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ABSTRACT

In recent years, accurate observational constraints bee@wailable for an increasing number of Galactic
X-ray binaries. Together with proper motion measuremewts;ould reconstruct the full evolutionary history
of X-ray binaries back to the time of compact object formation this paper, we present the first study of
the persistent X-ray source Cygnus X-1 that takes into awooluall available observational constraints. Our
analysis accounts for three evolutionary phases: orbitaludon and motion through the Galactic potential
after the formation of black hole (BH), and binary orbitah@dynics at the time of core collapse. We find that
the mass of the BH immediate progenitor is@520.0 My, and at the time of core collapse, the BH has
potentially received a small kick velocity of 77 km s* at 95% confidence. If the BH progenitor mass is
less than~ 17 My, a non zero natal kick velocity is required to explain therently observed properties of
Cygnus X-1. Since the BH has only accreted mass from its caiopa stellar wind, the negligible amount of
accreted mass is impossible to explain the observatiomdéiyred BH spin ofa, > 0.97 (Gou et al. 2011), and
the origin of this extreme BH spin must be connected to the &hétion itself. Right after the BH formation,
we find that the BH companion is a B3-22.6 M main sequence star, orbiting the BH at a period.@f56.2
days. Furthermore, Orosz et al. (2011) found that the BH @omigm is currently super-synchronized. This
super-synchronism indicates that the strength of tidegt@k@n the BH companion should be weaker by a
factor of at least two compared to the usually adopted stheng

Subject headings: binaries: close — X-rays: binaries — X-rays: individual @Zys X-1)

1. INTRODUCTION cases. Both donors in GRO J1655-40 and XTE J1118+480
In recent years, the number of observed black hole (BH) &€ transferring mass to the BH under Roche lobe overflow,

X-ray binaries (XRBs) has grown significantly. For these bi- whﬁreas_ tge fBH in Cygnus X-1 is accreting mass from the
naries, there exists a wealth of observation informaticouab ~ St€!lar wind of its companion.

their current physical state: BH and donor masses, orbialp - . The pI;a\(nl(;)f the papler is z.als Lcl)llovt\;s. In S_ectioln 2, we ngiew
riod, donor’s position on the H-R diagram and surface chem- ©Y9nus X-1's currently available observational constsai

ical composition, transient or persistent X-ray emissimd general outline of the analysis used to reconstruct thesyst

Roche lobe overflow (RLO) or wind-driven character of the €volutionary history is presented in Section 3, while indhv
mass transfer (MT) process. Furthermore, proper motionst@l steps of the analysis are discussed in more detail indBect

have been measured for a handful of these binaries (e.g?h_7' In Sre]zct;pn |8 we derjvz constéaints on the formfation of
Mirabel et al/ 2001, 2002; Mirabel & Rodriguies 2003). To- the BH. The final section is devoted to a summary of our re-

gether with the earlier measurements of center-of-mass ra Sults and discussion of some of the assumptions introduced i

dial velocities and distances, we can obtain informaticsuab ~ OUr analysis.

the three-dimensional kinematic properties of these sar 2. OBSERVATIONAL CONSTRAINTS FOR CYGNUS X-1

Given this plethora of observation results, the current ob- ' ] ) )
served sample of BH XRBs provides us with a unique oppor-  Cygnus X-1 was first detected in Aerobee surveys in 1964
tunity to understand the formation and evolution of BHs in bi by [Bowyer etal. [(1965). Soon after the discovery, it was
naries. This paper is the third in a series where we investiga identified as an XRB, which consisted of a compact object
in detail the BH formation in XRBs, especially focusing on and a visible star HDE 226868 (Murdin & Webster 1971;
the mass relationship between BHs and their immediate proWebster & Murdin 1972; Bolton 1972a). Spectroscopic ob-

genitors and the possible BH natal kick magnitude imparted Servations led Walborn (1973) to classify HDE 226868 as an
during the core collapse event. 09.7 lab supergiant. Bregman et al. (1973) estimated the dis
In the first paper of this seriels, Willems et al. (2005, here- tance to be 2.5 kpc and set a lower limit of 1 kpc, based on the
after Paper I) showed how using the currently available con-colors of field stars in the vicinity of the supergiant. Using
straints one could uncover the evolution history of an XRB combination of data from David Dunlap Observatory (DDO)
from the present state back to the time just prior to the core@nd the Royal greenwich Observatory, Bolton (1972b) derive
collapse event. They applied their analysis to the BH XRB the orbital period, eccentricity and systemic radial vijoc
GRO J1655-40. In the second paper, Fragos|et al. {2009, heretVo) to be 55995+ 0.0009 days, @9+ 0.02 and-6.0+0.1
after Paper I1) performed the same analysis for the caseeof th km s, respectively. Based on the absence of X-ray and op-
BH XRB XTE J1118+480. In this work, we focus on the case tical eclipses, the author gave a lower limit of 7.4,Mn the
of the BH XRB Cygnus X-1. The mass transfer mechanism mass of the compact object. This implied the compact object
in Cygnus X-1 is different from the XRBs studied in previous Was too massive to be a white dwarf or a neutron star. Thus,
the author proposed that the compact object ought to be a BH
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candidate. Unlike most of the XRBs known to host a BH, Cygnus X-
Using the orbital period obtained from spectrometry and a 1 is a persistent X-ray source. Since the supergiant is cur-
range in the assumed degree of Roche filling of the supergiantrently not overfilling its Roche lobe (Gies & Bolton 1986a),
Gies & Bolton (1982, 1986a) found a lower mass limit of 7 the observed X-rays are mainly powered by the accretion of
M for the compact object. This confirmed that the compact stellar wind. The X-ray luminosity of Cygnus X-1 varies be-
object observed in Cygnus X-1 was a BH, and provided the tween two discrete levels, namely the "hard (low) state" and
first evidence ever for the existence of stellar mass BH. Thethe "soft (high) state". As the system spends most of its time
same authors also refined the orbital period and ecceptricit (~90%, see¢ Cadolle Bel etlal. 2006) in the hard state, we fo-
to be 559974+ 0.00008 and @21+ 0.013, respectively,and  cus on the hard state X-ray luminosityxL [Frontera et al.
measured ¥ to be-2.0+ 0.7 km s?. [Ninkov et al. (1987) (2001) observed Cygnus X-1 with the Narrow Field Instru-
used the relationship between the equivalent width of the H ments of the BeppoSAX satellite at different epochs in 1996.
spectral line and the absolute magnitude of early-typersupe The authors obtained the(0.5-200 keV) and the extrapo-
giants to estimate the distance as2 0.3 kpc . lated bolometric luminosity (b)) as 20 x 10°” and 24 x 1037
Herrero et al. [(1995) performed a detailed spectroscopicerg s?, respectively, assuming a distance of 2 kpc. Using ob-
analysis on the supergiant, and derived the masses to begervational data obtained by the Compton Gamma Ray Ob-
10.1 M, and 17.8 M, for the BH (Mgy) and the supergiant  servatory (CGRO) between 1991 and 2000, McConnelllet al.
(My), respectively, if an orbital inclination angle of 3%as (2002) derived b to be (1.62 — 1.70% 10*” erg s?, with the
assumed. Using the Isaac Newton telescope, LaSala et algistance to the source fixed at 2 kpc. Cadolle Bel ef al. (2006)
(1998) measured the orbital period a5%7+0.0001 days  observed Cygnus X-1 with the International Gamma-Ray As-
and \p as-5.4+ 0.1 km s1. With all the accumulated radial trophysics Laboratory (INTEGRAL) between 2002 and 2004
velocity measurements and their own spectroscopy of the suand measured,L (20— 100 keV) as & x 10%¢ erg s?, as-
pergiant, Brocksopp et al. (199) refined the orbital pettod  suming a distance of 2.4 kpc. The authors also gayeds
5.599829+0.000024. The proper motion of Cygnus X-1was 2 2 x 1037 erg s?.
observed with the Very Large Baseline Interferometry (VLBI — For the systemic parameters relevant to our analysis, we
between 1988 and 2001 (Lestrade et al. 1999; Stirlingletal.adopt the most recent observational constraints, with tae e
2001;|Mirabel & Rodrigues 2003). During this period, the ception of L,,. We consider all the o values mentioned
system’s position shifted at a rate 4.2+ 0.2 mas yr* in above, assuming they represent the typical X-ray variabil-
right ascension (R.A.) and7.6+ 0.2 mas yr* in declination ity range for this system. After rescaling their values te th
(dec.). Meanwhile, a trigonometric parallax of7G+ 0.30 parallax distance measurementby Reid éef al. (2011) and con-
mas was also measured with VLBI, which gave a distance of sidering the uncertainty in that distance, we adogf to be
1.493 kpc (Lestrade et al. 1999). (1.17-2.35)x 10*"erg s*. For ease of reference, our adopted
By studying the spectra obtained with the 0.9 m coudé observational constraints are summarized in Table 1.
feed telescope of Kitt Peak National Observatory, the 2.1
m telescope of University of Texas McDonald Observatory, 3. OUTLINE OF ANALYSIS METHODOLOGY
and the 1.9m telescope of University of Toronto David Dun-

