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Purpose
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• Find the mass 
relationship between 
stellar mass black 
holes (BH) and their 
immediate 
progenitors

• Determine the 
possible natal kicks 
magnitude imparted 
to the black hole

• Shed light on the 
core collapse 
mechanism

(from Jerome Orosz)



High mass X-ray Binary
(Wind-fed)

Low mass X-ray Binary
(Roche lobe overflow)
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1.uncover the mass transfer history

2.find the systemic peculiar velocity right after the core 
collapse event

3.derive constraints on the BH immediate progenitor mass 
and the possible natal kick magnitude
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Step 1:
Model current observed properties

• evolve the companion as an isolated star

• modified version of stellar evolution code EZ
(originally developed by Paxton 2004)

Parameter Value Reference

Inclination angle (deg) 27.06 ± 0.76 Orosz et al. (2011)

Black hole mass (M⊙) 14.81 ± 0.98 Orosz et al. (2011)

Black hole spin > 0.95 Gou et al. (2011)

Companion mass (M⊙) 19.16 ± 1.90 Orosz et al. (2011)

Companion radius (R⊙) 16.50 ± 0.84 Orosz et al. (2011)

Companion luminosity (105 L⊙) 2.33 ± 0.42 Orosz et al. (2011)

Companion Teff (K) 31000 ± 1000 K Orosz et al. (2011)

X-ray luminosity (1037 erg/s) Frontera et al. (2001), McConnell et al. (2002), 
Cadolle Bel et al. (2006)
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Table 1
Properties of Cygnus X-1

Parameter Notation Value References

Distance (kpc) d 1.86+0.12
!0.11 (9)

Galactic longitude (deg) l 71.3 (2)
Galactic latitude (deg) b +3.1 (2)
Proper motion in R.A. (mas yr!1) µR.A. !3.78 ± 0.06 (9)
Proper motion in decl. (mas yr!1) µdecl. !6.40 ± 0.12 (9)
Systemic velocity (km s!1) V0 !7.0 ± 0.5 (5)
Orbital period (days) Porb 5.599829 ± 0.000016 (1)
Orbital eccentricity eorb 0.018 ± 0.003 (8)
Inclination angle i 27.06 ± 0.76 (8)
Black hole mass (M") MBH 14.81 ± 0.98 (8)
Black hole spin a# >0.95 (10)
Companion mass (M") M2 19.16 ± 1.90 (8)
Companion Radius (R") R2 16.50 ± 0.84 (8)
Companion Luminosity (L") L2 (1.91–2.75) $ 105 (8)
Companion Effective temperature (K) Teff 30,000–32,000 (8)
Companion surface rotation speed (km s!1) Vrot sin i 95 ± 6 (7)
Bolometric luminosity of the X-ray source (erg s!1) Lbol (1.3–2.1)( d

1.86 kpc )2 $ 1037 (3), (4), (6)

References. (1) Brocksopp et al. 1999; (2) Lestrade et al. 1999; (3) Frontera et al. 2001; (4) McConnell et al. 2002; (5) Gies et al. 2003;
(6) Cadolle Bel et al. 2006; (7) Caballero-Nieves et al. 2009; (8) Orosz et al. 2011; (9) Reid et al. 2011; (10) Gou et al. 2011.

sequences of isolated stars at different zero-age main-sequence
(ZAMS) masses. We examine each sequence to find whether
there exists a point in time that the calculated stellar properties,
i.e., mass, radius, luminosity, and effective temperature, are
all simultaneously in agreement with the currently observed
properties of the BH companion. If such a period of time exists,
we classify that sequence as “successful.” The current age of
the BH companion can be estimated from these successful
sequences, and the time expired since the BH formation can
then be derived by subtracting the approximate lifetime of the
BH progenitor.

Next, we consider the kinematic evolutionary history of
the XRB in the Galactic potential. Starting from the current
location, we follow the methodology of Gualandris et al. (2005)
and use the observed three-dimensional velocity to trace the
Galactic motion of Cygnus X-1 backward in time. Together
with the constraints on the current age of the system derived
in the first step, this allows us to determine the location and
velocity of the binary at the time of BH formation (we denote
these as “birth” location and velocity). By subtracting the local
Galactic rotational velocity at the “birth” location from the
systems’s center-of-mass velocity, we derive constraints on
the peculiar velocity of the binary right after the formation
of the BH.

In the third step, we analyze the orbital dynamics of the core-
collapse event due to mass loss and possible natal kicks imparted
to the BH. In this paper, we refer to the instants right before
and after the formation of the BH by the terms “pre-SN” and
“post-SN,” respectively. We start with the constrained parameter
space of (MBH and M2) derived in the first step and perform a
Monte Carlo simulation scanning over the parameter space of
the pre-SN binary properties. This parameter space is limited
by requirements of orbital angular momentum and energy
conservations, and by the post-SN binary peculiar velocity
constraint derived in the second step. This calculation yields
a population of simulated post-SN binaries for each successful
sequence.

Finally, we follow the orbital evolution of these simulated
binaries to the current epoch. Our calculation accounts for tides,

wind mass loss, wind accretion onto the BH, and orbital angular
momentum loss via gravitational radiation. At the end of the
calculations, we require agreement between the observed and
calculated orbital period and eccentricity.

