et al., 2016 ; Douna et al., 2015 ). Using a large set of

ata on the sizes and X-ray luminosities (mostly coming from ac-

reting BHs) of HMXBs in nearby galaxies with known metallicities

nd star formation rates, it is found that HMXBs are typically ten

imes more numerous per unit star formation in low-metallicity

alaxies ( < 20% solar) than in solar-metallicity galaxies ( Douna et

l., 2015 ). 

The expected redshift dependence of BH formation on metallic-

ty has been observationally confirmed ( Basu-Zych et al., 2013 ), and

ore recently by observations in the Chandra Deep Field South

urvey ( Lehmer et al., 2016 ). The X-ray luminosity due to HMXBs

n normal galaxies show out to z = 2.5 a redshift evolution given

y 

 2 −10 keV ( HMXB ) / SFR ( 1 + z ) 

hich is mostly due to the declining metallicity of the progenitors

f HMXBs with increasing redshift ( Lehmer et al., 2016 ). Extrapo-

ations of the results of this survey suggest that at z > 6, HMXBs

n normal galaxies would produce an X-ray emissivity that exceeds

hat of AGN ( Lehmer et al., 2016 ). 

Therefore, in the context of these theoretical models and re-

ent observational results it is expected that at high redshifts BBHs

hould have been formed more readily than in the Local Universe.

owever, due to the multiple uncertainties on the different BBH

ormation channels and common envelope transfer in massive stel-

ar binaries ( Belczynski et al., 2002 ), a quantitative estimation of

he frequency of BBH formation as a function of redshifts beyond
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Fig. 6. Mass of stellar progenitors of core collapse SNe in the context of the KEPLER ( Woosley and Heger, 2007 ) and STARS ( Eldridge and Tout, 2004 )/ Geneva ( Hirschi et 

al., 2004 ) models of stellar evolution. The detections are marked with error bars, the limits with arrows, and the lines extend from the minimum to the maximum masses 

from cumulative Salpeter IMFs. Allowing the mass function to vary up to 30 M � , the mass distribution would need to be truncated at masses of ∼18.5 M � and ∼16.5 M �

respectively. Reproduced from ref. ( Smartt, 2015 ). 
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 = 2.5 at this time is rather uncertain and beyond the scope of this

bservational review. 

. Progenitors of BHs: massive stars that collapse in the dark? 

Models of the evolution of massive stars had predicted that

tars between ∼25 and 140 M � and up to solar metallicity end

s BHs by direct or failed supernova collapse ( Fryer and Kalogera,

0 01 ; Heger et al., 20 03 ; Fryer et al., 2012 ) ( Fig. 1 ). More recent

odels predict that zero age main sequence (ZAMS) stars of solar

etallicity with masses between 15 and 80 M � may end as BHs,

ut in some intervals of ZAMS masses, stars may explode as SNe

nd end as NSs ( Lovergrove and Woosley, 2013 ; Sukhbold et al.,

016 ) ( Fig. 5 ). In this section are reviewed observations at optical

nd infrared wavelengths that seem to be consistent with the pre-

ictions of these models. 

.1. Absence of very massive progenitors of Type IIP supernovae 

Type IIP supernovae and their progenitors make up to 40% of

ll SN explosions in the local Universe. It is believed that type IIP

upernovae are the explosions of red supergiant stars (RSGs) with

asses between 10 and 40 M � that have retained most of their

ydrogen envelopes throughout their evolution, which results in a

100d hydrogen recombination plateau in the light curve. Theory

 Ekstrom et al., 2012 ) predicts that RSG progenitors of masses be-

ween 8 and 25 M � should explode. 

One approach to identify the progenitors of Type IIP SNe in

earby galaxies is by means of high resolution archival images

rom space and ground-based telescopes. Among 45 Type IIP SNe

ith either detected progenitors or upper limits, it was found

 Smartt, 2015 ) a remarkable deficit of stars above an apparent limit

f log L/L � ∼5.1 dex which was translated into a mass limit of

6.5–18.5 M � much lower of the theoretical limit of 25 M �. This

pparent inconsistency between theory and observations has been

alled the “RSG problem”. 