. ” In our analysis, we assume that Cygnus X-1 formed in the
lap Observatory between 1998 and 2002, Gieslet al. (2003) o : > : .
derived \b as ~7.0+ 0.5 km s* and estimated Mu/M, Galactic disk, from the evolution of an isolated primordial

~ 0.36+ 0.05. [Caballero-Nieves etlall (2009) examined nary at solar metallicity. In fact, Mirabel & Rodrigues ()0

N - suggest that Cygnus X-1 belongs to Cygnus OB3 (Cyg OB3),
the supergiant's ultraviolet spectra from the Hubble spacewh?gh isan OByagssociation Iocagt]ed cloggto the Gal(ac){i%qolan)

- 8 5 ( ;
telescope.  Their results gave masses ofg23nd 113 We also assume that there is no mass transfer via Roche lobe

Mg for the supergiant and the BH, respectively. On the qyerflow occurred in the evolutionary history of this binar
other hand, Shaposhnikov & Titarchuk (2007) used the X-ray According to our current understgnding,yin order to f())/rm

quasi-periodic oscillation and spectral index relatiopsind a~ 15 M, stellar BH at solar metalicity, the BH progenitor
deduced My to be 87+ 0.8 M, which overlapped with the i, the primordial binary needs to be more massive than 120
lower end of the My range derived by Caballero-Nieves et al. M (Belczynskietall 2010). Such a massive star loses its
(2009). : , ._hydrogenrich envelope via stellar wind, and exposes itedak
Recently,| Reid etal.| (2011) measured the trigonometric hajiym core. At the end of nuclear evolution, it collapsés in
parallax of Cygnus X-1 with the National Radio Astron- 4 gy During the core collapse event, the orbit is alterediby t
omy Observatory's Very 1'50”9 Baseline Array (VLBA) and  qymmetric mass loss from the system and a possible recoil
found a distance of 1.8§15 kpc. The authors also reported  kick imparted to the BH. If the binary survives through the
proper motion measurements of Cygnus X-1, which were core collapse event, angular momentum loss via gravitation
-3.78+0.06 mas yr' in R.A. and-6.40+0.12 mas yr' in  radiation and tidal effects causes the orbit to shrink caitth
dec. Meanwhile, Xiang et al. (2011) studied the X-ray dust wind mass loss leads to orbital expansion. In the meantime,
scattering halo of Cygnus X-1 and determined the distance tothe more evolved BH companion is losing mass via its own
be 181+ 0.09 kpc, after considering the compatibility with  stellar wind at a higher rate. The system becomes a BH XRB
the parallax result. Building on the trigonometric paraliss-  when the BH captures a non-negligible amount of mass from
tance measurement of Reid et al. (2011), Oroszlet al. (2011)ts companion’s stellar wind.
performed optical data modeling of Cygnus X-1, and found  In this paper, we restrict ourselves to the formation of BH
the mass of the supergiant to be29 1.9 Mg, and the black  XRBs through the above evolutionary channel. Like the first
hole to be 18+ 1.0 My. Using the results of Reid etlal.  two papers, our goal is to track the evolutionary history of
(2011) and Orosz et al. (2011), Gou et al. (2011) determinedCygnus X-1 back to the time just prior to the core collapse
that Cygnus X-1 hosts a near-extreme Kerr BH, with a spin event. Our analysis incorporates a number of calculations
parameten, > 0.97. which can be summarized in four steps.
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Table 1
Properties of Cygnus X-1
Parameter Notation Value References
Distance (kpc) d 1.86%12 (9)
Galactic longitude (deg) I 71.3 2
Galactic latitude (deg) b +3.1 2)
Proper motion in R.A. (mas ¥1) LRA. -3.78+0.06 9)
Proper motion in decl. (mas ) Hdecl -6.40+0.12 9)
Systemic velocity (kms) Vo -7.0+£05 (5)
Orbital period (days) Porb 5.59982% 0.000016 1)
Orbital eccentricity €orb 0.0184-0.003 (8)
Inclination angle i 27.06+0.76 (8)
Black hole mass (M) Mgy 14.81+0.98 (8)
Black hole spin ax >0.97 (10)
Companion mass (M) M2 1916+1.90 (8)
Companion Radius (R) Ry 16.50+0.84 (8)
Companion Luminosity (k) L, (1.91-2.75)x 1C° 8
Companion Effective temperature (K) eff 30000 — 32000 (8)
Companion surface rotation speed (kih)s VotSini 95+ 6 (@)
2
Bolometric luminosity of the X-ray source (erg'$ Lol (1.3-21) (ﬁ) x 10%7 (3),(4),(6)

