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ABSTRACT

Spectra of six WN + OB Wolf-Rayet systems obtained with the IUE
are analyzed for phase-dependent variations. Periodic variability
at emission-line frequencies is detected in V444 Cyg, HD 90657, HD
211853, HD 186943 and HD 94546 on low dispersion SWP (AX 1200 ~ 1900 A)
images. No changes in the low dispersion spectra of HD 193077 are
apparent.

We find the variations in the UV to be similar in nature to
thoge observed in optical spectra of various WR sources. That is,
there is a strengthening of absorption components in P Cygni - type
features at orbital phases in which the O-star is behind the WR wind.
With the aid of a computer code which models this tvpe of variationms,
and through a comparison with HD 193077, the dominant mechanism
producing the variations is shown to be selective atmospheric
eclipses of the O-star by the WR wind. Based on this interprétationm,
a straightforward technique is applied to the line of N IV l7l§,
by which an optical depth distribution in the WN winds of the form
T «r~l is derived for 16 <r < 66 Re'

The presence of the N IV ionization stage out to at least
66Rb15 consistent with the proposed constant ionization structure
in WN winds (Willis, 1982).

Phase~dependent variations in the width of the C IV 1550 absorp~
tion component in V444 Cyg, HD 90657 and HD 211853 are interpretated

as wind-wind collision effects.
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Chapter I

INTRODUCTION

Since their discovery in 1867 by C. J. E. Wolf and G. Rayet,

the Wolf-Rayet (WR) stars have remained as one of the most interesting

groups of stellar objects. Although considerable theoretical and

observational work has been dedicated to them, and although advances

have been made in determining their properties, an understanding of
these objects has not been achieved.

For the more recent descriptions of their properties and
theoretical advances the reader is referred to the four symposia
and colloquia dedicated to WR stars and related objects (Gabhie and
Thomas, 1968; Bappu and Sahade 1973; Conti and de Loore 1980;
de Loore and Willis 1982), and references cited therein. We will
summarize only the characteristics of WR stars needed to set the
framework within which the present investigation is contained.

The spectra of WR stars are characterized by broad and
intense emission lines. On the basis of these emissions lines,
two general categories or subtypes have been established: The WN's
which show mainly lines of mitrogen and the WC's where carbon and
oxygen lines prevail. In both cases, helium lines are preseut,
and hydrogen lines are weak or absent. Both categories are
‘subdivided according to degree of ionization. The WN's are

classified according to decreasing degree of ionization from WN2

*
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to WN10. Analogously, WC's are classified from WC5 to WC9, In
most cases, for a given star, a large range in ilonization and
excitation conditions are representcd, the most extreme case
having four stages of ionization of the same element visibie in
its spectrum (Massey and Conti 1980).

Many of the emission lines exhibit P Cygni type profiles. That
is, the emission is accompanied by a shortward-shifted absorption
component, which 1s characteristic of envelopes or winds in
expansion with respect to a continuum source. It is the pre;ence
of these absorptions and the large widths of the emission lines
that prompted Beals (1939) to first suggest the existence of
massive outflows of material from WR stars. The emission line widths
are generally of the order of 3000 km s'l, indicating outflow
velocities of at least 1500 km s~L,

Two fundamental problems concerning WR stars are still. t
unsolved: Their evolutionary status and the mechanisms powering
the enormeous mass-loss rates observed. Although WR stars are
generally considered to be in the late stages of the evolution
of massive stars (i.e., post Main Sequence), the conditions necessary
for the progenitor to eqélve into a WR are unclear. Abundance v
analyses indicate that WR's have nuclear processed material at
their surfaces, with WN subtypes corresponding to stars in which

the products of the CNO cycle are on the surface (and hence in




the wind) and WC's showing products of helium burning (Willis
and Wilson 1978; Paczynski 1973), Only for the most massive
stars are mass-loss rates through stellar wind sufficient to
strip away enough layers to uncover nuclear processed material.
In the rémaining cases, mass—~loss through Roche Lobe overflow in
binary systems, extensive mass-loss during the red supergilant stages,
or some other means of mass-loss is necessary.

Considerable work has been dedicated to the construction
of evolutionary models leading to WR stars. These include the
effects of mass~loss during the Main Sequence, binary membership,
rotation, Roche Lobe overflow, and combinations of these. The
reader 1s referred to the numeréus publications cited in the
reviews by Chiosi (1982) and de Loore (1982).

In addition to the mass-loss necessary to generate g WR star
from a massive progenitor, the WR'Ss are currently in a phase of
moss-loss via a stellar wind. The mass-loss rates which have been

1, and are apparently independent of

deduced are M 2 1073 M' yr-
subtypes and stellar parameters (Barlow, Smith and Willis 1981).
The mechanisms responsible for this large rate are not fully

understood. Apparently, radiation pressure can only account for
part of the mass outflow (Abbott 1982). ihus, other mechanisms

have been invoked in which mechanical energy is generated and then

transmitted to the wind, powering the flow. For example, the



presence of a hot and thin coroma just above the photosphere has
been proposed (Thomas 1973; Hearn 1975; Cassinelli, Olson and
Stalio 1978). Other models include a two-component gas, in
which a population of radiatively~driven condensations plough
through and are confined by ram pressure of, an ambient non-~
radiatively driven r:# (Lucy and White 1981; Lucy 1982). Finally,
Sreenivasan and Wilson (1982) have proposed a model in which a WR
star can be viewed as a rapidly rotating core which is being slowed
down by the extended envelope with which it is not in co-rotation.
The shear energy is then transported to the wind and provides
mechanical heating.

ri4grly, an understanding ;f the structure of WR winds can
prévide an insight into the driving mechanisms. By wind structure,
one means the functional dependence of the velocity, density and
temperature on position throughout the wind. Due to conservation
of mass flow, the density and velocity at each point in the wind'
may be related (M = rzv(r)p(r)), and thus 1f the velocity
distribution can be determined, the density distribution follows,
and vice~versa.

Several attempts have been made to derive the structure in
WR winds by modeling the infrared continous energy distribution
assuming free-free emission (Hartmann and Cassinelli 1977; van der

Hucht 1979; Hartmann 1978). These resulted in density distributioms



corresponding to a wird with an extended constant velocity
distribution., Cousistent with these results 1s the analysis of
continuum eclipses of V444 Cyg, a well-known WN + OB binary system,
where a constant veloclty flow is inferred for radial distances

r > 12 Ro (Cherepashchuk, Eaton and Khaliullin 1981). If this
result is correct, then the wind must undergo the initial
acceleration close to the continuum-emitting core, but there is

no information regarding this region.

Perhaps the only means of determining wind structure is through
the analysis of emission line profiles. The basic picture of a WR
star consists of a hot continuum-emitting stellar core surrounded
by a spherical, rapidly expandiﬁg extended atmosphere, in which
the emission spectrum is assumed to originmate.

