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ABSTRACT

We present an examination of high-resolution, ultraviolet (UV) spectroscopy from Hubble Space Telescope of the
photospheric spectrum of the O-supergiant in the massive X-ray binary HD 226868 = Cyg X-1. We analyzed this
and ground-based optical spectra to determine the effective temperature and gravity of the 09.7 Iab supergiant.
Using non-LTE, line-blanketed, plane-parallel models from the TLUSTY grid, we obtain T = 28.0 + 2.5 kK
and logg = 3.00 £ 0.25, both lower than in previous studies. The optical spectrum is best fit with models
that have enriched He and N abundances. We fit the model spectral energy distribution for this temperature
and gravity to the UV, optical, and infrared (IR) fluxes to determine the angular size and extinction toward the
binary. The angular size then yields relations for the stellar radius and luminosity as a function of distance.
By assuming that the supergiant rotates synchronously with the orbit, we can use the radius—distance relation
to find mass estimates for both the supergiant and black hole (BH) as a function of the distance and the
ratio of stellar to Roche radius. Fits of the orbital light curve yield an additional constraint that limits the
solutions in the mass plane. Our results indicate masses of 23':86 M, for the supergiant and 11':53 M, for the BH.

Key words: binaries: spectroscopic — stars: early-type — stars: individual (HD 226868, Cyg X-1) — ultraviolet:

stars — X-rays: binaries

1. INTRODUCTION

The massive X-ray binary Cygnus X-1 = HD 226868 con-
sists of an 09.7 Iab primary (Walborn 1973) with a black hole
(BH) companion. The fundamental properties of this system
have been the subject of many studies, but they continue to be
controversial. For example, Shaposhnikov & Titarchuk (2007)
determined a relationship between BH mass and observed
X-ray properties in the low-frequency, quasi-periodic
oscillation—spectral index plane to derive a BH mass of
8.7 £ 0.8 My for Cyg X-1, a value at the low end of pre-
vious estimates (Gies & Bolton 1986a; Abubekerov et al.
2005). On the other hand, Ziétkowski (2005) used temperature—
luminosity relations in conjunction with evolutionary models
to calculate the mass of the bright, mass donor star. Then,
with the orbital mass function from Gies et al. (2003) and
the method outlined by Paczynski (1974), he estimated the

* Based on observations with the NASA/ESA Hubble Space Telescope
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555. These observations are associated with programs
G0-9646 and GO-9840.

11 Visiting Astronomer, Kitt Peak National Observatory, National Optical
Astronomy Observatory, operated by the Association of Universities for
Research in Astronomy, Inc., under contract with the National Science
Foundation.
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mass of the BH as 13.5-29 M, at the high end of prior
estimates.

Our goal in this paper is to determine if mass estimates
from these two methods can be reconciled through a re-
examination of the supergiant’s spectrum to determine the stellar
temperature, mass, and radius. Shortly after the X-ray source,
Cyg X-1 was identified with the star HD 226868 (Bolton
1972; Webster & Murdin 1972), Walborn (1973) classified it
as a normal 09.7 Iab star. The stellar temperature of a star
of this type depends critically upon the model atmosphere
assumptions adopted to match the line spectrum (Martins et al.
2005). From a classical curve of growth analysis of the optical
spectrum of HD 226868, Canalizo et al. (1995) estimated an
effective temperature of Ty = 32 + 2 kK, and they found
an overabundance of He in the photosphere. Herrero et al.
(1995) also estimated the temperature of the star Tei ~ 32 kK
based upon fits of the optical line spectrum with calculated
profiles from unified model atmospheres that included a non-
LTE treatment of H and He but neglected line blanketing from
transitions of heavier elements. In addition, they determined
values for gravity from fits of the Balmer lines that ranged
from log g = 3.03 for plane-parallel models to logg = 3.21
for spherical models that included wind effects. Their results
led to mass estimates of 17.8 and 10.1 M for the supergiant
and BH, respectively. More recently, Karitskaya et al. (2008)
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classified HD 226868 as an ON star with a temperature of
T = 30.4 £+ 0.5 kK and gravity of log g = 3.31 £ 0.07 using
a semigray model atmosphere that accounts for non-LTE effects
in some lines and for X-ray illumination.

Here we present an analysis of the photospheric parame-
ters for the supergiant based upon ground-based optical spectra
and high-resolution, ultraviolet (UV) spectra from the Hub-
ble Space Telescope Space Telescope Imaging Spectrograph
(STIS). These STIS spectra were first presented by Gies et al.
(2008) and Vrtilek et al. (2008) in discussions of the orbital vari-
ations observed in the stellar wind lines. We compare the optical
and UV line profiles of HD 226868 with synthetic spectra based
on line-blanketed, non-LTE photospheric models in order to de-
termine the stellar temperature and gravity (Section 2). Since
the continuum flux and spectral lines of the supergiant could be
influenced by X-ray heating, we search for heating effects in the
orbital UV flux variations using the low /hard state International
Ultraviolet Explorer (IUE) archival spectra and the high/soft
state HST spectra (Section 3). A stellar radius—distance relation
can be determined from fits of the spectral energy distribution.
We use the observed flux distribution and spectra of field stars
in the same region of the sky to estimate the reddening and ex-
tinction in the direction of Cyg X-1 and to determine the angular
size of the star (Section 3). Finally, we use this radius—distance
relation with the method developed by Paczyriski (1974) to set
mass limits as a function of distance and to estimate the proba-
ble masses using constraints from the rotational line broadening
and ellipsoidal light curve (Section 4).