References. — (1) Brocksopp et al. 1999, (2) Lestrade et al. 1999, (3ptena et al. 2001, (4) McConnell et al. 2002, (5) Gies et a0R@6) Cadolle Bel et
al. 2006, (7) Caballero-Nieves et al. 2009, (8) Orosz et@L12(9) Reid et al. 2011, (10) Gou et al. 2011

First, we identify the current evolutionary stage of the BH lation yields a population of simulated post-SN binaries fo
companion, so that all the observational constraints di® sa each successful sequence.
fied. Under the assumption that the BH companion mass has Finally, we follow the orbital evolution of these simulated
not been altered by mass transfer in the past, we model it adinaries to the current epoch. Our calculation accounts for
an isolated star. Using a stellar evolution code, we caleula tides, wind mass loss, wind accretion onto the BH, and or-
a grid of evolutionary sequences of isolated stars at differ bital angular momentum loss via gravitational radiatiort. A
ent zero age main sequence (ZAMS) masses. We examin¢he end of the calculations, we require agreement between th
each sequence to find whether there exists a point in time thabbserved and calculated orbital period and eccentricity.
the calculated stellar properties, i.e. mass, radius,nosiiy
and effective temperature, are all simultaneously in agess 4. MODELING THE BH COMPANION

with the currently observed properties of the BH companion. Under the assumption that the companion mass has not

If such a period of time exists, we classify that sequence 8Sheen altered by mass transfer in its past, we model the com-
"successful". The current age of the BH companion can be es- y past,

. . ; i isolated star using a modified version of the stel
timated from these successful sequences, and the timedxpir panion as an 1so s !
since the BH formation can then be derived by subtracting theIar evolution codé=Z (originally developed by Paxthin 2004).

approximate lifetime of the BH progenitor. We calculate the evolution of our stellar models at solar

Next, we consider the kinematic evolutionary history of the rgg?lhc@, dwh'(éh IS, thehsame me_talllc]ltyh thé\LOrosz atal.
XRB in the Galactic potential. Starting from the currentdec  (291+) used in deriving the properties of the BH companion.

tion, we follow the methodology df Gualandris et al. (2005) When we place the companion’s observational constraints on

and use the observed three-dimensional velocity to traee th an H-R glagram, we find trg)at the current Ic_x;]a'uon of tr|1e com-
Galactic motion of Cygnus X-1 backward in time. Together panion does not seem to be consistent with any evolutionary

with the constraints on the current age of the system derivethr?Cukrse clalt(;]l.g%tgr?] bgntig?] isst((a)l\l/aerrlﬁ\r/rcl)ilrllj(t)lgg fg(r)ges-ta?zfsi?somgslg
in the first step, this allows us to determine the location and Tr?is cannot be explained by earlier mass transfer from the BH
velocity of the binary at the time of BH formation (we denote P y

g - . . progenitor to the companion._Braun & Langer (1995) stud-
gjsg ;:ct?clzrtrhot;ct)i((:)ar;[; nvglré)c(i:i\t/; Igf I:I}% Bb%l’fl}ljb Itg?:(;ttli%gmmf):we ied the effects of mass accretion onto massive main sequence

the systems's center-of-mass velocity, we derive congsai stars, and found that the accreting stars would not appear ov

on thepeculiar velocity of the binary right after the formation luminous flc_)fr their nlt;.'w masses dl_mn? thde rest of thehr rg?m
of the BH. sequence lifetime. If mass accretion leads to a so called "re

In the third step, we analyze the orbital dynamics of the Juvenation” of the accreting star, which means its centyal h
core collapse event due to mass loss and possible natal kickd/09€n abundance substantially increases, its would Have t
imparted to the BH. In this paper, we refer to the instants ame luminosity as a star of its new mass. If rejuvenatios doe
right before and after the formation of the BH by the terms not occur, the accreting star would appear underluminous fo

"ore-SN" and "post-SN", respectively. We start with the con its new mass during the rest of its main sequence lifetime.

: : ; . One possible solution for matching the observed compan-
strained parameter space ofghl M) derived in the first step ion’s IuPninosity is increasing the corge overshooting peea?n
and perform a Monte Carlo simulation scanning over the P o 1o ~ 0.45 Although this value is relatively high. it
rametngpaf edogthe pre-SN b|tn ar]}/ prbqtp ?rues. |Th's pa&mget is noetvunphys'ica.l Claret (2007) compared the data from 13
space 1S Imited by requirements ot orbital angutar momentu. ., e jine ‘ecli éin binary systems with theoreticaldice
and energy conservations, and by the post-SN binary IO‘ECUI"’j‘tions of stellar r%odgling a%d )f/oumﬂo could be as hig]r?as
velocity constraint derived in the second step. This calcu- 0.6 for massive stars. We vany, fror¥1 0.35 t0 0.5, in steps

. . \Y . ~
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evolutionary sequence is fixed throughout our analydisis

g the wind mass loss rate of the companion in our modelsq F
5.61 ] is a parameter such thislt,.. never exceeds0.8M,, andauying
is the accretion efficiency, which varies between 1.5 and 2.0
54 (Boffin & Jorissen 1988). A, and gy, are the orbital semi-
L major axis and eccentricity, respectively, s derived from
[ the mean measured orbital perioggPwhich is
S 52¢ !
N Agp = G(Men +M2) P2, 17 3
= [ rb = 42 | 3)
(@a}
3 5.0
- I where M, is the companion mass in our modelsg,,és set
L equal to the mean measured orbital eccentricityind/de-
481 notes the wind velocity. ¥equals to \,,/V2;. 4, Where \§,
is the orbital velocity square of the BH and is approximated
as G(Msy + M2)/Ao. We adopt the spherically symmetric
481 ] wind velocity law given in Lamers & Cassinelli (1S99),
1 1 L 1 1

4.6 4.5 4.4 4.3 4.2 R
l0g Tey (K) Vwind(r) = Vesc + (Voo _Vesa (1 - Tz) (4)

