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ABSTRACT 
We present theoretical models for the ionization of trace elements in a strong stellar wind by a compact 

binary X-ray source and for the resulting orbital phase dependence of the emergent soft X-ray spectra and the 
profiles of ultraviolet resonance lines. Model results agree qualitatively with the X-ray and ultraviolet spectra of 
the system 4U 0900 — 40/HD 77581 and explain the suppression of the absorption profiles of the Si iv 21394 and 
C iv 21548 lines when the X-ray source is in front of the star. The model predicts that the absorption profiles of 
the N v 21239 and O vi 21032 lines will be enhanced rather than suppressed during this orbital phase. We 
predict phase-dependent linear polarization in the resonance line profiles. We discuss how future observations 
of these phase dependent effects in early-type binary X-ray systems may be used to investigate the dynamics of 
stellar winds and their interactions with the X-ray source. 
Subject headings: polarization — stars: individual — stars: winds — X-rays: binaries — X-rays: spectra 

I. INTRODUCTION 

Early-type giant and supergiant stars have strong stellar 
winds, with mass loss rates in the range M & 10“8 to ^ 10-5 

M0 yr~1 and terminal velocities in the range æ 500 to æ 3000 
km s_1 (Conti and McCray 1980). The winds are probably 
driven by resonance scattering of the stellar radiation by ions 
in the wind, but this interaction is not fully understood. In 
particular, the theoretical models do not accurately account for 
the ionization of trace elements in the wind or for the details 
of the observed resonance line shapes and strengths, and they 
do not explain the observations of soft X-ray emission from 
such stars, which is probably produced by shocks or instabili- 
ties in the wind (Lucy and White 1980). 

Several galactic OB stars have compact X-ray source 
companions in close binary orbits. In such systems the winds 
can have sufficient column density to cause soft X-ray absorp- 
tion variations with orbital phase (Buff and McCray 1974). In 
turn, a luminous X-ray source can substantially modify the 
ionization of trace elements in the wind, causing a phase 
dependence of the ultraviolet P Cygni type line profiles formed 
by these trace elements (Hatchett and McCray 1977). Obser- 
vations have confirmed the existence of phase dependences in 
the X-ray and UV spectra from a few of the X-ray binaries 
with OB supergiant companions (e.g., Dupree et al 1978,1980; 
Hammerschlag-Hensberge et al 1980; van der Klis et al 1982; 
Kallman and White 1982; and references therein). These 
observations provide a probe of the density and ionization 
structure in the winds of these systems. 

A compact binary X-ray source in a stellar wind is not only 
a passive probe of the wind; it is also an active probe of the 
physical mechanism for accelerating the wind. The X-ray 
emission can modify the dynamics of the wind directly through 

1 On leave from JILA and Department of Astrophysics, University of 
Colorado. 

radiation pressure and indirectly through changing the ioniza- 
tion of trace elements and, hence, the coupling of the stellar 
radiation to the wind (e.g., MacGregor and Vitello 1982; 
Friend and Castor 1982; Fransson and Fabian 1982). These 
effects are complex and poorly understood. 

In principle, we should be able to gain a satisfactory under- 
standing of these systems by constructing theoretical models 
for the ionization structure and dynamics of the winds and 
calculating the resulting orbital variations of their X-ray and 
UV spectra that may be compared to the observations. In 
practice, this goal is distant, because we do not even understand 
the structure and dynamics of stellar winds of single OB stars, 
much less of binary X-ray sources, and the properties of the 
stellar winds are sensitive to many physical parameters that 
are not well known. For single stars these include the wind 
density (mass loss rate, velocity law) and ionization (which is 
affected by the diffuse X-ray spectrum in the wind). For binary 
systems, additional uncertainties arise from intrinsic variability 
of the X-ray source and from lack of knowledge of the soft 
X-ray spectrum (which strongly affects the ionization of trace 
elements in the wind). 

In this paper we consider a more idealized model, in which 
the dynamics of the stellar wind are not affected by the X-ray 
source, so that the wind’s velocity and density distributions 
are assumed to be spherically symmetric and identical to what 
they would be in the absence of the X-ray source. However, 
we do calculate quantitative models for the ionization of the 
wind and for the variations of the X-ray and UV spectra 
resulting from the orbital motions of the X-ray source for the 
example of 4U 0900 - 40/HD 77581 (Vela X-l), the best 
observed such system. In § II we describe a heuristic model 
for the structure and ionization of a stellar wind around an 
isolated O star. In § III we describe the ionization structure 
of a stellar wind with an embedded X-ray source and the 
resulting orbital variations of the X-ray spectrum, and in § IV 
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we describe the variations in the UV resonance line profiles. 
In § V we compare these model results with present obser- 
vations of 4U 0900 - 40/HD 77581, we discuss the limitations 
of the model, and we discuss what may be learned from further 
observations of this and other such systems. 

II. THE UNDISTURBED STELLAR WIND 

As shown by Olson and Castor (1981), the detailed calcula- 
tion of the ionization equilibrium of several ions of several 
elements in the expanding winds of normal O and B type stars 
is quite complex. Besides direct photoionization from the 
stellar flux, diffuse radiation from the optically thick wind also 
contributes significantly to the photoionization rates. Trace 
amounts of ions with large ionization potentials, such as O vi, 
are produced by Auger ionization from X-rays produced in 
the winds of normal stars (Olson 1978; Cassinelli and Olson 
1979). 

