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ABSTRACT 
The X-ray flux in massive X-ray binary systems is produced by the gravitational capture and accretion of 

material onto a neutron star from the wind of the early-type primary. The X-rays will in turn affect the 
dynamics of the stellar wind by changing the ionization and temperature structure in the wind and thus alter- 
ing the radiative force experienced by the wind material. To further our knowledge of massive X-ray binary 
systems, it is necessary to study how the wind dynamics will be modified when the wind material is illumi- 
nated by a strong source of X-rays. 

In this paper, the effect of X-ray ionization on the radiative force experienced by stellar wind material in a 
massive X-ray binary system is calculated. The radiative line force from the radiation field of the primary can 
be parameterized in terms of the Castor, Abbott, and Klein force multiplier M(r). Results are presented for the 
variation of the line force multiplier M(t) with the ionization parameter £ (a measure of the degree of 
photoionization). These show that the line force decreases sharply with increasing X-ray ionization, though in 
a very nonlinear way. Some of the dynamical consequences of these results are briefly discussed, finding that 
the wind velocity can be severely decreased in the supersonic portion of the flow by X-ray ionization. 
Subject headings: stars: winds — X-rays: binaries 

I. INTRODUCTION 

In massive X-ray binary systems (hereafter MXRBs) the 
primary star (an OB giant or supergiant) is losing mass via a 
dense supersonic stellar wind. In such systems, the secondary 
companion, usually a neutron star (though in Cyg X-l a black 
hole secondary is considered more likely), is immersed in the 
stellar wind and accretes material from it, giving rise to a 
strong X-ray flux. In the case of early-type stars, the stellar 
wind is largely driven by the line absorption of radiation from 
the primary by the stellar wind material, and this mechanism 
can impart sufficient momentum to power large-scale mass loss 
(in some cases M > 10“6 M0 yr-1) and drive the material to 
velocities of several thousand km s-1. As shown by Abbott 
(1982), the momentum necessary to drive this mass flux comes 
from a very large assemblage of lines from a large number of 
atomic species. 

The most successful model of stellar winds from early-type 
stars to date has been that of Castor, Abbott, and Klein (1975, 
hereafter CAK). CAK, building on work by Castor (1974), 
parameterized the radiative line acceleration from an early- 
type star in terms of a force multiplier M(t) (eq. [7]). In the 
original CAK model, the force multiplier was calculated using 
only atomic data for the C m ion, the abundance of which was 
suitably scaled to mimic the total heavy ion abundance. A 
considerable improvement was made upon this by Abbott 
(1982) who compiled relatively complete atomic data for the 
first 30 elements in the periodic table (H to Zn), for typically 
the first six ionization stages. These calculations, when coupled 
with the improved stellar wind models of Pauldrach, Puls, and 
Kudritzki (1986), have led to significant improvements in the 
agreement between CAK type theory and the observations of 
the mass-loss rates and the terminal velocities of the winds of 
early-type stars. In addition, Puls (1987) has more recently 
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presented results concerning the influence of multiline effects 
on the radiative line force multiplier. 

These force multiplier results have been used by some 
authors (for example, Friend and Castor 1982; Stevens 1988) 
to calculate stellar wind models for binary systems. These 
models effectively ignored the modifications to the radiative 
line force that will result from X-ray ionization and concen- 
trated on the gravitational influence of the neutron star com- 
panion on the wind of the early-type primary. 

Previous attempts to model the dynamical consequences of 
X-ray photoionization on the wind dynamics have tended to 
rely on the notion of an ionization cutoff (for example, Ho and 
Arons 1987; Blondin et al 1990). In these models of MXRB 
systems, the wind velocity law (or correspondingly the radi- 
ative force) is assumed to be the same as that for a single star 
up until a point in the flow where the ionization parameter ¿ 
(see § lie) is equal to the cutoff value Çcr (log10 Çcr = 2.5, Blond- 
in et al 1990; log10 £cr = 4, Ho and Arons 1987). At this point, 
the radiative force is completely turned off and the wind coasts 
toward the neutron star. 

The only other attempt to calculate the effect of X-ray ion- 
ization on the line force, comparable to the present paper, has 
been that by MacGregor and Vitello (1982, hereafter MV). MV 
calculated the wind dynamics along the line of centers of a 
MXRB system, including the effect of the X-rays from the 
neutron star on the temperature and ionization structure of the 
wind, and the subsequent change in the radiative force and 
wind dynamics. This work, however, has some serious limi- 
tations. In terms of the radiative line force, MV only included 
the contributions from a total of 15 lines from the ionic species 
C iii-iv, N iii-v, and O m-vi. MV published only three models 
for varying Lx, the X-ray luminosity of the neutron star 
(namely Lx = 0, 1033, and 1034 ergs s-1). At values of Lx 
greater than about 5 x 1034 ergs s_ \ MV found that mass loss 
from the primary was completely extinguished, a results at 
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odds with observations of MXRB systems with X-ray lumin- 
osities greater than 1036 ergs s “ ^ 

Also of relevance is the work by Masai (1984) concerning the 
structure of X-ray irradiated stellar winds. Masai (1984) con- 
sidered, in a rudimentary way, the consequences of including 
optical depth effects in the stellar wind, particularly opacity 
associated with He n, finding these effects to be reasonably 
significant. Masai (1984) did not, however, attempt self- 
consistent models of MXRBs. The problems associated with 
optical depth effects will be discussed at much greater length 
later in the paper (see § I Va). 

The motivation for this work lies in calculating reliable radi- 
ative force multipliers for the stellar wind in MXRB systems, 
including both the effects of X-ray ionization and heating. The 
resultant force multipliers M(i) will now not only be a function 
of the optical depth parameter t as per CAK, but now also a 
function of the ionization parameter and will often be 
referred to, interchangeably, as M(i, £). Also, these calculations 
will show that the force multiplier M(i, Ç) does not exhibit the 
sharp cutoff previously assumed, but instead the decline is 
more gradual and much more complicated. These calculations 
will also show that a much larger number of lines contribute 
significantly to the total line force than assumed by MV. These 
results will enable the construction of more realistic, self- 
consistent dynamical models of MXRB systems. 

The paper is organised as follows: first (§ II), the theory of 
the radiative line force multiplier calculations will be set out; 
next (§ III) the results of the calculations for a range of ioniza- 
tion conditions will be presented, and then the results and the 
implications of some of the assumptions will be discussed, as 
well as a brief look at some of the dynamical considerations 
that result from this work (§ IV). Most of the discussion con- 
cerning the dynamics of MXRBs will be deferred to a sub- 
sequent paper. The main conclusions of this work are briefly 
summarized in § V. 