Figure 1. The evolutionary tracks for isolated stars on the H-R diagrén where r is the distance from the companion to the BH and
each track, the mass of the star in;Ms indicated at various points. The is set equal to Ay. S is a free parameter varying from 0.6

gray shaped area represents the observational conswhthis BH compan- ; e : i ;
ion. At Tesf &~ 31000K, the model with an initial mass of 204v(dashed to 1.6 (Gies & Boltor 1986h: Lamers & Leitherer 1993), in

line) would have a mass: 19.64 M, which is in good agreement with the ~ Steps of 0.1. '\, is the wind velocity at infinity, while ¥sc
measured mass of the companion. However, it does not mataneasured s the effective escape velocity at the surface of the compan
luminosity. On the other hand, the model with an initial mas30 M, (dot- ion. Within the typical range of O star surface temperature,

ted line) match the measured luminosity at & 31000 K, but the mass of ; pre | ;
the star does not match the companion’s. The model with &aliniass of Vo IS scaled as 2'6"—-’9\£°(KUdmZkl & Puls 2000)‘ FoIIowmg

20 Mo, anday = 0.45 (solid line) could match both the measured mass and Lamers & Cassinelli (1999),

luminosity of the companion atgf ~ 31000 K.
. Vesc= V 2(1_Fe)GM2/R27 (5)
of 0.01. We note that the need for such higher values.f

in the modeling of massive stars may very well be connectedwhere

to the significant presence of internal rotation and assedtia Te = _oela (6)
rotational mixing. Effectively increasing,y leads to stronger 4mcGM;

internal mixing and in a way allows the stellar model to be- s the mass correcting factor for the radiative force due to
have more like a rotating model. electron scattering, and c is the speed of light in vacuum.

Besides the observational constraints on the companion'{_amers & Leitherer (1993) scaled the electron scattering co
properties, there are three additional constraints. Thedite  efficient per unit masse as

comes from the fact that the companion is currently not over-
filling its Roche lobel(Gies & Bolton 1986a). Thus, we re- = 0401 1+qe @)
quire the stellar radius:Rn our models to be Te = % 1+3¢)’

Ro < Aomlegg+ AR, (1)  where q is the fraction of H& and (1 — q) is the fraction of

where gqq is the effective Roche lobe radius given by He", with g = 1if Tey > 35,000K, g = 0.5 if 30,000 K< Te

Eggleton (1983). Here, we make an approximation that the < 32:000 K, and q =0 if % < 30,000 K. The abundance ratio
orbit is circular )and synchronized. Thg%aramem is a ¢ = He/(H + He) is fixed at 0.15, which is appropriate for an

constant accounting for the difference in the calculatett st O Star with a spectral type of Class 1. Usilcc from equa-
lar radii among stellar evolution codés (Valsecchi ét al@@o  tion (2), we follow Belczynski et all (2008) and calculate th
We setARt0 2.5 R,. ) bolometric luminosity resulting from the companion’s kel

Another constraint is that the calculated bolometric lumi- Wind being accreted onto the BH as

nosity (Lyor) resulting from the stellar wind accretion process 1 GMgyM
needs to fall within the observational range, which it Lpol = = ———2€ (8)
2.35)x 10°" erg s'. By adopting thé Bondi & Hoyle (1944) 2 Rac
accretion model and following Belczynski et al. (2008), the where R.c denotes the radius of the accretor. For the case
orbital-averaged accretion rate is given by of BH, Raccis the radius of the inner most stable circular or-
2 , bit, which we calculate with Equation (2.21).in Bardeen et al
N = . Fwind (GMBH) awind M2 2y  (1972). Given the observationally inferred smin = 0.97
acc — 5
/1_e§rb vaind 2A§rID (1+V?2)3/2 (Gou et all 2011), we find
MgH

Here, Msy is the BH mass in our models, which varies within Racc=2.57 (M—@) km. 9

the 1o range of the observational constraint, in steps of 0.098
Mg. Since the total mass that the BH could have accretedThis calculated Lo needs to fall within the observational
from its companion stellar wind is negligible,gM in each range.
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Figure2. Systemic behavior of two selected evolutionary sequenebish have the sameoy = 0.44, Mgy = 14.81 M, awing = 1.5, andg = 1.0. Sequence
1 (solid) and 2 (dashed) haveolykmsof 21 and 22 My, respectively. The left panel shows the evolutionary tsamk the H-R diagram, while the middle panel
illustrates the behaviors of the mass and the radius of éneEhe right panel shows the variations of the calculatebsiuminosity andf, , wheref| is defined

in Equation (10). The gray shaded areas represent the altiseal constraints on the relevant quantities, and trek thart of the evolutionary tracks indicates
the part of the sequence that the observational consti@intse H-R diagram are satisfied.

The last additional constraint is that the observational co
straints on > and Ly, have to be evaluated at the same distant

estimation. To examine this, we calculate the ratio 0.46 16.0 l l l l
Lo Lol - 04510 o ] 1550 v
L (105L@) <1037erg§1) ’ (10) ¢ s e
which is independent of distance. =~ From Figure 1 in 0.44 ¢ * L 150 s st
Orosz et al.[(2011), 4is 2.09x 10° L, at Ter = 30000K, and & = e e e
is 251x 10° L, at Ter = 32000K, assuming a distance of 1.86 (431 e o = a5l <« <
kpc. Together with the measured range gfjlcescaled at the ’ e e
same distance estimation, the upper and lower limitk @fre o o e e
1.01 and 1.90, respectively. We can assure that both luminos 0421 o o 140! T . v
ity constraints are evaluated at the same distance estimiti ' Hle e e e
f_ falls within that range. e
In order to find the current evolutionary stage of the BH 5,4~~~ 138
companion, we apply these constraints to a set of evolution- 20 21 22 23 ’ 20 91 22 23

ary sequences, which cover the parameter space of the com- N N N N
panion’s ZAMS mass (Mzam9, @ov, MBH, awing, ands. For 2.20ms (Mo) 2.20ms (Mo)

each sequence, we find whether there exists a point in time_.