4. MODELING THE BH COMPANION

Under the assumption that the companion mass has not been
altered by MT in its past, we model the companion as an isolated
star using a modified version of the stellar evolution code EZ
(originally developed by Paxton 2004).

We calculate the evolution of our stellar models at solar
metallicity, which is the same metallicity that Orosz et al.
(2011) used in deriving the properties of the BH companion.
When we place the companion’s observational constraints on an
H-R diagram, we find that the current location of the companion
does not seem to be consistent with any evolutionary tracks
calculated by the stellar evolution code. As shown in Figure 1,
the companion is overluminous for a star of its mass. This
cannot be explained by earlier MT from the BH progenitor
to the companion. Braun & Langer (1995) studied the effects
of mass accretion onto massive main-sequence stars and found
that the accreting stars would not appear overluminous for their
new masses during the rest of their main-sequence lifetime. If
mass accretion leads to a so-called rejuvenation of the accreting
star, which means its central hydrogen abundance substantially
increases, it would have the same luminosity as a star of its new
mass. If rejuvenation does not occur, the accreting star would
appear underluminous for its new mass during the rest of its
main-sequence lifetime.

One possible solution for matching the observed companion’s
luminosity is increasing the core overshooting parameter !ov to
%0.45. Although this value is relatively high, it is not unphysical.
Claret (2007) compared the data from 13 double-line eclipsing
binary systems with theoretical predictions of stellar modeling
and found !ov could be as high as 0.6 for massive stars. We
vary !ov from 0.35 to 0.5, in steps of 0.01. We note that the
need for such higher values of !ov in the modeling of massive
stars may very well be connected to the significant presence of
internal rotation and associated rotational mixing. Effectively
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Step 2:
Find the peculiar velocity post BH formation
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• track the system’s motion in a Galactic potential backwards in time

• find the peculiar velocity of the system right after the BH formation

Parameter Value Reference

Distance (kpc) 1.86 ± 0.12 Reid et al. (2009)

Galactic longitude (deg) 71.3 Lestrade et al. (1999)

Galactic latitude (deg) +3.1 Lestrade et al. (1999)

Proper motion in R.A. (mas/yr) −3.78 ± 0.06 Reid et al. (2009)

Proper motion in decl. (mas/yr) −6.40 ± 0.12 Reid et al. (2009)
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•Vpec right after the BH formation = 22 to 32 km/s

•resulted from the collapse core event

+ current location
× Cyg OB3

+ current location
× Cyg OB3

potential BH birth sites



Step 3:
Derive constraints on BH immediate progenitor & 
natal kick magnitude
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•perform Monte Carlo simulation for the He-MS (pre-SN) binary 
configuration

• BH immediate progenitor mass (MHe)
• orbital semi-major axis (ApreSN)
• orbital eccentricity (epreSN)
• natal kick magnitude (Vkick)

•constraints:

a) survival of the binary

b) conservation of orbital energy and angular momentum

c) peculiar velocity of the post-SN binary

(from step 2: Vpec = 22 to 32 km/s)
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•observed period = 5.599829(16) days 
(Brocksopp et al. 1999)

•observed eccentricity = 0.018(3) (Orosz et al. 2011)

•orbital evolution accounts for:
1) mass transfer (wind-fed)
2) tides
3) gravitation radiation
4) wind mass loss
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Result
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System
Observed Current

BH mass
(M⊙)

Post-SN
BH mass

(M⊙)

Immediate
Progenitor mass

(M⊙)

Natal Kick
(km/s)

GRO J1655-40
(early-type, P>1d)

6.3 ± 0.5
(Greene et al. 2001)

5.4 ± 0.3
(Beer & Podsiadlowski 2002)

5.5 − 6.3
(Willems et al. 2005)

3.5 − 5.4
(Willems et al. 2005)

5.5 − 11.0
(Willems et al. 2005)

3.5 − 9.0
(Willems et al. 2005)

30 − 160
(Willems et al. 2005)

≤ 210
(Willems et al. 2005)

XTE J1118+480
(late-type, P<1d)

8.0 ± 2.0
(McClintock et al. 2001, Wagner et al. 

2001, Gelino et al. 2006)

6.0 − 10.0
(Fragos et al. 2009)

6.5 − 20.0
(Fragos et al. 2009)

80 − 310
(Fragos et al. 2009)

Cygnus X-1
(wind-fed, high mass)

14.81 ± 0.98
(Orosz et al. 2011)

13.8 − 15.8
(Wong et al. 2012)

15.0 − 20.0
(Wong et al. 2012)

≤ 77
(Wong et al. 2012)

M33 X-7
(wind-fed, high mass)

13.5 − 20.0
(Orosz et al. 2007,

Valsecchi et al.2010)

13.5 − 14.5
(Valsecchi et al.2010)

15.0 − 16.1
(Valsecchi et al.2010)

10 − 850
(Valsecchi et al.2010)
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Results



Conclusion
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• Cygnus X-1: MHe = 15 - 20 M⊙;     Vkick ≤ 77 km/s (95% CL)

• together with previous studies on GRO J1655-40, XTE J1118+480, M33 X-7,
it seems that:
massive black holes → smaller natal kicks
low mass black holes → larger natal kicks

• working on supernova hydrodynamics simulations:
can the asymmetries produce the derived mass loss and natal kicks?
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