2. ULTRAVIOLET AND OPTICAL LINE SPECTRUM

We need to rely on the line spectral features to estimate
temperature since the UV and optical continuum falls in the
long-wavelength, Rayleigh—Jeans part of the flux distribution
where the shape of the continuum is insensitive to temperature.
Some of the best line diagnostics for late O-supergiants are
found in the optical spectrum where several ionization state line
ratios and the Balmer line profiles change dramatically with
temperature and gravity (Walborn & Fitzpatrick 1990; Searle
et al. 2008). In this section, we use x? fits of the optical and
UV spectra with model spectra to estimate 7. and log g. Our
data consist of high-resolution UV spectra taken with the HST/
STIS (G140M grating, resolving power R = 14,500) and two
sets of optical spectra from the Kitt Peak National Observatory
(KPNO) coudé feed telescope (CF; 3759-5086 A, R = 2990)
and 4 m Mayall Telescope and RC spectrograph (RC; 4182—
4942 A, R = 5700). Details of these observations are given in
Table 1 of Gies et al. (2008). All of these flux-rectified spectra
were shifted to the rest frame (using the orbital solution given
by Gies et al. 2008) and co-added to increase the signal-to-noise
ratio.

We compared these spectra with model spectra from the
TLUSTY/SYNSPEC codes given in the grids OSTAR2002
(Lanz & Hubeny 2003) and BSTAR2006 (Lanz & Hubeny
2007). The model atmospheres are based upon a plane-parallel
geometry, solar abundances, line-blanketed opacities, and non-
LTE calculations of atomic populations for H, He, and repre-
sentative atoms up to Fe. The model spectra are presented as a
function of four parameters: the microturbulent velocity of gas
in the line-forming region, &, the stellar effective temperature,
T, logarithm of the gravitational acceleration in the photo-
sphere, log g, and the chemical abundance of the gas. The model
spectra were transformed to the observed wavelength grids
by wavelength integration and convolution with rotational and
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instrumental broadening functions. We adopted a projected ro-
tational velocity of Vsini = 98 km s~! (Gies & Bolton
1986a), linear limb darkening coefficients from Wade &
Rucinski (1985), and Gaussian representations of instrumental
broadening using the projected slit FWHM (Gies et al. 2008).

It was clear from inspection that a large microturbulence
is required to match the observed and model spectra. The
OSTAR2002 grid uses £ = 10 km s~! throughout, while the
BSTAR2006 grid adopts & = 2 km s~! for the full grid and
£ = 10 km s~' for a selection of low-gravity (supergiant)
models. We found that the best fits were obtained in all three
spectral bands with the £ = 10 km s~! models, and this was
especially true in the FUV where the observed deep spectral
lines were not matched with the lower microturbulent velocity
models. An atmospheric microturbulence of & = 10 km s~! is
typical for late-O supergiants (Ryans et al. 2002), and Canalizo
et al. (1995) derived an estimate of & = 10.7 km s~! from a
curve of growth analysis of the optical N 111 lines in the spectrum
of HD 226868.

We tested the goodness of fit for each of the models of interest
by calculating the reduced- x 2 statistic,

N

2 Z [Fobs()hi) - Fmodel()ti)]z.

LT N - )

)]

Here, N is the total number of wavelength points used in the
fit and oe(A;) is the standard deviation of the mean rectified
flux (determined from the scatter at wavelength A; among the
individual spectra in the co-added mean). We selectively omitted
from the summation spectral regions that contained stellar wind
features or interstellar lines that are not present in the model
spectra. Our results are listed in Table 1 for a wide range of model
spectra with a microturbulence of £ = 10 km s~!. Column 1
indicates the spectral region fit by “HST” for the FUV spectrum,
“CF” for the KPNO CF blue spectrum, and “RC” for the KPNO
4 m RC green spectrum. Column 2 gives the grid value of gravity
log g, and Column 3 gives a code for the spectral model (“O”
for spectra from the OSTAR2002 grid and “B” and “BCN” for
spectra from the BSTAR2006 grid). Then follow 10 columns
that list the measured sz for grid values of T (at increments
of 2.5 kK and 1 kK for the OSTAR2002 and BSTAR2006 grids,
respectively).

The trends in Table 1 are represented in a combined contour
diagram in Figure 1. Here the grayscale contours represent the
goodness of fit for the FUV spectrum, the solid lines for the
blue spectrum, and the dashed lines for the green spectrum.
Since there is not an exact match between the predictions of the
OSTAR2002 and BSTAR2006 grids at their boundary, Figure 1
shows contours based only on the OSTAR2002 grid for high-
gravity models log g > 3.0, while the contours in the lower
gravity region log g < 3.0 are based upon the BSTAR2006 grid.
Note that there are no models available for high-temperature,
low-gravity region in the lower right part of the diagram because
such atmospheres approach or exceed the Eddington luminosity
limit. The higher gravity, lower temperature region is empty
because the BSTAR2006 grid contains only models for a lower
microturbulent velocity & = 2 km s~! for this parameter range.
Note that the x2 minima in Table 1 have values much larger
than the expected value of unity. This is due to the inclusion
of spectral regions where there is evident mismatch because of
incomplete removal interstellar features, marginal differences
in the continuum placement, and real differences between the
observed and models even in the best-fit cases. For the purposes



No. 2, 2009 UV SPECTRUM OF HD 226868 1897

log g

24 26 28 30 32 34
Tex (KK)

Figure 1. Variation within the (e, log g) plane of the net reduced XUZ statistic that measures the goodness of fit between the solar abundance models and the
observed spectrum of HD 226868. The contours show the value of X& above the best-fit minimum (arbitrarily set to one), and they nominally represent the intervals of
20,40, ..., 100, where o is the error in the parameter estimate. The contours for the FUV, KPNO CF, and KPNO 4 m spectral fits are shown as different gray-shaded
regions, solid lines, and dashed lines, respectively. The contours for log g < 3.0 are for fits with the BSTAR2006 models, while those for log g > 3.0 are for fits with
the OSTAR2002 models.

