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Collapsars



GRBs from Collapsars

• EHN ≥ 30 bethes 

• VHN ~ 30,000 km/sec

• Type Ic (bl) HN assoc.
to GRBs

• Wolf-Rayet progenitor

• High angular momentum (to form accretion disk)

• Strong magnetic field 

NASA / SkyWorks Digital



Binary evolution



Binary evolution

• BH Progenitor (primary):  
20 Msun < Mzams < 40 
Msun

• Let the star evolve as a 
single star, to guarantee a 
massive core ⇒ BH.

Case C mass transfer!



Roche Lobe Overflow
RLOF occurs when material from 
the star reaches the equipotential 
where the star’s gravity is balanced 
by the companion’s gravity and the 
centrifugal force.



Case C mass transfer
• RLOF ⇒ Common Envelope:   

ai ~ 1,500 RSun ⇒ af ~ few RSun.

• H envelope removed very late ⇒Massive WR star.

• Tidal synchronization provides a large amount of 
angular momentum late enough so it will not be lost 
to winds.
• Lower mass companions will fit in tighter orbits ⇒ 

more J into primary ⇒ large a* BH.



Energetics



Energetics
• Spinning BHs contain a large reservoir of 

energy:

• GRBs, HNe, Jets can tap this energy 
through Blandford-Znajek mechanism:

bethes



Blandford-Znajek

dl Accretion
Disc

Rotating Black Hole

RLoad
Current

    J
B

B



Blaauw-Boersma Kicks



BH binaries



BH binaries

• ~ 15 “well known” Galactic sources. 

• 3 extragalactic sources.

• 8 have Mstar < 1-Msun companions (hard to 
model).

• 7 have ~2-Msun companions (good candidates).

• 3 have Mstar > 10-Msun companions (little J).



Post SN Binary evolution



Name MBH,2 Md,2 MBH,now Md,now Model Measured POrbit,now EBZ

[M⊙] [M⊙] [M⊙] [M⊙] a�,2 a� [days] [1051 ergs]
AML: with main sequence companion

J1118+480 ∼ 5 < 1 6.0− 7.7 0.09− 0.5 0.8 - 0.169930(4) ∼ 430
Vel 93 ∼ 5 < 1 3.64− 4.74 0.50− 0.65 0.8 - 0.2852 ∼ 430

J0422+32 6− 7 < 1 3.4− 14.0 0.10− 0.97 0.8 - 0.2127(7) 500 ∼ 600
1859+226 6− 7 < 1 7.6− 12 0.8 - 0.380(3) 500 ∼ 600

GS1124−683 6− 7 < 1 6.95(6) 0.56− 0.90 0.8 - 0.4326 500 ∼ 600
H1705−250 6− 7 < 1 5.2− 8.6 0.3− 0.6 0.8 - 0.5213 500 ∼ 600
A0620−003 ∼ 10 < 1 11.0(19) 0.68(18) 0.6 - 0.3230 ∼ 440
GS2000+251 ∼ 10 < 1 6.04− 13.9 0.26− 0.59 0.6 - 0.3441 ∼ 440

Nu: with evolved companion
GRO J1655−40 ∼ 5 1− 2 5.1− 5.7 1.1− 1.8 0.8 0.65− 0.75 2.6127(8) ∼ 430

4U 1543−47 ∼ 5 1− 2 2.0− 9.7 1.3− 2.6 0.8 0.75− 0.85 1.1164 ∼ 430
XTE J1550−564 ∼ 10 1− 2 9.68− 11.58 0.96− 1.64 0.5 - 1.552(10) ∼ 300
GS 2023+338 ∼ 10 1− 2 10.3− 14.2 0.57− 0.92 0.5 - 6.4714 ∼ 300

XTE J1819−254 6− 7 ∼ 10 8.73− 11.69 5.50− 8.13 0.2 2.817 10 ∼ 12
GRS 1915+105 6− 7 ∼ 10 14(4) 1.2(2) 0.2 > 0.98 33.5(15) 10 ∼ 12

Cyg X−1 6− 7 � 30 ∼ 10.1 17.8 0.15 - 5.5996 5 ∼ 6
Extragalactic

LMC X−1 ∼ 40 ∼ 35 8.96− 11.64 30.62± 3.22 < 0.05 0.81− 0.94 3.91 < 2
LMC X−3 7 4 5− 11 6± 2 0.43 < 0.26 1.70 ∼ 155
M33 X−7 ∼ 90 ∼ 80 14.20− 17.10 70.0± 6.9 ∼ 0.05 0.72− 0.82 3.45 3− 11