The treatment of the radiative transfer in moving
atmospheres has been given by Sobolev (1958, 1960) and extended
by Castor (1970#). Sobolev was the first to recognize that the
presence of a velocity gradient in the extended envelopes of stars
such as WR's actually simplifies the line transfer problems
for it dominates the photon escape and thermalization process, and
implies a geometric localization of the source function. That is,
in a rapidly moving extended atmosphere wich an expansion vélocity
far in excess of the thermal velocity, radiative interaction in

the lines with distant parts of the atmosphere is negligible




and thus the line transfer is locally constrained. Hence, a line
photon emitted in a certain direction at a given frequency in a certain
place in the wind is either absorbed immediately, or escapes, and its
frequency corresponds to the line-of-sight velocity of the emitting
material. The geometrical region from which the emission at any one
frequency arises is a surface of constant radial velocity. These
surfaces extend over large regions, and their shape depends upon the
natura of the velocity field. Thus, we can not associate a given
frequency in the line profile with a specific position in the wind,
but only with a line~of-sight velocity. Insofar as large regions

of the wind may have the same l{neoof—sight velocity, the wind
structure cannct be extracted directly from the observed profiles.
The technique usually employed is to model the profiles, using the
Sobolev Theory, and to apply different source functions and optical

depth distributions. However, this leads to ambiguous results,

o W T e
v

since line¢ profiles can be reproduced with a variety of dissimilar
combinations of optical depth and source functions (Castor 1970a),
Thus, as stated by Mihalas (1978, p. 568), a thorough analysis of
the spectroscopic data, with the goal of diagnosing physical conditionms i -
in the flow semiempirically is necessary and might prove to be very
rewarding. o

Up to now, all the attempts to model profiles in WR stars Y

have been concentrated to fitting profiles observed in single stars; L

“
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l.e., those not associated with N% companions. It has long been
known (c. f. Wilson 1940) that. line profiles in WR binary systems
undergo periodic, phase~dependent variations. Hence, the interaction
effects suggested by these variations represent an added complication
to an already difficult problem, especially since the mechanism
responsible for the variations are not fully understood. However,
binary systums can provide an extremely valuable quantity: the
scale length within the wind. That is, the orbital separation,
which is presumably known in the well studied systems, can be used
as a yardstick to establish the geéﬁetrical location of emitting
and absorbing material within the wind. Specifically, thirty-three
years ago Munch (1550} proposed that the eclipses of the OB component
by the WR wind are largely responsible for variable P Gygni~-type
profiles observed in these binary systems. Recent observations at
ultraviolet (Willis et al. 1979; Eatonm, Chérepashchuk, and Khalinllin
1982) as well as optical (Cowley et al. 1971; Massey and Niemela
1980) frequencies seem to indicate that selective atmospheric
eclipses are indeed the dominant mechanism. 1If this is the case, then
the OB component in WR binary systems can be used as a probe of the
wind opacity distribution, and hence restrict the number of free
parametrers ian model profile computationms.

In this thesis we will investigate the possibility of using

phase-dependent profile variations in WR + OB binaries in order to

L RS Lk



derive the wind structure of WR stars. We will show that the major
profile variability results from selective atmospheric eclipses, and
we will empirically derive a first order optical depth distribution for

the WR winds.




Chapter II
" IUE OBSERVATIONS AND INTREPRETATTIONS

Introduction

The ultraviolet (UV) spectral region of WR stars has been
extensively observed since the advent of UV astronomy. References
to the early results are listed by Johnson (1978), while subsequent
observations are reported by Willis and Wilson (1978) and van der
Hucht (1978). However, until the launch of the International
Ultraviolet Explorer (IUE), UV observations of WR stars were
limited to the brightest objects, and to low resolution spectroscopy.

The IUE was launched in early 1978, becoming the first astronomical
satellite to be placed in a geosynchronous orbit, permitting a
greacer accessibility of targets. It carries two UV echelle
spectrographs co#eiing the wavelength region 1150 - 1950 ; and
1900 - 3200 2, respectively, permitting the acquisition of high
resolution (0.1 - 0.2 ;) UV spectra for the first time. Low
resolution (~6 Z) spectra can also be obtained of much fainter
objects than previously possible. The description and performance
of the IUE have been summarized by Boggess (1978, 1979).

The first year of IUE obseréation& of WR stars has been
summarized by Nussbaumer et al. (1979), and subsequent observations
are reported in two volumes published by NASA (Chapman 1981; Kondo,

Mead and Chapman 1982).




The data obtained from ground-based observations suffer from
a fuadamental limitation: all of the lines observed are subordinate
transitions that arise from levzls with high excitation potentials,
and hence with small popula‘.ons outside the regions of high
temperature and density. The column density of absorbters in these
lines is therefore quite small, and one observes only the innermcst
layers of the wind, just outside the photcsphere. In contrast,
the UV spectral region contains resonance lines arising from the
ground states of the dominant ionizatiom stages of abundant elements.
The column densities in these lines are so great that one may
sample the outermost parts of the wind. In addition to the
resonance lines, the UV region élso contains subordinate transitions
that arise from levels of low excii .cion potentials.

In this chapter we will report the results of our IUE

observations of six WN + OB systems. -

Observations

Table 1 lists the Wolf-Rayet stars selected for this study,
along with the available orbital parameters. The systems all contain
an early WN component (WN4-6), have short orbital periods, are
bright enough for short exposure times, and most are known to undergo
periodic profile variations in their optical spectra. Two of the

systems, V444 Cyg and HD 211853, are eclipsing binaries, though the
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latter is apparently part of a quadruple system (Massey 1981).
Thus, orbital elements for this system may be uncertain. HD 193077
is a proposed triple system, containing a WN6 + compact object in a
close orbit (P = 2.3 days), both of which are in orbit about an OB
star at a considerable distance (Lamontagne et al. 1982).

The observations were carried out with the IUE at NASA/GSFC with
the Short Wavelength Prime (SWP) camera (AA 1200 - 1900 Z), through
the large aperture and in tne low dispersion mode. Exposure times
were chosen so as to optimize the count levels in the continuum and
in the N IV 1718 emission line. Hence, He II 1640 was just satu—
rating on most exposures. Low dispersion images were decided
upon in order tc maximize phase'c0verage of the six systems, reduce
the data reduction complications, obtain good signal to noise
images of the weaker targets, and permit accurate positioning of
the continuum. In addition, lines in WR stars are very broad
(~3000 Km s~1) and are thus ~3 resolution elements wide.