Table 1
x?2 for Spectral Fits with Models

Spectrum log g Model Tetr (KK)

Source (cms™2) Code 24.0 25.0 26.0 27.0 27.5 28.0 29.0 30.0 32.5 35.0

HST 4.00 (0] 35.6 e cee 24.4 24.1 29.3

HST 3.75 O 30.7 e e 23.0 24.7 33.4

HST 3.50 (@) 26.0 e e 22.6 27.0 42.8

HST 3.25 O 22.8 e e 23.8 36.2 77.5

HST 3.00 B 39.5 29.1 24.1 23.0 e 24.1 27.3 34.8

HST 3.00 BCN 42.5 31.7 25.5 23.6 e 239 259 31.6

HST 2.75 B 28.5 25.9 27.0 31.7 e e cee

HST 2.75 BCN 31.6 26.5 26.2 28.5 e cee cee e e e

CF 4.00 O .- 114.5 72.2 53.0 43.7

CF 3.75 (0] 87.8 cee cee 55.8 36.7 43.5

CF 3.50 (0] 59.3 e e 29.6 30.7 53.9

CF 3.25 (0] 32.5 e e 212 477 85.5

CF 3.00 O 19.6 51.0

CF 3.00 B 51.0 36.9 24.4 16.7 e 16.2 279 50.0

CF 3.00 BCN 59.2 44.8 30.6 19.4 e 12.9 13.5 31.4

CF 2.75 B 224 17.3 23.7 51.9 e cee e

CF 2.75 BCN 28.7 17.2 12.5 20.2 e e e e e e

RC 4.00 (0] 85.9 cee cee 42.0 25.1 42.7

RC 3.75 (@) 68.3 e e 31.9 22.7 61.3

RC 3.50 (0] 50.0 e e 20.8 38.9 92.5

RC 3.25 (0] 33.6 e e 24.5 85.5 143.4

RC 3.00 B 88.1 61.3 35.9 19.8 e 19.6 51.5 106.6

RC 3.00 BCN 112.9 83.8 53.7 29.7 e 15.6 17.9 62.6

RC 2.75 B 47.7 25.1 294 957 e e e

RC 2.75 BCN 69.2 36.3 17.1 26.3
of in[ercomparison in Figure 1, we have subtracted from each XVZ lines on the ionization levels in the gas. The Saha ionization
set the minimum minus one value, so that the figure represents equilibrium equation shows that the number ratio of atoms
variance increases that result only from changes in the assumed of one ion to the next higher ionization state is equal to the
temperature and gravity. electron density times a function that decreases with increasing

The temperature and gravity properties of the Xf fits shown temperature. Thus, in order to match the ionization ratios

in Figure 1 result primarily from the dependence of the spectral represented in the spectral line strengths, the best fits are
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Figure 2. Rectified optical spectra (dark line) together with a Tesr = 28 kK and log g = 3.0 TLUSTY CN model (light line). The top panel shows the mean spectrum
obtained with the KPNO CF telescope, while the bottom two panels show the mean spectrum obtained with the KPNO 4 m telescope. The spectrum of the 09.7 Iab
star  Nor is offset by 0.15 from the model and HD 226868 spectra for comparison. The horizontal lines below the spectra indicate the wavelength regions included
in the 2 calculation. The He 11 14686 emission line originates in the focused wind from the star.

found along a diagonal zone of increasing log g with increasing
temperature, i.e., increasing the electron density with log g
compensates for the functional drop related to temperature
increase. However, there are other spectral dependences that
help us determine the minimum x? position along the valley in
the (T, log g) diagram. In particular, the H Balmer line wings
in the optical spectrum are sensitive to pressure broadening
(linear Stark effect) and hence model gravity. The lowest
contours of x2 in Figure 1 indicate that the best fits are found
for Ty = 26.5-28.5 kK and logg = 2.9-3.1. Both of these
estimates are lower than found in earlier studies (Canalizo et al.
1995; Herrero et al. 1995; Karitskaya et al. 2008), but they are
consistent with recent studies that demonstrate that the inclusion
of line blanketing in stellar atmosphere models tends to lower
the derived effective temperature (Repolust et al. 2004; Martins
et al. 2005; Lefever 2007; Searle et al. 2008).

The run of x? fits shown in Figure 1 are for solar abundance
models, but given the reports that the spectrum of HD 226868
has strong N lines, we also explored fits with CN abundance
models included in the BSTAR2006 grid for gravities of
logg = 2.75 and 3.00. These models assume an He to H
number ratio of 0.2 (compared to 0.085 for the solar abundance
models), a C abundance equal to one-half the solar value, and an
N abundance five times the solar abundance. These adjustments
demonstrate the kind of changes that are expected when the
atmosphere becomes enriched in CNO-processed gas. While the

CN models do not improve the fits of the FUV spectrum, they are
significantly better fits of the optical spectrum (where a number
of strong He 1 and N 111 lines are present; see Figure 2). When we
compare the x? fit of a solar model to a CN model at the same
gravity in Table 1, the CN models fit better at higher temperature,
especially for fits of the optical spectra. Following this trend,
we estimate that the supergiant’s spectrum is fit best by the CN
models with T = 28 £ 2.5 kK and log g = 3.00 £ 0.25 dex.
Thus, we will focus on these CN models for the rest of this
section.