In the spirit of approximation adopted for this paper, we 
shall try to infer the background stellar wind conditions from 
observed spectra rather than attempt to construct a detailed 
wind model, as was done by Olson and Castor (1981). In this 
way we include the effects of the observed soft X-ray emission 
from isolated OB stars. The background ion fractions and 
ionization rates in the undisturbed stellar wind have been 
estimated in order to fit the theoretical profiles to the observed 
profiles according to the method suggested by Castor and 
Lamers (1979). The optical depth along the radius, R, from the 
stellar center is written as a function of the velocity : 

t(w) = T(1 -b y)(l — w0)
-1_y(l — w)y , (1) 

where w(R) = v(R)/va0 is the radial wind velocity normalized 
to the terminal velocity w0 = vt^R*) is the wind velocity 
at the stellar continuum photosphere, and T and y are 
adjustable parameters. We assume that the wind velocity is 
spherically symmetric about the primary and is given by 

w(R) = 1 - 0.98RJR , (2) 

which corresponds to w0 = 0.02 and /? = 1 in the notation of 
Castor and Lamers. Equation (2) gives good results for most 
O star P Cygni line profiles. 

The profiles of Si iv and C iv in HD 77581 have been 
observed at several orbital phases (Dupree et ai 1980). 
Although the observed profiles do not agree in detail with the 
theoretical profiles in the atlas of Castor and Lamers (1979), 
fits of the profiles observed during X-ray eclipse (0 = 0) provide 
an estimate of the distribution of scattering ions in the wind of 
HD 77581 in the absence of ionization by the compact X-ray 
source. The parameters of these fits are given in Table 1. 

Unfortunately, observations of the N v and O vi resonance 
lines of HD 77581 are not available. Therefore, we assume that 
the undisturbed wind profiles are the same as those of the star 
K Ori (B0.5 la), which is very similar to HD 77581 but does 
not have a compact companion. Gathier, Lamers, and Snow 
(1981) have analyzed Copernicus spectra oí k Ori and have 
fitted theoretical line profiles using equation (1). The 
parameters of their fits, which will be adopted as appropriate 
for HD 77581, are given in Table 1. 

In order to deduce the ion fractions, the radial optical 
depth in equation (1) must be equated to the Sobolev radial 
optical depth: 

^(R) 
Tie 
mec /a nij (3) 

TABLE 1 
Profile Parameters for UV Resonance Lines 

Line ¿(Â) T y At 

Civ.  1548.19 20 2 3.3(-4) 
Nv  1238.81 1 0.5 9.1(-5) 
Ovi    1031.93 2 0.5 6.6(-4) 
Si iv  1393.76 6 2 3.3(-5) 

where 20 is the rest wavelength of the transition, /A is its 
oscillator strength, and dv/dR is the radial velocity gradient of 
the wind at the surface where À = À0[l — (v/c)]. The density, 
ft/, of ions of element i in charge state j, can be related to 
other quantities by using mass conservation in spherical 
symmetry : 

n¡j{R) = n(R)Ai gi = MA,gi
j/[4nR2gv(R)], (4) 

where n(R) is the atomic density, Ai is the element abundance 
relative to hydrogen, g/ is the ion fraction relative to the 
element, and g is the mean molecular weight. Combining 
equations (l)-(4) will specify the ionization fraction as a 
function of radius as determined from the fitted profiles. 

Because the compact X-ray source provides an additional 
source of photoionization, it is convenient to determine an 
effective ionization rate for the undisturbed wind. Balancing 
recombinations and ionizations gives 

n,i+ 1ne a,j+ ‘(L) = , (5) 

where ne and Te are the electron density and temperature, 
a (cm3 s" ^ is the recombination rate coefficient, and ( is the 
effective ionization rate. 

We assume that HD 77581 has a radius R* = 35 R0, a wind 
temperature Te = 0.97¡ff = 23,000 K, and a terminal wind 
velocity = 1700 km s-1. Since most of the carbon and 
silicon are in the forms C v and Si v, equations (l)-(5) imply 
that 

C(Si iv) = 0.073M_6
2[(1 - w)2x4w2dw/dx]~1 s_ 1 (6) 

and 

C(C iv) = 0.12M_6
2[(1 — w)2x4rw2dw¡dxY1 s-1 , (7) 

where M_6 is the mass loss rate in units of 10"6 M0 yr"1 

and x = R/R* is the distance from the primary in units of the 
radius of the stellar photosphere. These “background” ioniza- 
tion rates in the unperturbed stellar wind will be added to the 
rates produced by the compact X-ray source. 

We infer the ionization fractions of N v and O vi from the 
line profiles of k Ori, using equations (l)-(4), the stellar 
parameters and those in Table 1. The results are: 

^(Nv) = 0.011M_6"1[l - (0.98/x)]x"1/2 (8) 

and 

0(0 vi) = 0.0041M_6" ^1 - (0.98/x)]x"1/2 . (9) 

Auger ionization produces all of the O vi seen in the winds of 
the O and B type stars and the N v seen in early B type stars 
(Cassinelli and Olson 1979). Auger ionization couples several 
ionization stages, making it difficult to specify a meaningful 
effective ionization rate. Therefore, since most of the nitrogen 
and oxygen are in the forms N iv and O iv, we take the results 
of equations (8) and (9) to represent the lower bounds of the 
abundances of N v and O vi that will occur in the wind. 
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III. IONIZATION AND X-RAY TRANSFER 
An accurate description of the ionization and heating 

produced by an X-ray source in a stellar wind is complicated 
both by the physics of X-ray transfer and by the binary 
geometry. X-rays have the property that they can completely 
ionize all abundant trace elements, and that they can heat gas 
to temperatures greater than 107 K. The binary geometry 
requires a two-dimensional solution of the coupled transfer and 
ionization heating problem. In this section we describe our 
technique for modeling the effects of a compact X-ray source 
embedded in a stellar wind and discuss some of the important 
features of these models. 