The six targets listed in Table 1 were observed on each of
six observing shifts, and an additional 21 SWP images of V444 Cyg
were drawn from the archives of the National Space Science Data

Center.
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Data Reduction

Data reduction was conducted at the Ragional Data Analysis
Facility (RADF), NASA/GSFC. Standard IUE procedures were employed
to obtain absolute fluxes, equivalent widths and wavelength
positions. Additional flpx and wavelength measurements were made
directly from calcomp plots. Recorded exposure times of trailed
images were divided by 1.07 to correct for the adjusted trail
rate (Panek 1980). No correction for interstellar reddening has been
applied.

Since we intend to analyze the variability, it is important
to discern fluctuations due to.the detection and reduction pro-
cedures from the actual spectral variations. In addition, we require
an estimate of the uncertainties in the measurements of velocity,
flux and equivalent width.

As pointed out by Ayres (1982), a sequence of several images
exposed to the same count levels can be used to determine the standard
deviation of the individual fluxes about the mean, tbus taking
automatically into account errors resulting from the original image
processing. We will apply this procedure to derive a quantitative
estimate of the uncertainties in the measurements, and we will use
the eight images of HD 193077 to do so. Given our phase coverage,
practically no variability in this source was detected in our low
dispersion spectra. Thus, it will serve as a "standard" for com-

parison with the other more variable sources.
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FIGURE 1: IUE spectrum of HD 193077 non-dereddened,flux is
is given in units of 10-11 erg cm™? s~1 A-l, and
wavelengths in Angstroms.
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In Figure 1 we show the spectrum Af HD 193077, obtained

by co-adding the eight images listed in Table 2. The must prominent
emission features are marked. The large concentration of emission
lines is evideat in the region A < 1550 R. Clearly, any analysis

of wind structure requires an unblendgd line, one which arises in

the WR wind, and sufficiently intense for reliable measurements

to be made. The most promising feature in this respect is the N IV
line at 1718 An

' In Table 2 we list all the measured quantities for each of the
IUE images, identified by their SWP ("Short Wavelength Prime'' camera)
anumbers, listed in column 1. SWP numbers smaller than 15500
correspond to images drawn from‘archives cf the Natilonal Space
Science Data Center. An asterisk indicates a trailed image. In
colum 2 we list the orbital pha;e computed from the ephemerides

in Table 1. Columns 3 - 5, 8 and 9 contain the positions (in

units of 102 km s'l) of the wings an& the extrema in flux of the N IV
1718 P Cygni feature, with the following notatiomns: Vl and V3
correspond to the blue and red wings, respectively, of the absorption
component : V5 to the red wing of the emission component; and VA and
Vg are the minimum in the absorption and the maximum in the emission
respectively, Columns 6 and 10 contain the eye-interpelated mono-

0"'13

(-]
chromatic flux (in units of 1 erg cn~2 s~ A'l) of the absorption

(FA) and emission (FE) extrema, respectively. Columns 7 and 1l
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Notes to Table 2

— Asterisk indicates trailed exposure.

— Phases computed from pericds and initial epcchs in Table 1, the
uncertainties in these phases are: 0.002 (V444 Cyg), 0.02 (Hﬂ
90657), 0.001 (HD 186943), 0.003 (HD 211853), >0.3 (HD 94546).

— Velocities in units 102 km s~1,

— Fluxes in units of 10~13 erg em™2 s-1 Z‘l.

— Equivalent widths in units of Xngstroms.

— Phases in parentheses have large uncertainties.

A M T T

YA oumTIT . a



e

contain the corresponding equivalent widths, and finally, column
12 lists the moneochromatic flux in the continuum region near the N IV
1718 1line, obtained by interpolating the surrounding continuum by
eye.

In the 38 images obtained during our observing run, we also
measured flux in the contiuuum region around 1825 Z, which is
relatively free of lines. The averages * standard deviations for this

quantity (F ) Va» Vg» Fa» Fg» Wy, and Wy are listed in Table 3.

1825

The "%" sign indicates percent variations; i.e., (3.d.)/mean.
According to the results in Table 3, we can state that, with

respect to HD 193077, there is significant line flux and equivalent

width variability in V444 Cyg, HD 90657, HD 211853, and moderate

variability in HD 186943 and HD 94546. On the other hand, little or

no continuum variability is detected. It is interesting to note

the large difference between the velocity standard deviations in

HD 193077 and those of the reset of the sources. Specifically

we find the standard deviation of relative measurements to be

~90 km s~1 from the HD 193077 values. This illustrates the remarkable

stability of the IUE wavelength calibration procedures, and quantifies

the uncertainty in establishing the position of extremz in the P

Cygni p;ofiles. Thus, although velocity measurements are limited

in general by the ~6 R resolution of the low dispersion spectra,

position of extrema (i.e., line centers) can be determined with much

ot e .

e o Ak g
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higher precision. Furthermore, the stability of the wavelength
calibration permits relative flux measurements at a given
wavelength to be obtained with comsiderable reliability. We
emphasize that our present analysis will require only relative
flux and wavelength measurements. The velocity standard deviations
in all the other sources are ~200 - 300 km s'l, comparable with

typical orbital velocities reported.for WR stars.

Ultraviolet Variations

Figures 2 (a) - (e) illustrate the UV spectra at individual
orbital phases of the fiva var;able sources. The variations can
be summarized as follows:

a) The P Cygni structure of N IV 1718 R undergoes a
transition from a strong emission accompanied by a weak
or absent absorption component when the WR is in front
of the O-star (¢ ~ Q) to weak or absent emission with a
shortward -shifted, very intense absorption component
at the opposite phase.

b) He II 1640 develops a shortward-shifted absorption
component at ¢ ~ 0, but no absorption is apparent at
other phases.b

c) The apparent continuum region shortward of ~1500 R is

significantly depressed at ¢ ~ 0. In the more extreme

T g N M T L T
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FIGURE 2(a): IUE spectra of V444 Cyg. Spectra at similar orbital phases
have been co-added, and are identified by these phases.
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FIGURE 2(b): Individual IUE spectra of HD 186943 identified by orbital
phase.
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FIGURE 2(c): Individual IUE spectra of HD 90657 identified by orbital
phase.
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FIGURE 2(d): Individual IUE spectra of HD 211853 ideutified by orbital
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FIGURE 2(e):

Individual IUE spectra of HD 94546 identified by orbital
phases computed with data in Table 1. By analogy with
the previous systems, we have placed the spectrum with
strongest absorption (labeled with phase 0.43) on the
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cases this constitutes a variation of 457% in flux
level, while no variations greater than 87 occur in
the 1825 continuum region in the same images.

d) The emission component of C IV 1550 shows a decrease in
intensity at ¢ ~0, but at the same time the absorption
component; is narrower instead of broader and deeper, as
occurs with the N IV 1718 line.

