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Progenitors of Stellar Black Holes

ZAMS mass

M
et

al
lic

it
y

Heger et al. (2003)



Progenitors of Stellar Black Holes

ZAMS mass

M
et

al
lic

it
y

Heger et al. (2003)

ZAMS mass

ZAMS mass

O’Connor & Ott (2011)

S
u

kh
b

o
ld

 e
t 

al
. (

20
16

)

● No sharp “mass threshold” for BHs

● Still largely unclear which progenitors 
form BHs and which form NSs
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● No sharp “mass threshold” for BHs

● Still largely unclear which progenitors 
form BHs and which form NSs

BH “landscape” depends 

on the modeling of:

● Stellar evolution

● Binary effects

● Explosion physics



Channels of Stellar-mass
Black Hole Formation

Burrows et al. (2024)
Janka (2013, 2025)

● BH formation in a successful SN by continuous mass accretion
● BH formation in a successful SN by late-time fall-back accretion 

(“fallback SNe”)

● BH formation in a failed SN with shock revival
● BH formation in a failed SN without shock revival
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gap” BHs?!
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● BH formation in a successful SN by continuous mass accretion
● BH formation in a successful SN by late-time fall-back accretion 

(“fallback SNe”)

● BH formation in a failed SN with shock revival
● BH formation in a failed SN without shock revival

● gravitational waves
● neutrino signal & neutrino kick

● no (strong) electromagnetic display,
“disappearing stars” (Kochanek+2008), e.g. N6946-BH1
(Gerke+2015, Adams+2017)

Burrows et al. (2024)
Janka (2013, 2025)



Neutrino-driven Explosion Mechanism

● Gravitational binding energy of the collapsed Fe core
(~3–4 x 1053 erg) transiently stored in a hot and inflated PNS

● PNS contracts and cools via neutrino emission over ~10 s
● ~1% of neutrinos reabsorbed (in “gain layer” / heating layer)
● Shock revival (aided by convection & SASI) or BH formation

Arnett (1966)
Colgate & White (1966)
Bethe & Wilson (1985)



● Ongoing, strong mass accretion in BH-formation models causes 
enhanced neutrino luminosities and harder neutrino spectra

● Signals stop abruptly once the proto-NS (better “proto-BH”) 
reaches the (EoS dependent) threshold mass for BH formation

Neutrino Emission from
NS and BH Formation



The Diffuse Supernova Neutrino Background

Kresse, Ertl, & Janka 
(2021), ApJ 909, 169

● close to detection in 
currently running and 
upcoming neutrino 
detectors (SK, JUNO)

● Contribution from BH 
formation events may 
dominate the DSNB at 
high energies

IMF-averaged neutrino 
source spectrum
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fraction of BH forming 

events



3D Model Overview

● 8 successfully exploding CCSN models > until ~10 s
● 6 black hole forming models (failed SNe) > until ~1 s



Prometheus-Vertex: Fryxell et al. (1989), Rampp & Janka (2002), Buras et al. (2006),
 Marek et al. (2006), Hanke (2014), Melson (2016), Bollig (2018)

● 3D neutrino-hydrodynamics simulations with the 
Prometheus-Vertex code, using energy- and velocity-
dependent neutrino transport (two-moment scheme, 
ray-by-ray+), Yin-Yang grid

● 40 & 75 solar-mass progenitors (models s40 & u75)
● varied nuclear equation of state: LS220, SFHo, DD2
● varied angular resolution

Numerical Setup



Shock Radius & PNS Mass

● neutrino-driven shock 
expansion in some of the 
models (u75 LS220/SFHo)

● no SN-like mass ejection
(in none of the cases)

● threshold mass for BH 
formation depends on the 
nuclear EoS

(higher maximum PNS mass
for “stiffer” EoS, e.g., DD2)
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Turbulent Flow Dynamics

● Neutrino-heated plumes & massive accretion 
downflows (strongly varying with time)

u75 (LS220, hr)

Anisotropic neutrino 
emission / absorption



Neutron Star & Black Hole Kicks

NS acceleration via:

1) asymmetric ejection of matter (“hydro kick”)
2) asymmetric neutrino emission (“neutrino kick”)

Janka & Kresse (2024), Ap&SS 369, 80

Scheck et al. (2006)
Asymmetric ejection of matter causes a NS kick in 
the direction opposite to the strongest expansion



Channels of Stellar-mass
Black Hole Formation

● BH formation in a successful SN by continuous mass accretion
● BH formation in a successful SN by late-time fall-back accretion 

(“fallback SNe”)

● BH formation in a failed SN with shock revival
● BH formation in a failed SN without shock revival

possibly significant
hydro kick (>100 km/s)

only neutrino kick
(~few km/s)



Neutrino-induced Kicks

most relevant for 
low-mass SNe

Reasons for asymmetric (anisotropic) neutrino emission:

1) Anisotropic neutrino emission
from the PNS core (due to the LESA)

dominant for
BH formation

2a) Anisotropic neutrino (ν) emission
from the PNS accretion mantle layer

2b) Anisotropic ν absorption/scattering
in dense matter downdrafts



Neutrino Kicks

> neutrino-induced NS kicks: ~50–100 km/s

> neutrino-induced BH kicks: ~few km/s
   (in failed SNe without asymmetric mass ejection)



NS and BH Kicks Janka & Kresse (2024)
Ap&SS 369, 80



NS and BH Kicks Janka & Kresse (2024)
Ap&SS 369, 80

    Vigna-Gómez+2024,

    PRL 132, 191403



VFTS 243 (Vigna-Gomez+2024)

● Shenar+2022:
inert (i.e., x-ray quiescent or 
dormant) BH binary (single-
lined-spectroscopic binary)

● Vigna-Gomez+2024:
kick below 5 km/s (nearly 
circular orbit, not circularized 
by tides)

● ~10 solar-mass BH
● ~25 solar-mass companion
● P ~ 10 d
● e ~ 0.017
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● Shenar+2022:
inert (i.e., x-ray quiescent or 
dormant) BH binary (single-
lined-spectroscopic binary)

● Vigna-Gomez+2024:
kick below 5 km/s (nearly 
circular orbit, not circularized 
by tides)

● ~10 solar-mass BH
● ~25 solar-mass companion
● P ~ 10 d
● e ~ 0.017

Other evidence for BH with 

small kick: LMXB V404 (in 

wide triple); Burdge+2024

At least some BHs 
seem to form in failed 
SNe with small kicks



Conclusions

● neutrinos from BH forming failed SNe will not only be 
measurable for a nearby / Galactic event; they may also 
dominate the Diffuse Supernova Neutrino Background 
(Kresse et al. 2021)

● BH kicks in failed SNe dominated by anisotropic neutrino 
emission / absorption in violent accretion flows; ~few km/s 
(Janka & Kresse 2024)

● BH kicks (~few km/s) and neutrino anisotropies (<0.2%) 
consistent with VFTS 243 (Vigna-Gomez et al. 2024) and 
V404 Cyg (Burdge+2024)
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