We compare the two mean optical spectra (CF and RC)
with our best-fit model spectrum in Figure 2 (T = 28 kK,
log g = 3.00) and with a marginally acceptable fit in Figure 3
(Ter = 26 kK, log g = 2.75). Also shown for comparison is the
spectrum of a similar 09.7 Iab star, u Nor (HD 149038; from
Walborn & Fitzpatrick 1990). The spectra appear in three plots:
the short wavelength range from the lower resolution CF data is
shown in the top panel, while the bottom two panels illustrate
the longer wavelength region from the higher resolution RC
spectra (compare with Figure 1 in Karitskaya et al. 2008).
In general, the agreement between the observed and model
spectrum is satisfactory. The largest discrepancies are seen in the
He1n 24686 and Hp lines where incipient emission from the
stellar wind of the supergiant alters the profiles (Gies & Bolton
1986b; Ninkov et al. 1987a; Gies et al. 2003, 2008). The H
Balmer line emission is strongest in He, and for simple estimates
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Figure 3. Optical spectra (dark line) together with a Tef = 26 kK and log g = 2.75 TLUSTY CN model (light line) in the same format as Figure 2.

of the Balmer decrement for Case B recombination (Osterbrock
& Ferland 2006), we expect some measurable degree of wind
emission for all the Balmer lines shown in Figures 2 and 3. We
find that the H line cores do appear shallower, while the Balmer
line wings agree well with the models. Searle et al. (2008)
observed this effect in other supergiants and they suggest that
stellar wind emission from the outer atmosphere tends to fill
in the line core. On the other hand, the Balmer line wings are
formed in higher density gas, deeper in the photosphere where
we expect the TLUSTY /SYNSPEC results to be quite reliable.
The H line wings become narrower with lower gravity, and the
predicted H profiles for the lower gravity model illustrated in
Figure 3 appear to be significantly narrower than the observed
ones.

The Her and Hen line strengths are well matched in
the He enriched CN model spectra. In particular, the tem-
perature sensitive ratio of Hemr 14541 to Simr 14552
(equal for the 9.7 classification) is better reproduced
by the T = 28 kK and logg = 3.00 model (Figure 2)
than the Ty = 26 kK and logg = 2.75 model (Figure 3).
The N Ax4097,4379,4510, 4514, 4630, 4634, 4640 lines
are also reasonably well fit in the five times overabun-
dant CN models. On the other hand, O lines such as
O 1 Ax4069, 4072, 4075, 4590, 4596 are too strong in the model
spectra, which suggest that the O abundance should be revised
downwards from solar values as expected for CNO-processed
gas. The other differences between the observed and model
spectra are related to the presence of interstellar features (Ca1

AA13933, 3968 in the CF spectrum; most of the deep interstellar
medium (ISM) features were removed from the RC spectra).

In Figure 4, we present the averaged UV spectrum made
with HST/STIS with the best TLUSTY/SYNSPEC model su-
perimposed as a lighter line. Figure 4 also includes an aver-
age UV spectrum of pu Nor, based upon 34 high-resolution,
archival spectra from IUE. Horizontal line segments indicate
those regions where the lines primarily originate in the pho-
tosphere, i.e., free from P Cygni stellar wind lines and from
regions where interstellar lines were removed by interpolation
(Gies et al. 2008). Overall, the line features in the observed
UV spectrum agree well with the model UV spectrum based
upon the optimal T and log g parameters derived from the
optical and FUV spectral fits. Note that the He1mr 11640 fea-
ture appears in absorption as predicted, so there is no evidence
of the Raman scattering emission that was observed by Kaper
etal. (1990) in the massive X-ray binary 4U1700-37. There are,
however, a few specific regions where the match is less satis-
factory. For example, the blends surrounding Fe v A1422 and
Fe1v AA1596, 1615 appear stronger in both the spectra of HD
226868 and p Nor, which suggests that the models are under-
estimating the Fe line opacity in these wavelength regions. The
S v A1502 line (Howarth 1987) has a strength in the spectrum of
HD 226868 that falls between that of the model and of © Nor.
The deep feature near 1690 A is an instrumental flaw near the
edge of the detector at one grating tilt.

There are huge variations in the stellar wind lines between
the orbital conjunctions that are due to X-ray ionization of the
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wind (Gies et al. 2008; Vrtilek et al. 2008), and it is possible that
X-ray heating might also affect some of the photospheric lines.
Figure 5 compares the average UV spectra at the two conjunction
phases ¢ = 0.0 and 0.5 (inferior and superior conjunction of
the supergiant, respectively). With the exception of the known
wind line changes, we find that the spectra are almost identical
between conjunctions. Some slight differences are seen in very
strong features, such as the Sitir 1300 complex and the Fe v
line blends in the 1600-1650 A region. The deep lines appear
somewhat deeper at ¢ = 0.0 and have slightly extended blue
wings compared to those observed at ¢ = 0.5 (when the BH
is in the foreground). We speculate that the deeper cores and
blue extensions result from line opacity that forms in the upper
atmosphere where the outward wind acceleration begins. This
outer part of the atmosphere in the hemisphere facing the BH
may also experience X-ray ionization (like the lower density
wind) that promotes Si and Fe to higher ionization levels and
reduces the line opacity of the observed transitions.