that the calculated properties simultaneously satisfyolbH %L%%Liﬁ;u.l';%ﬁs,iiemfmr Space ofdfms aav, and Mew covered by all
servational constraints: the BH companion’s mass, luminos

ity, temperature, and radiusyd,, f_, and not overfilling the

Roche lobe of the BH companion. Similar to the Roche lobe

constraint, we also consider an uncertainty-@5 R in the since the BH formation o) by

calculated stellar radii when we apply the observationalco

straint of the BH companion’s radius. If such a period of time tsys = to — tgn, (11)
exists, we classify that evolutionary sequence as "sufidéss ) ) o )
The behavior of some relevant parameters is illustratedgjn F~ Where gy is the approximate lifetime of the BH progenitor.
ure 2 for two selected successful sequences that are choseYye followiBelczynski et al.[(2010) to calculategM and &y
mainly to provide a clear and instructive picture. The dis- for different progenitors using the stellar evolution cRIsE
played sequences thereforemtu represent our best possible  (Hurley et all 2000), and adopting the mass loss prescriptio
matches to the observed properties of Cygnus X-1. Figure 3Wh|Ch W_ere CIaSSIer_‘d as "Vink et al. Winds". The calculated
shows the parameter space of Mns v, and Msy covered  tsn are fitas a function of M,

by all successful sequences. Fafing and 3, the successful

M
sequences covered the entire allowed parameter spacdy whic 81 _ M_BOH +3.341
are 15< aying <2.0and 06 <3< 1.6. 10Pyrs M Mes N2

The current age of the BH companion could be derived 19'26_4'902(M_E$) +O'3841(M_B@H)
from the time interval at which all observational consttain (12)

are satisfied. Assuming that the BH progenitor and its com-for Mgy > 9.5 M. Figure 4 shows the variations of &nd
panion formed at the same time, we could compute the timetgy against M zams
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Figure4. The variations of 4 (circles) against M,ams The gray shaded
region indicates the range @it for the corresponding successful sequences,
which is calculated by Equation (12). The difference betwgeand g

Figure5. Upper panels: The grey dots illustrate the possible lonatiof
Cygnus X-1 at the birth time of the BH, obtained from 3,00@grations of
its trajectory backwards in time. The initial conditionstbé integrations are

gives tys. generated randomly using the methodology described ind®est The plus

signs indicate the current location of Cygnus X-1, deriviemirf the mean
distance of 1.86 kpc. The crosses represent the curreritdoaz# Cyg OB3
center, with an adopted distance of 2 kpc. Lower panel: Thgildiition of

5. KINEMATIC HISTORY IN THE GALAXY
. ;. post-SN peculiar velocities pécpostsnagainst the time expired since the BH
Here, we assume that Cygnus X-1 formed in the Galactic {;,ation.

disk. The consideration of Cyg OB3 being the parent associa-

tion of Cygnus X-1 is discussed in Section 9.2. Given the ob- time of BH formation, obtained from integrating 3,000 tkaje
served position and measured proper motion of Cygnus X-1,tories backwards in time. As there is no trajectory crostieg
we derive the post-SN peculiar velocity of the binary’s eent  Galactic plane and the end points of all trajectories fathimi
of-mass by tracing its orbit in the Galaxy back to the time of 110 pc from the Galactic plane, we consider each end point as
BH formation. We describe the motion of the binary with re- a possible birth site of the BH. The post-SN peculiar vejocit
spect to a right-hand Cartesian reference frame, whosaorig Vpecpostsn Of the binary is obtained by subtracting the local
coincides with the Galactic center. The Z axis points to the Galactic rotational velocity from the center-of-mass eéip
northern Galactic pole, while the X axis points in the direc- of the binary at the birth sites. We find,3postsnranges from
tion from the projected position of the Sun onto the Galactic 22 to 32 km s* and is time independent. The distribution of
plane to the Galactic center. In this reference frame, the Su Vecpostsnagainst the time expired since the formation of the

is located at (%, Yq, Z5) = (-8.5,0,0.03) kpc (Joshi 2007;

Ghez et dll. 2008; Gillessen etlal. 2009; Reid et al. 2009), and

has a peculiar motion (&), Vo, We) = (11.1, 12.24, 7.25)
km s1(Schénrich et al. 2010). Cygnus X-1 is currently lo-
cated at a distance of. 831 kpc from the Sun, with a
Galactic longitudel = 71.3, and a Galactic latitudd =

BH are displayed in Figure 5.

6. ORBITAL DYNAMICS AT CORE COLLAPSE

For each of the successful sequence, we perform a Monte
Carlo simulation which consists of twenty million pre-SN bi
naries. The properties of the BH progenitor's companion are

3.1° (Lestrade etal. 1999; Reid etal. 2011). This means taken from the stellar model of that sequence, at the timewhe
Cygnus X-1is currently 130 kpc above the Galactic plane. the age of the staris equal gt During a supernova (SN) ex-
To model the Galaxy, we adopt the Galactic potential of plosion, the mass loss from the system and possibly the kick
Carlberg & Innanen (1987) with updated model parameters ofimparted to the BH change the binary’s orbital parameters.
Kuijken & Gilmore (1989). The equations governing the sys- The pre- and post-SN component masses, orbital semi-major
tem’s motion in the Galaxy are integrated backward in time, axis, and orbital eccentricity are related by the consamat
up to the time corresponding to the current system’s gge t laws of the orbital energy and angular momentum. In the fol-
given by the successful sequences. We follow the method-lowings, we add the subscripts "preSN" and "postSN" to the
ology oflGualandris et all (2005) to initialize the paramgte notations of the orbital elements to distinguish betweeir th
for the integration, which accounts for the uncertaintiethie values just prior and right after the SN explosion that fadme
estimated distance and measured velocity components. Wehe BH.
generate the initial system’s position by the Galactic deor We start with seven free parameters: the BH immediate
nates [, b) and a random distance drawing from a Gaussian (He-rich) progenitor mass (M), pre-SN orbital semi-major
distribution. We generate initial system’s velocity byag axis (Apresn) and eccentricity (gesn), the mean anomalyrf),
randomly the proper motiong«ga., t1dect) @nd heliocentric  the magnitude (V) and direction €, ¢) of the kick veloc-
radial velocity (\b) from Gaussian distributions. The current ity imparted to the BH# is the polar angle of the kick with
system’s age is uniformly distributed between 4.8 and 7.6 My respect to the relative orbital velocity of the BH progenito
(see Figure 4). just prior to the SN explosion, andlis the corresponding az-
Figure 5 shows the possible positions of Cygnus X-1 at the imuthal angle (see Figure 1lin Kalogera 2000, for a graphical
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representation). The first five parameters are drawn from uni BH immediate progenitor can be approximated by Equations
form distributions, while the last two are drawn from isqi® (3) in [Fryer & Kalogera|(1997), since we assume that it is
distributions. It is obvious that the progenitor must of s®i  a Helium star. Second, the pre-SN spin of the BH imme-
be more massive than the BH, but there is no absolution up-diate progenitor and its companion need to be less than the
per limit for the progenitor mass. We adopyM<20 Mg, breakup angular velocit. ~ (GM/R3)Y/2. As the calculated

and provide a discussion on this upper limit in Section 9.1.  stellar radius R associates with an uncertainyR = 25R,
The relations between pre- and post-SN parameters havgValsecchi et al. 2010),
been derived by Hills (1983):

sz + Vl-zle,preSN + 2ViVHe presnCOSH 0= GM, (1+ 3 AR) (20)
eS| ——= °=-
2 R
= G(Men +My) (3— : ) , (13) & g
I AgostsN

G(Mah +M2)ApostsN(1 = Eosisn for the BH companion.