An understanding of the ionization structure of the X-ray 
illuminated wind can be gained by considering a simplified 
model. If the effects of background ionization due to the stellar 
radiation field and other sources are neglected and the wind is 
assumed to be optically thin, then the ionization state and 
temperature of the gas at any point depend only on the X-ray 
source spectrum and the ionization parameter, £ = Lx/nr2, 
where Lx is the total X-ray luminosity, r is the distance from 
the X-ray source, and n(r) is the local gas density (Tarter, 
Tucker, and Salpeter 1969). If the wind has a spherically 
symmetric density distribution, n(R)z¿R~2 (steady flow at 
constant velocity), the surfaces of constant and hence of 
constant ionization and temperature, are either spheres 
surrounding the X-ray source or open surfaces surrounding 
the primary (Hatchett and McCray 1978). Generally, the 
geometry of these surfaces can be characterized by the dimen- 
sionless parameter 

q = ÇnxD
2/Lx = R2v(R)/[r2v(D)] , (10) 

where nx is the wind density at the X-ray source and D is the 
orbital separation. The surface q = 1 determines the boundary 
between the open (g < 1) and closed (q > 1) surfaces. Further- 
more, Hatchett and McCray showed that these conclusions 
are essentially unchanged when X-ray absorption effects are 
considered. 

In the region of the wind where ionization and heating are 
due both to X-rays and to background ionization by the 
stellar radiation field and other sources, an accurate descrip- 
tion of the state of the gas requires the construction of more 
detailed models. In the absence of X-rays the background 
ionization depends on R, the distance to the primary, and the 
dependence of the gas state on both X-rays and background 
ionization breaks the simple ¿-scaling arguments described 
above. We have modeled the ionization and temperature 
structure produced by a compact X-ray source in a stellar wind 
by solving the coupled ionization equilibrium, thermal equilib- 
rium, and radiative transfer equations along a series of rays 

from the X-ray source. The temperature, ion abundances, and 
radiation field are computed as functions of distance along each 
ray using the X-ray transfer code described by Kallman and 
McCray (1982). This code includes the effects of a great number 
of atomic processes in a gas consisting of all ion stages of the 
abundant elements H, He, C, N, O, Ne, Si, S, and Fe. The 
radiative transfer equation is solved in a simplified single- 
stream approximation, in which the diffuse emission by the gas 
at any point is assumed to be produced by material with a 
spherically symmetric distribution centered on the X-ray 
source. We find that 12 rays evenly distributed in polar angle 
with respect to the line of centers are sufficient to provide 
an accurate interpolation of the ionization structure between 
the rays. 

Input parameters for the model include the X-ray source 
luminosity and spectral shape. We use values appropriate to 
4U 0900 — 40 (Becker et al 1978), consisting of a 20 keV 
bremsstrahlung spectrum with a total luminosity Lx = 1036 

ergs s~ ^ The gas density at any point in the wind is determined 
by the total mass loss rate of M = 4 x 10“6 M0 yr-1, based 
on examination of UV line profiles during X-ray eclipse 
(Dupree et al. 1980) and an assumed steady spherically 
symmetric flow with velocity law given by equation (2) and 
1^ = 1700 km s“1. The curves of constant ionization 
parameter are shown in Figure 1, where £ = log10 ¿. 

The abundances of ions with threshold energies less than 
100 eV are affected by the copious UV flux from the primary 
star. We model the ionization due to this component of the 
radiation by adding to the flux at each point in the wind a 
blackbody field with temperature T* = 26,000 K, diluted 
according to the distance from the primary. For Si iv and 
C iv the background ionization rates (eqs. [6] and [7]) are 
added to the X-ray photoionization rates. For N v and O vi 
we take the background ionization fractions (eqs. [8] and [9]) 
as lower bounds to the actual ionization fractions when the 
X-ray flux is weak. In order to ensure that the ionization 
structure of other elements far from the X-ray source approxi- 
mates the true background ionization in the wind we have 
imposed an artificial lower limit on the gas temperature of 90 % 
of the blackbody temperature, i.e., Tmin = 23,000 K (Klein and 
Castor 1978; Gathier, Lamers, and Snow 1981). 

The ionization structure of the stellar wind is illustrated 
in Figures 2a-2d, which show surfaces of constant fractional 
ion abundance, gj, for the ions C iv, Si iv, N v, and O vi. 
Close to the X-ray source these surfaces closely resemble 
spheres, as shown by Hatchett and McCray (1977). The X-rays 
clearly suppress the abundances of Si iv and C iv throughout 
most of the half-space occupied by the X-ray source. Outside 
of this region other ionization processes become important, 
and on the far side of the primary the abundances are unaffected 

Fig. 1—Contours of constant ionization parameter, £ = LJnr2 for the 4U 0900 - 40/HD 77581 system. The curves are labeled by Ç = log10 
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Fig. 2b 

Fig. 2c 

Fig. 2d 

Fig. 2.—(a) Contours of constant fractional abundance, for Si iv. The curves are labeled by ( - log10 Q¡). The curve with hatch marks indicates the boundary 
where the resonance line opacity = 1, separating the optically thick (hatched side) from the optically thin (solid side) zones, (b) Same as Fig. 2a but for 
C iv. The dashed curve represents ta = T (c) Same as Fig. 2a but for N v. (d) Same as Fig. 2a but for O vi. 

by the X-ray source. Since C iv and Si iv are less ionized 
than the dominant ions (C v and Si v), their abundances 
are suppressed near the X-ray source and increase mono- 
tonically with distance from the X-ray source. Close to the 
primary star the high wind densities suppress the destruction 
of Si iv and C iv, causing their surfaces of constant abundance 
to partially wrap around the primary. 

In contrast, N v and O vi are more ionized than the 
dominant ions (N iv, O iv, and O v), and their abundances 
(Figs. 2c and 2d) are enhanced by more than two orders of 
magnitude throughout most of the half-space containing the 

X-ray source as a result of photoionization of the more 
abundant ions. The enhancement of O vi illustrates the 
penetrating power of the 1 keV X-rays responsible for the 
production of this ion via K-shell photoionization followed by 
Auger emission. Close to the X-ray source the abundances of 
N v and O vi are suppressed by ionization to higher stages, 
and the surfaces of constant ionization are nearly spherical. 

