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ABSTRACT 
We have devised simple models of X-ray binary systems surrounded by gas clouds and have 

performed Monte Carlo simulations of the resultant orbital X-ray light curves. Occultation of 
the X-radiation by the companion star, as well as Compton scattering and photoelectric absorp- 
tion within the gas cloud that surrounds the system, is taken into account. The cloud densities are 
assumed to be symmetric with respect to the companion star and hence distinctly asymmetric 
with respect to the X-ray star. 

We discuss the applicability of our results to models for specific binary X-ray sources. In 
particular, we draw (or confirm) the following conclusions: (1) Broad geometrical eclipses 
probably cannot be obscured unless the cloud has a large Compton-scattering optical depth (re > 5) 
and a scale size that is large compared to the size of the binary orbit. (2) The production of 
iron X-ray emission lines by fluorescence, during transfer of X-radiation through a cloud, leads 
to X-ray absorption features of comparable magnitude. Because absorption and emission features 
have not yet been observed simultaneously in galactic X-ray sources, the actual mechanism for 
iron-line production must be more complex and involve collisional ionization. (3) A strong and 
variable stellar wind can approximately replicate the variable “choking” behavior and nonzero 
eclipse intensity observed in Cen X-3 (Schreier et al). (4) A “cocoon” model for Cyg X-3, 
proposed by Milgrom, reproduces many of the essential observational properties of this source. 
The fundamental requirements of such a model are that the cloud have a scale size that is large 
compared to the size of the binary orbit, have a high degree of ionization (except perhaps in 
the shadow of the companion star), and have re > 2. 
Subject headings: stars: eclipsing binaries — X-rays: binaries — X-rays: spectra 

I. INTRODUCTION 

The orbital X-ray light curves of binary X-ray 
sources provide information about the parameters of 
the X-ray and companion stars and the character of 
mass loss and mass exchange in the binary systems. 
Pioneering efforts to understand the physics of the 
transfer of X-radiation through a surrounding gas 
cloud have been carried out by Tarter, Tucker, and 
Salpeter (1969), Tarter and Salpeter (1969), Pringle 
(1973), Buff and McCray (1974«, è), Hatchett, Buff, 
and McCray (1976), and Hatchett and McCray (1977). 
More specialized attempts to interpret the X-ray light 
curves have been made in the case of Cyg X-3 
(Davidsen and Ostriker 1974; Pringle 1974; Milgrom 
1976; Milgrom and Pines 1978; Parsignault et al. 
1977), Cen X-3 (Schreier era/. 1976), and some other 
specific sources. 

In this paper, we present the results of Monte 
Carlo calculations of X-ray light curves for binary 
systems surrounded by clouds with simple density 
distributions, chemical compositions, and ionization 
structures. Occultation of the X-radiation by the 
companion star, as well as Compton scattering and 
photoionization within the cloud, has been taken into 
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account. The purpose of these simple models is to 
examine the effect of various cloud geometries and 
ionization structures upon the emergent X-ray flux 
as a function of orbital phase and X-ray energy. Our 
results are summarized in Figures 1 through 10. We 
have not attempted to construct a completely realistic 
model of the light curve of any specific X-ray binary; 
in particular, we have not considered the transfer of 
X-radiation through any accretion disk or other 
matter close to the X-ray star. Nonetheless, some of 
our results have direct application to the understand- 
ing of sources such as Cyg X-3 and Cen X-3, where 
transfer of the X-radiation through a cloud surround- 
ing the binary system is evidently an important effect. 

In § II of this paper, we describe the assumptions 
and method used to carry out our calculations. Our 
results are presented in § III, and the implications of 
these results for X-ray binary light curves in general 
and some specific sources in particular are discussed 
in § IV. 

II. ASSUMPTIONS AND METHOD 

We have constructed a simplified model of an X-ray 
source in a binary system surrounded by a scattering 
and absorbing medium. A compact star is assumed to 
be in a circular orbit about a normal stellar companion 
of radius Rs. The compact star emits X-rays iso- 
tropically, with random polarization, and with an 
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E~2 photon number spectrum. This arbitrary (but 
reasonable) spectrum is chosen because it is ap- 
proximately invariant under Compton scattering in a 
cold electron gas (within the energy range of interest, 
£ < 20 keV). 