=r? (sz Sinf 6 cos ¢ + [Siny(Vie presn+ Vi COSY)
7. ORBITAL EVOLUTION AFTER THE SN EXPLOSION

The orbital evolution of the simulated binaries, which are
generated from the Monte Carlo simulations described in Sec
tion 6, is calculated up to the current epoch. After the forma
tion of the BH, the orbital parameters of the binary are sttbje

~Vicosysindsing| 2) , (14)

Here, r is the orbital separation between the BH progenitor
and its companion at the time of SN explosion,

I = ApresM(1 — €presNCOSEpresn), (15) to secular changes due to the tidal torque exerted by the BH
_ . ) on its companion, and due to the loss of orbital angular mo-
wherekE is the eccentric anomaly, and is relatedrtas mentum via gravitational radiation and stellar wind. Since
m = E — esinE. (16) the tidal interactions depend on both the orbital and roeti

properties of the MS companion, the star’s rotational aagul
Viepresnis the relative pre-SN orbital velocity of the BH pro-  velocity (2) right after SN explosion that formed the BH en-
genitor, ters the problem as an additional unknown quantity. Here we
12 assume the rotational angular velocity of the BH compargoni
vV, = |G(Mpe+M )(Z _ 1 ) (17) unaffected by the SN explosion, and is pseudo-synchronized
HepreSN Hem 2N Anresn ' to the pre-SN orbital frequency. The system of equations gov
. . erning the tidal evolution of the orbital semi-major axis A,
The angle) is the polar angle of the position vector of the BH - gccentricitye, and the BH companion’s rotational angular ve-
with respect to its pre-SN orbital velocity in the comparson locity 2 has been derived by Hut (1981):
frame. It is related to the pre-SN parameters as : )

I’2\/I-2|e.preSNSinzw = G(MHE+M2)APreSI\(1_e§reSI\D- (18) (dA) _ 6|(2 Mgy Mgn + M2 (Rz)s
tides

Since the core collapse is instantaneous, r remains unetlang  \ dt T M M A
This gives a constraint A 2 232 (2 Q
X | f -(1- f —1,
I = ApresN(1 — EpresNCOSEpresn) (1-e2)15/2 { l( ) ( ) 2( ) n]
= ApostSl\(l - epostSNCOSEpostSI\ba (19) (21)
8

which needs to be satisfied withosEpestsy < 1. de _ _o7%eMeu Mg+ M (R,

The mass loss from the system and a natal kick imparted \ dt / ;s T M2 M A
to the BH can induce a post-SN peculiar velocityddfostsy
at the binary’s center of mass. Its magnitude is determined X %3/2 |:f3 (¢) _u (1—e2)3/2 fs () Q] ,
by following Equations (28)—(32) in Paper I, and is required (1-¢) 18 n
to fall within the range derived in Section 5, which is222 (22)
km/s. 2 6

In addition, there are two more restrictions on the proper- (d—Q) -3k (—MBH) MR (&)
ties of pre- and post-SN binary components. First, we requir dt Jges T \ M2 l2 A
that both components have to fit within their pre- and post-SN n & A5 (2 Q
Roche lobe at periapsis. We impose this condition to avoid x (1-e)p f2( )_ (1_ ) f5( )ﬁ :
complications arising from mass transfer induced changes i (23)

the stellar structure of the MS companion, that later be@me
the BH companion of the XRB. To calculate the Roche lobe
radius of each component in eccentric pre- and post-SN or-Here, k; andl, are the apsidal-motion constant and moment
bits, we adopt the fitting formulae of Sepinsky et al. (2007). of inertia of the MS companion, respectively. T is a charac-
When calculating the pre-SN Roche lobe radii, we assumeteristics timescale for the orbital evolution due to tidasd n
that the pre-SN orbit is pseudo-synchronized. Again, due to= 27/Pq, is the mean orbital angular velocity. The coefficient
the difference in calculated stellar radii among stellaslev functionsf; (ez) fori=i, 2,...,5are given in Equations (11)
tion codes, we consider an uncertainty-v2.5 R, on the inlHut (1981). As the BH companion in Cygnus X-1 is a mas-
companion radius_(Valsecchi et al. 2010). The radius of the sive MS star with a radiative envelope, the fadigfT can be



8 T.-W. Wong et al.
approximated as ‘
) 5/2 5.6¢ 0.0162
(—2) =1.9782x 104(&) (E) g S5-f 0.0160
T rad R® A ;8, S.4¢ [
Mo\ Y2 /0 Mo 56 5.3 0.0158
x [ —2 SBHET2) B vl (24) . 0.0156
M@ M2 "
5.1k 0.0154

The constant Ecomes from a fit to the tableslin Claret (2004),

t (Myr
logE;, = - /s -551039  (25) 1077 ‘( ‘Y)
27 220489-1.89579(/tm) e 1077
o -~ 1078
for 15.85< My zams < 25.12 M. Here, ks is the main se- 'y 107} 'S 10
quence lifetime. We define the end of the main sequence as_ 107"} o 10-1°
the hydrogen abundance at the core being less than 0.01. > 19"} > ot
To follow the secular changes of the orbital parameters= 10712} = 10_12,/,»/‘/
associated with emissions of gravitational waves, we adopt 1p-'3}, 1073,

Equations (35) and (36) in_Junker & Schafer (1992), which

4 56 7 8 9

4 56 7 8 9

are derived up to 3.5 post-Newtonian order.
The rates of change in A and e due to wind mass loss
and wind accretion onto the BH are determined by following Figure6. The orbital evolution of a selected winning binary. Righteaf

Equations (15) and (16) in_(Hurley etal. 2002), the formation of the BH (t = 3.8 Myr), this binary consists ocf48 My BH
and a 21.7 My main sequence star. The top panels show the time evolution of

t (Myr) t (Myr)