Our spectral fits are all based upon the existing OSTAR2002
and BSTAR2006 grids, and it would certainly be worthwhile
to explore more specific models, for example, to derive reliable
estimates of the He and N overabundances. A determination of
the He abundance in particular will be important for a definitive
temperature estimate. It is also important in such an analysis
to consider the full effects of the stellar wind in HD 226868.
Herrero et al. (1995) compared analyses of the spectrum of
HD 226868 from static, plane-parallel models with unified,
spherical models (that treat the photosphere and wind together),
and they found their log g estimate increased by about 0.2 dex

(with no change in temperature) in the unified models. Thus,
we suspect that our gravity estimate derived from the plane-
parallel TLUSTY code is probably a lower limit (approximately
consistent with the results of Herrero et al. 1995 and Karitskaya
et al. 2005).

3. UV-IR SPECTRAL ENERGY DISTRIBUTION

We can use the derived model flux spectrum to fit the observed
spectral energy distribution (SED) and reassess the interstellar
extinction and the radius—distance relation. We collected the
archival low-dispersion IUE spectra and combined these fluxes
with the HST spectra in wavelength bins spanning the FUV
and NUYV regions. We transformed the UBV magnitudes from
Massey et al. (1995) into fluxes using the calibration of Colina
et al. (1996), and the near-infrared (near-IR) fluxes were
determined from a calibration of the Two Micron All Sky Survey
(2ZMASS) JHK, magnitudes (Cohen et al. 2003; Skrutskie
et al. 2006). Then we fit the observed fluxes with the optimal
BSTAR2006 flux model (CN model, & = 10 km s7l T =
28 kK, log g = 3.0) to find the best reddening curve using the
extinction law from Fitzpatrick (1999). We placed additional
weight on the six optical and IR points to compensate for the
larger number of UV points. Figure 6 shows the observed and
best-fit model fluxes for HD 226868 that we obtained with a
reddening E(B — V) = 1.11 + 0.03 mag and a ratio of total
to selective extinction Ry = 3.02 & 0.03. These values agree
well with the previous reddening estimates that are collected in
Table 2.
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Figure 5. Averaged UV spectra of HD 226868 at orbital phases ¢ = 0.0 (light line) and ¢ = 0.5 (dark line). The horizontal line indicates those regions without strong

ISM features.
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Figure 6. SED of HD 226868 (plus signs) together and the TLUSTY best fit
(solid line) for Tesr = 28 kK and logg = 3.0. The UV points were binned
from the average HST and [UE spectra. The three optical points are the UBV
measurements from Massey et al. (1995) and the three IR points are taken from
2MASS. Also shown is the extrapolation of the accretion disk flux model of
Miller et al. (2002; dotted line).
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For comparison, we examined the colors and reddening of
six field stars within 10 arcmin of HD 226868 in the sky. These
stars were observed with the KPNO 4 m telescope and RC
spectrograph using the same blue region arrangement selected
for our observations of HD 226868 (Gies et al. 2008). We made
spectral classification of the stars, and then we used the observed

Table 2
Interstellar Reddening Estimates
Source E(B-V) Ry

Bregman et al. (1973) 1.12 (5) 3.0
Treves et al. (1980) 1.06 3.0

Wu et al. (1982) 0.95(7) 3.1
Savage et al. (1985) 1.080 (25) 3.1
‘Wegner (2002) 1.03 3.32
This paper 1.11 (3) 3.02 (3)

Note. Numbers in parentheses give the error in the last digit quoted.

UBYV colors from Massey et al. (1995) and the intrinsic color and
absolute magnitude for the classification (Gray 1992) to estimate
reddening and distances to these stars. Our results are collected
in Table 3 with the reddening estimate from above listed for
HD 226868. Bregman et al. (1973) estimated the distance of
HD 226868 as d ~ 2.5 kpc, and set a lower limit of 1 kpc based
upon the colors of other nearby field stars. We find that there
are two stars at distances just under 1 kpc that have a similar
reddening to that of HD 226868, which is consistent with a
distance to HD 226868 d > 1.0 kpc.

The normalization of the fit to the SED yields the star’s
limb-darkened angular diameter, 8 = 96 + 6 nas. Then we
can calculate the luminosity and radius of the star as a function
of distance d (in kpc) to HD 226868,

L
L—l =(5.9£2.1) x 10*d2, 2)
O]
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Table 3 -0.10 \
Interstellar Reddening for HD 226868 and Nearby Stars V-Band

R.A. (2000) Decl. (2000) Spectral my mp EMB-V) d
(hh mm ss.ss) (dd mm ss.s) Classification (mag) (mag) (mag) (kpc)

195821.68  +351205.8 09.7 Iab 8.81 9.64 1.11
195823.44  +3514322 A3V 15.15 16.46 1.26 0.98
19582931  +350927.5 GOV 15.11 16.35 0.66 0.54
195804.44  +351148.3 G2V 15.06 15.97 0.28 0.82
195802.06  +351400.0 F2V 15.37 16.74 1.02 0.73
195857.44  +350531.7 G2V 1542 16.43 0.38 0.84
195844.45  +350809.8 F5V 15.76 16.87 0.68 1.07