Our model calculations also yield the X-ray spectra emerging 
from the various rays from the source, displayed in Figure 3. 
These spectra illustrate the orbital variations that a distant 
observer will see as a result of the changing column density 
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Fig. 3.—Emergent X-ray continuum spectra as functions of orbital phase, 
(f). Dashed curves: spectra that would result if the wind were neutral. 

and ionization state of the gas along the line of sight to the 
source. Since the inclination of the 4U 0900 — 40/HD 77581 
binary system is close to 90° (Conti 1978), we shall neglect the 
distinction between the angle 60 between the line of centers and 
the ray to the observer and the orbital phase angle and 
approximate 00 = tc(1 — 20), where orbital phase </> = 0 corres- 
ponds to the center of the X-ray eclipse. (The generalization 
to arbitrary orbital inclination is given by eq. [Al] in the 
Appendix.) Near X-ray eclipse the line of sight to the X-ray 
source traverses a large column density of stellar wind which 
is not highly ionized by X-rays. The dominant opacity above 
1 keV is due to X-shell absorption by ions of C, N, and O, the 
cross sections of which are almost independent of the number 
of L-shell electrons, and the absorption spectrum closely 
resembles that of neutral gas (e.g., Brown and Gould 1970). 
For example, at orbital phase 0 = 0.2 the theoretical spectrum 
fits well with absorption by cold gas with column density 
AT = 3.1 x 1022 cm-2 and agrees with the observed spectrum 
(Kallman and White 1982—but cf. § V). However, the X-ray 
opacity of the wind is reduced significantly in the regions where 
C, N, and O are fully ionized. This effect is illustrated by the 
dashed curves in Figure 3, which show the emergent spectra 
that would result if the wind were neutral. For example, at 
0 = 0.2 the difference between the dashed curve and the solid 
curve corresponds to a reduction of column density of neutral 
gas by 40 %. 

X-rays can dramatically suppress the opacity at energies 
< 1 keV by photoionizing He n and all ions of C, N, and O with 
L-shell electrons. As implied by the results shown in Figures 
2a-2d, soft X-rays can penetrate and ionize the lower gas 
densities at large distances from the primary, greatly reducing 
the soft X-ray opacity at the orbital phases farthest from eclipse. 
This effect is apparent in Figure 3 at 0 = 0.5, where ~5% 
of the incident intensity below 1 keV leaks out to large 
distances, and the spectrum shows dramatic departures from 
the simple cold gas absorption (dashed curve). 

IV. P CYGNI LINE PROFILES 

In an isolated OB star, ultraviolet resonance lines are 
formed largely by resonant scattering of stellar continuum 
photons by ions of trace elements in the stellar wind. A 
blueshifted absorption component results from scattering of 
photons out of the beam from the stellar disk to the observer 
by ions moving toward the observer. Superposed on the stellar 
continuum with this absorption feature is an emission line 
resulting from scattering of isotropic stellar continuum photons 
toward the observer by ions in the radially outflowing wind. 
Since the emission line is formed by ions in the far side of the 
stellar wind as well as those in the near side, the emission 
component is roughly symmetrical about the resonance wave- 
length (except that some of the redshifted emission is eclipsed 
by the primary). The superposition of absorption on the stellar 
continuum and emission results in a P Cygni type profile, 
with a strong absorption feature on the blue side of the 
resonance wavelength and a weaker emission feature on the 
red side. 

Asymmetries in the distribution of ions in the stellar wind 
resulting from the action of a binary X-ray source will manifest 
themselves as variations in the profiles of the P Cygni lines with 
orbital phase. One can see qualitatively (Hatchett and McCray 
1977) that if an ion responsible for a given resonance line is 
removed by X-ray photoionization from a region of stellar wind 
on the near side of the star, the blueshifted absorption will be 
suppressed. Conversely, if the abundance of an ion is increased 
on the near side, the absorption will be enhanced. 

Quantitatively, P Cygni line profiles can be calculated by 
using the Sobolev approximation (Sobolev 1957, 1960; Castor 
1970; Lucy 1971; Castor and Lamers 1979), which takes 
advantage of the fact that the line shapes are formed by 
gradients in the velocity fields of these very supersonic winds 
rather than by thermal Doppler motions. For a single 
resonance line, photons observed at a given wavelength are 
scattered only by gas within a narrow range of velocities, 
such that 

2 = 20(l-vll/c), (11) 

where V\\ is the component of wind velocity projected toward 
the observer. For monotonically accelerated winds the condi- 
tion = constant defines a unique surface in the wind, called 
the resonant surface. Figure 4 shows these surfaces for a wind 
whose velocity profile is given by equation (2). 

We assume that the density and velocity structure of the 
wind are unaffected by the presence of the X-ray source, and 
that the ionization of the wind can be calculated quasi- 
statistically, i.e., assuming balance between ionization and 
recombination. As a result the wind ionization structure is 
axisymmetric with respect to the line of centers of the binary 
system, and the line profile that will be seen by an external 
observer depends only on the angle, 0Oi between the line of 
centers and the line of sight. 

The flux in a resonance line at a given wavelength is 
calculated by integrating the specific intensity emerging from 
such a surface over a family of rays parallel to the line of sight : 

2 7T /*QO 
dl pdplx(p, t¡), (12) 

0 J 0 
where p is the impact parameter of the ray with respect to the 
primary, and rj is the azimuthal angle of the ray. The specific 
intensity has the form 

hiP, P) = exp (-TÁ)IC + [1 - exp , (13) 
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Fig. 4.—Contours of constant projected stellar wind velocity, yy, for the 4U 0900 - 40/HD 77581 system. The curves are labeled by the ratio = AA/AATt 

where the line optical depth, ta, and the source function, 
SA, are functions of the ion density, the radial and transverse 
velocity gradients of the wind at the resonant surface, and the 
angle, 0, between the line of sight and the radial direction at 
the resonant point. Expressions for these functions and details 
of our method of evaluating equation (12) are given in the 
Appendix. Note that IÀ does not have azimuthal symmetry 
unless the observer is viewing the binary system along its line 
of centers, because the X-ray photoionization breaks the 
spherical symmetry of the ion densities. 