Fig. 6 illustrates the absence of luminous RSGs progenitors with

stimated masses > 16.5–18.5 M �, from which it has been sug-

ested ( Smartt, 2015 ) that the bulk of stars above that upper mass

imit may end as BHs with no visible SN. Furthermore, with the

ack of detected high mass progenitors in type IIb SNe, it has been

roposed that this “missing high mass problem” has become rele-

ant to all type II SNe. Based on recent observations ( Beasor and
Please cite this article as: F. Mirabel, The formation of

http://dx.doi.org/10.1016/j.newar.2017.04.002 
avies, 2016 ) that are reviewed in Section 4.5 , it has been pro-

osed that those observational low luminosity and mass limits rel-

tive to those theoretically expected, are a consequence of the un-

erestimation of absorption due to the limited information pro-

ided by the archival images used in this approach. 

.2. Massive stars that disappear without optically bright SNe 

Repeated observations of luminous and massive stars in nearby

alaxies reveal massive stars that disappear quietly, without op-

ically bright supernovae ( Kochanek et al., 2008 ). Following this

trategy, from a systematic analysis of archival Hubble Space Tele-

cope (HST) images of 15 galaxies ( Reynolds et al., 2015 ) and a

urvey of 27 galaxies with the Large Binocular Telescope ( Gerke

t al., 2015 ), were found respectively, one yellow supergiant candi-

ate of 25–30 M � that underwent an optically dark core-collapse

 Fig. 7 a,b), and one red supergiant candidate ( Gerke et al., 2015 )

ith an estimated mass of ∼25 M �, likely associated with failed

upernovae ( Fig. 8 a,b) 

Fig. 7 a shows the existence of some extended unresolved flux

t the location of the “NGC3021-CANDIDATE-1 ′ ’, which is located

n an arm of the spiral galaxy. As massive stars tends to be found

n star-forming complexes, this extended emission may be the

ost cluster of NGC3021-CANDIDATE-1. If this is the case, then

GC3021-CANDIDATE-1 clearly dominated the flux of the cluster

nd was its most massive member, which would be consistent

ith it being the next star to collapse ( Reynolds et al., 2015 ). 

Recently, it was confirmed ( Adams et al., 2016a ) by HST imag-

ng the optical disappearance of a failed SN candidate, previously

dentified with the Binocular Telescope ( Gerke et al., 2015 ). This

25 M � RSG experienced a weak 10 6 L � optical outburst in 2009

nd until 2015 remained at optical wavelengths at least ∼5 mag-

itudes fainter than the progenitor. In Fig. 8 are shown the mu-

iwavelength observations of the failed supernova candidate now

alled N6946-BH1. 

Figs. 7 b and 8 b show in both candidates remaining faint near

nfrared emission after more than 6 years since a faint transient

isplay. In addition, Fig. 8 b shows in the region of N6946-BH1 that

he mid-infrared emission measured with Spitzer at 3.6 μm and

.5 μm slowly decreased to the lowest levels since the first mea-

urements, which has been interpreted ( Adams et al., 2016a ) as ra-

iation from dust formed in the material ejected at few hundreds

f km s −1 during outburst. 
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Fig. 7. a) Selected HST F814W ( λ 802.4 nm) image cuts centered on the position of a candidate in the galaxy NGC3021, the location of which is indicated with red tick 

marks. Between 2005 and 2013 were taken in total 23 images. The first HST image was taken in 2005, some 3.5 years later, NGC3021-CANDIDATE-1 appeared to be ∼1.5 

mag fainter in F555W ( λ 5407 nm) and ∼1 mag fainter in F814W ( λ 802.4 nm). A final set of observations in early 2013 show the source to be similarly faint. The region 

of the candidate shows several partially resolved extended sources that may be a host cluster of NGC3021-CANDIDATE-1. If this is the case, then NGC3021-CANDIDATE-1 

dominated the flux of the cluster and was its most massive inhabitant, which would be consistent with it being the next star to collapse. It is estimated that this candidate 

is a 25–30 M � yellow supergiant that underwent an optically dark core-collapse. b) Light curve of the candidate NGC 3021 at F555W ( λ 5407 nm) and F814W ( λ 802.4 nm). 