> 0.97

16



GRB relics & energies



Some Galactic BHs

Name MBH MSec Porb a* EBZ

4U 1543-47
Il Lupi 2-9.7 1.3-2.6 1.12 0.75-0.85 ~430

GRO J1655-40
Nova Sco 94 5.1-5.7 1.1-1.8 2.61 0.65-0.75 ~430

XTE J1550-564 9.7-11.7 0.96-1.64 1.55 0.3-0.6 ~300

LMC X-3 5-11 4-8 1.70 ~0.3 ~150

3 BHs where the spin has been measured and matches the predictions.  Mass is expressed in Solar masses, 
orbital period in days, the Kerr parameter is unitless and the available Blandford-Znajek energy is in Bethes. 



Massive BH binaries



When the stars don’t 
fit in their orbit!

Name MBH MSec Porb a* EBZ

Cyg X-1 14.8(1) 19.2(1.9) 5.60 >0.97 5-6

LMC X-1 10.8(.84) 30.6(3.2) 3.91 0.91(6) <2

M33 X-7 15.6(1.4) 70(6.9) 3.45 0.84(5) 3-11



Porb vs a*



Alternative?



Kick the BH off center!
• A series of kicks? (Seems to work for NSs)

• A long single kick:  SASI with m=1

• Conservation of E, J (It’s a massive BH!)

Blondin & Mezzacappa, 2007.



Does it solve the 
problem?



However...

• We’re still missing Ering......

• Ering depends on Iring and     .

• Material in the ring easily becomes 
relativistic if (a) the ring has little mass and 
if (b) its radius is small.

ω2



However # 2

• So far we have assumed 100% energy 
conversion efficiency!

• Unlikely.



Furthermore... 7

Figure 3. Evolution of baryonic mass shells in the nonrotating model
s40WH07 evolved with the LS180 EOS. We also include the shock location
and the radii of the νe and νx neutrinospheres. The ν̄e-sphere (not shown),
is inside, but very close to the νe-sphere. The vertical dotted line denotes a
change of timescale in the plot, highlighting the final∼ 1ms of evolution be-
fore the central density reaches ∼ 4.2×1015 gcm!3 and the simulation halts.
We specifically highlight the 0.5, 1.0, 1.5, 2.0, and 2.5M! baryonic mass
shells with dashed lines. With solid lines, for M < 2M!, we plot every 0.1
M! mass shell. Above 2M! , we plot mass shells with a spacing of 0.05M! .

At∼ 408ms after bounce, the shock has receded to∼ 20km
and the PNS has reached a baryonic (gravitational) mass of
∼ 2.33M! (∼ 2.23M!). The difference between baryonic
and gravitational mass, at this point in the evolution, is due
to the ∼ 1.9× 1053 erg of energy radiated by neutrinos. At
this point, dynamical PNS collapse to a BH sets in and hap-
pens on a coordinate timescale of ! 1ms. In the rightmost
part of Figure 3, we zoom in to the final 1ms of evolution to
show detail. The first signs of collapse manifest themselves
in the development of a radial infall velocity profile at the
PNS edge. The PNS then collapses in on itself and the central
density increases by a factor of ∼ 3 in only ∼ 1ms of coordi-
nate time. The simulation crashes due to EOS limitations at
ρc ∼ 4.2× 1015 gcm!3 and with αc = 0.006. At this point the
peak of the metric function X = [1!2m(r)/r]!1/2 is ∼ 4.4 at a
coordinate radius of ∼ 6.8km. There, the fluid velocity also
peaks at ∼ !0.83c. The shock recedes by ∼ 8km in the last
∼ 1ms of evolution to a radial coordinate of∼ 12km. During
the last ∼ 0.05ms, due to the central lapse dropping to nearly
zero, the evolution of the mass shells slows near the origin.
This is characteristic for our choice of gauge. If the simula-
tion were to continue, X would become singular at the event
horizon that would appear after infinite coordinate time in our
coordinates (Petrich et al. 1986).
The s40WH07 model discussed here is a typical example