Ic is the intensity of the primary star’s photosphere if the 
ray intersects the primary; otherwise it is zero. We have 
assumed that Ic is a flat continuum. There is no obstacle to 
including a photospheric line profile or limb darkening (which 
may be significant—cf. Castor and Lamers 1979), but for 
simplicity we have not done so. We normalize our emergent 
line fluxes, LA, to the emergent continuum flux, Lc = 47c2R^2/c, 
to yield the line profile. 

Actually, the resonance lines considered are doublets, with 
the blue component having twice the oscillator strength of the 
red component. The doublet spacings are of the same order 
of magnitude as the Doppler shift corresponding to typical 
stellar wind velocities. This circumstance substantially compli- 
cates the calculation of the line profiles, because it becomes 
possible for a photon to be scattered first in the blue 
component of the resonance doublet and again, at another 
location, by the red component. We have neglected this effect 
and have calculated the line profiles as if they were single lines 
with the parameters of the blue component. At the end of this 
section we will discuss how we expect our results to be 
modified by the effects of the doublet separations. 

In order to understand the line profiles, it is useful to refer 
to the hatched curves in Figures 2a-2à indicating the surfaces 
where the radial optical depth, ta = 1 (eq. [3]). Well inside these 
surfaces the wind is transparent to resonance scattering, 
negligible diffuse scattering of resonance lines into the beam 
occurs, and few resonance line photons are scattered out of the 
beam. Since every point in the wind corresponds to a unique 
wavelength in the resonance line, one can infer the wavelength 
range for which resonant scattering is suppressed or enhanced 
by X-ray ionization at phase </> = 0.5 by superposing Figure 4 
onto Figures 2a-2d, and at other phases by rotating Figure 4 
through the corresponding angle and then superposing it on 
Figures 2a-2d. 

For example, consider the phase dependence of the Si iv 
21394 line for our model of the 4U 0900 — 40/HD 77581 
system, illustrated in Figure 5a. If there were no X-ray source 
in this system the theoretical Si iv line profile in this system 
would consist of the solid emission peak labeled </> = 0.5 on the 
red side of the resonance wavelength and the dashed absorp- 
tion trough labeled 0 = 0, 0.25 on the blue side. Figure 2a 

shows that the zone of transparency to resonance scattering 
fills most of the half-space on the side of the X-ray source, 
and the superposition of Figure 4 shows that this zone of 
transparency extends from v\\!vcx,= —0.15 to —1. 
Therefore, when the X-ray source is on the near side of the star 
(0 = 0.5), the absorption is completely removed for <52/<52r < 
-0.15. The little peak at <52/c)2r = 0.15 is formed by forward 
scattering by Si iv ions at large distances on the near side. 
When the X-ray source is eclipsed (0 = 0), Si iv is again 
present in front of the star and the absorption trough returns, 
but the redshifted wing of the emission is suppressed slightly 
as a result of the photoionization of Si iv on the far side of the 
star. Note that the absorption trough is unaffected by the 
X-ray source even at quadrature (0 = 0.25) because the trans- 
parent zone does not occult the star. 

The behavior of the C iv 21548 resonance line (Fig. 5b) 
is similar, though less pronounced because the zone of 
transparency is smaller. (C iv is more durable than Si iv 
because of its higher ionization potential.) The surface for 
ta = 1 is open, but the surface for ta = i (dashed curve) is 
closed and roughly equal in size to the primary star. If there 
were no X-ray source the line would consist of the solid 
redshifted emission profile and the dashed (0 = 0) absorption 
trough. When the X-ray source is in front of the star (0 = 0.5), 
the zone of transparency occults the star and the absorption 
is suppressed. This suppression is greatest for ôà/ôàt = —0.53, 
corresponding to the Doppler shift where the zone of trans- 
parency has the greatest diameter. (Note that this blueshift 
is substantially greater than the value ÔÀ/ÔÀT = —0.33 corres- 
ponding to the wind velocity at the X-ray source.) However, 
when the orbital phase has changed by 30° (0 = 0.42) the 
zone of transparency occults only part of the primary, and by 
60° (0 = 0.33) the absorption trough has returned completely. 
The zone of transparency is not large enough to cause a 
noticeable suppression of the redshifted emission at any phase. 

In contrast, the absorption profiles of the N v 21239 and the 
O vi 21032 line are enhanced at 0 = 0.5 as a result of the 
enhancement of the abundances of these ions by X-ray ioniza- 
tion (Figs. 2c and 2d). In the absence of X-rays (on the 
eclipsed side) the wind becomes optically thin (ta = 1) at 
R > 2.1 R* (v > 1100 km s"1) for N v 21239 (Fig. 2c) and at 
R > 9R* (v > 1500 km s-1 ) for O vi 21032. For each case the 
resonance line profile in the absence of X-ray photoionization 
would consist of the solid (0 = 0.5) emission peak and the 
dashed (0 = 0) absorption trough. Note that this profile is 
weaker for N v owing to the lower abundance of nitrogen. 
Consequently, the effects of X-ray photoionization are more 
pronounced for the N v line. The X-rays substantially increase 
the absorption at 0 = 0.5 and even at quadrature (0 = 0.25), 
while they enhance the emission at X-ray eclipse (0 = 0). The 
suppression of the N v absorption due to the transparent 
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Fig. 5b 

Fig. 5d 

pIG 5. (a) Predicted profile of the Si iv ¿1394 line as a function of orbital phase, </>, for the 4U 0900 — 40/HD 77581 system. Abscissa is line shift normalized 
to the maximum possible Doppler shift = vjc. Wavelengths and Doppler shifts of resonance doublets are indicated, assuming that the resonance wavelength 
is that of the stronger (blue) component and that Vo0 = 1700 km s“1. (b) Same as Fig. 5a but for C iv ¿1548. (c) Same as Fig. 5a but for N v ¿1239. 
(d) Same as Fig. 5a but for O vi ¿1032. 

zone near the X-ray source is barely noticeable because this 
zone covers only a small fraction of the stellar disk. The 
effects of X-ray photoionization on the O vi line are similar, 
but less pronounced because the abundance of O vi without 
X-ray enhancement is high enough to make the line profile 
almost saturated at all wavelengths. 