II. THE RADIATION FORCE 

a) The Line Force 
As was shown by Castor (1974), in a radially expanding 

atmosphere where the velocity gradient is assumed to be large, 
a given spectral line contributes a net force per unit mass to the 
stellar wind material given by 

where </> is the line profile. The result given in equation (3) 
essentially comprises the mass of a column of gas over which 
the velocity changes by a Doppler width [pvtJ(dv/dr)] multi- 
plied with the optical depth per unit mass (kl). 

Following CAK, it is useful to define two new variables 

t 
dv 

= W\7r (4) 

such that r is a local optical depth parameter (see eq. [3]), and 

such that ri is the ratio of the line opacity coefficient to the 
electron-scattering coefficient (re. Then, as a consequence 

tl = fji . (6) 

Summing the individual line forces fL over all lines leads to the 
result that the total radiative line acceleration aL is given by 

aL = — M(t), (7) 
c 

where F is the frequency integrated flux from the stellar atmo- 
sphere. The term <reF/c refers to the force due to continuum 
radiation pressure, while M(i), which is termed the force multi- 
plier, is a convenient means of parameterizing the force due to 
the lines, and is given by 

M(t) = £ ^r1 7 (1 - e-"). (8) 
lines " l 

Also, the force multiplier for an individual line is designated 
ML(t). Thus, from equation (8), transitions which have energies 
close to the maximum of the stellar flux will tend to dominate 
the total line force. 

There exist two separate asymptotic limits to the force 
associated with an individual line. In the optically thin case 
tl 1, equation (1) reduces to 

and in the optically thick limit tlP 1 

/l — 
AvdFv Kl 

*l. 
|(1 - e~"-), (1) (10) 

where AvD is the Doppler width of the transition ( = vi;th/c, vth 
defined as the thermal speed of a hydrogen atom, Abbott 1982), 
Fv is the emitted flux of the stellar core, tl is the line optical 
depth, and kl is the monochromatic line opacity per unit mass, 
such that 

s^l/Ql - Nu/gu 
= QJ 7  mec Mvd 

(2) 

where NL, gL and Nu, gv are the respective populations and 
statistical weights of the upper and lower levels of the tran- 
sitions. 

In a rapidly expanding stellar wind, where the velocity gra- 
dient is assumed to be large, the line optical depth in the radial 
direction can be reduced from a integral representation to a 
purely local quantity (Castor 1974) 

■‘-i (3) 

Thus, in the optically thin limit the line force becomes indepen- 
dent of t and therefore independent of the wind dynamics. In 
the optically thick case, the line force becomes independent of rj 
and independent of the line strength, and, in addition, is pro- 
portional to i_1. The terms optically thick and thin used here 
refer only to the line optical depths; for a further discussion of 
the effects of a large continuum optical depth, see § I Va. 

The equations derived here for the radiative line acceleration 
are, strictly speaking, only applicable for the cases where the 
radiation field of the mass-driving star is assumed to stream 
radially, and no account has been made of the finite disk of the 
star. The generalization to the case where the finite disk factor 
is included is straightforward, and, in essence, the problem, can 
be reduced to simply multiplying the force multiplier M(t) by 
the dynamical correction factor termed K(r, v, dv/dr) 
(Pauldrach, Puls, and Kudritzki 1986). The calculation of the 
finite disk correction factor will be dealt with in a subsequent 
paper. Given these assumptions, for given ionic abundances 
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and excitation conditions, and knowing the frequency and 
strength of the radiative transitions for all considered species, 
the line force multiplier M(t) can be readily calculated. 

Abbott (1980, 1982) has given an excellent review of some of 
the assumptions inherent in the equations given above and 
their potential effect on the force multiplier for the case of a 
wind from a single star, and they will not be reproduced here. 
Some specific problems associated with the line force calcu- 
lations in the case of winds in MXRB systems will be dealt with 
later (§ IVa). 

b) Atomic Data 
As demonstrated by Abbott (1982), the total radiative line 

force is potentially made up of contributions from a very large 
number of transitions from a wide range of ionic species. 
Therefore, in order to calculate the line force, a correspond- 
ingly large amount of atomic data is required. In these calcu- 
lations, the line list described by Abbott (1982) is utilized. This 
compilation of data contains approximately 250,000 gf-values 
for transitions from over 17,000 different electronic levels, and 
is essentially complete for the first six ionization stages for the 
first 30 elements (i.e., H to Zn). For the case of stellar wind 
material ionized only by the radiation field of the primary, this 
is sufficient, there being no significant amounts of any ionic 
species more highly ionized than this. However, in the case of 
an MXRB, there will be a strong flux of high-energy photons 
sufficient to produce highly ionized species over much of the 
flow, and indeed, close to the neutron star, the wind material 
will be almost completely stripped of electrons. Therefore, in 
order to model the effects of the X-ray ionization on the line 
force, extensions to this line list must be made. However, the 
atomic data are almost completely lacking for many highly 
ionized ionic species, and it is necessary to resort to scaling 
along isoelectronic sequences to obtain the necessary data. 

For hydrogenic species (neglecting relativistic corrections 
which become important for elements with high Z), the wave- 
lengths of the transitions are given by = Z~22H, with 2H the 
wavelength of the transition in the hydrogen atom, and Àz the 
wavelength of the transition in a hydrogenic ion with atomic 
number Z, and for the /-values fz = /H (see Reader et al 1980). 
For nonhydrogenic species, the oscillator strengths for a par- 
ticular transition still behave in a systematic way along isoelec- 
tronic sequences, though the behavior is not as simple as for 
hydrogenic species (Smith and Wiese 1971). 

For simplicity, the wavelengths and oscillator strengths for 
the transitions for all ionic species where the data is not avail- 
able have been assumed to scale as for hydrogenic species, so, 
for example, the contribution to the force multiplier from 
Fe xvii (a neon-like species) is represented by that of Ar ix (for 
which data are available in the Abbott 1982 line list) with 
transition wavelengths and oscillator strengths scaled as 
above. 

Having to represent certain ions in this manner is not 
expected to be a major source of error, because the energies of 
the major transitions of the ions for which interpolation is 
necessary tend to lie at values significantly greater than the 
peak of the stellar flux and will not contribute greatly to the 
force multiplier (see eq. [8]). Also, comparison calculations 
made for specific ions with the limited data compilation of 
Reader et ai (1980) support the assertion that the scaling 
required in the atomic data will not be a major source of error. 
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c) Ionization Balance 
In an optically thin gas, for a given spectral shape, the ion- 

ization and thermal structure of the gas is determined solely by 
the ionization parameter ^ (Tarter, Tucker, and Salpeter 1969) 
given by 

where Lx is the X-ray luminosity of the source, nn is the nucleon 
number density of the gas, and rx is the distance from the X-ray 
source. 