As already mentioned, the strongest variations are seen to
occur in V444 Cyg, HD 90657 and HD 211853, though a more complete
phase coverage of the.other two sources may disclose similar degrees
of variability. There is no evidence for continuum eclipses in any
of the sources except V444 Cyg, where the additional Images obtained
at ¢ = 0 display variations consistent with the 30% ecplises observed
in the optical region (AX 4200 - 7500 z;; Cherepashchuk and Khaliullin
1973). The continuum eclipses are significant at ¢ = 0.0 + 0.03.
Thus, the variations at emission line frequencies occur over a wider
phase interval than the continuum eclipses, as would be expected from

selective atmospheric eclipses.

Interpretation

Basically, we can describe the observed UV variations as
the presence of strong absorptions at ¢ ~ 0 and their decrease

or disappearance at the opposite phase. This is exactly the szme



behavior that has ben reported for the optical region in a few
WR binaries (c. £. Munch 1950; Cowley at al. 1971), and we will
establish a suitable explanation for these variations in terms
of selective atmospheric eclipses.

According to this interpretation, as the O-star passes -
behind some porticn of the WR wiud, its continuum radiation is
absorbed by ions in the wind. The absorption occurs at frequencies
corresponding to atomic transitions with favorable trausition
probabilities whose lower levels are adequately populated.

In this respect, these frequencies are selected for absorption, while
others are nut affected. Howevgr, because of the large expansion
velocities in the winds, a relatively wide range of frequencies will
be affected, as we will expiain below.

For a given transition, each frequency that we observe in an
emission line i3 emitted hy material located on a constant velocity
surface, which will have a large geometrical extension (see e. g.
Mihalas, 1978, Ch. 14). However, the absorption of the O-star's
continuum can only arise in a narrow cross-section of the comstant
velocity surfaces, which lies along the line-of-sight between the
observer and the O-star.

Figure 3 illustrates the geometrical setting of this
discussion. The wind expands spherically about the WR core, which

is at the center of the (p,z) - coordinate axes system. The degree
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to which the absorpticn occurs at each frequency depends upon
the optical depth along the line-of-sight to the O-star at. that
frequency, and this depends entirely upon the opacity of the material,

%(r), and the velocity gradient in the wind. That is,

T-——l-(-r-}—-- = J(r) l.'."l
dvz __c_)_Vr ) + ¥
dz r

where V, = V(r) (z/x), W = z/r, and r = (p2 + 22)%' The

opacity contains known atomic constants and the level populations:

Te? NN 1
X(p) - (gfk) — N — ss e en 2
me & 82 | Vth

yhere Nl, Hu are the poulacions of the lower and upper levels of the
,transition, respectively. The relevant velocity gradient in equation
1 is the change in the z~component of the expansion velocity in
the z direction (i.e., along the line of sight).

Consider an orbital phase such as that 1llustrated in
Figure 3. If we assume that the emitting materia} extends out to
a distance z = Zhaxr all the material along Ehe p=P = constant
ray, from z = 0 to z = +zmax’ will absorb radiation from the O-star
at wavelengths ranging from Ay to A ( 1 -,% Vz(P, Zmax)). Hence,

A, is the wavelength of the transitiocn in question in the rest

frame of the WR star. Therefore, this will generate a shortward-



shifted absorption. However, the material having a z-component
velocity toward the O-star (i.e., v;(-z)) can 2lso absorb, and will
do so at wavelength longward of Ao' The maximum "redshifted"
absorption will have a wavelength Ao(l 'évz(P’ =2Zu)) where -Zu
corresponds to the glosest point to the O-star at which the WR

wind structure is unmodified by the companion's presence.

As the orbital phase varies, the impact parameter P dves
too, which leads to a vrrying range in V, values. Thus, as one
proceeds from orbital phase 0.75 to 0.0, wind material with a
growing range of Vz values occults the O-star, and thus a progres-
sively broader absorption is predicted..

We must note that because‘we are dealing with ionic

transitions, the opacity does not depend solely on the overall

density distribution in the wind but also on the excitation conditioms.

Even if the dedsiry and temperature distributions decrease mono-
tonically with distance, the population at the lower levél of the
transition (which gives rise to the absorption) may not. Hence, the
opacity for the given line may have a maximum at a certain distance
from the stellar core, and this distance may vary for different
transitions, depending on the excitation potentials. In Chaptér ITI
we will derive a non-monotonic optical depth distribution.
Alternatives to the selective atmospheric eclipses inter~

pretacion have been proposed, and rely on the presence of streams of

R hat
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material or on a "heating' effect in the WR hemisphere facing the
O-star. In the first scenario, gas streams flowing through the
Lagrangian points of the gravitational equipotentials of the system
(Sahade 1958; Kuhi 1968) produce enhanced absorption at the '
appropriate orbital phases. However, WR + OB binary systems do not
comform to a simple Roche Lobe. overflow geometry. First of all,
the large wind velocities prevent the equipotential surfaces from
having a significant effect on the mass outflow (Castor 1970b).
Secondly, we now know that all OB stars have considerable mass out-
flows of their own, leading to a wind-wind collision in the region
between the WR and OB members of binary systems. The energy re-
leased in this eollision (Prilutskii and Usov 1976; Cooke eé al.
1978) renders any interpretation in terms of "cool" streams of
gas extremely unlikely. The second interpretation is Somewhat
related to the possible wind-wind collision. Many of the variationms
observed in WR'binaries have led the observers to infer the presence
of "hot" material located between the two members of the binary
system (Kuhi 1968; Khaliullin and Cherapashchuk 1975). We will show
that there is indeed evidence for a wind-wind collision in our
observations, but that the effects of this interaction are secondary
to those of the atmospheric eclipsés.

Figures 4(a) énd 4(b) show the phase dependence of the

emission and absorption equivalent widths, respectively. V444 Cyg,

e R o g e e e L e e 3 e e e e e e
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FIGURE 4:

Equivalent widths of the (a) emission and (b) absorption
components of N wV 1718 as a function of orbital phase.

In (c) we plot the ratio of absorption to emission equiva-
lent width as a function of phase, for comparison with
this ratio in HD 193077, represented by the filled-in
square. Other symbols correspond to close WN + OB systems
and represent: . V444 Cyg, o ED 211853, x HD 90657 and

+ HD 186943.
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’

KD 90657, HD 211853 and HD 186943 are repesented on the same scale,
with different symbols. The similarity in the WA amplitude is
striking, and apparently reflects the similarity of the WN winds
in these cases. The gradual decrease in WA as the O-star come
out from behind the WR wind, accompanied by a gradual increase in
emission indicates that the variations observed in the emission
component are directly related to those in the absorption component.
The ratio Wh/ WE as a function of orbital phase is shown in
Figure 4(c). The filled-in square represents the value of this ratio
derived from the HD 193077 spectrum. Since perturbations due to a
close OB companion are minimal in this source, its WA/WE value is
closest te that expected from aﬁ unperturbed WR P Cygni feature,
and can be used for comparison with the other sources. Thus, we may
conclude that in the four variable sources, the N IV 1718 line is
altered by enhanced absorption during orbital phases 0.8 < ¢ < 1.2,
and perhaps reduced absorption at the opposite phases {i.e., ¢ ~ 0.5).
The ratios are equal to the HD 193077 value at elongations, which
tells us that radiative interaction effects at these phases are
negligible. )
The variations resulting from selective atmospheric eclipses
can be modeled using the computer code described in the Appendix,
and compared with the observational data. In Figure 5 we have

constructed an €-0a plot for the N IV 1718 line using the data
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FIGURE 5: Comparison of model derived and observed (¢,£) values.
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Curves marked ML, M2 and M5 ccrrespond to models with L = I‘o

‘intensity ratios of 1:1, 1:2, and 1:5, respectively.