The density distribution of the gas cloud is assumed 
to be spherically symmetric with respect to the com- 
panion star and to have one of several simple radial 
density dependences. For each density distribution, 
we have used a Monte Carlo code to compute the 
X-ray light curve for (1) a range of values of Rs, 
(2) a range of Compton-scattering optical depths re 
from the surface of the companion to infinity, and 
(3) various simple chemical compositions and ioniza- 
tion structures of the cloud. In all cases, the line 
joining the two stars of the binary system is a sym- 
metry axis of the transfer problem. 

We consider purely scattering clouds (complete 
ionization), as well as chemical compositions and 
ionization structures that entail photoelectric ab- 
sorption. We do not, however, attempt to calculate 
self-consistent ionization structures for the cloud. The 
elements and ionization states are chosen to represent 
light, medium, and heavy ions at a variety of ionization 
temperatures. We use oxygen and iron to test the 
effects of medium-Z and high-Z elements, respectively. 
When absorption by iron is taken into account, its 
abundance by number relative to hydrogen is assumed 
to be nFelnK = 3 x 10"5; when absorption by both 
iron and oxygen are considered, we assume abun- 
dances of nFelnK = 8 x 10“6 and w0/«h = 7 x 10-4. 

After a photon is emitted by the X-ray star, it 
undergoes Compton scattering until it is absorbed, 
reaches the surface of the companion star, or escapes 
from the system. In all cases, the X-ray albedo of the 
companion is assumed to be zero. (This simplifying 
assumption should have no qualitative effect upon 
our results, since any X-rays “reflected” by the com- 
panion would preferentially emerge near orbital phase 
0.5 and would therefore have little effect upon the 
shape of the eclipse.) In the scattering events, the 
kinetic temperature of the electrons is assumed to be 
negligible and energy loss due to electron recoil is 
taken into account. The polarization of the photon is 
also taken into account for each scattering. In the 
case of absorption by iron, we incorporate the pos- 
sibility that a fluorescent photon may be reemitted. 
However, we neglect all fluorescent photons from the 
cloud other than those that result from photoioniza- 
tions by the photons in the Monte Carlo computations. 

When a photon escapes the system, it is cataloged 
according to its direction and energy. The propagation 
of typically ~ 105 photons is computed for each X-ray 
light curve. Because of the symmetry axis in the system, 
each photon can be binned according to the angle ijj 
between its final propagation direction and the line 
joining the two stars; we choose the bins to have 
widths Ai/f = 5°. For this reason, our calculations 
result in fewer photons and hence have higher statis- 
tical fluctuations at orbital phases </> = 0 and 0.5 than 
elsewhere. (We use the convention that 0 < <£ < 1, 
with (/> = 0 corresponding to the center of the X-ray 

615 

eclipse.) To reduce spurious features at these phases, 
we have smoothed the light curve by resetting the 
intensity In in any bin n near (f> = 0 or 0.5 according to 

/n = i(/n'+/0), 

where In' is the raw intensity measured for bin n and 
I0 is the average intensity in several (two or three) 
adjacent bins. (All intensities discussed here and illus- 
trated in the figures are in units of photons per unit 
solid angle per unit time.) 

The X-ray light curves and spectra generated by 
these calculations are displayed for an observer in 
the orbital plane (orbital inclination angle i = 90°). 
Because of the aforementioned symmetry of the prob- 
lem, light curves for i < 90° can be constructed from 
our results by the simple transformation 

cos </>' = cos <£/sin i. (1) 

Here, <f>' is the true orbital phase at inclination i for 
which the X-ray intensity is identical to that at phase 
(/) and i = 90°. 

III. RESULTS 

We have considered three models for the radial 
density distribution of the cloud. For two of the 
models, we have also considered several different 
simple ionization structures within the cloud. In each 
case, we first discuss the results for a completely 
ionized medium (i.e., pure Compton scattering with 
no photoelectric absorption). The model nomenclature 
is summarized in Table 1. 

Model 1 is a uniform-density cloud with radius 4 
times the binary orbital separation D. The results for 
pure Compton scattering in this model are shown in 
Figure 1. Two features are immediately apparent. 
(1) There is a nonzero X-ray intensity during the 
eclipse. This is a property of most of our models; 
photons that undergo their final scattering at points 
distant from the binary system, and are thus largely 
unocculted by the companion star, create an ap- 
proximately isotropic flux. (2) The light curves tend 
toward a sinusoidal shape for large re. This property 
is due to the asymmetry of the scattering cloud relative 
to the X-ray source. For large re (> 5), this is the 
primary influence on the shape of the light curve; 
the effect of the geometrical eclipse is fairly small 
(cf. Davidsen and Ostriker 1974). 