While, in reality, optical depth effects are likely to play a role 
in the winds of MXRBs, the problem of realistically calculating 
the radiative transfer makes the problem beyond the scope of 
this paper. Their inclusion will lead to, among other things, 
further coupling between the wind solution and the resultant 
X-ray luminosity. For the purposes of these calculations, the 
wind will be assumed to be optically thin ; optical depth effects 
will be discussed at greater length later in § I Va. 

The photoionization code described by Kallman and 
McCray (1982) has been utilized to calculate the ionization 
structure in the wind. This code calculates the ionization 
balance and thermal structure over a wide range of physical 
conditions, and it includes a total of 13 elements, namely H, 
He, C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni, with the element 
abundances taken from Cameron (1973). Also, as in the MXRB 
model calculations of McCray et al. (1984), a lower limit is set 
on the gas temperature T, namely T > T* with T* being the 
effective temperature of the primary, which in this case is T* = 
25,000 K (appropriate for the archetypal MXRB Vela X-l). At 
higher values of £, the gas temperature can rise to T > 107 K 
(see Kallman and McCray 1982). A bremsstrahlung-type spec- 
trum has been assumed for the radiation field of the neutron 
star, with a characteristic temperature of /cTx = 10 keV, with 
no low-energy cutoff, appropriate for this type of object 
(White, Swank, and Holt 1983; see also § IVa). 

In order to include the contributions to the radiative line 
force from the other 17 elements with Z < 30, which are 
included in the line list calculations but which are not included 
in the photoionization calculations (and for which, for the 
most part, sufficient atomic data do not exist to reliably calcu- 
late the ionization structure), it has again been necessary to 
scale along isoelectronic species to find the ionization balance 
for these elements. For a given value of the ionization param- 
eter the abundances of ionic species on a given isoelectronic 
sequence follow a systematic pattern as a function of Z, and 
from these values it is straightforward to interpolate the abun- 
dances of the species for which the ionization structure is not 
calculated. Also, because the species which are not accounted 
for in the photoionization code are those with the smaller 
abundances, they tend not to contribute significantly to the 
total line force multiplier (typically less than 5% of the total 
force multiplier, with A1 and P being the major contributory 
elements). Numerical experiments have verified that errors in 
the force multiplier M(t) associated with the interpolation of 
ion fractions for these elements are likely less than 2%-3%, 
and, as such, are not considered a major source of error. 

d) Excitation Structure 
In order to calculate the force multiplier M(t), it is necessary 

to make some assumptions concerning the excitation condi- 
tions of the wind material, and in these calculations the wind 
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material has been assumed to be in LTE, and the excitation 
structure to be given by the Boltzmann equation. 

For the case of a single star, Abbot (1982) used the results of 
detailed statistical equilibrium calculations of H and He in an 
expanding atmosphere by Klein and Castor (1978) to justify 
the use of the Boltzmann distribution. This assumption is less 
likely to be valid for trace ions, particularly the very highly 
ionized species which may be produced by X-ray ionization. 
However, a more accurate treatment of the excitation would 
require the calculation of the populations of 105 atomic levels, 
which is beyond the scope of this paper. Some of the conse- 
quences and likely errors which result from the assumption of 
LTE are discussed in § YVa. 

III. FORCE MULTIPLIER RESULTS 

The radiative force multiplier M(i, £) has been calculated on 
a grid of i-values from t = 10-8-10°, for values of the ioniza- 
tion parameter £ ranging from ^ = 0-104. These values should 
provide an ample range of results for any models of massive 
X-ray binary systems. The primary star, the radiation field of 
which enters in through equation (1), has been represented by a 
Kurucz model atmosphere with an effective temperature of 
T* = 25,000 K and an effective gravity of log g = 3.0, values 
appropriate for the BO I primary of Vela X-l. As was also 
found by Abbott (1982), the force multiplier results are reason- 
ably insensitive to the precise value of log g. 

Abbott (1982) introduced an additional dependency for the 
force multiplier M(t) on the density of the material (more spe- 
cifically on ne/W9 ne being the electron density, and W being 
the dilution factor of the stellar radiation field). The calcu- 
lations for the case of the single-star model in question here 
(i.e., with £ = 0) found a similar weak dependence in the force 
multiplier on the density, M(t) oc (ne/W)0 06. However, at 
higher values of ^ the density dependence quickly disappeared, 
and all the results presented in the remainder of the paper will 
be for a single density (ne/W = 4 x 1010 cm-3). Even in the 
case of single-star models, the introduction of the density 
dependence does not significantly alter the wind dynamics. 

In Figure 1, the dependence of the force multiplier M(t, £) 
with t is shown for a number of representative values of £. For 

Fig. 1.—Suppression of the radiative force multiplier M(t) with increasing 
X-ray ionization. M(t) is plotted as a function of the optical depth parameter t 
for a number of different values of the ionization parameter £. The curves are 
labeled with the respective value of log10 except for the case of ^ = 0. 

£ - Ionization parameter 

Fig. 2.—Suppression of the radiative force multiplier M(t) with increasing 
ionization. This time, M(t) is plotted as a function of the ionization parameter ¿ 
for different values of the optical depth parameter t. The curves are labeled 
with their respective value of t. 

values of t < 10- 8 the line force is roughly constant, all lines 
being optically thin (i.e., tl = rjt ^ 1), and the line force then 
being independent of t. For large values of t, the line force 
becomes much smaller than the continuum radiative force and 
ceases to have any significant dynamical role. Figure 2 also 
illustrates the behavior of M(t) with £, but this time concentrat- 
ing on the variation of M(t) with Ç for four different values of t. 

There are several important points to note from Figures 1 
and 2. As would be expected, at lower values of the X-ray 
flux is weak, and does not greatly alter the state of the gas. 
Consequently, the force multiplier is essentially unchanged at 
all values of t9 and shows the basic power-law relationship 
between M(t) and t that was found by CAK. At higher values 
of £ the force multiplier displays a more complex behaviour. 
The general trend is for M(t) to decrease as Ç increases, and 
while the behaviour is qualitatively the same for all values of i, 
it is quantitatively different. The force multiplier M(t) is more 
susceptible to change for higher values of i, with significant 
relative reductions in M(t) occurring at lower values of £ for 
higher values of t. Also, at higher £, the force multipliers M(t) 
begin to show a distinct turnover at smaller values of i, where 
M(t) becomes independent of t. The location of this turnover 
extends to higher and higher values of i as £ increases. Another 
important point is that the gradient of M(t) at the higher values 
of t (i.e., at values of t greater than the point at which the value 
of the force multiplier becomes independent of t) is, to a reson- 
able approximation, constant with £. 