Different symbols represent the different WN targets:

. V444 Cyg, o HD 211853, x HD 99657, + HD 186943, * HD 94546,
A HD 193077 and X HD 50896. A€ and Ao are the propagated
mwncartainties in the € and 0 measurements, respectively.

S omem
S

-t

'* ‘T B



in Table 2. As in the Appendix, € = FE/FC, and o = FA/FC. where
Fe 15 the measufed continuum level in the region of the emission
line. Different symbols represent the different sources. For a
given W! + OB binary system, there is a large spread in o values,

which results from the phase~dependent variations of the absorption

component., Thus, at ¢ ~ 0, & = 0.4 - 0.5, increasing to o = 0.7 - 0.8

at elongations and approaching uni:cy (i.e., Fg = F,) at ¢ ~ 0.5 -

0.6. The encircled "X" symbol on this plot represents HD 50896

(SWP 13844 + SWP 14136), whose value differs considerably from those

of the other systems (including HD 193077). HD 50896 is a system
containing a WN5 Wolf-Rayet and a degenerate companion thought
to be a neutron star (Firmani ét al. 1980). In this case, the
continuum level can be regacded as arising in the WN5 component of
the system. In addition, the N IV 1718 line does not undergo
variations like those we have describéd for the WN + OB systems
(Rumpl, private communation).

We have used the (0,e) position of HD 50896 to determine the
value of opacity at the surface of the core (CQ) and the relative
intengtiy of the continuum with respect to the emission line (PRIM)
according to ;he procedure outlined in the Appendix. The compuéer
code was run with these quantities, the additional parameters as
listed in the Appendix (i.e., constant velocity law, etc.) and

WN : OB intensity ratios of 1:1, 1:2, and 1:5.
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The curves in Figure 5 corresponds t¢ the resulting model
values of (&,e) pailrs for orbital phases ranging from just past
elongation (¢ = 0.75) to just before geometrical eclipse of the
O-star by the WR (¢ = 0.0), and are labelled according to the
relative intensity of the O-star. Near elongatiomns, a ~0.7 - 0.8,
while near ¢ = 0, o = 0.4, in very good agreement with the data.

The dependence of € on the relative intensity of the O-star is
evident, and the best agreement with the data is achieved with the
M5 model. This corresponds to a 1:5 intensity ratio, as'expected
from optical eciipse observations of V444 Cyg (Kuhi 1968). However,
model € values become rather insensitive to relative values 'of

WN : OB greater than 1:5, and 'thus we can only set a lower limit

to the intensity ratio.

In conclusion, we show that by a) adopting wind parameters from
HD 50896, b) including a luminous companion, and c) assuming selective
atmospheric eclipses of the companion by the WN wind we can repro-
duce observed (a,e) values for orbital phases 0.8 < ¢ < 1.2. We
are unable to generate the values of a observed at phases ¢ ~ 0.5,
when our model does not take into account any "heating' effects or
the finite diameters of the two opaque, continuum-emitting cores.

In addition, we have assumed that the sbeczral classification
represents actual physiéal conditions in the winds, and that there-
fore we can apply informaion derived from one system (i.e., HD 50896)

to other, slightly different systems.
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.

In summary, we have presented results of empirical and semi-~
empirical tests, both leading to the conclusion that selective
atmospheric eclipses provide a satisfactory explanation for the
dominant phase dependent spectral variations observed in WR + OB
binaries. We will now consider some of the second order effects of
this interpretation, and in the next chapter obtain an optical

depth disnribucioﬁ for the winds of our sample of WN stars.

Wind - Wind Collisions

In Figure 6(a) and 6(b) we have plotted the ratios of the
images correspouddng to "WR in front" divided by "O-star infront" for
the five variable systems. Where possibla, spectra corresponding
to similar phases have been co-added to increase the signal-to-
noise factor. For HD 94546 it has been necessary to construct the
ratio with the spectrum corresponding to ¢ ~ 0.5 in the numerator;
i.e., inverted with respect to the other cases . We note, however,
that an error of 0.006 day in the orbital pericd, which is con-
sistent with uncertainties in the period determination, could
generate a phase shift of 0.5 when extrapolating zero phase from
thE'initialePSdhlisced in Table 1 to the observations reported here.
The changes in the spestra between phases near 0.0 and 0.5
are evident in Figure 6. For example, the enhanced absorptions at

¢ ~ 0 show up here as depressions with respect to the level of
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FIGURE 6(a): Ratios of images corresponding to "WR in front" divided
by "O-star in front". The images used in each case are:
(SWP 15602 + SWP 15644)/(SWP 15580 + SWP 15615) for V44é
Cyg, (SWP 15617)/(SWP 15629) for HD 211853, (SWP 15598)/
(SWP 15646) for HD 90657. Ratios are displaced vertically
with respect to each other by 1.5 units.
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FIGURE 6(b): Ratios of images as in Figure 6(a), corresponding to:
(SWP 15578)/(SWP 15616) for HD 186943, and (SWP 15599)/
(SWP 15631 + SWP 15577) for HD 94546.
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unity. That is, 1f there were no variations, the ratios
would be equal to unity at all wavelengths. Particularly striking
is the spike at ~1540 R in Figure 6(a), which results from the
narrower G IV 1550 absorption component at ¢ ~ 0, as compared to
$ ~ 0.5. Since this line corresponds to a resonanece transition, it
can pyroduce absorptioh aven at extremely low densities (c. £, inter-
stellar medlum), and thus, a strong contribution from the O-star's
wind to the overall profile is expected. The fact that the
absorption is broader when the O-star is in front of the WR implies
that the O-star's contribution occurs at higher expansion velocities
than the contribution arising in the WR wind. This means that the
O-star companions in the systeés of Figure 6(a) have C IV out to
higher wind velocities than do the WR's, Published results for
terminal velocities in O-stars (Garmany ef al. 198l) and in WR's
(Barlow et al. 198l) suggest that the early O-stars do indeed
havé higher terminal velocities. Though adequate phase coverage is
lacking, it may be significant that the spike is absent in the
HD 186943 ratio, since this system contains the latest O-type
companion of our sample.