TABLE 1 
Summary of Model Nomenclature 

Model 1   Uniform-density cloud* 
Model 2     Stellar wind* (density cc r~2) 
Model 2a  Stellar wind with shadow 
Model 2b   Stellar wind with Fe xxvi 
Model 2c     Stellar wind with Fe and O 
Model 3  Shell* 
Model 3a.    Shell with shadow 
Model 3b   Shell with Fe and O 

* Compton scattering only. 
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Rs= 0.2 D Rs = 0.4 D RS =0.6D 

Te = 0.2 

Te = 0.5 

Te = 1 

Te - 2 

re=5 

0 1 0 I 0 I 

4> 
Fig. 1.—Simulated orbital X-ray light curves for model 1 (uniform-density cloud). The radius of the cloud is 4D. Only the 

effects of Compton scattering from cold electrons are included in the computations. For each model, the radius of the stellar 
companion (Rs) and the Compton-scattering optical depth from the surface of the companion to infinity (re) are indicated. The 
center of the X-ray eclipse is at orbital phase <£ = 0. 

Model 2 is a steady-state, constant-velocity stellar 
wind emanating from the companion star. For this 
model, conservation of mass implies that the cloud 
will have an r-2 density dependence, where r is the 
distance from the center of the companion star. The 
resulting light curves for pure Compton scattering are 
shown in Figure 2. As re increases, the optical depth 
from the X-ray star to the companion also increases 
and the probability for a photon to reach the com- 
panion star becomes small. Thus, for large values of 
Te, the shape of the light curve is determined entirely 
by the asymmetry of the cloud and becomes largely 
independent of Rs. 

Model 3 is a spherically symmetric shell, or 
“cocoon,” of the type proposed by Milgrom (1976) 
and Milgrom and Pines (1978) for Cyg X-3. In this 
model, the companion star is surrounded by a shell 
of matter with inner edge at r0 = 10Z) and with thick- 
ness A = Z). (The resultant light curves are insensitive 
to r0 and h, as long as r0 » D and r0 » h.) The light 
curves for pure Compton scattering are shown in 
Figure 3. The shell is nearly symmetric with respect 

to the X-ray star, and the photons that scatter back 
into the cavity illuminate the shell approximately 
uniformly, so that the light curve tends to be much 
less modulated at large values of re than in the previous 
cases (Figs. 1 and 2). 

For models 2 and 3, we have also computed the 
light curves and observed spectra under the assump- 
tion that ionization is incomplete within part or all 
of the cloud. The results of these computations are 
described in the remainder of this section. 

In model 2a, we assume that the matter is un- 
ionized and opaque to X-rays (absorption optical 
depth Ta » 1) in regions where the X-ray source is 
occulted by the companion star (i.e., in the “shadow” 
of the companion) and that ionization is complete 
everywhere else. (A more complete discussion of the 
degree of ionization in such a system is given by 
Hatchett and McCray 1977.) The resulting light curves 
are shown in Figure 4. The intensity minimum during 
eclipse is more pronounced than in the case of com- 
plete ionization (model 2, Fig. 2), since all photons 
that enter the “shadow” are assumed to be absorbed. 
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Te 

Te 

Te 

Te 

Te 

= 0.2 

= 0.5 

= I 

= 2 

= 5 

0 10 I 0 

4> 
Fig. 2.—Simulated orbital X-ray light curves for model 2 (stellar wind). Only the effects of Compton scattering from cold 

electrons are included in the computations. The notation is the same as in Fig. 1. 

In model 3a, we assume that the portion of the 
shell where the X-ray source is occulted by the com- 
panion star is again un-ionized and opaque to X-rays 
(i.e., completely absorbing). The resulting light curves 
are shown in Figure 5. Because of the absorption in 
the shadow of the companion, the light curves have 
appreciably deeper minima than for a purely scattering 
shell (model 3, Fig. 3), especially when re > 2. 