We now consider how these results should be modified to 
account for the doublet splitting of the resonance lines. The line 
splitting and wavelengths of the lines are indicated on Figures 
5a-5d for each ion, assuming that vœ = 1700 km s"Crudely, 
one can guess that the actual line profiles will be some sort 
of superposition of two such profiles, the stronger blue one 
shown centered at ÂB (where 3AB = 0) and the weaker red one 
centered at ÂR ; but the superposition is not linear. However, 
the profile of the blue component of the doublet will be 
unaffected by scattering in the red component for < ÂR - SÂT. 
Thus, for example, in Si iv the predicted profile of the blue 
(1393.76 Â) component will be unaffected for Â < 1394.87 Â, 
or <5/1/<5>1t < 0.14. However, for 0.14 < <W/<5,lr < 1 the red 
emission profile of the blue component will overlap with the 
blue absorption trough of the red component, and we cannot 

accurately predict how the profile should behave in this range 
without a more detailed calculation. The situation is qualita- 
tively different for the case of C iv, where the doublet spacing 
is relatively small compared to SÂr, and one can predict that 
the actual profile will behave roughly as a singlet, but smoothed 
out by ÔÀ = 2.50 À (ôX/SÀT = 0.28). The worst case is that of 
N v, where the doublet spacing is comparable to the Doppler 
shift, (ÀR - àb)/ôÀt = 0-57, and the only part of the profile 
which can be predicted with confidence is the blue absorption 
wing for ôX/ôÀT < -0.43. The example of O vi is similar to 
that of Si iv, in that the doublet spacing is almost equal to 
the maximum Doppler shift, so that the predicted behavior 
of the absorption trough of the blue component should be 
unaffected by the line splitting. 

v. DISCUSSION 

For binary X-ray systems with early-type companion stars 
we have predicted that both the soft X-ray spectrum and the 
profiles of the ultraviolet resonance lines will vary with orbital 
phase as a result of photoabsorption of X-rays by ions in the 
stellar winds of the companion stars. Some of these effects, 
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such as the variable soft X-ray absorption and the suppression 
of the absorption troughs of the C iv 21548 and Si iv 21394 
resonance lines by the X-ray source, have been observed in a 
number of such systems, including 4U 0900 — 40, SMC X-l, 
LMC X-4, and Cyg X-l. Other predictions, such as the 
enhancement of the absorption troughs of the N v 21239 and 
O vi 21032 resonance lines by the X-ray source, have not been 
observed yet. We now consider what can be learned about these 
and other such systems from comparison of the present theory 
with observations and from future improvements in theory and 
observations. 

The theoretical models embody two main approximations. 
The first, that of neglecting the doublet separations in the 
calculations of the ultraviolet line profiles, is not a serious 
problem in principle. It can be removed by a straightforward, 
although technically complicated, extension of the present 
calculations. The second approximation, that of neglecting the 
effects of the X-ray source on the dynamics of the wind, 
presents a much more difficult and important problem. As 
discussed in § I, there are a number of ways in which the 
X-ray source can affect the wind, and none are understood well. 
Since we are not confident of our ability to calculate these 
effects from first principles, we consider the present theoretical 
calculations to provide only a qualitative guide to the obser- 
vations. However, we hope that the theory will provide some 
insight into what the observations tell us about the actual 
dynamics of the winds. 

We have modeled the best observed such system, 4U 
0900 — 40/HD 77581. We have already mentioned in § III that 
the theoretical soft X-ray absorption spectrum agrees well with 
the observed spectrum at orbital phase 0 = 0.2, shortly after 
egress from eclipse. However, the observed soft X-ray spectrum 
does not vary with orbital phase in the way predicted by the 
model. In particular, the soft X-ray spectrum observed before 
ingress (0 = 0.8) indicates a much greater column density of 
absorbing matter than that at egress (Kallman and White 
1982). This observation clearly suggests some sort of density 
enhancement in the gas trailing the X-ray source. However, 
the structure of this density enhancement cannot be inferred 
from the X-ray observations alone. It might be a small density 
enhancement or gas stream near the X-ray source or a much 
larger wake in the wind. More detailed X-ray spectroscopic 
observations, with better coverage, will allow us to map the 
azimuthal distribution of column density in this structure, but 
they will not tell us its size. 

The ultraviolet resonance line profiles are formed by struc- 
tures in the ionization of the wind that are comparable in 
size to the companion star and the orbital separation. The 
absorption profiles of the Si iv and G iv are suppressed by 
about the amount predicted when 4U 0900 — 40 is in front of 
HD 77581, indicating ionization zones in the wind of about 
the size predicted by the theory. However, the profiles of the 
observed lines do not agree in detail with the theoretical ones. 
(This is sometimes true even for the resonance line profiles 
formed in the winds of single stars.) Some of the discrepancy 
might be attributed to our neglect of the doublet effect in the 
theory. For example, in C iv 21548 the observed absorption 
trough at 0 = 0.5 is double, as predicted by theory, but the 
deeper absorption occurs at low velocity rather than at high 
velocity. This might be explained by the fact that both the 
1548 À and the 1551 Â components can contribute to the low- 
velocity feature, while only the 1548 Â component can 
contribute to the high-velocity feature. Some of the discrepancy 

might also arise from an unknown photospheric contribution 
to the resonance line. 

