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Introduction

-Stellar Black Hole formation results from stars with 
>8 M

☉

-estimated to be 3 x 108 stellar mass BHs in MW

-Runaway motions of BHs can be from ejected mass 
or natal kicks (NKs) which are ~50 km/s (Nelemans, 
Tauris & van den Heuval 1999), or can be near-zero 
depending on binary configuration mass, star 
metallicity  (Fryer & Kalogera 2001)

-BH NKs are small compared to the NKs typical of 
neutron stars ~100-400 km/s (Fryer et al. 1999)

-smaller kicks favor BBH mergers (Dominik et al. 
2012)



Runaway velocity of Black Hole X-ray binaries (BH-XRBs)

Causes:

- Sudden baryonic mass loss of primary

--can cause the binary to be unbound 

Credit: Philipp Podsiadlowski



Runaway velocity of Black Hole X-ray binaries (BH-XRBs)

Causes:

- Sudden baryonic mass loss of primary

--can cause the binary to be unbound

-anisotropic emission of neutrinos or 
GWs (Janka 2013, Takiwaki & Kotake 
2018)
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Runaway velocity of Black Hole X-ray binaries (BH-XRBs)

Causes:

- Sudden baryonic mass loss of primary

--can cause the binary to be unbound

-anisotropic emission of neutrinos or 
GWs (Janka 2013, Takiwaki & Kotake 
2018)

-Interactions in a stellar clusters 

Takiwaki & Kotake 2018



Remnants of massive stars



Kinematics of BH-XRBs

-Determined with VLBI



Implosion: Cygnus X-1
● 1.86 +/- 1 pc distance
● 5.6 day orbital period, BH ~15 M

☉ , donor 
~ 19.2 M

☉

● V ~50 km/s, mass loss ~2.6 M
☉

 
● Association with co-moving massive stars 

suggest it could have formed in-situ
● Initial mass 40-100 M

☉ based on stellar 
type of associated stars

● Typical age of O7 V stars of ~5 Myrs is 
consistent with the 56 pc distance 
between Cyg X-1 and the cluster given its 
relative velocity of ~9 km/s

● Similar results from new Gaia proper 
motions and parallax (Ghandi et al 
2018)?



Implosion: GRS 1915+105

● BH ~10 M
☉ , donor star 0.5 M

☉ K-M III type
● 34 day orbital period
● Peculiar velocity of 22 +/- 24 km/s
● Consistent with without strong NKs



Runaway: GRO J1655-40

● 5.6 day orbital period, BH ~5.3 M
☉ , donor ~ 2.4 M

☉ 

● Runaway velocity of 112 +/- 18 km/s
● Galactic eccentricity of ~0.3 (radial migration?)
● Velocity and kinematics explained by 4 M

☉ mass ejection followed by 3 M
☉ 

fallback



Runaway: XTE J1118+480

● 5.6 day orbital period, BH ~7.6 M
☉ , primary ~ 0.18  M

☉ , K7 V-M1 V
● Runaway velocity of 183 +/- 31 km/s
● Galactic eccentricity of ~0.54 (radial migration?)
● High latitude b= 62.38 degrees



Runaway: V404 Cyg

● 5.6 day orbital period, BH ~9.0 M
☉ , donor ~ 0.75  M

☉ , K0 IV
● Runaway velocity of 39.9 +/- 5.5 km/s
● Energetic SN enriching the oxygen content of the donor star and explaining 

the kinematics



Runaway: MAXI J1836-194

● Runaway velocity of ~70 km/s
● Masses of BH an donor are very uncertain



Linear momentum vs BH mass

Hint of anti-correlation between BH mass and linear momentum



Black holes formed via implosion



● Lower metallicities in past 
generally imply larger mass 
at explosion. Hence more 
massive black holes. 

How does black hole formation change with cosmic time?



● Lower metallicities in past 
generally imply larger mass 
at explosion. Hence more 
massive black holes. 

● Integrated luminosity of 
HMXBs per SFR increases 
towards lower metallicities

● Average luminosity per 
HMXB is nearly constant

● Number of HMXBs is larger 
at lower metallicities

How does black hole formation change with cosmic time?

Douna+ 2015



Lehmer+ 2016

Black hole formation in binaries was more efficient in past

X-ray binaries could outshine AGN at z > 6!



How do black holes form from massive stars?

● Massive red supergiants (> 8 solar 
masses) explode as Type II supernovae

● Do we see evidence of the most massive 
stars forming black holes?



“The Red Supergiant Problem”

Smartt 2015

Legacy HST imaging shows that there is a dearth of 
massive progenitors compared to a Salpeter IMF



Do massive RSGs not produce bright supernovae?

NGC3021-CANDIDATE 1

Reynolds+ 2015

Archival HST search of 15 
galaxies for disappearing stars 



A disappearing RSG caught in the act

Adams+ 2017

Survey of 27 galaxies with the Large Binocular Telescope



A failed supernova?

● Energy ~ 10^47 erg, 
ejected at ~ 100 km/s

● Dust formed in the weakly 
ejected envelope?

● Failed SN fraction ~ 0.15
● Possible multi-wavelength 

counterparts
○ X-ray: Accreting BH, but HI..
○ Radio: Weak counterpart (~ 

10 microJy)
● Caveats: Dust extinction

Adams+ 2017



Constraints from SN 
spectroscopy

Jerkstrand+ 2014

● Supernova nucleosynthesis 
is sensitive to the progenitor 
mass

● Samples of Type IIP spectra 
do not show evidence of 
very massive progenitors



Forming binary black holes

● Focused on modeling of two 
BBH mergers known at the time

● Two “classes” of events:
○ GW150914: Two massive BHs 

never seen in the Milky Way
○ GW151226: Several Galactic 

examples
● Formation channels:

○ Isolated binary evolution
○ Chemically homogeneous evolution
○ Dynamical formation



Isolated binary evolution

● Two massive stars evolve 
through HMXB phase 

● Many poorly understood phases: 
common envelope, kicks, etc.

● Binaries have to be wide to 
avoid merger but not too wide so 
that BH kick disrupts it

● Very poorly understood common 
envelope phase



Chemically homogeneous evolution

● Rapid expansion during evolution 
can be suppressed if stars are 
uniformly mixed

● Chemical mixing can happen via 
large convective eddies and/or tidal 
mixing. Some evidence via peculiar 
chemical enhancements

● If stars do not expand vigorously, 
BHs form stably inside their Roche 
lobes and merge

● Difficult to produce low mass BHs 
like GW 151226, or with q < 0.5



Dynamical interactions

● Advantage: Avoids all 
the unknown binary 
physics, globular 
clusters are known to 
have BHs

● Disadvantage: 
Carefully tuned 
conditions to avoid the 
system getting kicked 
out of the cluster

Credit: CIERA

https://docs.google.com/file/d/1I8XZccH0iGhkV0gpws4ua5bDCVFEXxNN/preview


● Kinematic measurements of many massive Galactic BHs suggest very low 
space velocities / kicks

● Evidence of some objects with large kicks, aligned to the Galactic plane?
● Scope for improvement with VLBI and Gaia
● Some evidence for BHs in Globular clusters as well as IMBHs
● BH formation was more efficient in the past, will dominate the GW population
● BH formation from supernovae still not well understood, evidence primarily 

comes from the absence of massive progenitors
● BBHs can come from i) isolated binaries, ii) chemically homogeneous 

evolution and iii) dynamical interactions, with each having its own caveats

Summary