R = (10.3 £0.7)d. 3)
Ro

It is important to check that these SED results are not affected
by long-term or orbital flux variability, so we examined the
archival JUE low-dispersion spectra (Gies et al. 2008) and the
HST spectra to determine the amplitude of any flux variations
in the UV. We calculated the average continuum flux over
three wavelength spans (1252-1380 A, 1410-1350 A, and
1565-1685 A) that excluded the main wind features. We then
converted the UV fluxes to differential magnitudes Am. We
found no significant differences between fluxes from times
corresponding to the X-ray low/hard state (JUE) and high/
soft state (/{UE and HST; see Gies et al. (2008) for X-ray state
information), nor were there any long-term variations over the
25 year time span between the IUE and HST observations.
On the other hand, we do find marginal evidence of the orbital
flux variations related to the tidal distortion of the supergiant.
We plot in Figure 7 the mean orbital flux variations of the three
wavelength intervals for both IUE and HST spectra that are
averaged into eight bins of orbital phase. For comparison, we
also include the V-band ellipsoidal light curve from Khaliullin
& Khaliullina (1981). The UV and V-band light curves appear to
have similar amplitudes, consistent with past estimates (Treves
et al. 1980; van Loon et al. 2001). Note that the minima have
approximately equal depths (consistent with the optical results;
Balog et al. 1981), which suggest that there is little if any deep
heating by X-rays of the hemisphere of the supergiant facing
the BH. Since the amplitude of the light curve is small and the
average UV fluxes plotted in the SED in Figure 6 cover the full
orbit, the ellipsoidal variations have a minimal impact on the
quantities derived from the SED.

Finally, we need to consider if the SED has a nonstellar flux
contribution from the accretion disk around the BH or from
other circumstellar gas. Bruevich et al. (1978) estimated that
the disk contributes about 2% of the optical flux, and there are
reports of small optical variations with superorbital periods that
may correspond to the precession of the accretion disk (Kemp
et al. 1987; Brocksopp et al. 1999; Szostek & Zdziarski 2007;
Poutanen et al. 2008). Furthermore, Dolan (2001) observed
rapid UV variations that he argued originate in dying pulse
trains of infalling material passing the event horizon of the BH.
Miller et al. (2002) developed a multicolor disk SED to model
the X-ray continuum of Cyg X-1, and Dr. Miller kindly sent us
the model fluxes extrapolated into the UV and optical. These
are also plotted in Figure 6 after accounting for interstellar
extinction. Both the photospheric and disk SEDs correspond
to the Rayleigh—Jeans tail of a hot continuum, and the model
predicts that the disk contributes approximately 0.01% of the
total flux in the UV to IR range. This small fraction is consistent
with our successful fitting of the UV and optical line features
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Figure 7. UV light curve from both the HST and IUE spectra (diamonds)
compared with the V-band light curve (circles) from Khaliullin & Khaliullina
(1981). The UV data were divided into eight orbital phase bins, and the error
bars indicate the standard deviation within each bin.

that would otherwise appear shallower by flux dilution if the
disk was a significant flux contributor. Thus, our SED fitting is
probably unaffected by any nonstellar flux source.

4. MASS OF THE SUPERGIANT

In this section, we will explore the mass consequences of our
relations for radius and luminosity as a function of distance.
Paczyfiski (1974) derived model-independent, minimum mass
estimates for both components as a function of distance based
on the lack of X-ray eclipses (setting a maximum orbital
inclination) and the assumption that HD 226868 is not larger
than its Roche lobe (setting a lower limit on the ratio of the
supergiant to BH mass, M;/M;). We repeated his analysis
using our revised radius—distance relationship (Equation (3)),
stellar effective temperature Toir = 28 kK, and current values
for the mass function f(m) = 0.251 4+ 0.007 M and period
P =5.599829 days (Gies et al. 2003). The resulting minimum
masses are presented in Columns 7 and 10 of Table 4 as a
function of distance d.

We can make further progress by assuming the supergiant
has attained synchronous rotation with the orbit since the stellar
radius is probably comparable in size to the Roche radius (Gies
& Bolton 1986b). We take the ratio 2 of the star’s spin angular
velocity and orbital angular velocity to be 1. Then the projected
rotational velocity V sini is related to the inclination i by

> S
Vsini = ?Rl sin i, @

where P is the orbital period. The projected rotational velocity,
after correction for macroturbulent broadening, is estimated to
be Vsini = 95 + 6 km s~! (Gies & Bolton 1986a; Ninkov
et al. 1987b; Herrero et al. 1995). Inserting Equation (3) for Ry,
we obtain an inclination estimate in terms of distance d (kpc) of

i = arcsin((1.02 £ 0.09)/d). ®))

These inclination estimates are given in Column 2 of Table 4.
Note that this argument suggests a lower limit to the distance of
~1.0 kpc, similar to that found by reddening considerations.
Gies & Bolton (1986a) showed that the mass ratio can be
estimated from the ratio of the projected rotational velocity to
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Table 4
Mass and Luminosity Versus Distance for HD 226868
d i R logL; logL}(0.9) log L3(1.0) m™in p¥00) p¥1.0) mmin aY%0.9) mY"(1.0)

(kpe) () (Re) (Lo) (Lo) (Lo) (Mo) (Mo) (Mo) (Mo) (Mo) Mo)