In model 2b, iron is assumed to be incompletely 
ionized and in the form of Fe xxvi throughout the 
cloud (including the shadow of the companion). This 
ionization structure roughly represents a cloud with a 
uniform ionization temperature T > 108 K (see, e.g., 
Tucker and Koren 1971 ; Hatchett, Buff, and McCray 
1976), at which lighter elements would be virtually 
completely ionized. In this ionization state, iron has 
a nearly 100% probability of producing a fluorescent 
X-ray for each photon absorbed (i.e., the collisional 
de-excitation rate is generally negligible). For sim- 
plicity, we assume that every recombination results in 
a La photon with energy 6.9 keV. Since no photons 
are lost to absorption, the resulting light curves are 
nearly identical (to within statistics) to those in model 2 

(Fig. 2) at slightly larger values of re. In Figure 6, we 
present the spectra for this model (with Rs = 0.6/)) 
in three intervals of orbital phase. It is apparent that 
the equivalent widths of the iron absorption/emission 
features are slightly enhanced in the orbital phase 
range = 0.75-1.0 over those in the (f> =0.5-0.625 
range ; this effect results from a larger mean number of 
scattering events per photon in the </> — 0.75-1.0 
range. However, the variation in equivalent width is 
less pronounced for re > 2, because the great majority 
of photons with energies just above the absorption 
edge of Fe xxvi at 9.2 keV are absorbed, regardless 
of their direction of propagation. In general, we find 
that the strengths of the spectral features do not vary 
greatly with orbital phase. 

In model 2c, we assume that both oxygen and iron 
are present and in a state of low ionization (as might 
be expected in a cloud with T < 3 x 105 K through- 
out [see, e.g., Hatchett, Buff, and McCray 1976]). We 
assume that all of the iron has a fluorescent yield of 
0.3, which is appropriate to iron in a low ionization 
state (Bambynek et al. 1972). In Figure 7, we present 
the resultant light curves in three different energy 
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Te = 0.2 

re =0.5 

To = 

T* = 2 

Te = 5 

</> 

Fig. 3.—Simulated orbital X-ray light curves for model 3 (shell). The radius of the shell is 10D. Only the effects of Compton 
scattering from cold electrons are included in the computations. The notation is the same as in Fig. 1. 

bands for Rs = 0.6Z). The absorption of low-energy 
photons by oxygen is very evident. For re > 2, almost 
no photons below 3 keV escape from the system. For 
the low- and medium-energy light curves, the absorp- 
tion is most pronounced near the edges of the X-ray 
eclipse. A comparison of the high-energy light curves 
with the light curves of model 2 (Fig. 2) indicates 
little difference, as expected. In Figure 8, we show the 
spectra for this model in three intervals of orbital 
phase. It is again apparent that, aside from the total 
intensity, the spectrum depends only weakly on orbital 
phase. 

In model 3b, we include absorption by un-ionized 
oxygen and iron throughout the shell that surrounds 
the system. (We do not assume that the portion of the 
shell in the shadow of the companion star is opaque 
to X-rays.) This model is similar to the model for 
Cyg X-3 that was proposed by Milgrom (1976) and 
Milgrom and Pines (1978), except that we do not use 
a self-consistent ionization structure for the shell (see 
§ IV). The resultant light curves for Rs = 0.6Z> are 
shown in Figure 9. When the optical depth is suffi- 
ciently large for the light curves to have a roughly 

sinusoidal shape (re > 2), the modulation of the light 
curves is larger than for a purely scattering shell 
(model 3, Fig. 3) and is comparable to that obtained 
for a shell with an opaque cap in the shadow of the 
companion star (model 3a, Fig. 5). The spectra as a 
function of orbital phase for this model (Fig. 10) are 
not greatly different from those obtained for model 2c 
(Fig. 8), which indicates that the spectrum does not 
depend sensitively upon the details of the cloud 
geometry. 