7 _ + 7 orbital period and eccentricity. The bottom panels showdleof changes of
d_A =-A M2 + 2-¢ + 1+¢ Mace the semi-major axis A and eccentricity e due to tidal efféstdid line), wind
dt / ind Mgy +M> Mgy Mgu+M, /) 1-¢€2 mass loss and wind accretion onto the BH (dashed line), aadtational

(26) radiation (dotted line).
<d_e) = —el\/lacc( ! + ! > . 27) event that formed the BH. After finding the successful evo-
At / wing Men+Mz  2Mgy lutionary sequences that satisfy all the observed pragseofi

The mass loss via stellar wind also induces a loss in thell® BH companion and the bolometric X-ray luminosity as
spin angular momentum of the BH companion. Hurley ét al. discussed in Section 4, we trace the motion of the system in

: : : the Galaxy back in time to the formation of the BH. We adopt
,Erz]%oé)r)] eS”h gﬂﬁg ;Bﬁageagft&% rluz%s:t; lost uniformly from a the methodology of Gualandris et al. (2005) to account fer th

uncertainties in the measured distance and velocity compo-
nents of Cygnus X-1. The time of BH formation is different
for each successful sequence. It is estimated by the BH mass
) ] of the sequence, which connects to an approximate lifetime
whereJ; spin is the spin angular momentum of the BH com- of the corresponding BH progenitor. This procedure gives us
panion. ) o a constraint on the system’s peculiar velocity right after t

For each of simulated binaries, we follow the secular BH formation. We then perform Monte Carlo simulations on
changes of its orbital properties duedtd the mechanisms  the orbital dynamics at core collapse feach successful se-
mentioned in this section. The properties of binary com- quence. There are seven free parameters: the BH immediate
ponents are adopted from the corresponding successful seprogenitor mass, the pre-SN orbital semi-major axis and ec-
quence. Unlike finding Mecpostsn in Section 5, the orbital  centricity, the mean anomaly, the magnitude of kick veloc-
evolution of the binary goes forward in time, froy to tp. ity imparted to the BH, and the two angles specifying the
Within this period of time, the BH companion has to always direction of the kick velocity. The Monte Carlo simulations
fit within its Roche lobe at periapsis. In order words, its-cal produce a population of simulated binaries, which satiséy t
culated radius is constrained to be less than the Roche lobgost-SN system’s peculiar velocity constraint derivedardy.
radius at periapsis given by Sepinsky €t al. (2007). Again, Last, we evolve the orbits of these simulated binaries fodwa
we allow an uncertainty ott2.5 Ry, due to the differ-  in time to the current epoch. If the orbital period and eccen-
ence in calculated stellar radii among stellar evolutiode= tricity of the simulated binary at current epoch match thame
(Valsecchi et al._2010). Furthermore, the rotational aagul syred values of Cygnus X-1, we classify that simulated lyinar
velocity of the BH companion has to be smaller than the as a "winning binary". The results presented in what follows
breakup angular velocit2c. If the orbital period and eccen-  gre derived from the winning binaries afl successful se-
tricity of the simulated binary a match the measured values quences.
of Cygnus X-1, we classify that binary as a "winning binary". " |n Figure 7, we present the probability distribution func-
Figure 6 illustrates the time evolution of orbital paramste tions (PDFs) of the BH immediate (He-rich) progenitor mass
for one selected winning binary. (Mhe) and natal kick magnitude @Y. We find Mye to be in
a range of 1M-20.0 M, and \ to be< 77 km s?, both

8. PROGENITOR CONSTRAINTS at 95% confidence. Figure 8 illustrates the 2D joiRtMye

The elements presented in the previous sessions can now beonfidence levels, which shows that ifdMis less thanv17
combined to establish a complete picture of the evolution of M, the BH might have received a non-zero natal kick at the
Cygnus X-1 and the dynamics involved in the core collapse core collapse event. For smalldy] a minimum \{ of ~ 55

Jospin = at (12) = §M2Rgﬂ ) (28)
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Figure 7. The probability distribution functions of the BH immedigtde- Figure 9. The 2D joint Ayesn—6oresnconfidence levels: 68.3% (red), 95.4%
rich) progenitor mass (M:) and natal kick magnitude @ imparted to the (yellow), and 99.7% (blue).
BH.
since the time of BH formation. The winning binaries of all
20 successful sequences show that at maximum the BH has ac-
creted~ 2 x 103 M,. Since it is impossible to spin the BH
19 up toa, > 0.97 by accreting that negligible amount of mass,
the BH needs to have an extreme spin at birth. This high spin
has implications about BH formation and the role of rotation
18 ¢ in core collapse.
. E Besides the constraints on the BH formation, our results
© 17¢F also shed light on the evolutionary picture of Cygnus X-1. We
= 2 find that right after the formation of the BH, the BH compan-
» E ion has a mass of 18-22.6 Mg, in an orbit with period of
= 16¢ 4.7-5.2 days. Since then, the orbital separation of Cygnus X-
g 1 has been increasing with time, as the rate of change in the
15k semi-major axis is dominated by the influence of stellar wind
E mass loss from the system. On the other hand, the orbital ec-
E centricity has decreased slightly since the BH formatidnisT
T4 ¢ is because the tides exerted on the companion by the BH, as
E 3 the dominant mechanism of circularizing the orbit, are not
T30 e S strong enough to decrease the orbital eccentricity sigmiflyg
within the time period of several million years since thedim
0 20 4?/ 6((3(m/iC)) 100120 of BH formation. V\/_e find that gsisnranges from 0.015 to
kick 0.022. However, this does not suggest thaisq has to be
Figure8. The 2D joint i—Me confidence levels: 68.3% (red), 95.4% (yel-  small. An eccentric pre-SN orbital could become fairly cir-
low), and 99.7% (blue). cular if there is a natal kick imparted to the BH at the right