Whether the source detected at late times is related with the candidate in NGC 3021 is not clear. Alternatively, it could be related to some extended background flux or to 

the host cluster of the candidate. (Reproduced from ref. ( Reynolds et al., 2015 ). (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 8. (a) HST images of the region surrounding N6946-BH1. The top and middle rows show the WFPC2 F606W ( λ 588.7 nm) and F814W ( λ 802.4 nm) images. The bottom 

row shows the WFC3/IR F110W ( λ 1153.4 nm) and F160W ( λ 1536.9 nm) images. The circles have a radius of 1 ′′ . The progenitor has dramatically faded in the optical but 

there is still faint near-IR emission. Reproduced from ref. ( Adams et al., 2016a ). (8b) N6946-BH1 light curves from HST (large circles), Spitzer Space telescope (SST, squares), 

Large Binocular Telescope (LBT, stars), CFHT (x’s), Palomar Transient Factory (red pentagons and upper limits), and amateur astronomer Ron Arbour (green upper limits). 

The vertical axis switches from a linear scale below 10 4 L � to a logarithmic scale above 10 4 L � . A luminosity of zero is given by the dashed black line for comparison. The 

uncertainties for the differential LBT and SST photometry do not include the significant uncertainty in their “zero points" created by crowding. The LBT fluxes at late times 

could easily be zero. For this purpose, the high resolution HST constraints that any remaining optical flux is < 10 3 L � are more relevant. Reproduced from ref. ( Adams et al., 

2016a ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The estimated masses of 20–25 M � for the two stellar progen-

itors are in the mass range of the missing RSG SN progenitors

( Smartt, 2015 ) described in Section 4.1 , and in the high core “com-

pactness” identified in theoretical models as most likely to give

rise to failed SNe and direct BH formation ( Sukhbold et al., 2016 ).

The light curves in Figs. 7 b and 8 b are consistent with the low-

energy, long-duration, red events theoretically predicted in BH for-

mation by failed SN ( Lovergrove and Woosley, 2013 ). In this model

( Lovergrove and Woosley, 2013 ) of a RSG collapse, a very weak SN

with total kinetic energy of ∼10 47 erg is produced, a large frac-

tion of the hydrogen envelope is ejected with speeds of a few

100 km s −1 , and luminosities ∼10 39 erg s −1 are maintained for a

year from hydrogen recombination. 

Alternatively, it has been proposed ( Adams et al., 2016a,b ) that

this near-infrared late-time emission may be due to fallback ac-

cretion onto a newly formed BH obscured by dust formed in the

weakly-ejected envelope. If this late-time luminosity is powered by

fallback accretion, X-rays could be detected with Chandra, as long

as the neutral hydrogen column depth is not too large ( Adams et

al., 2016a ). Then, according to the authors ( Adams et al., 2016a ) a

detection of X-rays could lead to the first observational evidence of
Please cite this article as: F. Mirabel, The formation of
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H formation in almost real time. If confirmed, N6946-BH1 would

e the first failed SN and first black hole birth ever discovered,

nd the problem of the missing high-mass SN progenitors would

e solved ( Adams et al., 2016a ). 

It should be pointed out that near-infrared emission has been

etected from accreting BHs in the Milky Way, but identified as

adiation from synchrotron jets. Near-infrared emission from ac-

reting BHs has been observed from jets associated to mayor soft

-ray outbursts ( Sams et al., 1996 ) and at low accretion rates with

ime variabilities having periods of minutes ( Mirabel et al., 1998 ),

nd as faster infrared flickering with time variations up to seconds

 Eikenberry et al., 2008 ). 

In this context, an alternative way to confirm BH formation at

he position of disappearing massive stars would be by recurrent

bservations at centimeter radio wavelengths, which are less af-

ected than X-rays by the expected large HI column densities pro-

uced in failed SNe of core-collapse massive stars. If a recently

ormed BH accretes mass from matter falling back from the failed

N, or from stellar companions in a multiple bound stellar system

e.g. a binary companion), feedback in the form of time variable

elativistic jets are likely to be produced. Milky Way BHs accret-
 stellar black holes, New Astronomy Reviews (2017), 
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Massive Stellar Binary BH-HMXBs Binary black hole 