To understand further what is causing this behavior in X-ray 
illuminated stellar winds, it is useful to compare with the case 
of a single star. Abbott (1982) has calculated the force multi- 
plier as a function of the effective temperature ^ff of the star, 
finding that M(t) was largely insensitive to Teff, for a wide 
range of values of This behavior is a consequence of the 
radiation field of the primary determining the ionization 
balance, and which in turn determines the force multiplier. 
Following the argument from Abbott (1982), in the winds of 
OB stars, the dominant ionization state of an element has an 
ionization potential of around 20-30/c T, the wavelengths of the 
major resonance lines of this species will typically correspond 
to energies of one-quarter of the ionization potential (i.e., 
around 5-1 kT\ while the maximum of the function v£v occurs 
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at 4/cT, and this correlation tends to keep the force multiplier 
remarkably constant. However, in an X-ray binary system, this 
is not necessarily the case; at higher values of the ionization 
and thermal structure of the wind is essentially determined by 
the radiation field of the neutron star. In MXRBs the wind 
material will always be over ionized compared to the case of a 
single star, and this generally leads to ionic species dominating 
in the wind, which tend to have important lines at energies 
considerably higher than the maximum point of the flux dis- 
tribution of the primary star. Thus, X-ray ionization tends to 
remove the ions that provide most of the line force. While 
strong lines from highly ionized species which do not exist in 
the absence of an X-ray source, such as O vi and O vm, can 
significantly contribute to M(t) at higher values of £ (see Table 
1 and Figs. 3 and 4), this does not counteract the overall 
decline. From equation (10), as a driving line becomes optically 

TABLE 1 
Individual Radiative Line Force Multipliers ML{t) and 
Line Optical Depth tl for the Strongest Driving Lines 

for Different Values of the Ionization Parameter £ 

Ion A(Â) xL{t = KT4) ML(t = 1(T4) 

   
Cm  1247.4 6.52 0.844 
Sim   1113.2 64.96 0.843 
Sim   1113.2 11.73 0.843 
Sim   1110.0 34.71 0.843 
Sim   1109.9 11.87 0.843 
Sim   1108.4 15.99 0.843 
Cii   1036.3 24.13 0.835 
Nil   1085.7 62.47 0.835 

 logio £ = 0  
Nv   1242.8 15.34 0.845 
Nv   1238.8 30.59 0.844 
Cm  1247.4 5.44 0.842 
Sim   1113.2 5.55 0.840 
Cii   1036.3 10.25 0.835 

log10 £ = 1 
Nv   1242.8 25.96 0.931 
Nv   1238.8 51.75 0.930 
Ovi   1037.6 183.83 0.917 
Ovi   1031.9 380.88 0.897 
Cm  1175.6 11.51 0.854 

logio £ = 2 

Hen   1640.0 0.996 0.720 
Ovi   1031.9 0.288 0.486 
Ovi   1037.6 0.139 0.258 
He ii   1214.8 0.169 0.246 
Hen   4685.8 1.929 0.168 

log10 £ = 3 

O vm   1164.8 0.018 0.116 
O vm   1931.7 0.028 0.081 
O vm   2976.4 0.042 0.062 
O vm  4341.3 0.060 0.042 
O vm   6069.2 0.082 0.026 

log10 £ = 4 
S xvi  1085.3 0.0001 0.0015 
S xvi  2050.7 0.0002 0.0012 
S xvi  1517.3 0.0001 0.0012 
Si xiv   1417.6 0.0001 0.0011 
Ca xx  1312.5 0.0001 0.0011 

Fig. 3.—Relative force contributions from different atomic species for 
t = 10“4 The elements have been binned into four groups: (i) H to He (small 
dashed line), (ii) Li to F (full line), (Hi) Ne to Ca (large dashed line), and (iv) Sc to 
Fe (dot-dashed line). See text for further details. 

thick (tl = rjt P 1), the contribution to the radiative force from 
that line levels out, and further increases in tl do not increase 
the radiative force, so that the addition of a few strong lines 
cannot offset the removal of a large number of strong driving 
lines. 

The turnover in M(t) at lower values of i is a consequence of 
there being less optically thick lines at these values of t with 
increasing From equation (8), ML(t) becomes independent of 
t for optically thin lines. Also, as more highly ionized species 
tend to have less strong lines than less ionized species, increas- 
ing ionization tends to reduce the number of optically thick 
lines. Thus, for higher £ the extent of the region where M(t) is 
independent of t increases to higher values of t. 

The temperature increase which occurs with ^ also affects 
the force multiplier. For a given line, the force multiplier for 
that line depends on the gas temperature T, namely that 
ML(i) oc T1/2 (eq. [1]). While this can raise the contribution 
from individual lines (see Fig. 4), when coupled with the depen- 

Fig. 4.—Force multipliers ML(t) for three individual lines, as a function of 
for t = 10-4. The lines shown are O vi A1038 (dashed line), O vm 21165 (dot- 

dashed line), and He n 21640 (full line). 
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dence of the ionization structure on this again cannot offset 
the decline of M(t) with £. 

From Figure 2, at values of £ around log10 £ = 2, there is an 
interesting decline and subsequent increase of M(t) with 
increasing <^, which, while present at all i, is more marked for 
smaller values of t. The behavior around log10 <^ = 2 is largely 
related to the contribution of certain lines from highly ionized 
species of oxygen, and in particular lines of O vi and O vm 
(note that the relevant lines of O vm, which is a hydrogenic 
species, correspond to the Pfund series). 

To further illustrate this, the relative contributions of the 
various elements have been plotted as a function of £. The 
elements have been grouped together into four bins, namely : (i) 
H and He , (ii) Li to F (where the main contributions will come 
from C, N, and O), (iii) Ne to Ca, and (iv) Sc to Zn (with Fe 
being the main contributor). In Figure 3, the relative contribu- 
tions for each of these bins is plotted as a function of Ç (note 
that the results in Fig. 3 are for the case of i = 10-4). At low 
bins (ii)-(iv) each contribute very roughly around one-third (in 
agreement with the results of Abbott 1982), with H and He 
contributing very little for most values of As £ increases, the 
relative contribution from the Fe type elements drops rapidly 
and does not contribute significantly for log10 Ç > —1. The 
elements Ne-Ca, along with the C, N, and O elements, domi- 
nate the force multiplier for most values of £. Ne-Ca eventually 
stops being a major contributor at log10 £ = 1, but, at very 
high values of £, it returns to being the major contributor 
(mainly from hydrogenic Si and S, see Table 1). At values of 
log10 ¿ between 0.5 and 1.5, lines of N v and O vi dominate 
M(i), and for log10 £ between 2.5 and 3.5, lines from O vm 
dominate. However, close to log10 <^ = 2, the relative contribu- 
tion from O vi and N v falls rapidly as the abundances of these 
ions drop sharply as the material becomes increasingly ionized. 
This coincides with a sharp increase in the force associated 
with He ii A1640. At this point He is mostly fully ionized, but 
the high temperature can populate the appropriate excitation 
levels of the singly ionized species and this, coupled with the 
temperature dependence of ML(t), can lead to a sharp rise in 
ML(t) for the He ii 11640 line. This results in the sudden 
increase in the relative contribution from H and He seen in 
Figure 3 and the sharp decline in the relative contribution from 
C, N, and O close to log10 £ = 2. This is further illustrated in 
Figure 4, where the variation of the force multiplier ML(t) of 
three relevant individual lines with the ionization parameter 
are plotted (again for the case of t = 10 "4. The three lines 
shown in Figure 4 are O vi 11038, O vm 11165, and He n 
11640. In Figure 4, at low values of £, none of the lines in 
question contribute significantly to M(i). As the degree of ion- 
ization increases, the population of O vi increases, and the 
force contribution increases linearly, and finally levels off as the 
line becomes optically thick. At higher £, as the temperature 
begins to sharply increase, the force contribution from O vi 
11032 and He n 11640 both increase (eq. [8]). However, the 
populations of these ions begin to decrease sharply at this 
point, the lines desaturate, and the force contributions from 
both lines drop sharply. Also, the population of O vm begins 
to rise and begins to significantly contribute to the force multi- 
plier. Finally, at even higher £, even the population of O vm 
becomes insignificant and the line force associated with it 
drops off. 