Strong wind-wind interaction effects are suggested by the
curious behavior of the shortwardm;st edge of C IV 1550; That is,
the fact that the high-velocity portion of the absorption is

present primarily when the O-star is in front of the WR, and

.
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diminishes when it is in back implies that the O-gtar's wind
structure is disturbed. Tn the case of a wind-wind collision, the
interaction would affect primarily the outermost portions of the
O-star's wind, which is where maximum expansion velocities have
already been reaéhed. Because the outflow from the WR 1s more
massive than that of the O-star, the former is expected to
dominate, and one can envision the O-staxr's wind being stopped,
and the ionization structure of its outer portions altered by the
collision. Thus, the spikes in Figure 6(a) provide observational
evidence for wind-wind collisions in WR + OB binaries.

Figures 2(a) , (b), and perhaps (c) suggest that the
alteration of the O-star's wind may not be limited to the hemis~-
phere facing the WR star. In these figures, the C IV 1550 absorption
appears to be narrower close to elongation, as well as at ¢ ~ 0,

though this may be a result of the relative orbital motions.

Evidence from X-ray observations for the existence of wind-
wind collision regions in WR binaries may exist (Sanders, Cassinelli
and van der Hucht, 1982) since the X~ray spectral distribution of
one source (Y Vel) is harder (T ~ 107 K) comparéd to other WR
sources. The latter's spectral distribution appears to be con-
sistent with the X-rays being generated by small shocks within the

stellar wind (Lucy and White 1982).
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Possible T« ‘- and Fe VI Contributions

With the exception of V444 Cyg at orbital phases ¢ = 0.00
+ 0.03, no appreciable changes in the continua at A > 1550 X occur
in our SWP images nor in LWR (Long &avelength Redundant, AA 1900 -
3300 Z) spectra of HD 211853 and HD. 18943 (Hutchings and Massey 1983).
However, changes shortward of 1500 R are significant, especially in
systems of Figure 6(a). These changes are approximately af the
same magnitude as those in N IV 1718, and have the same phase
dependence. Thus, it is very probable that they result from line
variablity. That is, closely spaced, numerous lines all behaving in
the same manner would, given téeir Doppler broadening, produce
the obsérved effects, In fact, there is a large concentration of
lines at A < 1550 K, most of them due to transitions of Fe V and
Fa VI ions, &3 a search through published line lists (Reader et al.
19805 Ekberg 1975a, 1975b; Ekberg and Edlen 1978) can easily sﬁow.
Specifically, Fe V has 236 lines within the wavelength interval
AA 1300 - 1500 Z, but: only 78 weak lines between 1500 - 1700 Z. The
strongest lines all lie between 1350 ; and 1486 ;. As far as Fe VL
is concerned, it has no. transitions at wavelengths greater than
1500 Z, with all the strong ones having wavelengths shortward of
1380 Z. It is also worth noting the Fe V has the same ionization

potential as N IV, thus making its existence in the WN4 - 6 winds

very reasonable.

[ ———
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In Table 4 we have listed approximate wavelength positions
of all emission features visible on the calcomp plots in our
ohservations along with suggested identifications. With respect
ta the possible presence of Fe V and Fe IV, we can only state that at
every wavelength positlion corresponding to strong Fe V lines,
there ic an emission feature in our spectra. The low resolution is
not altogether the limiting factor for appropriate line identi~
fications, since the large intrinsic width of WR emission lines
results in severe line blending. As shown from high-dispersion
optical spectra (Bappu 1973), several identifications are usually
possible for a given line. In our case, Si III and S1i IV have
emission lines coincidentwith most of the Fe V and Fe VI lines.
The exceptions are the lines at 1320 g, 1330 g, and 1586 Z, where
Fe V and Fe VI appear to be the only reasonable contributqrs,
according to the line lists we searched.

Lines 4f Fe V have been identified in the spectra of the
binary UW CMa (Drechsel et al. 1981), two WR's (Fitzpatrick 1982),
and an O-type subdwarf (Bruhweiler 1981), although in the latter
three objects they are¢ presumably photospheric absorptioms.

In conclusion, we attribute the apparent continuum variations
shortward of 1550 Z in our IUE images to line variations, as
observed in N IV 1718, with ﬁhe major contributors being Fe V and

possibility Fe VI. All lines having adequately populated lower
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N (A)

1243
1287
1311
1320
1330
1340
1364
1377
1395
1407
1420
1431
1440
1445
1470
1486
1505
1532
1543
1575
1586
1625
1682
1705
1721
1732

S

Si
si
si

st
si
st

Si

I1I

III
II1

III

111
III
IIT

II1

1312

1341-43
1362-65
1373

1417
1433
1442
1447

0 TIX 1477

sS4 IIX 1500-06

N IIT 1730

S1 1V 1286

0 V131
Si IV 1394
0 IV 1407

Fa IV 1473

N IV 1486

Fe IV 1530-34
C IV 1548-51
Fe IV 1577-78

Si 1v 1624
N IV 1687
Fe IV 1705
N 1V 1718

Fe V 1318-23
Fe V 1330
Fa V 1346
Fa V 1361-66
Fa V 1373-76
Te V 1398
Fe V 1407-09
Pa ¥V 1418-20
Fe V 1430
Fe V 1440-42
Fe V 1447~49
Ya V 1465-79

Fe V 1623-27

N V 1243
Fa VI 1285-88
Fe VI 1308,10

Fe VI 1329-31
Fe VI 1338
Fe VI 1362

Fe IV 1371-75

o v 1507

N v 1549

Fe 1V 1583

N Vv 1620

0 v 1708

v N -

rp————
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levels can partake in the absorption of the O-star's continuum at
relevant orbital phases, but only Fe V and Fe VI have the sufficient

number of lines to generate a pseudo-continuum.

Radial Velocity Curves

One consequence of the selective atmospheric eclipses
is the alteration of radial velocity curves. In Figure 7 we have
plotted as a function of orbital phase the positions of maximum
emission (VE) and deepest absorption (VA) for V444 Cyg, HD 90657,
HD 136943, and HD 211853. The mean velocity for each system has
been subtracted in each case.

In both 7(a) and 7(b), minimum velocity occurs at ¢ ~ 0.75,
as it should for a true radial velocity curve, since this is when
the WR is approaching the observer and its lines have the maximum
shortward shift. At ¢ ~ 0.25, the velocity should be max;mum.
However, although the absorption component in Figure 7(b) does
describe a somewhat typical RV curve, the emission component
definitely does not. In fact, it has a maximum at ¢ ~ 0, in
addition to its amplitude being larger by about 50%. This is an
example of the wel}-known problems besieging RV curves in WR stars;
narely, for a given binary system, the RV curves derived from
different emission lines have phase shifts, they have different

amplitudes and zero-velocity values, and sometimes are distorted so
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FIGURE 7: Position of emission mixima (a) and absorption minima (b)
in the N IV 1718 P Cygni line as a function of orbital phase.
Different symbols represent the same targets as in Figure 4.
Error bars correspond to the measurement uncertainties.
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as ta suggest non-circular orbits. This may now be understood in
terms of the atmospheric eclipse interpretation.