Fig. 9. Binary black holes may be formed from relatively isolated massive stellar 

binaries through an intermediate phase of a black hole high mass X-ray binary 

(BH 

–HMXB). For metallicities Z < 0.1 Z � stars of M > 20 M � may collapse directly 

and form BBHs. Massive stars of solar metallicity Z = Z � lose mass by stellar winds 

and may also collapse directly as black holes for certain values of the Zero Age 

Main Sequence mass of the progenitor ( ∼ > 40 M � for the black hole in Cygnus 

X-1, see Section 2.1 ). It has been shown that it is unlikely that the Galactic 

BH 

–HMXB Cygnus X-1 will become a BBH ( Belczynski et al., 2011 ); perhaps Cygnus 

X-3, but it is not guaranteed ( Belczynski et al., 2013 ). 
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ng at high rates produce giant recurrent jets of up to tens of Jy’s

t radio wavelengths (e.g. Cygnus X-3 ( Corbel et al., 2012 ) & GRS

915 + 105 ( Mirabel and Rodríguez, 1994 )). At the distance of ∼6

pc of NGC 6946 analogous giant outbursts would be detected

ith the upgraded VLA with flux densities in the range of 1 to

ens μJy’s. 

Given the detection of 6 successful SNe in the sample of origi-

ally 27 monitored galaxies with the Large Binocular Telescope and

ne likely failed SN, the implied fraction of core-collapses that re-

ult in failed SNe is f = 0.14 + 0.33/ −0.10 at 90% confidence, and if

he current candidate is ultimately rejected, there is a 90% confi-

ence upper limit on failed SN fraction of f < 0.35. 

.3. Absence in color–magnitude plots of SN progenitors with 

 20 M �

An indirect strategy was applied ( Williams et al., 2014 ) using

esolved stellar photometry from archival HST imaging to generate

olor–magnitude diagrams of stars within 50 pc of the location of

7 historic core-collapse SNe that took place in galaxies within a

istance of 8 Mpc. Fitting the color–magnitude distributions with

tellar evolution models to determine the best-fit age distribution

f the young population, the authors conclude that so far there is

ot a single high-precision measurement of a SN progenitor with

 20 M �. But the authors point out that the large uncertainties

or the highest-mass progenitors also allow the possibility of no

pper-mass cutoff, hinting that there could be a ceiling to SN pro-

uction or a mass range that under produces SNe. 

.4. Absence of spectral signatures for > 20 M � progenitors of type 

IP SNe 

SN 2012aw is a nearby Type IIP SN with a potentially lumi-

ous and massive progenitor that was directly identified in pre-

xplosion images. The inferred luminosity of the progenitor was

isputed in several separate analyses, but is potentially higher than

ost previous RSGs and a candidate to be the first progenitor star

f a Type IIP SN with a ZAMS > 20 M �. 

Besides photometry at different wavelengths, the nucleosyn-

hetic products in the nebular spectra of SNe can also provide con-

traints on the mass of the exploding star. Combining the individ-

al evolution in the three oxygen lines excited by thermal colli-

ions ([O I] λ5577, [O I] λ6300, and [OI] λ6364) the mass of the

xygen present in the carbon burning ashes can be constrained. 

Using optical and near-infrared nebular spectroscopy between

50 and 451 days after the explosion ( Jerkstrand et al., 2014 ) it

as realized that the observed evolution of the cooling lines of

xygen in the nebula are difficult to reconcile with the expected

ucleosynthesis products from progenitors of Type IIP SNe with

 20 M �. 

Reviewing ( Jerkstrand et al., 2014 ) the literature of published

ebular spectra of Type IIP SNe were found no observations where

he [O I] λ6300, λ6364 lines are significantly stronger (relative to

he optical spectrum as a whole) than in SN 2012aw, from which

he authors ( Jerkstrand et al., 2014 ) conclude that no Type IIP SN

as yet been shown to eject nucleosynthesis products from stars

ith masses above 20 M �. 

.5. Discussion on the high mass limit for progenitors of Type IIP SNe 

It has been argued that the optical and infrared observational

pproaches described above, and the conclusions inferred from

hem on the upper mass-limit of core-collapse SNe that lead to the

RSG problem” may have several biases, as those possibly due to

he influence of circumstellar dust, luminosity-mass analysis, mag-
Please cite this article as: F. Mirabel, The formation of
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itude variations of RSGs, sample selection, and limited numbers

tatistics. 