In Table 1, the strongest driving lines are given for a range of 
different values of £. The table reveals the trend that, for higher 
levels of ionization, the radiative driving comes from more 

highly ionized species. Table 1 also shows the trend that the 
line optical depths and the line force drops with increasing £, as 
has been shown in previous diagrams. It also shows that lines 
of certain more highly ionized species, such as O vi and N v, 
can have very high optical depths and individual line force 
multipliers ML(t) even at relatively high values of ¿ (see also 
Fig. 4). Table 1 also shows that at very high values of £, 
hydrogenic species are essentially the only ones to contribute 
to the line force. 

Comparison of Table 1 with Figure 2 gives an indication of 
the contribution of the strongest individual lines to the total 
force multiplier. At lower £, the total line force is made up from 
the contribution of many hundreds of lines, with no one lines 
contributing more than 1% of the total force multiplier. As £ 
increases, the number of lines significantly contributing to the 
line force drops, though the contribution of the strongest line 
to M(t) is still usually less than 5%-10%. The exceptions to this 
occur around log10 ^ = 2, when the He n ¿1640 line contrib- 
utes over 20% of M(i), and around log10 £ = 3 when the O vm 
¿1165 line contributes over 15% of M(t). 

a) Parameterizing the Results 
CAK showed that their force multiplier expression 

(M(t) = /ci~a) could be reproduced by assuming a simple sta- 
tistical model of the distribution of lines in both strength and 
frequency, namely that the logarithm of the line frequencies are 
uniformly distributed, and the line strength parameter rj is dis- 
tributed as a power law, so that the number of lines dN in an 
interval dv and drj is given by 

„ dv 
dN = —N0 rja~2dri — , (12) 

where rj is the line strength parameter (see eq. [5]), N0 is a 
normalizing constant, and a is the CAK constant. (Note that 
CAK used ß to parameterize the line strength, with ß being the 
inverse of rj, but apart from this the expressions are equivalent.) 

Putting this expression into equation (8) and converting the 
summation into an integral over v and rj, leads to the CAK 
result for the force multiplier (i.e., M(t) = kt~a) with 

c (1 — a) 

where F(a) is the complete gamma function. Owocki, Castor, 
and Rybicki (1988, hereafter OCR) introduced a further refine- 
ment to this representation of the line force which helps param- 
eterize the force multiplier results shown in Figures 1 and 2. 
Instead of using the power-law relationship for statistical dis- 
tribution of the line strengths in equation (12), OCR modified 
this to be an exponentially truncated power law, namely 

dN = —N0t]°l~2e~~ , (14) 

where 77max is a cutoff to the maximum line strength. 
By the same procedure as above, substitution of this expres- 

sion into equation (8) and integrating yeilds a modified form 
for the force multiplier 

M(t) = 
t^, iv0r(a)1 

c a-«)j L tL7 J 
(15) 

where imax = irçmax. This again has a similar form as 
M(t) = kt-*. but this time with an additional correction factor. 
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f - Ionization parameter 

Fig. 5.—Best fit parameters for the force multipliers M(t, £). Shown are the 
results for the parameter k {full line) and the parameter tjmax {dashed line). 

Note that this correction factor has asymptotic limits for both 
large and small values of Tmax, namely 

(1 + ^max) 
1 —a 

|(1 - «)Tma*> Tmax « 1 , 
ll Tmax > 1 • 

(16) 

At large rmax, equation (15) reduces to the CAK power-law 
relationship, while at small Tmax, the force multiplier becomes 
independent of t, and 

lim M(i) = (1 - a)/c^max , (17) 
Tmax ^ 0 

where k is given by equation (13), which mimics the behaviour 
of the force multipliers found earlier (§ III). 

Inspection of Figure 1 shows that at higher values of i, in 
general, the slope of the force multiplier is largely unchanged 
and stays close to a value of a = 0.6. Thus, to a reasonable 
approximation, it can be assumed that a is constant through- 
out, and the only variations in M(t) can be accounted for in 
terms of k and rjm¡iX (see eq. [15]). 

Least-squares fits, using the parameterization shown in 
equation (15), have been made to the force multiplier results 
shown in Figure 1, with k and //max being the two relevant 
parameters. In Figure 5, the results for the best fit values of (k, 
*7max) as a function of Ç are shown. The fits for M(t) for each 
value of £ are typically accurate to about 5% or 10%, and the 
worse errors are within a factor of 2. Better fits could have been 
found by also allowing the value of cc to vary as a function of £, 
but it was felt that doing so would reduce the usefulness of the 
results in future models using a CAK type formulation. 

In addition, in the regime of log10 ^ < 2 (see § IVa), the 
fitting parameter k and rçmax can in turn be fitted with the 
following exponential functions of £ only: 

k = 0.03 + 0.385 exp ( - 1.4£0-6), (18) 

and 

los n = Í6'9 exp )016^0'4)’ lo8io £ < 0.5 , olO Vmax |9 j exp ( _ ? 96 x 10-3ft log10 £ > 0.5 . 

(19) 

Thus, the very complicated behaviour of M(t) with Ç seen in 
Figures 1 and 2, can be reduced to an analytic function of £. 

Using the analytic formulae for k and >/max somewhat reduces 
the accuracy of the representation of M(i), but, for typical wind 
models, the accuracy of the fits is still within a factor of 2 for 
the appropriate values of £ and t. 