At ¢ ~ 0, the WR wind is absorbing the O-star's radiation.
Since the latterx. is behind the WR wind, absorption will occur both
shortward and longward of line center. Howe¢ver, due to wind-wind
interaction effects the strongest absorption will occur shortward
of line center.. This will drive the centroid of the emission
component to longer wavelengths at ¢ ~ 0, as we see in Figure 7,
distorting it. At the opposite phase, the absence of the shortward-
shifted absorption will restore the emission line to its rest wave-
length. The net result is a phase shift with respect to the true
RV curve. The degree to thch'chis effect is important depends upon
the orbital inclination of the system, its separation, and the
relative luminosity of the OB component. With respect to a given
system, lines which show phase-dependent prof;le variations will
most likely produce modified RV curves. Thus, for the determination
of orbital parameters, it is best to choose emission lines that do
not generally have a shortward-shifted absorption, whose zero=-
velocity best matches that of the OB component, and whose RV curve
best resembles a true RV curve. These are the criteria generally

applied, when possible.

e . ke



' Chapter III

EMPIRICAL OPTICAL DEPTH DISTRIBUTION

In Chapter I we pointed out that the observed emission line
profiles in WR stars can be fit by model profiles with dissimilar
combinations of source function and optical depth distributions
(Castor 1970a). Thus, the wind structures cannot be unambiguously
derived through theoretical model fitting alone. Therefore, an
empirical determination of the optical depth distribution would be
very useful in constraining the free parameters in the model
calculations.

The optical depth along the line-of-sight ta the O-star at
the wavelength corresponding to the minimum in the N IV 1718

absorption (i.e., VA) can be defined as

T, = ~In (-—FCQ)—)- 0.2 ]
Fy(9)

where F, (¢) is the measured flux at orbital phases 0.75 < ¢ < 1.25
and F, (¢) is the corresponding measured continuum. flux. The factor
0.2 is substracted to account for the contributiom- to the absorption
at V, resulting from the projection of the WR wind onto the WR core.
This value is taken from measurements of FA/FC in HD 193077 and HD
94546 and at orbital phases ~0.7 in HD 186943, which is the widest

of our close WN + OB binary systems.
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We will derive the dependence of optical depth upon impact

parameteyr, P, which is related to the orbital phase by
p=a Esi'nz (2re) + cos? (2m¢) cos? i]"

where a is the orbital separation, and i is the inclination of
the orbital plane.

Figure 8(a) is a plot of T, as a function of impact parameter

2
for values listed in Table 5. Different symbols correspond to
different binaries, as in earlier figures. Note that by combining
results from different systems in this manner we arz assuming that
the wind structures in WN4 -6 stars are basically the same. The

curve shown in this figure corresponds to a least-mean-squares fit

to the data, resulting in

Before drawing any conclusions, the following cautionary
remarks may be made. First, the material responsihkle for the
absorption at V, has a net outward (toward the observer) velocity.
Thus, it has coordi;atas (p,z,) with z > 0 (see Figure 3). We

have no means of determining z. Therefore, the dependence of T; on

p can only be regarded as an approximation to the true T(r)

P R,

T I D



FIGURE 8:

(a) Optical deptl distribution as weasured from the minimum
flux level in the N IV 1718 absorption component as a
function of impact parameter. A least-mean square fit to
the data at p > 14 Ry is illustrated.

(b) Optical depth distribution as measured at Xo, the
rest wavelength of the N IV 1718 transition in the WR
frame. A power law of the form ‘t‘otp‘l is superposed.
Propagated uncertainties for T, values are AT, = 0.4
(see page 65 .
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TABLE 5: Impact Parameters and Computed Optical Depths.

SWP PHASE P(R,) T, T
V444 Cyg
13832 0.917 19.0 0.51 0.95
15380 0.852 29.0 0.17 0.48
15387 0.992 7.6 0.77 0.71
15388 0.998 7.4 G.72 0.60
15389 0.003 7.5 0.77 0.51
15390 0.008 7.6 0.77 0.72
15391 0.015 8.1 0.62 0.74
15392 0.020 8.6 0.72 0.82
15394 0.030 9.9 0.62 0.56
15396 0.051 13.5 0.77 0.34
15397 0.056 14.2 0.64 0.87
15399 0.066 15.9 0.64 0.94
15400 0.071 16.8 0.60 1.01
15401 0.076 17.7 0.62 0.95
15402 0.081 18.6 0.53 0.86
15403 0.085 19.3 0.64 0.78
15406 0.103 22.4 0.56 0.83
15407 0.108 23.2 0.53 0.65
15408 ~ 0.114 24.1 0.47 0.73



TABLE 5; Impact Parameters and Computed Optical Depths (continued)
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SWP PHASE P(R,) T, T
15588 0.835 31.0 0.29 0.72
15602 0.073 17.2 0.53 0.88
15644 0.974 9.4 0.49 0.84

HD 90657
15584 0.83 49 0.19 0.23
15598 0.95 26 0.40 0.54
15618 0.19 51 0.11 0.0
HD 186943
15578 0.11 47 0.2 0.0
15586 0.22 67 0.2 0.0
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distribution. The accuracy of the approximation depends upon z
being small enocugh to justify writing r2 = p2 + z2 p2. Second, at
small impact parameters the finite dimensions of the stellar cores
become important, and they have been neglected. Third, the
assumption of similarity between winds in WN4-6 stars may be
questionable, and the points at p > 30 Ro correspond tu the two
WN4 stars, while those a p < 30 Ro belong to the WNS5.

An optical depth distribution of the type T = 11 4s
consistent with a constant wind velocity distribution. That is,
for a constant v(r) = W, conservation of mass flow in (M =« r-pV)
demands p °='r-z, which if we assume that the populations of the

levels go as the total density; implies that

. . " oa -1
Tzc.l_ LozZ\" L1
re r 3

where we have used equations 1 and 2 with the assumption of z < p.

Thus, with previously stated reservations, we conclude that, to a
first approximation, the velocity distribution in the winds of
early WN stars is constant, at least beweeen ~14 and 66 Ro'
Cherepashchuk, Eaton and Khaliullin (1981) concluded that the
velocity is constant at r > 12 Rb from their analysis of the

optical eclipse light curves. Thus, the consistency of our results

with previous observations is encouraging.