Recent measurements of circumstellar dust in 19 RSGs of the

oeval cluster NGC 2100 showed that the mass lost rate signifi-

antly increases through the lifetime of RSGs before exploding as

Ne, with mass loss rates a factor of 40 higher close to explo-

ion than in early stages ( Beasor and Davies, 2016 ). In this study

t was also found evidence for an increase of circumstellar extinc-

ion through the RSG lifetime, implying that in the more evolved

tars the progenitor’s initial mass could be underestimated by up

o 9 M �, in which case the observational upper mass limits of

6–20 M � for the progenitors of Type IIP SNe that had been in-

erred from archival images, when corrected by absorption, would

e consistent with the theoretical mass limit of 25 M �, and the

RSG problem” solved. 

Under the assumption of mass lost during RSGs evolution, cur-

ent models ( Meynet et al., 2015 ) predict that RSGs will evolve

ack to bluer regions of the magnitude-color diagram, the heaviest

SGs moving to the yellow supergiant phase where may end their

ives as BHs with little or no explosion at all. Interestingly, one of

he two most likely candidates of BH formation by failed SNe iden-

ified so far ( Reynolds et al., 2015 ) with an estimated initial mass

etween 25 and 30 M � ( Section 5.2 ) is a yellow supergiant. 

. The formation of binary stellar black holes 

The first sources of gravitational waves detected by LIGO were

ergers of stellar BHs ( Abbott et al., 2016c ) and the question on

ow these BBHs may be formed is of topical interest. In previous

ections have been presented observational results that are con-

istent with the idea that stellar black holes may be formed by

he implosion of massive stars in the dark, without luminous natal

Ne, with no ejection of a significant amount of baryonic matter,

nd with no energetic kicks. 

.1. BBHs formed by isolated evolution of massive stellar binaries 

BH high mass X-ray binaries (BH-HMXBs) are an evolutionary

tage of isolated massive stellar binaries, before BBH formation

 Fig. 9 ). 

The BHs that merged producing the source of gravitational

aves GW150914 ( Abbott et al., 2016b ) had masses of ∼30 M �,

uch larger than the 5 M � to 15 M � stellar BHs found so far in

he Milky Way, and it has been proposed ( Belczynski et al., 2016 )

hat those BHs were formed by direct collapse. In Fig. 10 a is shown

n example of a field binary evolution leading to a BH-BH merger

imilar to GW150914. This model invokes mass transfer from the

econdary to the first BH during common envelope, which still is

 poorly understood evolutionary phase of BH-HMXRBs that leads

o large uncertainties. 
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Fig. 10(a). Example of the evolution of a massive stellar binary leading to a BH–

BH merger similar to GW150914. A massive binary star (96 M � (blue) + 60 M �) 

is formed in the distant past (2 billion years after Big Bang; z ≈ 3.2; top row), 

and after 5 million years of evolution forms a BH–BH system (37 M �+ 31 M �; 

second-last row). For the ensuing 10.3 billion years, this BH–BH system is subject 

to loss of angular momentum, with the orbital separation steadily decreasing, un- 

til the black holes coalesce at redshift z = 0.09. This example binary formed in a 

low-metallicity environment ( Z = 0.03 Z �) where the BHs were formed by direct 

collapse. MS, main-sequence star; HG, Hertzsprung-gap star; CHeB, core-helium- 

burning star; BH, black hole; a , orbital semi-major axis; e , eccentricity. Reproduced 

from Ref. ( Belczynski et al., 2016 ). (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10(b). Illustration of the binary stellar evolution leading to a BH + BH merger 

with a high chirp mass in the context of the “massive over-contact binary evolution 

( Marchant et al., 2016 )” also called “chemical homogeneous evolutionary channel 

for BH mergers ( De Mink and Mandel, 2016 )“. This model avoids the physics uncer- 

tainties in common envelope ejection events, and the still unconstrained BH Kicks. 

The initial metallicity is Z �/ 50, the masses of the stars in solar masses are indi- 

cated with red numbers, and the orbital periods in days are given as black num- 

bers. A phase of contact near the ZAMS causes mass exchange. Acronyms used in 

the figure: ZAMS: zero-age main sequence; TAMS: termination of hydrogen burn- 

ing; He-star: helium star; SN: supernova; GRB: gamma-ray burst; BH: black hole. 