of a failing CCSN in spherical symmetry. We present the re-
sults of a large number of such models in Table 2, where for
each EOS and progenitor model we show the time to BH for-
mation as measured from bounce and the mass, both baryonic
and gravitational, of the PNS when the central value of the
lapse function α reaches 0.3 (roughly the point of instability).
In this table, the model name describes the initial model. The
metallicity is denoted by one of three letters: s, u, and z which
represent solar, 10!4 solar, and zero metallicity, respectively.
Following the metallicity is the ZAMS mass and the progen-
itor model set. In many simulations, particularly in those

employing stiff EOS, a BH does not form within 3.5s. For
these simulations we include in parentheses the mass inside
the shock at 3.5s. We note that at BH formation the shock is
typically at a distance of ! 20km and there is very little mass
between the shock and the PNS. The dynamical collapse to a
BH happens very quickly (t ! 1ms) during which very little
additional accretion occurs.

4.2. Comparison with Previous Work

The s40WW95 progenitor was considered in the BH for-
mation studies of Liebendörfer et al. (2004), Sumiyoshi et al.
(2007) (hereinafter referred to as S07), and Fischer et al.
(2009) (hereinafter referred to as F09). For comparison, we
perform simulations with this progenitor for both the LS180
and HShen EOS. Table 3 compares two key quantities, the
time to BH formation and the maximum baryonic PNS mass,
obtained with GR1D with the results obtained in the afore-
mentioned studies.
For the LS180 EOS, we find a time to BH formation of

∼ 524ms and a maximum baryonic PNS mass of ∼ 2.26M!,
which is ∼ 3% larger than predicted by F09. We attribute
this discrepancy to the different neutrino transport methods
used. GR1D’s leakage scheme has the tendency to somewhat
over predict electron-type neutrino luminosities (see the dis-
cussion in O’Connor & Ott 2010), resulting in lower gravita-
tional masses compared to full Boltzmann transport calcula-
tions. Our time to BH formation is longer by ∼ 100ms or
∼ 20%. This disagreement is relatively larger than the bary-
onic mass disagreement due to the low accretion rate at late
times that translates small differences in mass to large differ-
ences in time. At ∼ 435.5ms, the time to BH formation of
F09, our PNS has a baryonic mass of ∼ 2.17M!, which is
consistent to ∼ 1% with F09. We find it more difficult to rec-
oncile our results (and those of Liebendörfer et al. (2004) and
F09) with the simulations of S07. Their maximum PNS bary-
onicmass and the time to BH formation suggest a lower accre-
tion rate throughout their evolution (∼ 2.1M! in ∼ 560ms).
In the simulation run with the stiffer HShen EOS, the larger

maximum PNS mass leads to a delay of BH formation until a
postbounce time ∼ 1.129s and we find a maximum baryonic
PNS mass of ∼ 2.82M!. The maximum PNS mass and time
to BH formation of S07 again suggest an accretion rate in dis-
agreement with F09 and our work. The results of F09 with
the HShen EOS suffer from a glitch in F09’s EOS table inter-
polation scheme which has since been fixed (T. Fischer 2010,
private communication). This leads to a postbounce time to
BH formation of ∼ 1.4s and a maximum baryonic PNS mass
of ∼ 3.2M!. Results from more recent simulations correct
this error and are presented in Table 3 (T. Fischer 2010, pri-
vate communication).

4.3. Equation-of-state Dependence and Thermal Effects

The maximum PNS mass and, thus, the evolution toward
BH formation, depends strongly on the EOS. This was re-
alized early on (Burrows 1988) and has recently been in-
vestigated by S07 and F09 who compared models evolved
with the LS180 and HShen EOS. Here we extend their dis-
cussion and include also the LS220 and LS375 EOS. For a
given accretion history, set by progenitor structure and in-
dependent of the high-density EOS, a stiffer nuclear EOS

O’Connor & Ott, 2011

R_sasi~100 km, not a
large lever arm

Further mass accretion 
lowers a*



Alternate alternatives...



Accretion onto the BH

• Hypercritical 
accretion?  

• Super-Eddington 
accretion?

• We need wRLOF 
mass transfer. 



Wind RLOF
• If Mcomp > MBH, mass transfer shrinks aorb.   Also as 

the star losses mass, Rcomp grows.  RLOF leads to 
unstable mass transfer.

• Companion star filling large part of its RL.

• BH at aorb ≲ 2 Rcomp.