IV. DISCUSSION 

a) Limitations 
A number of important limitations inherent in the calcu- 

lations presented here should be noted. 
i) Optical Depth Effects 

In the above calculations, all optical depth effects in the 
transfer of the radiation field of the neutron star through the 
wind material have been neglected, and the ionization struc- 
ture used in the force multiplier calculations has been calcu- 
lated, assuming the material is optically thin. In actual MXRB 
systems, this condition will likely be violated for portions of the 
flow (note that, while in the force multiplier calculations indi- 
vidual lines were frequently found to be optically thick, that is 
tl > 1 ; this is different from allowing for optical depth effects 
with respect to the radiation field of the neutron star). 

The inclusion of optical depth effects in self-consistent 
models of MXRBs remains a formidable, and as yet unsolved, 
problem. With respect to the approach developed here, optical 
depth effects will alter the thermal and ionization structure of 
the wind (the extent to which it does will depend largely on NH, 
the column density of material between the neutron star, and 
the point in the wind under consideration); in turn, this will 
affect the force multiplier M(i), and this, in turn, modifying the 
wind dynamics, and thus feeding back to change the column 
density of material blocking the flux from the neutron star, the 
end result being to make the problem even more coupled. 

In an MXRB, for a specific value of Ç, the inclusion of trans- 
fer affects will tend to make the wind less ionized than it would 
be otherwise, the wind material blocking out some of the ion- 
izing flux. Also, the ionization fronts will be much steeper in 
optically thick material, and the temperature structure will also 
be altered (see Kallman and McCray 1982). In general, the fact 
that material is less ionized will tend to make the radiative 
force multiplier greater than it would have been in the optically 
thin case. 

In a stellar wind of an early-type star, the total wind column 
density NH is large, typically around 1024 cm-2 (in most CAK 
type models, one of the boundary conditions is usually to set 
the total electron scattering optical depth in the wind to unity). 
However, a large fraction of the contribution to the total 
column density NH will occur in close to the primary star 
(where the wind density is much higher), and the typical 
column density of material from, for example, 1.1R* to a 
typical radius of the neutron star orbit (~ 2 R*) is more charac- 
teristically around 1022 cm-2. However, even at these 
columns, as will be shown below, optical depth effects can still 
be appreciable. Thus, very high column densities (NH > 1024 

cm “ 2) from the neutron star will only occur in the lower veloc- 
ity regimes of the flow, where the density is high, and Ç is low, 
and from Figures 1 and 2, for these conditions, the X-rays from 
the neutron star will not significantly alter the value of M(i), 
and the neglect of optical depth effects will not be important. 
Also, at values of logi 0 £>2, the results of Kallman and 
McCray (1982) demonstrate that optical depth effects will not 
be important in this regime either. Optical depth effects are 
thus likely only to play a significant role for intermediate 
values of £ (i.e., — 1 < log10 £ < 2). 
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To illustrate this, force multipliers M(t) have been calculated 
allowing for optical depth effects in a simplified manner, for 
specific values of £, and NH. In the optically thin case, the 
ionization structure and thermal structure of the wind material 
is determined solely by the ionization parameter When 
optical depth effects are included, to a reasonable approx- 
imation, the ionization and thermal structure now depend on 

and the column density of absorbing material NH. The mag- 
nitude of optical depth effects have been estimated by calcu- 
lating the ionization and thermal structure the wind material 
after the incident radiation field of the neutron star has been 
transferred through a slab of material of uniform density (with 
n = 1011 cm-3, n being the atomic number density of the slab 
material). This approach allows the determination of the ion- 
ization and thermal structure of wind material illuminated by 
an incident flux which has suffered absorption. From this, a 
force multiplier M(i, £, iVH) can be calculated which accounts 
for, albeit in a simplified manner, the influence of a finite con- 
tinuum optical depth on the radiative force multiplier. By 
varying the thickness of the slab, and the distance to the illumi- 
nating source rx, the ionization and thermal state of the wind 
material can be determined for any particular value of Ç and 
Nh, and from this, as set out in § II, the force multiplier M(t) 
can be calculated. 

In Figure 6, two comparisons ahve been made to illustrate 
optical depth effects on the force multiplier calculations. The 
values of ^ and the column density NH have been chosen to be 
approximately representative of conditions in a MXRB system 
(see § IVfr). The two situations shown in Figure 6 are for the 
following cases: (i) log10 £ = 0, with NH = 0 and 5 x 1022 

cm-2; and (ii) log10 £ = 1, with Nu = 0, and 1022 cm-2. 
In the first case, for log10 ^ = 1, the difference between the 

optically thick and thin cases is less than a factor of 2 for all t. 
At low values of M(t) is actually smaller in the optically thick 
case. However, the dynamical models in § IVh suggest that, for 
this value of £, the optical depth parameter t is likely to be in 
the range t = 10-2-10-4, and, for this range of i, the force 
multiplier in the optically thick case is typically between 50%- 
100% greater than for the optically thin case. In the second 

Fig. 6—The influence of optical depth effects on the force multiplier M(i). 
Results for M(t) are given for the case of log10 ^ = 1; optically thin {full line), 
and for a column density of JV» = 1022 cm-2 {short dashed line). Also shown 
are results for log10 £ = 0; optically thin {long dashed line), and for a column 
density of NH = 5 x 1022 cm~2 {dot-dashed line). 

Vol. 365 

case, for log10 <^ = 0, the column density of attenuating 
material is assumed to be a factor of 5 greater than in the first 
case. This additional column results in the wind material being 
significantly less ionized than in the optically thin case, and 
from this the force multiplier is larger than in the optically thin 
case for all values of t. The difference between the force multi- 
pliers in this case is always less than a factor of around 3, and 
for the values of t appropriate for the MXRB models in § IVh, 
the difference is between a factor of 2, and 3. The inclusion of 
optical depth effects has the result of shifting the force multi- 
plier closer to the results for ¿; = 0 (i.e., when there are no 
X-rays from the neutron star), a fraction of the ionizing radi- 
ation from the neutron star being blocked by the attenuating 
material. Thus, the inclusion of optical depth effects has the 
result of reducing the impact of the X-ray flux on the radiative 
driving in an X-ray illuminated stellar wind. Following on 
from this, X-ray induced dynamical effects will not become 
significant until higher values of £ compared to optically thin 
models. 

The conclusion of this section is that omission of optical 
depth effects will likely result in an underestimate of the force 
multiplier (possibly up to a factor 2-3) at certain points in the 
flow (see also § YVb). Though for large portions of the flow, the 
force multiplier results calculated with the optically thin 
approximation will be correct. Also, in several other types of 
systems where these calculations are applicable, such as the 
winds from accretion disks in cataclysmic variables, or in the 
Be/X-ray binary systems, the optically thin approximation will 
be appropriate (§ IVc). 

ii) Deviations from LTE 
One of the major assumption that has gone into these calcu- 

lations is that the wind material is in LTE and that the excita- 
tion structure is given by the Boltzmann equation. 

