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ESO

• EHN,kin ≥ 30 bethes (foes) 

• VHN ~ 30,000 km/sec

• Type Ic (bl) HNe  
asociated to GRBs

• Progenitors:   
Wolf-Rayet (He) stars

• Accretion disk formation required.

• Magnetic field:  
                  B ~ (10e15 G) ~ Magnetars ➫

• But… stellar winds remove L!!

NASA / SkyWorks Digital

Collapsar lGRBs



Large-mass stars lose mass (winds) and 
angular momentum at a very large rate. 

 
He-star stage is even worse. 

 
WR-phase does not help either. 

 
I.e., not great for GRB progenitors.



• ~50% of visible stars are binaries. 

• >71% of massive are binaries or 
multiples.

planetfa

Binaries

Moe  &  Di Stefano, 2017

Sana et al. 2012



• We need to allow for the 
He core to form so a CO is 
produced (Case A is out).

We are left with Case C mass transfer (and low Z)! 

chandra.harvard.edu

Evolution in contact binaries
• We need to prevent mass and 

angular momentum from being 
lost (Case B is out of the 
question)



• Equilibrium tide (turbulent discipation in 
convective envelopes;  RSGs?): 

• Dynamical tide (radiative damping;  WRs? RGs?):
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Tidal synchronization  
(or Spin-Orbit coupling; option 1)



• Alfvén synchronization timescale

• Average densities:

• Timescales:
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Moreno Méndez, 2014

Alfven timescales



Lee et al. ’02, Brown et al. ’07, ’08

Stellar spin up through tides



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

[MØ] [MØ] [MØ] [MØ] a?,2 a? [days] [1051 ergs]
AML: with main sequence companion

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

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

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

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

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

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

Cyg X°1 6° 7 & 30 ª 10.1 17.8 0.15 - 5.5996 5 ª 6
Extragalactic

LMC X°1 ª 40 ª 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 ª 155
M33 X°7 ª 90 ª 80 14.20° 17.10 70.0± 6.9 ª 0.05 0.72° 0.82 3.45 3° 11

> 0.97
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Lee et al. ’02, Brown et al. ’07, ’08, Moreno Méndez ’11.

XB properties



On the HMXBs…

Moreno Méndez, 2022



Candidates for GRB central engines?

• Requisite:  CE after Case C mass transfer.

• OK for Massive Stars with low-mass companion (i.e., up to ~2 Msun). 
But there might be too much energy and the central engine may blow 
itself apart (HN, type Ic bl) before a lGRB is produced.

• OK for Massive Stars with intermediate-mass stars (i.e., 2 to 8ish Msun).

• Not OK for Massive stars with massive companion.  
Typical BH spin:  a* ~ 0.05. 



• Super Eddington or hypercritical 
accretion in HMXBs.

• Stable mass transfer needed (via 
RLOF?  via wRLOF?) 

• Obviously, too late for GRB 
central engine. 

Lee et al. ’02, Brown et al. ’07, ’08

BH spin up through accretion 
(spin up, option 2)



Hypercritical Accretion onto BHs!

Moreno Méndez, López Cámara, De Colle, MNRAS 470, 2929, 2017 
López-Cámara, De Colle, Moreno Méndez, MNRAS 482, 3646, 2019 
López-Cámara, Moreno Méndez, De Colle, MNRAS 497, 2057, 2020

CE/GE with BHL accretion with SR Jets, Coriolis, Gradients…



BH Energy
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• 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.

Kick the BH off center! 
(spin up, option 3)
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Moreno Méndez & Cantiello, 2016

• Discipation by GW production.
• T/|W| ~ 0.14 (secular instabilities) or
• T/|W| ~ 0.27 (dynamical instabilities). 

Energy necessary to spin up a  
BH during CC with a SASI:
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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, is  
not a large lever arm.

Accretion after core collapse  
rapidly decreases a*.

Moreno Méndez & Cantiello, 2017

Yet even more important…



ULXs/HLXs

• RLOF, CE, and/or Grazing Envelope (GE) stages could radiate 
away with extreme luminosities (10e40 to 10e46 erg/s).

• This is the ULX or even HLX range.

• Most likely intermittent as the MT material is accreted or 
ablated away.

• A few months after 2207.14765 (MM 2022), confirmation came 
of Cyg X-3 being an off axis ULX (2303.01174; Veledina et al. 
2023). 



Observed dynamical properties of Cyg X-3
<latexit sha1_base64="tHryaWI17u86/j9ADuomWgCqbrY="></latexit>

Parameter Value Relevant references

Distance 9.7 kpc Reid & Miller-Jones 2023

LX (ULX!) ⇠ 10
40

erg/s * MM 2022, Veledina et al. 2023

WR type WN 4-5 Koljonen & Maccarrone 2017

WR mass * ⇠(11 - 14) M� Koljonen & Maccarrone 2017

BH mass <10 M� Koljonen & Maccarrone 2017

P (days) ⇠ 0.2 Bhargava et al. (2017)

Ṗ ⇠ 5.4⇥ 10
�10

Bhargava et al. (2017)

vpec . 20 km/s Reid & Miller-Jones 2023



Blaauw-Boersma kick



Work in progress:  MM 2024

 Dynamical properties of Cyg X-3
<latexit sha1_base64="DOsWJhM67gf1PohF16mLgoEQhw0="></latexit>

Parameter Value Relevant references

Distance 9.7 kpc Reid & Miller-Jones 2023

LX (ULX!) ⇠ 10
40

erg/s * MM 2022, Veledina et al. 2023

WR type WN 4-5 Koljonen & Maccarrone 2017

WR mass * ⇠(11 - 14) M� Koljonen & Maccarrone 2017, MM 2024

BH mass ⇠14 M� MM 2024

P (days) ⇠ 0.2 Bhargava et al. (2017)

Ṗ ⇠ 5.4⇥ 10
�10

Bhargava et al. (2017)

vpec . 20 km/s Reid & Miller-Jones 2023

a? ⇠ 1 MM 2024

Erot ⇠5,000 bethe MM 2024



Work in progress:  MM 2025 

Conclusions:
• Mass loss to 1st SN restricted to less than a couple solar masses.

• 1st-BH in Cyg X-3 mass more than doubled, spin brought from  
a* ~ 0 to a* ~ 1 by accretion.

• WRs are expected to form a 2nd BH with a* > 0.5 :  lGRB/HN !!

• Binaries could survive HN explosion if 1st BH is, indeed, massive and 
P << 1 day; if so, GW merger candidates.

• WR-HMXBs are likely progenitors of lGRB/HN if P < 1.5 day. 

• Goldilocks:  Probably luminous to sub-luminous. 

• 3 to 4 known candidates nearby.



Thanks!