1.1 675 114 4385 3.06 2.77 5.0 6.6 5.0 2.7 3.1 2.6

1.2 579 124 493 341 3.04 6.4 8.6 6.5 3.1 4.0 34

1.3 514 134 5.00 3.83 3.35 7.9 10.9 8.2 3.5 5.0 4.3

1.4 46.5 145 5.06 4.31 3.71 9.6 13.7 10.3 4.0 6.3 5.4

1.5 42.6 155 5.12 4.70 4.13 11.6 16.8 12.7 4.5 7.7 6.6

1.6 394 165 5.18 4.99 4.57 13.8 20.4 15.4 5.0 9.4 8.0

1.7 36.7 17.6 5.23 5.21 4.85 16.3 24.5 18.4 5.5 11.3 9.6

1.8 344 18.6 528 5.37 5.08 19.0 29.0 21.9 6.1 13.4 11.4

1.9 323 19.6 533 5.54 5.26 21.9 34.1 25.7 6.6 15.7 13.4

2.0 30.5 20.7 5.37 5.68 5.40 25.2 39.8 30.0 7.2 18.4 15.6

2.1 289 217 541 5.80 5.56 28.7 46.1 34.7 7.9 21.3 18.1

2.2 27.5 2277 545 5.92 5.69 325 53.0 39.9 8.5 24.4 20.8

2.3 26.2 238 549 6.05 5.79 36.7 60.6 45.6 9.2 279 23.8

2.4 25.0 248 5.53 6.17 5.90 41.1 68.8 51.9 9.9 31.7 27.0

2.5 240 259 557 6.27 6.02 45.9 77.8 58.6 10.6 35.9 30.5
the orbital semiamplitude of the supergiant, aof " oe ]
Vsini 5 e ]
= p(Q + DP(Q), (6) i ]
K 25~ . ]
[ 2.3 . 29° ]
where p is the fill-out factor, i.e., the ratio of volume equivalent @ ¢ e .
radii of the star and Roche lobe, Q = M /M, is the mass ratio, B 20 S ' N
@ is the ratio of the Roche lobe radius to the semimajor axis S 0 7 ]
(Eggleton 1983), and synchronous rotation is assumed. Thus, T 45L .
given the observed values of V sini and K and an assumed value g L 1
of p, we can find the mass ratio and, with the inclination, the = ok B
masses of each star. These masses are listed in Columns 8§, 9, = r ]
11, and 12 of Table 4 under headings that give the fill-out factor [ ]
in parentheses. The run of masses is also shown in Figure 8 that 5r 7
illustrates the mass solutions as a function of distance and fill-out [ ]
factor. Loci of constant p are denoted by dotted lines (increasing oL . . . ... . ]

0 20 40 60 80

right to left from p = 0.85to 1.0), while loci of constant distance
(and inclination angle) are shown by dashed lines. The derived
gravity values from these masses of log g & 3.3 reinforce the
idea that our spectral estimate of log g = 3.0 is a lower limit
(see Section 2).

We assumed synchronous rotation in the relations above
because both observations and theory indicate that the orbital
synchronization timescale in close binaries is shorter than the
circularization timescale (Claret et al. 1995), and since the orbit
is circular, it follows that the star must rotate at close to the
synchronous rate. However, it is straightforward to see how the
solutions will change if the synchronism parameter Q differs
from unity. In Equation (5) the distance d can be replaced by
the product Qd, while in Equation (6) the fill-out parameter p
can be replaced by Qp. If, for example, Q = 0.95, then the
mass solutions can be obtained from Table 4 and Figure 8 by
selecting a distance of 0.95d and a fill-out ratio of 0.95p.

The other important constraint comes from the ellipsoidal
light curve. The tidal distortion of the star results in a double-
wave variation (Figure 7) whose amplitude depends on the
inclination (maximal at i = 90°) and degree of tidal distortion
(maximal for fill-out p = 1.0). In order to determine which
parts of mass plane are consistent with the observed variation,
we constructed model V-band light curves using the GENSYN
code (Mochnacki & Doughty 1972; Gies & Bolton 1986a) for
the four values of fill-out factor illustrated in Figure 8. There is
a unique solution for the best fit of the light curve along each
line of constant fill-out factor, since the light curve amplitude

M, (SOLAR MASSES)

Figure 8. Mass plane diagram for the optical (x-axis) and X-ray (y-axis)
components assuming synchronous rotation of the supergiant. Dotted lines
represent fill-out factors (p) of 0.85-1.0 in increments of 0.05 from right to
left, and the dashed lines show loci of constant distance (in kpc as labeled on
the left side, while the corresponding orbital inclination rounded to the nearest
degree appears on the right side). Plus signs connected by a solid line show the
solutions that match the V-band orbital light curve (Khaliullin & Khaliullina
1981) at each value of the fill-out factor.

monotonically decreases with decreasing inclination (increasing
distance). The solid line in Figure 8 connects these best-fit
solutions (indicated by plus sign symbols). These light curve
solutions differ slightly from those presented by Gies & Bolton
(1986a) because we chose to fit the light curve from Khaliullin
& Khaliullina (1981) instead of that from Kemp et al. (1983),
and the differences in the solutions reflect the uncertainties in
the observed light curve.