IV. DISCUSSION 

We have computed the X-ray light curves as a 
function of energy for X-ray sources in binary stellar 
systems surrounded by clouds with a variety of 
geometries and ionization structures. Our results, 
presented in Figures 1-10 (see also Table 1), demon- 
strate the sensitivity of the observed light curve and 
orbital-phase-dependent spectrum upon the optical 
depth, geometry, and ionization structure of such a 
cloud. We caution that these models do not take into 
account all of the complexities in the transfer of 
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Rs= 0.2 D Rs
s 0.4 D Rs = 0.6 D 

Te = 0.2 

Te = 0.5 

Te= I 

Te = 2 

Tes 5 

Fig. 4.—Simulated orbital X-ray light curves for model 2a (stellar wind with shadow). The effects of Compton scattering from 
cold electrons, as well as photoelectric absorption within the shadow of the companion star, are included in the computations 
(see text). The notation is the same as in Fig. 1. 

li . I . U . Î . lli . 1 . W . . LlJ . I .11 
0 I 0 I 0 I 

X-radiation through a real X-ray binary system. In 
particular, we emphasize that the cloud chemical 
compositions and ionization structures that we have 
chosen are highly simplified. However, we find that 
the X-ray light curve and orbital-phase-dependent 
spectrum are not highly sensitive to the details of the 
density structure or ionization structure in such a 
cloud. 

The properties of Cen X-3 (Schreier et al. 1976) 
and several other X-ray binaries have been interpreted 
in terms of a strong stellar wind that emanates from 
the companion star. Schreier et al. (1976) discussed 
variations in the light curve and phase-dependent 
spectrum of Cen X-3 in terms of variations in the 
X-ray optical depth of the stellar wind; the depen- 
dence on T g of the energy-dependent light curves and 
phase-dependent spectra for model 2c (Figs. 7 and 8) 
is in good qualitative agreement with their discussion. 
We note, however, that the variations in the light 
curve with re in our model are due entirely to vari- 
ations in the density of the stellar wind, whereas a 
variable ionization structure surrounding the X-ray 

star is a central component of the picture envisaged 
by Schreier et al. (1976). 

The observed nonzero eclipse intensity of Cen X-3 
(Schreier et al. 1976) is adequately fitted by model 1 
or 2 (Figs. 1 and 2) with re æ 0.2 and Rs x 0.6D. 
For the Cen X-3 system, we have Rs x 1012 cm 
(Krzeminski 1974); in model 2, this corresponds to 
an electron density of ~ 1011 cm-3 at the orbit of the 
neutron star, in good agreement with the value pre- 
dicted by Davidson and Ostriker (1973) on the basis 
of the observed accretion-driven X-ray luminosity. 

As noted above, Milgrom (1976) and Milgrom and 
Pines (1978) have proposed a model for the X-ray 
light curve of Cyg X-3 that relies on X-ray transfer 
through a cocoon of matter that surrounds the binary 
system. The essential features of the observed X-ray 
light curves are (1) an approximately sinusoidal shape 
(but with a slightly broader maximum and narrower 
minimum than for a simple sinusoid), (2) a substantial 
but not extremely large intensity modulation (ratio of 
maximum to minimum X-ray intensity ~2-3), (3) a 
spectral feature consistent with iron-line emission, 
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Rs =0.2 D Rs = 0.4 D RS = 0.6D 

Tq- 0.2 

Te = 0.5 

Te = I 

Te=2 

Tg = 5 

0 10 1 0 I 

4> 
Fig. 5—Simulated orbital X-ray light curves for model 3a (shell with shadow). The effects of Compton scattering from cold 

electrons, as well as photoelectric absorption within the shadow of the companion star, are included in the computations (see 
text). The notation is the same as in Fig. 1. 

visible at all orbital phases, and (4) no discernible 
spectral variability with orbital phase. (These ob- 
servations are reported by Parsignault et al. 1972; 
Sanford and Hawkins 1972; Cañizares et al. 1973; 
Leach et al. 1975; Sanford, Mason, and Ives 1975; 
Serlemitsos et al. 1975; Ulmer 1975; Mason et al. 
1976; Parsignault et al. 1977.) 

As pointed out by Parsignault et al. (1977), the 
strengths of the observed spectral features strongly 
suggest that the X-ray transfer medium cannot be 
highly underabundant in heavy elements, and the 
apparent constancy of the spectrum with orbital phase 
then tends to rule against a constant-velocity stellar 
wind as the medium (cf. Davidsen and Ostriker 1974; 
Pringle 1974). A careful comparison of the phase- 
dependent spectra for models 2c and 3b (Figs. 8 and 
10, respectively) provides further evidence for this 
conclusion. The models that reasonably reproduce 
the X-ray light curve of Cyg X-3 have electron- 
scattering optical depths of re > 2, and for these 
models the low-energy cutoff of the X-ray spectrum 
is more nearly independent of orbital phase when the 

X-ray transfer medium is a shell rather than a con- 
stant-velocity wind. Moreover, the shape of the light 
curve is more nearly independent of X-ray energy 
for the shell (Fig. 9) than for the constant-velocity 
wind (Fig. 7). (The increased eclipse depth at lower 
X-ray energies in both of these models [Figs. 7 and 9] 
results from the increased absorption optical depth 
near <f> = 0.) 