direction. As illustrated in Figure 9, there are winningdsin

km s is necessary for explaining the current observed prop- €S With gresnbeing as high as- 0.53.
erties of Cygnus X-1. Furthermore, both theMPDF and the
2D joint Vx—Me confidence levels show that the maximum 9. SUMMARY & DISCUSSION
Mye is constrained by our adopted upper limit of 2Q,M\e In this paper we constrained the progenitor properties and
impose this limit based on the physics involved in the evolu- the formation of the BH in the persistent XRB Cygnus X-
tion of massive stars. A discussion on this limit can be found 1. Our analysis accounts for the orbital evolution and mo-
in Section 9.1. Given our understanding of mass loss fromtion through the Galactic potential right after the BH forma
Helium stars, it seems that the BH has potentially received ation, and the binary orbital dynamics at the time of core col-
small natal kick velocity of< 77 km s (95% confidence) lapse. We find that the mass of the BH immediate progenitor
during the core collapse event. falls within a range of 1®-20.0 My at 95% confidence.
Based on the dynamical model of Orosz et al. (2011), We note that the maximum progenitor mass is constrained by
Gou et al.[(2011) found that the BH in Cygnus X-1 has a spin our adopted upper limit, which is discussed in Section 9.1.
parametea, > 0.97 at . To determine whetherthe BHwas The BH has potentially received a small natal kick velocity
born with an extreme spin, we first estimate how much massof < 77 km s at 95% confidence. In fact if the progenitor
the BH could have accreted from its companion’s stellar wind mass is less thar 17 Mg, a non zero natal kick velocity
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is necessary to explain the currently observed properties of
Cygnus X-1. Since the BH has only accreted mass from its
companion’s stellar wind, the total amount of mass accreted
since the BH formation is less than2 x 103 M,. This in-
dicates that the observationally inferred BH spirmpf> 0.97

(Gou et all 2011) cannot be explained by mass accretion and

has to be natal. This high spin has implications about BH for-
mation and the role of rotation in core collapse. Right after
BH formation, the BH companion has a mass ofg:922.6
Mg, in an orbit with period of 4 —5.2 days and eccentricity
of 0.015-0.022. Although the post-SN orbital eccentricity
is small, the pre-SN orbit can potentially be fairly eccentr
This is possible if the BH receives a natal kick velocity a th
right magnitude and direction.

The formation of the BH in Cygnus X-1 has been
previously studied by | Nelemansetal. (1999) and
Mirabel & Rodrigues [(2003). Both studies assumed

symmetric mass loss during the core collapse event, and

considered only the binary orbital dynamics at the time of
core collapse. Comparing with these two earlier studies,

we consider the possible asymmetries developed during the
core collapse event and the evolution of the binary since the

BH formation. It is important to note that these two earlier

studies do not consider the multitude of the observa'[ional9

constraints taken into account here and hence the suggest
progenitors are not complete solutions for the evolutignar
history of Cygnus X-1.

Finally, we discuss some of the assumptions introduced in
our analysis in the following sub-sections.

9.1. Maximum BH Progenitor Mass

Unlike the case of GRO J1655-40 studied in Paper I, the
analysis of orbital dynamics during the core collapse event
does not give an upper limit on M. Instead, we have con-
servatively adopted an upper limit of M <20 M, based on
physics involved in the evolution of massive stars. As men-
tioned in Section 6.1 of Paper Il, by evolving a ZAMS star
of ~100 M, at solar metallicity, the maximum Helium star
mass one can achieveddgl5 Mg when including moderate
stellar rotation, and-17.5 M, when assuming no stellar ro-
tation. When adopting the upper limit of 17.5JVithe lower
limit of M e decreases slightly to 14.6 Mand the range of
V| becomes 1481 km s?, both with 95% confidence. This
range of \( still suggests that the BH in Cygnus X-1 received
a low kick during the core collapse event.

9.2. Association with Cyg OB3

The center of Cyg OB3 locates &t= 728° and b =
2.0°, and at a distance of.4-2.7 kpc away from the
Sun (Massey et al. 1995; Dambis et'al. 2001; Mel'Nik et al.
2001; Mel'Nik & Dambis [ 2009). When comparing that to
the location of Cygnus X-1 (Table 1), it is clear that not

ng et al.

20F
19+

18

17

He (MO>

=

15

14

0O 10 20 30 40 50 60 7
Viiek (km/s)

Figure 10. The same plot of 2D joint ¥~Mye confidence levels as Figure 8,

calculated with \ecpostsn< 10 km s 1 instead of the original range derived
Section 5.

% confidence. Besides the change in 95% limits, non-zero
H natal kicks are not needed for progenitors ofidi 17

Mg in order to explain the observed properties of Cygnus X-
1, but become necessary fopMt> 17.5 Mg, (see Figure 10).
Also, we note that a relatively small change on the range of
Vpecpostsnaffects the derived constraint on \qualitatively.

13

9.3. Super-Synchronized Orbit

After considering several previous measurements of
the BH companion’s surface rotation speed ($ni),
Caballero-Nieves et al. (2009) adopteg:¥ini = 95+ 6 km
s*. [Orosz et dl.[(2011) found that the ratio of the BH com-
panion’s spinning frequency to the orbital frequenty)(was
1.400+ 0.084, which was derived based on their results of the
inclination anglei = 27°.06+ 0°.76 and the companion ra-
dius R =165+ 0.84. This indicates that the BH companion
is super-synchronized. We note that with the analysis pre-
sented here, we find none of our winning binaries have super-
synchronized BH companions at the current epoch. They are
all sub-synchronized witlfi, reaching~ 0.87 at maximum.

In an effort to examine how our standard assumptions can
be modified and investigate whether super-synchronism is at
all allowed by the models as indicated by the observations,
we make two modifications to our analysis. We first remove
the assumption that the pre-SN orbit is pseudo-synchrdnize
and randomly distribute the pre-SN spin of the BH companion
between zero and its breakup angular frequeacyNext, we
reduce the secular changes of the orbital parameters due to
the influence of tides by multiplying the right hand side of

only their Galactic coordinates are close to each other, butEquation (21) — (23) by a constafite.

also their distance estimations overlap with each other- Fu

As shown in Figure 11, by allowing the pre-SN spin of

thermore, the measurements of proper motion and radial vecompanion to be greater than pseudo-synchronization and

locity show that Cygnus X-1 is moving as the members of
Cyg OB3 (Dambis et all 2001; Mirabel & Rodrigues 2003;
Mel'Nik & Dambis| 2009). Based on these observations,
Mirabel & Rodrigues|(2003) argue that Cyg OB3 is the par-
ent association of Cygnus X-1. This infers thatdsesisndue

keeping the tidal strength unchanged (fge = 1.0), the max-
imum fg, of the winning binaries increasestol.2. Although

it is getting close, this value is still below the observatio
ally inferred one. Together with a weakened tidal strendth o
fige = 0.2 and 0.5, we comfortably find winning binaries with

to the core collapse event has to be small. If we change thefg = 1.4. Furthermore, the minimum pre-SN surface rotation

constraint on Yecpostsnto < 10 km s1, we find Mye to be in
a range of 13-16.9 Mg and \k to be < 24 km/s, both at

speed of the companion in those winning binaries-af#00
and 700 km & for fige = 0.2 and 0.5, respectively. Given
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