• Winds, not fully accelerated at RL surface 
(Vw≲500 km/s as opposed to Vw ~ 3000 km/s),
become focused in L1 towards BH.

• Vw ~ Vorb efficient wind RLOF mass transfer.



Eddington Limited Accretion
• Eddington luminosity for Bondi accretion (spherically symmetric):

• Thus, a maximum accretion rate can be identified:

In general, if the accretion rate grows, L increases and self-regulates 
the accretion rate to a value below the Eddington limit.

• Hence, for a 10 MSun black hole we obtain:



Hypercritical Accretion

• Dump material on desired BH.

• Trap photons emitted at Rph.

• Form Standing Accretion Shock at Rsw < Rph 

with T~ 1 MeV.

• Photons are advected with mater, neutrinos 
remove energy.

• Accretion rate above: 



Conclusions (1)

• Case C mass transfer seems to be essential 
for producing Collapsar GRBs (however 
see Case M).

• Tidal locking & strong B fields are 
necessary.

• BH binaries seem likely candidates of long 
GRBs (subluminous & cosmological)



Conclusions (2)

• 14 Galactic sources of subluminous 
lGRB / HN explosions.

• LMC X-3 likely formed from a cosmological 
lGRB / HN.

• 3 likely sources of “dark explosions”.



Conclusions (3)

• SASIs do not seem to explain known spins 
of BHs in HMXBs.

• Neither do binary pre-BH-formation stellar 
evolution models.

• Evidence points to post-BH-formation spin 
up scenario.
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Measuring a*

Image: Fabian & Miniutti, 2005, astro-ph/0507409v1.



Shock wave radii16 Hempel et al.
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(a) 50 ms post bounce
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(b) 200 ms post bounce

Radial profiles of the baryon density (solid lines) and the temperature (dashed lines) in the top panels and the corresponding
NSE composition (bottom panels) at two selected post-bounce times for the 15 M! progenitor model from Woosley and Weaver (1995)
using the HS (TM1) EOS. The green vertical lines denote the position of the neutrinospheres for νe (solid lines) and for ν̄e (dashed lines).
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Heating-cooling rates, i.e. the net energy deposition by
neutrinos for the 15 M! progenitor models at 200 ms post bounce,
comparing the different EOS under investigation. The vertical lines
show the neutrinospheres.

3.5. Impact on neutrino heating and cooling

The presence of light nuclei can modify neutrino heat-
ing and cooling. The heating region is located between
the neutrinospheres and the standing bounce shock,
whereas cooling occurs around the neutrinospheres. To
identify the abundances of light nuclei in the two regions,
in Figs. 11(a) and 11(b) we also show the neutrinospheres
(see the vertical lines, νe: solid lines, ν̄e: dashed lines).
During the earlier post-bounce phase (see bottom panel

of Fig. 8), 2H and 3H are as abundant as protons right be-
hind the still expanding bounce shock. There, the inclu-
sion of weak processes with light nuclei may enhance the
neutrino heating. However, already at 50 ms (Fig. 11(a))
the abundances directly below the shock have decreased
and the neutrino flux is already quite diluted geomet-
rically at this distance close to the shock. The most
efficient heating occurs at smaller radii, where there are
much less light nuclei than free protons.
The abundance of light nuclei in the heating region de-

creases further on the long term. The slight compression
of the surface of the PNS which is seen in Figs. 11(a) and
11(b) decreases the density close to the shock, leading to
a dissolution of light nuclei into nucleons. At 200 ms post
bounce, above the neutrinospheres only few light nuclei
are found in comparison to the free nucleons. Hence a
very strong impact on neutrino heating is not expected
during the later post-bounce phases. Still it is inter-
esting that in Fig. 11(b) the largest difference between
the alpha-particle fraction and the fractions of additional
light nuclei is observed in the heating region between the
neutrinospheres and the standing bounce shock. There,
the fraction of alpha-particles is up to three orders of
magnitude smaller than the fraction of deuterium. The
largest contributions of light nuclei in the post-bounce
evolution are found below the neutrinospheres. There,
e.g., deuterium is still as abundant as protons. This in-
dicates a strong impact of light nuclei on the cooling,
which could have an important effect on explosion mech-
anisms. For example less cooling has a similar potential
than more heating. Additionally, an impact on cooling
is interesting because it modulates the neutrino signal,

Hempel, Fischer, Schaffner-Bielich & Lienendoerfer 2011