There are several other constraints from hints about the
mass transfer process, luminosity, and distance that can provide
additional limits on the acceptable mass ranges. Both Gies &
Bolton (1986b) and Ninkov et al. (1987a) presented arguments
that the unusual Heur 14686 emission in the spectrum of
HD 226868 originates in a tidal stream or focused wind from
the supergiant toward the BH. Furthermore, Gies & Bolton
(1986b) made radiative transfer calculations of the focused
wind emission profiles for models of the asymmetric wind from
Friend & Castor (1982), and they determined that the fill-out
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Table 5
Mass Estimates
Source M M
(Mo) (Mo)
Balog et al. (1981) 20-27 7-12
Gies & Bolton (1986a) 23-38 10-20
Ninkov et al. (1987b) 20 10
Herrero et al. (1995) 17.8 10.1
Abubekerov et al. (2005) 22 8.2-12.8
Zidtkowski (2005) 30-50 13.5-29
Shaposhnikov & Titarchuk (2007) cee 7.9-9.5
This paper 17-31 8-16

factor must exceed p = 0.90 in order to increase sufficiently
the wind density between the stars to account for the observed
strength of the He 1 A4686 emission. Thus, the presence of a
focused wind implies that the fill-out factor falls in the range
p =0.9-1.0.

Paczyniski (1974) and Ziétkowski (2005) argue that mas-
sive stars evolve at near constant luminosity, and, therefore, the
best solutions will obey the observed mass—luminosity relation.
Table 4 lists the derived luminosity log L (Column 4) as a func-
tion of distance (Equation (2)), plus the predicted luminosities
for the mass solutions determined for the p = 0.9 and 1.0 cases,
log L7(0.9) and log L7(1.0), respectively (Columns 5 and 6).
These predictions are based upon the mass—luminosity relations
for Teir = 28 kK stars from the model evolutionary sequences
made by Schaller et al. (1992). We find that the observed and
predicted luminosities match over the distance range of d = 1.7
(p =0.9)to 2.0 kpc (p = 1.0), closer than the range advocated
by Zidtkowski (2005) who adopted a higher temperature and
hence higher luminosity. Note that some stars in mass transfer
binaries appear overluminous for their mass, so these distances
should probably be considered as upper limits.

Several authors have suggested that the position and proper
motion of HD 226868 indicates that it is a member of the
Cyg OB3 association (Mirabel & Rodrigues 2003) that has a
distance of 1.6-2.5 kpc (Uyaniker et al. 2001). However, a radio
parallax study by Lestrade et al. (1999) indicates a smaller (but
possibly consistent) distance of 1.47%% kpc for Cyg X-1. Our
fits of the ellipsoidal light curve suggest that the maximum
allowable distance is d = 2.0 kpc (for p = 1.0). The interstellar
reddening indicates a distance of at least 1.0 kpc (Section 3),
which is probably consistent with the strength of interstellar
Cau lines. Megier et al. (2005) present a method for determining
the distance to O supergiants using the equivalent width W, of
the Cant 13933 feature. Using their calibration with the value
of Wy, = 400 £ 10 mA from Gies & Bolton (1986a) yields
a distance d = 1.2 kpc. Since the reddening of HD 226868
is approximately the same as that for the much more distant
Cepheid, V547 Cyg (Bregman et al. 1973), the ISM must have
a relatively low density beyond &1 kpc along this line of sight
through the Galaxy, so we suspect that the distance derived from
the interstellar Cali line is probably a lower limit.

All of these constraints are consistent with the mass solutions
for a fill-out factor range of p = 0.9-1.0, and the corresponding
mass ranges are listed in Table 5. We also list mass estimates
from earlier investigations. Our downward revision of the
effective temperature results in lower luminosity estimates
than adopted by Zidtkowski (2005), and consequently, our
mass estimates (based upon the light curve) are significantly
lower than his mass estimates (based upon the mass—luminosity
relation from models). In fact, the lower limit for the BH
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mass now overlaps comfortably with the mass determined by
Shaposhnikov & Titarchuk (2007) using the correlation between
the X-ray quasi-periodic oscillation frequency and spectral
index, so the apparent discrepancy in BH mass estimates from
X-ray and optical data is now resolved. If the X-ray derived
mass is accurate, then the mass solution for a fill-out factor
p = 0.91 is preferred (M, = 19 Mg and the distance is d =
1.6 kpc).

Our analysis of the first high-resolution UV spectra of
HD 226868 and of the complementary optical spectra shows
that the photospheric line spectrum can be matched by adopting
an atmosphere mixed with CNO-processed gas with an effective
temperature To = 28.0 £ 2.5 kK and log ¢ = 3.0 £ 0.25.
Assuming synchronous rotation (€2 = 1) and using the fill-out
factor range from above, the mass of the supergiant ranges from
M; = 17 to 31 My and the BH mass ranges from M, = 8
to 16 M. This corresponds to an inclination of i = 31°-43°
and a distance of d = 1.5-2.0 kpc. Better estimates of the
masses may be possible in the future. For example, both
the GAIA (Jordan 2008) and SIM Lite (Unwin et al. 2008)
space astrometry missions will provide an accurate parallax
and distance. Furthermore, pointed observations with SIM Lite
will measure the astrometric motion of the supergiant around
the system center of mass, yielding independent estimates
of both the orbital inclination and distance (by equating the
astrometric and radial velocity semimajor axes; Tomsick et al.
2009). Finally, future high-dispersion X-ray spectroscopy with
the International X-ray Observatory'> will measure the orbital
motion of the BH through the orbital Doppler shifts of accretion
disk flux in the Fe Ko line (Miller 2007). By comparing the
optical and X-ray orbital velocity curves, we will have a secure
mass ratio that, together with the distance estimate, will lead
to unique and accurate mass determinations of the supergiant
and BH.
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