Abbott (1982) in his calculations for the winds of single stars 
was also forced to make the same assumption. However, by 
noting that, in expanding atmospheres, excited states with 
allowed radiative transitions to lower states are strongly 
underpopulated (Klein and Castor 1978), Abbott (1982) was 
able to justify the assumption of LTE in winds of single stars a 
posteriori by the fact that around 90% of the force came from 
lines arising from ground or metastable states. 

In the force multiplier calculations presented in § III, at low 
values of a similar situation occurs, and for ^ = 0 roughly 
90% of the force multiplier comes from lines arising in ground 
or metastable levels. As £ increases, this situation still remains, 
for example, for log10 Ç = 1 over 90% of the force multiplier 
still comes from lines arising in ground or metastable levels, 
while at log10 £ = 1.5 the contribution is still 75% of the force 
multiplier. However, at values of log10 £ > 2, the percentage of 
the force multiplier that comes from ground or metastable 
levels begins to decrease sharply [for log10 ^ = 2, the contribu- 
tion is 30% of M(i), while for log10 £ > 3 the percentage is 
minimal], and, at these values of £, the assumption of LTE will 
lead to an overestimate of the force multiplier. However, this 
overestimation of the radiative force multiplier at values of 
logio £ ^ 2 will likely not have a major impact on the 
dynamics of winds in MXRBs. The reason for this is as follows; 
in MXRB models, high values of ^ will only occur close to the 
neutron star (see eq. [11]), and close to the neutron star the 
dominant force will not be the radiative force, but will instead 
by the gravitational force of the neutron star. In the models 
presented in § IVh, at values of log10 £ > 2, the gravitational 
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force of the neutron star on the wind material is grater than the 
radiative force by more than one order of magnitude, even for 
the model with Lx = 5 x 1034 ergs s-1, where the point at 
which log10 (^ = 2 is furthest from the neutron star, and hence 
the gravitational force is the least. Therefore, the neglect in 
changes in the force multiplier resulting from deviations from 
LTE are unlikely to be a major source of error in MXRB 
models that use the force multipliers calculated in this paper. 

iii) Effects of the X-Ray Spectrum 
The results presented so far in this paper have been calcu- 

lated only for a single spectrum, namely a 10 keV 
bremsstrahlung-type spectrum, and assuming a different spec- 
trum will lead to quantitatively different force multipliers. 
Kallman and McCray (1982) have calculated the ionization 
and temperature structure for a variety of different spectra (i.e., 
blackbody, power-law, as well as bremsstrahlung). For 
example, X-rays are observed from single early-type stars, and 
are believed to be produced by shocks which form in the 
strongly unstable winds, and, in an analogous way to the case 
of X-rays binary systems, the X-rays will in turn modify the 
wind dynamics, though in this case an input spectrum such as 
those calculated by Krolik and Raymond (1985) might be more 
appropriate. 

Also, as considered by MV, a low energy cutoff to the X-ray 
spectrum could have an effect on the radiative force. For the 
same X-ray luminosity and wind density, material irradiated 
by a spectrum with a deficiency of low-energy X-ray photons 
will be underionized compared to the case of a spectrum with 
no low-energy deficit. This is a result of the fact that the ioniza- 
tion thresholds for most ions considered fall at photon energies 
<1 keV, and because the ionization cross sections drop off 
roughly as E~3, this can rapidly reduce the photoionization 
rate if the cutoff in spectrum is assumed to occur at a value 
higher than the ionization threshold for a particular ion. 

This is illustrated in Figure 7, where force multipliers results 
are shown for the case of log10 £ = 1, but where the low-energy 
spectrum cutoff Ec is varied (see MV). For values of £c > 1 
keV, the X-rays have much less impact on the ionization struc- 
ture of the wind, and thus M(t) departs less from the case when 
ci; = 0. So the net result of a low-energy cutoff in the spectrum is 
to hold the value of M(t) closer to the case of <^ = 0 until higher 

Fig. 7.—Effect on the force multiplier M(t) of a low-energy cutoff in the 
assumed X-ray spectrum of the neutron star. The curves are labelled with E 
(in keV). 

values of ^ are obtained than in the case of no low-energy 
cutoff. The difference this causes to the wind structure will not 
be discussed further here; however, it will result qualitatively in 
a decrease in the influence of the X-rays on the wind dynamics. 

Similarly, increasing kTx to 20 keV will also tend to increase 
M(i) for a given value of £. Increasing kTx means that there are 
less low-energy X-rays, and decreasing kTx to, say 5 keV, will 
correspondingly decrease M(t), there now being more softer 
X-ray photons, and the gas will be preferentially more ionized 
for the same £. 

b) Dynamical Effects 
The calculations presented earlier (§ III) are representative 

of the case of a MXRB system such as Vela X-l. While a more 
detailed treatment of the dynamical consequences of the 
behaviour of M(t) with Ç will be deferred to a following paper, 
a brief outline will give given here. 

Previous treatments of the effects of X-rays on the wind 
dynamics have assumed a sharp cutoff in the radiative force at 
a well-defined value of £ (for example, Blondin et al 1990; Ho 
and Arons 1987). These calculations have shown this not to be 
the case and that the decline of M(t) with £ is more gradual and 
indeed more complicated. On the basis of their calculations, 
both Ho and Arons (1987) and Blondin et al. (1990) derived 
some major conclusions; for example, Ho and Arons (1987) 
found the existence of two stable solutions for the wind 
dynamics and the resultant X-ray luminosity for MXRB 
systems, namely one low- and one high-luminosity state. 
Blondin et al. (1990) found that the effect of X-ray ionization 
created a high density wake that trailed behind the neutron 
star, causing enhanced absorption of the X-ray by wind 
material at certain phases, as has been seen in some MXRB 
systems (Kallman and White 1982). While a full discussion of 
whether or not these effects will still occur in dynamical models 
will be deferred to a subsequent paper, in Figure 8 wind solu- 
tions for MXRB models, which includes the effects of X-ray 
ionization and heating on the wind dynamics, are shown. For 
comparison, the wind solution for the case where the X-ray 
luminosity is assumed to be zero is also shown. The parameters 
for the primary star are assumed to be R* = 30 R0, M* = 20 
M0, and T* = 25,000 K. The neutron star is assumed to have a 
mass of Mx = 1.4 M0, and the system has been assumed to 
have a separation of D = 60 R0 

or twice the radius of the 
primary (see MV). Figure 8 shows four model results, for X-ray 
luminosities of Lx = 0,1033,1034, and 5 x 1034 ergs s_1. 