Reproduced from Ref. ( Marchant et al., 2016 ). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 

m  

w  

f  

a  

o  

f  

i  

o  

u  

e  

o  

i  

(  

i  

m  

k  

m

5

 

o  

f  
5.2. BBHs formed from tight binaries with fully mixed chemistry 

Another scenario is that of a massive over contact binary (MOB)

that remain fully mixed as a result of their tidally induced spins.

This chemically homogeneous evolutionary channel for BBH for-

mation in tight massive binaries ( De Mink and Mandel, 2016 ;

Marchant et al., 2016 ) is insensitive to kicks smaller than the bi-

nary’s orbital velocity. In this model BBHs originate from binaries

in or near contact at the onset of hydrogen burning, which allows

mixing of the burning products in the center throughout the stel-

lar envelope, a process originally proposed for rotating single stars

( Maeder, 1987 ). At low metallicities MOBs will produce BBHs that

merge within Hubble time with mass ratios larger than 0.55, as

in GW150914. The schematic representation in Fig. 10 b shows that

this model avoids the physics uncertainties in common envelope

ejection events, and the still unconstrained BH Kicks. This channel

has a preference for high total and chirp masses as in GW150914,

but BBHs with the relative low masses of ∼10 M � of the BHs as in

GW151226 are difficult to reproduce. 

5.3. BBHs formed by dynamical interaction in dense star clusters 

In Fig. 10 c are shown alternative paths for the formation of

the BBH progenitor of GW150914 by dynamical interactions in

GCs ( Rodriguez, 2016 ). These paths for BBH formation assume that
Please cite this article as: F. Mirabel, The formation of
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embers of the BBH are formed with no energetic SNe or NKs that

ould disrupt the binary system or eject the BH components out

rom the cluster before BBH formation. The escape velocity from

 typical GC is a few tens of km s −1 and BHs with kick velocities

f hundreds of km s −1 as observed in some NSs would be ejected

rom typical GCs, unless BBHs are preferentially formed by dynam-

cal interactions in nuclear clusters of 10 7 M � or more with sizes

f only a few parsecs ( Antonini and Rasio, 2016 ). However, due to

ncertainties in the conversion of luminosity to mass, the actual

xistence and frequency of such super-massive clusters is a matter

f debate. For instance, from HST observations of nuclear clusters

n the starburst galaxies M82 and NGC 5253 it has been estimated

 Smith et al., 2006, 2016 ) that the most massive nuclear clusters

n these nearby galaxies have typical sizes of a few parsecs but

asses between 7 × 10 4 M � and up to 1.3 × 10 6 M �. Anyway, it is

nown that large numbers of NSs have been retained in GCs and

ust have been born with low or no overall kicks. 

.4. GW150914 & GW151226 versus theoretical BBH formation paths 

Fig. 11 shows the posterior probability densities for the masses

f the sources components of the three GW events identified so

ar ( Abbott et al., 2016a ). The probable high masses ( ∼30 M ) of
�
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Fig. 10(c). Dynamical Formation of the GW150914 Binary Black Hole in a Globular 

Cluster. This interaction diagram shows the formation history for two GW150914 

progenitors in a single GC model. From top to bottom, the history of each individual 

BH that will eventually comprise a GW150914-like binary is illustrated, including 

all binary interactions. The legend shows the various types of gravitational encoun- 

ters included in these GC models (with the exception of two-body relaxation). In 

each interaction, the black sphere represents the GW150914 progenitor BH, while 

the blue and red spheres represent other BHs (and stars) in the cluster core. Re- 

produced from Ref. ( Rodriguez et al., 2016 ). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Posterior probability densities for the masses of the sources components 

of the three events GW150914, LVT151012 and GW151226. For the two dimensional 

distributions, the contours show 50% and 90% credible regions. Reproduced from 

Ref. ( Abbott et al., 2016a ). 
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he components in GW150914 and their mass ratios larger than

.55 are consistent with BBHs formed from tight binaries with fully

ixed chemistry (model 5.2). However, the relative low masses

 ∼10 M �) of the BH components in GW151226 suggest that the

BH of this event was either formed from an isolated binary

model 5.1), or by dynamical interaction in a high stellar density
Please cite this article as: F. Mirabel, The formation of
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luster (model 5.3), with the BHs formed without kicks that would

nbind the isolated binary (model 5.1), or eject the BHs from the

arent stellar cluster before BBH formation (model 5.3). The likely

ow kicks at birth and ∼10 M � of the BHs in GW151226 are qual-

tatively consistent with the observational evidence for in situ for-

ation of BHs of similar masses in Galactic XRBs ( Section 2.1 ). 