A comparison of the X-ray light curves for the 
shell models 3, 3a, and 3b (Figs. 3, 5, and 9, respec- 
tively) indicates that a shape and modulation com- 
parable to those of the Cyg X-3 light curve are 
obtained only if re > 2, Rs> 0.6D, and photoelectric 
absorption occurs within part or all of the shell (cf. 
Milgrom 1976). The self-consistent ionization struc- 
ture of Milgrom’s (1976) cocoon model is inter- 
mediate between model 3a (absorption only in the 
X-ray shadow of the companion star) and model 3b 
(photoelectric absorption throughout the shell). In 
fact, among the models that we have studied, these 
are the two that most nearly replicate the light curve 
of Cyg X-3. 
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<£ = 0.5-0.625 <£=0.625-075 <£ = 0.75-1.0 

Te = 0.2 

re = 0.5 

Te = 1 

Te = 2 

re = 5 

2 5 10 20 2 5 10 20 2 5 10 20 

Photon Energy (keV) 

Fig. 6—Simulated X-ray spectra for model 2b (stellar wind with Fe xxvi) with Rs = 0.6D, as a function of orbital phase. In 
each case, the spectrum is averaged over the indicated range of orbital phase and normalized to the source spectrum. The horizontal 
bars denote the sizes of the spectral bins, and the vertical bars denote 1 a statistical uncertainties. The effects of Compton scattering, 
as well as photoelectric absorption and fluorescent reemission by Fe xxvi, are included in the computations (see text). 

In view of the encouraging level of agreement 
between the basic picture envisaged by Milgrom (1976) 
and the numerical results of our Monte Carlo calcula- 
tions for models 3a and 3b, we have investigated some 
of the properties of these models in more detail. We 
reach the following conclusions (cf. Milgrom 1976): 
(1) For rg < 2, photons that pass directly through the 
shell without interaction contribute noticeably to the 
total light curve; (2) for re > 2, a photon entering 
the shell has a higher probability of being scattered back 
into the intrashell cavity than of escaping the system; 
and (3) the intensity per unit solid angle of scattered 
photons emerging from the outer surface of the shell 
is very nearly proportional to cos y, where y is the 
angle to the normal from the shell surface. We also 
note that this model for the X-ray light curve of 
Cyg X-3 is at best incomplete, since it is unclear 
whether the requisite shell of matter could be stable 
(cf. Parsignault et al. 1977; Milgrom and Pines 1978). 
However, as suggested by Milgrom (1976), the large 

distance of most of the scattering and absorbing 
matter from the binary stellar orbit may well be the 
only essential geometrical feature of this simple model. 
As a test of this hypothesis, we have calculated the 
X-ray light curve for a fully ionized uniform-density 
cloud with radius 107), Rs = 0.6D, and re = 2. We 
find that this light curve is very similar to the equiv- 
alent light curve for a fully ionized shell of radius 10Z) 
(Fig. 3), which tends to confirm Milgrom’s (1976) 
assertion. 

Our calculations provide some insight into the 
problem of the lack of observed eclipses in the X-ray 
sources that appear to be associated with the galactic 
bulge. Many of these sources—including several X-ray 
burst sources, the bright galactic-center sources, and 
several globular-cluster sources—have been observed 
sufficiently well to rule out the presence of eclipses or 
other substantial periodic modulation of the X-ray 
intensity on orbital time scales (Joss and Rappaport 
1978). There are at least four possible explanations 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



Fig. 7.—Simulated orbital light curves as a function of X-ray energy for model 2c (stellar wind with O and Fe) with Rs = 0.6D. 
Compton scattering within the cloud, photoelectric absorption by un-ionized oxygen and iron, and fluorescent reemission by iron 
are taken into account in the computations (see text). The number above each light curve is the ratio of the maximum intensity 
of the light curve to the intensity emitted isotropically by the X-ray source. The notation is otherwise the same as in Fig. 1. Light 
curves for re = 5 were not generated because of the excessive computation times required. 