Observations of the resonance absorption line profiles offer 
the opportunity to infer the size of the density structure in the 
wind that is responsible for the asymmetries in the orbital 
variations of the soft X-ray spectra. If this structure is 
comparable in size to HD 77581, asymmetries should also 
show up in the orbital variations of the ultraviolet lines ; but if 
it is much smaller than HD 77581, it should not significantly 
affect the ultraviolet lines. It is possible, but not at all certain, 
that the large-scale density structure of the stellar wind is not 
affected much by the X-ray source. Abbott (1981) has suggested 
that the radiation force on the wind due to resonance scattering 
of stellar continuum photons should be fairly independent of 
the ionization state of the wind, because so many different 
ions and resonance lines can contribute to this force. If so, 
the dynamics of the stellar wind would be modified by X-ray 
photoionization and gravity only in a region very near the 
X-ray source, much smaller than the companion star. 

We do not expect the red emission components of the P 
Cygni lines to provide very useful diagnostics of the X-ray 
influence on the wind, for three reasons. These are as follows. 
First, the emission component is built of small contributions 
from a-region much larger than the O star, and therefore the 
effect of changing the ionization state in a moderate volume 
near the O star is small. Our calculations illustrate this. 
Second, we know from observations of single O stars that the 
emission components do not agree well with the profiles 
calculated by the Sobolev model in which a flat continuum is 
assumed for the O star’s photosphere. The observed emission 
strength is often much less than that from the Sobolev 
calculation. This is not well understood; various possible 
explanations have been discussed by Abbott, Bohlin, and 
Savage (1982), of which the most likely is that the photospheric 
continuum is in reality a broad absorption feature. Third, the 
emission component is formed by scattering in both 
components of the doublet. 

Although observations have demonstrated the possibility of 
using observations of compact X-ray binaries to probe stellar 
winds, the present data have serious limitations. In particular, 
the X-ray sources are known to vary intrinsically by large 
(> 2) factors in time scales less than the orbital period. The 
resonance line profiles will vary as a result of these intrinsic 
X-ray luminosity variations. Therefore, simultaneous observa- 
tions of both the X-ray spectra and the ultraviolet spectra 
as a function of orbital phase will be required in order to 
distinguish the effects of intrinsic X-ray variability from those 
of the changing orbital geometry. In addition, the present 
ultraviolet spectra, even for 4U 0900 —40/HD 77581, the 
brightest such system, have inadequate phase coverage and 
signal-to-noise ratios to permit a detailed analysis of the 
ionization structure in the wind. 

Finally, we comment on how the effects described here 
should depend on the parameters of other binary X-ray systems 
with early-type companion stars. The degree of ionization of 
trace elements in the wind is controlled largely by the parameter 
¿o = 4nfiv(D)Lx/M. Thus, systems with more luminous X-ray 
sources or weaker winds than 4U 0900 — 40/HD 77581 will 
have relatively larger ionization zones, and their ultraviolet 
resonance lines should vary more dramatically. For example, 
in such systems the ionization zones of N v and O vi might 
be large enough to cause their resonance lines to vary in the 
same way as the Si iv and C iv lines do. 
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Similar orbital variations have been observed in the ultra- 
violet resonance lines from the early-type binary X-ray systems 
Cyg X-l (Treves et al 1980), SMC X-l (Hammerschlag- 
Hensberge, Kallman, and Howarth 1984), and LMC X-4 
(van der Klis et al 1982). These systems do seem to have more 
luminous X-ray sources and weaker winds than 4U 0900 — 40/ 
HD 77581, and their resonance lines behave roughly as 
expected. Unfortunately, these systems are so faint that the IUE 
spacecraft cannot obtain high-resolution ultraviolet spectra 
with good signal-to-noise ratios and phase coverage. Detailed 
theoretical models do not seem warranted by the presently 
available observations. 

Good high-dispersion ultraviolet spectra have been obtained 
with IUE for the early-type binary system 4U 1700 —37/ 
HD 153919 (Dupree et al 1978); they show no discernible 
variations of the Si iv, C iv, and N v resonance lines. This 
result can be understoos because the X-ray luminosity of this 
system is low and the stellar wind is strong, so that £0 is small 
and the zones where the resonance line opacities are affected 
by X-ray photoionization are much smaller than the 
companion star. However, we predict dramatic orbital varia- 
tions in the O vi 21032 line in this system, since significant 
O vi line opacity can be produced by a small amount of 
X-ray illumination. 

Another possible way to observe asymmetries in the distri- 
bution of ions in stellar winds is to measure linear polarization 
in the resonance line profiles. One can see qualitatively that 
the scattered radiation in the line should be linearly polarized 
with the electric vector parallel to the projected orbital axis 
when the X-ray source is displaced to either side of the 
companion star. Since the production of polarized photons by 

resonant scattering reaches a maximum when ^ 1 
(Goldreich and Kylafis 1982), the polarization should show 
up best at those wavelengths in the line profile corresponding 
to projected wind velocities (Fig. 4) in the regions where 

^ 1 (Figs. 2a-2d). Thus, we predict that the maximum in 
the linear polarization will appear first in the redshifted part 
of the line profile as (possibly before) the X-ray source emerges 
from eclipse and will move to shorter wavelengths, reaching its 
maximum degree for Ä2 = 0 at </> — 0.25, then move to the blue- 
shifted part of the profile. The polarization should vanish 
at </> = 0.5, and the sequence should repeat in reverse as the 
source moves through 0 = 0.75. Although a detailed calcu- 
lation is beyond the scope of this paper, we estimate that the 
linear polarization in the line profile may reach a few percent 
under optimal circumstances. 

It should be possible to observe these and other such systems 
in much better detail with future instrumentation. The Space 
Telescope will be able to obtain excellent high dispersion 
ultraviolet line profiles and measure the polarization within 
them, and the Advanced X-Ray Astronomy Facility will be 
able to provide complementary X-ray spectroscopic observa- 
tions. Such observations will be a powerful tool for exploring 
the dynamics of stellar winds and their interactions with 
compact X-ray sources. 