. Summary and conclusions 

• From the kinematics of Galactic BH X-ray binaries in three di-

mensions of space it is found that stars of solar metallicity

and > 40 M � may collapse directly to form BHs by implosion,

without energetic SN explosions and Natal Kicks (NKs). In fact,

from the kinematics of Cygnus X-1 it is inferred that the BH of

∼15 M � was formed in situ with no NK, by the implosion of a

progenitor of ∼40 M �, that probably went through a Wolf Rayet

phase with a total mass loss of ∼25 M �.The kinematics of GRS

1915 + 105 suggests that the BH of ∼10 M � in this X-ray binary

was also formed by implosion with no trigger from a NK. These

observations are consistent with core-collapse models based on

neutrino-powered explosions of massive stars ( Sections 2.1 and

2.4 ). 

• The linear momentum of BH X-ray binaries determined from

velocities in three dimensions increases with decreasing BH

mass, as expected from core-collapse models. However, this

possible trend is inferred from low numbers statistics (only five

sources) and its interpretation in terms of kick velocities im-

parted to the compact object in the runaway binary is uncertain

without knowledge of the binary’s origin. X-ray binaries may be

formed in different environments and their runaway velocities

be caused by a diversity of physical mechanisms ( Sections 2.2

and 2.3 ). 

• XTE J1118 + 480 is in the Galactic Halo and if interpreted as a

field binary formed in the disk would have received a natal

kick > 80 km s −1 , but if formed by dynamical interaction in a

globular cluster the BH could have been formed with no ener-

getic trigger. The BH X-ray binaries GRO J1655-40, V404 Cyg,

GRS 1915 + 105 and Cygnus X-1 are in the Galactic disk and

have relatively low motions in directions perpendicular to the

disk. They are respectively 2.1 ± 1, 4 ± 1, 6 ± 2, and 6 ± 1 km s −1 .

If the BHs in those X-ray binaries would have been born with

energetic kicks, it would be intriguing that their motions in di-

rections perpendicular to the Galactic disk are so small, unless

there is a preference of BH natal kicks in directions along the

Galactic disk…The most striking case is that of the runaway BH

X-ray binary GRO J1655-40, which has a velocity component

on the Galactic plane of ∼112 ± 18 km s −1 whereas its velocity

component perpendicular to the Galactic plane is 2.1 ± 1 km s −1 

( Section 2.3 ). 

• It is expected that parallax distances and proper motions of BH-

XRBs determined from VLBI observations at radio wavelengths,

and with GAIA at optical wavelengths, will allow to determine

the velocities in three dimensions accurately enough and for

larger samples of BHXRBs, to track their paths to the sites of

birth, and better constrain models on stellar BH formation. 

• BH-XRB candidates have been identified in globular clusters,

and their confirmation would provide evidence for BH forma-

tion by either direct collapse and/or sufficiently low natal kicks,

since they would not have been ejected from the clusters. It is

expected that low mass BHs accreting at low rates could still be

present in large numbers far from the globular cluster’s central

cusps. A way to identify those quiescent BH X-ray binaries in

Milky Way globular clusters is by the observation of the char-

acteristic radio continuum self-absorbed synchrotron emission

of stellar BHs at low mass accretion rates. 
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• The recent possible identification of a dormant intermediate-

mass BH candidate in the globular cluster 47 Tucanae inferred

from the dynamical state of the cluster, opens a new way to

identify these elusive objects, which could have been seeds for

the formation of supermassive BHs. ( Section 2.6 ). 