Te = 

Te = 

= 

Te = 

0.2 

0.5 

2 

2 5 10 20 2 5 10 20 2 5 10 20 

Photon Energy (keV) 

Fig. 8.—Simulated X-ray spectra for model 2c (stellar wind with O and Fe) with Rs = 0.6D, as a function of orbital phase. 
In each case, the spectrum is averaged over the indicated range of orbital phase and normalized to the source spectrum. The 
horizontal bars denote the widths of the spectral bins, and the vertical bars denote 1 a statistical uncertainties. The effects of 
Compton scattering, photoelectric absorption by un-ionized oxygen and iron, and fluorescent reemission by iron are included in 
the computations (see text). 
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Te = 0.2 

re = 0.5 

Te = I 

Te = 2 

0 I 0 I 0 1 

Fig. 9.—Simulated orbital light curves as a function of X-ray energy for model 3b (shell with O and Fe) with Rs = 0.6D. 
Compton scattering within the cloud, photoelectric absorption by un-ionized oxygen and iron, and fluorescent reemission by iron 
are taken into account in the computations (see text). The number above each light curve is the ratio of the maximum intensity of 
the light curve to the intensity emitted isotropically by the X-ray source. The notation is otherwise the same as in Fig. 1. Light 
curves for re — 5 were not generated because of the excessive computation times required. 

for these observations: (1) The sources are not in 
binary systems; (2) the sources are in binary systems 
that have very wide orbits, wherein the companion 
stars greatly underfill their critical potential lobes; 
(3) the binary stellar companions of the X-ray sources 
are of low mass and have small critical lobes; or 
(4) the X-ray binary systems are surrounded by ob- 
scuring clouds. Hypothesis (1) is difficult to disprove, 
although there is no direct evidence to support it. 
With hypothesis (2), it is difficult to understand how 
efficient mass transfer could be achieved for wide 
stellar separations. Moreover, there is no optical 
evidence that any of these sources have massive 
companions with strong stellar winds. Hypothesis (3) 
is explored in depth by Joss and Rappaport (1978), 
who conclude that it is tenable for many, if not all, of 
these sources. 

On the basis of the calculated X-ray light curves 
for the models that we have studied in the present 
work, we conclude that hypothesis (4) is unlikely. 
For Rs > OAD and a cloud with a scale size com- 
parable to the binary separation, the X-ray eclipses 
apparently cannot be obscured unless (a) re is sub- 
stantially larger than 5 and (b) the cloud has either 
an anomalously low heavy-element abundance (< 10-4 

by mass) or an extremely high level of ionization. If 

condition (b) is not satisfied, the low-energy cutoffs 
due to photoelectric absorption will be substantially 
larger than the ~2 keV cutoffs that are typical of the 
galactic-bulge sources (Jones 1977). In the case of 
clouds that are very large or have shell-like structures, 
X-ray eclipses can be masked for re as small as ~5. 
For Population II systems with very low heavy- 
element abundances, the resultant low-energy cutoffs 
might then be consistent with the observations. How- 
ever, the existence of this type of cloud may require 
the presence of an active young pulsar as the collapsed 
star (cf. the discussions of Cyg X-3 by Milgrom and 
Pines 1978 and references therein). 

We are grateful to R. McCray, M. Milgrom, and 
D. Parsignault for stimulating discussions. 

Note added in manuscript, 1977 Marc//.—Becker 
et al. (1978) have recently reported the detection with 
OSO 8 of weak X-ray emission from 4U 0900 — 40 
during the X-ray eclipses of that source. We point 
out that this emission is similar to that observed in 
Cen X-3 (Schreier et al. 1976) and that the effect can 
be understood in terms of our models for X-ray 
transfer through a binary system (see § IV). 
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Fig. 10.—Simulated X-ray spectra for model 3b (shell with O and Fe) with Rs = 0.6D, as a function of orbital phase. In each 
case, the spectrum is averaged over the indicated range of orbital phase and normalized to the source spectrum. The horizontal 
bars denote the sizes of the spectral bins, and the vertical bars denote 1 a statistical uncertainties. The effects of Compton scattering, 
photoelectric absorption by un-ionized oxygen and iron, and fluorescent reemission by iron are included in the computations 
(see text). 
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