This work was supported in part by grants from NASA 
(NSG-7128) and NSF (AST 80-19874) to the University of 
Colorado and by computing facilities provided by the National 
Center for Atmospheric Research, which is supported by the 
NSF. 

APPENDIX 

CALCULATION OF LINE PROFILES 

The geometry used for our calculation is depicted in Figure 6, where R is the radial distance from the center of the primary (O) 
to the point P on the resonant surface; r is the radial distance from the secondary (X) to P; p is the impact parameter of the ray 
from P to Earth with respect to the ray from O to Earth; rj is the azimuthal angle of the ray, 60 is the angle between the 
line of centers OX and the line of sight from O to Earth; 9 is the angle between the radius vector to the resonant point OP 

Fig. 6.—Binary system geometry. O is the location of the center of the primary, X is the center of the secondary, and P is the location of a parcel of 
stellar wind. The line of sight to O is not necessarily in the y, z plane. 
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and the line of sight from P to Earth; 0P is the angle between OP and OX; and is the angle between OX and PX. We define 
the corresponding direction cosines; /x = cos 6; ii0 = cos 60; /lip = cos 0p; and fix = cos Ox.For arbitrary orbital inclination angle, 
i, we have the relation 

cos 60 = —sin i cos Incj) . (Al) 

The line source function for the conservative scattering process that we assume is determined by the rate of scattering of 
continuum photons at that point, i.e., 

S=IJc/ß, (A2) 

in which the escape probability functions ß and ßc (Castor 1970) are given by angle integrals involving the Sobolev optical depth 
for each direction at the resonant point: 

1 r 1 - e~T 1 r 1 - e-T 

ß = -r\ and & = —   — dQ,. (A3) 
47T *' T 471J c T 

The integral for ßc is extended only over those directions that intersect the primary’s photosphere. 
The Sobolev optical depth, t(/x), is zero if the primary lies between the observer and the resonant point along the ray. 

Otherwise it depends on the line-of-sight velocity gradient, which in turn is a function of the local radial and transverse velocity 
gradients, /i, and the ion density at the resonant point. We have the relation 

i = t0/(1 + an2), (A4) 

in which t0 is the transverse optical depth and a is the velocity gradient anisotropy factor defined by 

a 
R dv 
v dR 

(A5) 

The transverse optical depth t0 can be expressed in terms of the radial optical depth Trad by 

= Tradil + a) ■ (A6) 
For the P Cygni lines that we are considering, the opacity is very nearly proportional to the total number of ions in question, 

since almost all such ions are in the ground state. If we designate by Qi the relevant ionization fraction and if, furthermore, 
g? is the corresponding ionization fraction in the absence of the X-ray source, then we can write 

Trad = (0¡/0¡°)TradO , (A7) 
where Trad°, the radial optical depth in the absence of the X-ray source, is given by equation (1) and the parameters listed in 
Table 1. 

Our computational technique is the following: equations (12) and (13) are put in the form 

^ = 1 + - Í (1 - y2) 1,2dy í (S - 1)(1 - e x)2pdp + Í 2p3S(l - e x)du 
Lc TU J _ ! J0 j o 

(A8) 

in which we have defined y = cos rj and w = l/p. Note that p3S(l — e~x) tends to a finite limit as p becomes large and the 
frequency is held fixed. The integrals in equation (A8) are done using appropriate variations of Gaussian quadrature. There is 
reflection symmetry with respect to the plane of the line of sight and the line of centers, so the integration over rj need only 
cover the range 0 to n (y = —1 to 1). For this integral we use Gauss-Chebyshev quadrature with 12 abscissae y^ (This is the 
same as a trapezoidal rule vs. rj in which use is made of the periodicity.) The integral over p from 0 to 1 is done with a 12 point 
Gauss-Jacobi quadrature, that is, the factor p in the integrand is included as a weight function. The u integral is done with 
standard 12 point Gaussian quadrature, transformed from the integral ( — 1, 1) to the interval (0, 1). The points and weights for 
these schemes are given by Abramowitz and Stegun (1964, § 25.4). 

Since the ionization has axial symmetry about the line of centers, ^ depends on R and pp. The interpolation of at 
the resonant point provides Trad through equation (A7), and therefore also t0 through equation (A6). The functions ß and ßc 

defined by equation (A3) depend on t0, and pc = [l — (1/R2)]1/2, the cosine of the cone angle subtended by the primary. We 
calculate these using an approximation suggested by G. Rybicki (private communication). The source function S follows from 
equation (A2), the optical depth t along the line of sight is given by equation (A4), and these are all the pieces needed to evaluate 
the integrals in equation (A8). 

The calculation proceeds as follows. We define the dimensionless frequency variable, 

0 = 
c Á2 

Vao ^0 
(A9) 

so that <5 = +1 is the violet edge of the absorption trough in the P Cygni profile and <5 = — 1 is the red edge of the emission 
component. We select values for <5 and 60 (we choose multiples of 0.05 and 30°, respectively). For given ô and p we find the 
radius of the resonant point from 

<5 = w(R)[l - (p2/R2)]1/2 (A10) 

(radial dimensions are normalized to R* and the terminal velocity has been set to unity). With the chosen velocity law (eq. [2]), 
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a nonlinear equation for R results, which is solved using the Newton-Raphson method. Having solved equation (A10) for the 
radius, the direction cosine jj, follows from 

H = ô/w(R) (All) 

The direction cosine np then follows from the spherical law of cosines: 

Up = HoH + (1 - /io2)1/2(l - iU2)1/2y • (A12) 
The coordinates R and locate the resonant point P with respect to the centers of the primary and secondary stars. Specifically, 

the polar coordinates of P with respect to the secondary (Y) are 

r = (R2 + D2 — 2RDfip)
1/2 (A13) 

and 

Hx = (D - LipR)/r . (A 14) 
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