• The theoretically expected metallicity and redshift dependence

of the formation of BH-XRBs has now been confirmed by ob-

servations. From a large set of data of high mass X-ray binaries

(mostly containing accreting BHs) in nearby galaxies, it is found

that they are typically ten times more numerous per unit star

formation in low-metallicity galaxies ( < 20% solar) than in solar-

metallicity galaxies. The expected redshift dependence of high

mass X-ray binaries on metallicity has also been confirmed by

observations in the Chandra Deep Field South survey. The X-

ray luminosity normalized by the star formation rate due to

BH-HMXBs in normal galaxies show out to redshift z = 2.5 an

evolution that is proportional to redshift, which is due to the

declining metallicity of the progenitors of BH-HMXBs with in-

creasing redshift, which is consistent with the indications of

significant populations of high redshift BHs among the Cosmic

Infrared Background sources ( Section 3 ). It is expected that the

future X-ray satellite Athena will allow to extend the study of

BH-XRBs to higher redshifts. 

• A large fraction of stars above some mass limit subject to de-

bate (between 17 and 25 M �) implode in the dark without lu-

minous SNe, most likely ending as BHs. This is inferred from

searchers for SN progenitors in optical and infrared archived

images, from massive stars that quietly disappear in the dark,

from the largest stellar masses in the young stellar populations

that host historic supernova remnants, and from the absence of

nucleosynthetic products of very massive stars in the nebular

spectra of core-collapse supernovae. The detection of accreting

BHs at the position of failed SNe by follow up observations in

X-rays and radio wavelengths, offers the possibility to find the

first observational evidence of BH formation in real time. The

enhanced capabilities of the future Athena X-ray satellite and

the upgraded VLA and future SKA radio interferometers will

play an important role in this area of research ( Section 4 ). 

• Three main evolutionary channels have been proposed for Bi-

nary Black hole (BBH) formation: (1) BBHs formed by isolated

evolution of massive stellar binaries, (2) BBHs formed from

tight binaries with fully mixed chemistry, and (3) BBHs formed

by dynamical interaction in dense stellar clusters. In model (1)

the BH members of BBHs are formed by direct collapse and

with no BH natal kicks that would unbind the stellar binary.

In model (3) it is tacitly assumed that the members of BBHs

are also formed with no BH natal triggers that would eject

the BHs from the stellar cluster before BBH formation. Model

(2) avoids the physics uncertainties in mass transfer, common

envelope mass ejection events, and the still unconstrained BH

kicks. However, model (2) assumes massive tight binary pro-

genitors of BBHs and has preference for BBHs with large masses

as in GW150914, but the relative low BH masses in GW151226

are difficult to reproduce. In principle the formation of the BBH

in GW151226 can be accounted by models (1) and (3). ( Section

5 ). 

• BBHs formed from relatively isolated massive stellar binaries

(channel 1) or contact massive binaries (channel 2) by either

direct collapse and sufficiently low natal kicks, will remain in

situ and ultimately merge in galactic disks. BBHs formed by dy-

namical interactions in the cusps of globular clusters, may be

ejected from their birth place and ultimately merge in galactic

haloes, like the sources of short gamma-ray bursts. 

• The detection by the LIGO-Virgo collaboration of GWs from

the fusion of stellar BBHs has open new horizons for BH as-

trophysics. Virgo will soon come into operations, and together
Please cite this article as: F. Mirabel, The formation of
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with LIGO and other future GW detectors will make possible to

narrow down the origin of the GWs, allowing the detection of

possible electromagnetic radiation coming from the same GW

source or its immediate environment, and the identification of

its astronomical host. It is expected that in a more distant fu-

ture the GW space mission LISA, besides detecting GWs from

the fusion of supermassive BHs, will be able to anticipate the

time at which the final fusion of stellar BHs will take place, al-

lowing extraordinary progresses in the frontiers of physics and

astrophysics. 

• Most astrophysical insights on the formation of stellar BHs by

implosion of massive stars had been based on what we don’t

see: e.g. the absence of runaway motions in BH-XRBs, the ab-

sence of progenitors of core-collapse SNe above some mass

limit, the absence of luminous SNe associated to massive stars

that suddenly disappear, the absence in the nebular spectra

of core-collapse SNe of the expected nucleosynthetic elements

from very massive stars …

Thanks to the faith on scientific research and technological cre-

ativity that made possible the detection of the first sources of

gravitational waves, now we have seen direct signals from BHs.

Perhaps Saint Augustine was right when in another context he

stated: “Faith is to believe what you do not see, the reward of

this faith is to see what you believe.”
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