For these models, the mass-loss rate is largely unaffected by 
the inclusion of the effect of X-rays. This is a consequence of 
the fact that, in CAK type models, the mass-loss rate is deter- 
mined by conditions at the critical point. In these models, the 
critical point rc lies at around 1.05 R0’ an<^ at this radius log10 

Çc < — 2, and the radiative force at the critical radius is largely 
unaffected (see Fig. 2), and, as a consequence, the mass-loss 
rate is also largely unaffected (see Table 2). However, in models 
with larger X-ray luminosities, potentially ^ can be sufficiently 
large to change the radiative force at the critical point, and 
thus, the overall mass-loss rate. Following on from this, there- 
fore, the wind dynamics in the subsonic regime are also not 
signficantly altered. However, in the supersonic regime, the 
X-rays do cause significant alterations in the wind dynamics, 
the X-rays tending to suppress the radiative force and thus 
suppress the wind velocity. For the model with Lx = 5 x 1034 

ergs s_1, the wind velocity is held close to a value of 200 km 
s_1 for a large part of the flow. For the model with Lx = 1034 
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Fig. 8.—X-ray induced suppression of the wind velocity. The changes in 
the wind dynamics of an MXRB system caused by X-ray ionization, for values 
of the neutron star X-ray luminosity of Lx = 0, 1033, 1034, and 5 x 1034 ergs 
s1. The curves are labeled with the respective value of the X-ray luminosity. 
The neutron star lies at a radial distance of r = 2 

ergs s-1, the wind velocity is also suppressed in the supersonic 
regime, but by a correspondingly smaller amount. At locations 
in the wind close to the neutron star, the gravitational force of 
the neutron star becomes the dominant force, completely 
swamping the radiative line force contribution, and all models 
show a very steep increase in velocity near to the secondary. In 
Table 2, additional results from the model calculations are 
given. 

The accretion radius for gravitational capture of material is 
given by 

r acc 
2GMX (20) 

where Mx is the mass of the neutron star and v is the wind 
velocity, and thus, the accretion radius is a very sensitive func- 
tion of the wind velocity. A typical value for the accretion 
radius racc is around 1 Æ0* Therefore, the changes in the wind 
velocity profiles caused by X-ray ionization seen in Figure 8, 
will potentially have a very serious effect on the mass-accretion 
rate of the neutron star. 

It is important to note that Figure 8 shows that major alter- 
ations in the wind dynamics result from relatively low X-ray 
luminosities. In actual MXRBs such as Vela X-l, the typical 
X-ray luminosities are at least 1036 ergs s-1, i.e., at least one 
order of magnitude greater, and it is somewhat surprising that 
the wind can be affected so much by this low level of X-ray 
emission. However, as discussed in § I Va, the omission of 
optical depth effects can lead to a large underestimate of the 

TABLE 2 
Results for X-Ray Illuminated Stellar Wind Models 

Lx rc log10 Çc dM/dCl v(r = 1.5 RJ 
(ergs s-1) (RJ (ergs cm s_1) (10"6 M0 yr 1 sr ^ (km s l) 

0   1.052 ... 1.129 449.8 
1033   1.053 -3.60 1.113 436.4 
1034   1.053 -2.58 1.117 351.4 
5 x 1034 .... 1.086 -1.67 1.004 211.1 

force multiplier, and the quicker onset of X-ray dynamical 
alterations. If optical depth effects were included, the likely 
outcome would be that the dynamics would be qualitatively 
similar, but that the X-ray luminosity required to produce the 
same extent of change would have to be considerably larger. 

c) Applicability to Other Systems 
In addition to the MXRB systems and the related Be/X-ray 

binary systems (Van den Heuvel and Rappaport 1986), another 
likely application of this type of calculation concerns the line 
driven winds from accretion disks. Vitello and Shlosman (1988) 
have investigated the characteristics of radiatively driven 
models for winds from an accretion disk, finding that there are 
significant differences in the wind solutions for accretion disk 
systems compared to spherical systems, largely as a result from 
the differing geometry. Vitello and Shlosman (1988) found that 
the dynamics in the case of an accretion disk are more sensitive 
to ionization effects than a spherically symmetric model, and in 
particular that the existence of a steady line-driven wind from 
an accretion disk requires that ionization effects modify the 
wind dynamics in the vicinity of the critical point. Thus, calcu- 
lations of the type presented here, in conjunction with realistic 
ionization and thermal structure calculations for the appropri- 
ate geometry and system parameters, are likely to prove essen- 
tial to our understanding of winds from such objects as 
cataclysmic variables and active galactic nuclei. 

Also, as mentioned above, these calculations are also likely 
to have application in the simulations of the dynamics in the 
winds of early-type star. Abbott and Friend (1989) have 
attempted very simple calculations concerning the effect of 
X-rays on the wind srructure of single stars, finding that the 
X-rays will tend to inhibit radiative driving, particularly in the 
outer, less dense regions of the wind, resulting in a reduced 
terminal velocity compared to the case of unaffected wind 
dynamics. In OCR, the exponentially truncated power-law 
expression for the force multiplier (eq. [15]) was introduced in 
an ad hoc manner to limit the steepness of the rare factions 
found in the wind solutions, and thus, qualitatively, the effect 
of the X-rays could be, in an analogous manner, to limit the 
steepness of the shocks. Further discussion of this will be 
deferred to a future paper. 

v. SUMMARY 

The results presented in this paper can be summarized as 
follows. Calculations of the effect of changing ionization condi- 
tions on the radiative force multiplier M(t) in an X-ray illumi- 
nated stellar wind, such as in a massive X-ray binary system 
like Vela X-l, have been presented. These calculations com- 
prise a significant improvement over earlier calculations by 
MacGregor and Vitello (1982), who only included a very small 
number of lines in their calculations, whereas the results here 
show that a much larger number of lines contribute to the 
overall radiative force. 

The variation of M(i) with the ionization parameter Ç was 
found to be different than that assumed by Blondin et al (1990) 
and Ho and Arons (1987), with the decline in M(t) being con- 
siderably more gradual and complicated than assumed in 
those papers. Also estimates have been made of the effect of 
low-energy cutoffs in the X-ray spectrum and optical depth 
effects on the force multiplier results. 

Some preliminary calculations of the structure of an X-ray 
illuminated stellar wind in an MXRB system have demon- 
strated that X-ray ionization will have a significant impact on 
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the wind dynamics, reducing the wind velocity by a large factor 
in certain regimes of the flow in MXRB systems. This in turn 
has major implications for the general behavior of MXRB 
systems. 

Future work will involve constructing two-dimensional self 
consistent models of MXRBs using these results and extending 
them to include optical depth effects. It is also hoped to 
combine the force multiplier calculations presented here with 

the model of Blondin et al (1990), and some early results from 
this study have already been presented (Blondin, Kallman, and 
Stevens 1990). 

The authors thank D. Abbott for the use of the line list used 
in these calculations, and J. Blondin and S. Owocki for useful 
discussions through the course of this work. 
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