It is interesting to note that T, > 0 for impact parameters as
large as 66 Ry» which means that the N IV ionizatlon stage exists
at least out to this distance from the WR core. Castor and van
Blerkom (1970) found that the He II emitting regiom in the WN6
star HD 192163 extends out to 70 Ro' Assumiqg that this result is
applicable to our WN4-6 stars, we are led to conclude that ions
with different lonization potentials do indeed coexist in WN winds,
as concluded by Willis (1982).

We will now describe an intuitively attractive method by
which the measured optical depth can be associated with an exact
position in the wind, thereby deriving the true optical depth
distribution as a function of radius.

Consider the rest wavelength (A;) of a P Cyg feature such
as N IV 1718, and consider an orbital phase 0.8 <¢<1.2; 1.e.,
when the O-star is behind a portion of the WR wind (z < O in Figure
3). Regardless of the velocity distribution in the WR wind, the
only contribution ta the absorption aﬁ the rest wavelength will come
from material flowing perpendicular to the line-of-sight to the
O-star. This material is.situated at a distance r = p from the
WR core, and at z = O‘i,kzth, where z,, is the thermal length;
i.e., the distance over which v, changes by Vep» the thermal
velocity of the particles at that point. v, is the z-component

of the expansion velocity. That is, a photon with wavelength Ao



can be absorbed only by material traveling with a relative
velocity (with pnypect to the source) v < v, . Since in an
expanding atmosphere T, counts only the absorbers in a narrow
cross~section of the column along the line,.of sight. (according to

the Sobolev Theory), it can be expressed as

“th/2
T, = j kp, (r)dz

“Pen/a

where p, is the effective density of absorbing ions, and K is the
FS
cross section for the transition.
A thermal path length z,, can be derived in the following

manner:

z
(92 + z2)*1

n

V,(r) = v(r) . Vip » z =z,

since.vz(p,o) = 0. Solving for z we find

. P Ven !
&= zth = v(r) (l - v%h/VZ(r));&
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For typical WR winds, v(r) >> 3500 Km sl and Veh < 30 Km s~
(T, $ 50,000 K) . Therefore, (Vth/v(::))2 << 1, and

P vch P vth

v(r) v(p)

Zch ™

since z = 0, and r % p.

Hence, the optical depth at the rest wavelength of an

emission line can be expressed as

' PV.th
To = kP, () —— ... . 3
v(p)

where

2
<o, (p) = X(p) = me  gfn) [NML oo M) 1
me 51 gu- Ven

(Mihalas, p. 479). Equation 3 could also have been obtained directly

from eqs. 1 and 2 by setting z = O.

o e - eanar
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The density of absorbing ions is related to the total demnsity

by
py(p) = £,(p) p(p) cavnee b

In addition, velocity and density are related by the conversation

of mass flow.
ﬁ - 4“‘ pz p("p)V(p) enesss 5

Combining 3, 4, and 5 and solving for v(p) we obtain

. ' " . (') h
KMv "3 \P
v(p) -( th )"A'é i ' ) e 000 6
4 PT,

If the demsity of absorbing ions followed the total density

distribution, fi(p) would be constant, and the above equation

could be used directly to derive v(r) by measuring Toe The impact
parameter p is prrsumably known. However, we zannot guarantee that
fi(p) = constant, which would mean that the ionization and
excitation levels are frozen in the wind. As mentioned previously,
there is evidence for a frozen ionization structure in WN winds,

bt not for a frozen excitation structure (Willis 1982).
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For illustrative purposes, we will now proceed to anply the
method we have just described to our IUE observation, thou; .\ any
results that may be derived can only be regarded as tentative,
due to the low resolution of the data.

We wish to determine the opacity of ko due to the bound
bound transition 252p13 - 2p2 lp in N 1V resulting from the
absorption by ions in the WN wind of the O-star's continuum. By

definition, radiation which emerges from an absorbing medium is

expressed as

where F, is the incident radiationm. In this case, Fg corresponds
to the continuum of the O-star. Given the errors which will be
introhuced by the low resolution of our observations, we are
justified'in assuming that the O-star continuum dominates the UV
continuous. energy distribution and that the measurable continuum
level is generated primarily by the O-star. This is not a bad
assumption since optical light curves of V444 Cyg suggest that

the UV luminosity ratioc is 5:1, with the O—Star'being the briéhter.

Hence, we adopt Fo = Fc’ where Fc is the measurable continuum level.

s e .



As long as the O-star is far enough away from the material
flowing along the p axis, the interaction effect:s should not perturb
the material emitting at A o+ Thus, we assume that the em!j;:ion
at Ao is constant throughout the orbital phases we will consider.
That is, we assume that the WR wind is stable, and that all alter-
ations of the profiles are due to underlying absorpticm.

At orbital phases ¢ ~ 0.5, the flux we measure at }‘o can be

approximated by
Fm ao’ 0-5) = Fc(OOS) + Fe ao) os s e 7.

since the interaction effects should alter the profile mostly
in the shortwardmost regions. When the Q-star is behind a part

of the wind at phase ¢, the flux we measure is

Fp Qo» 9) = Fo (0) & © + F, Q) ceiees 8

-T
where F, (¢) = F, (0.5) e ¢ and»'cc takes into account any
continuum opacity- sources (such as electron scattering). We will
take F (¢) t:cr. be: the measured. continuum level at orbital phase ¢,

at the 1718 A region.

o A T = ber . e

T et s

yalR



Combining equations 7 and 8 and solving for T, we obtain

i _»m[ Fp Qor #) + F (0.5) - Fy Qo o.s>]
? F ($)

The values of F, were interpolated from a least mean squares
fit to five points on.the.profile, cenf.ered on the rest wavelength
of N IV 1718.5 in the WR's reference frame. The current IUE data
extraction procedures permit flux values to be cbtained at 1.2 Z
intervals. Thus, 5 points represent one resolution element. All
profiles were inspected visually to verify the interpolation.

The F, values were obtained by visual interpolation across the
P Cyg feature, with the RDAF routine FEATURES. %;
k)
Figure 8(b) is a plot of T, as a function of impacﬁ para- 5
¥
meter for the same spectra represented in Figure 8(a). The i
propagated uncertainties in this case are very large (AT, = 0.4)

and are not plotted. Despite this, we may venture a few comments.

TLLoseAsT s Uizl

First, there is again a decrease in optical depth for r < 14 Ro

as in Figure 8(a), while the data at larger radii can be represented

by a power law of the form Ty = r-l'l. Second, the rapid decrease . P
in optical depth at small distances from the core is reminiscent L}
of the optical depth distributions employed by Castor (1970a) to Q:

produce realistic model profiles. Castor suggests that different



excitation conditions may prevail close to the WR core, as appears
to be the case according to Figures 8(a) and 8(b).

Equation 6 can be used to study the excitation structure of
the wind, once the velocity distribution is derived. When investi-

gating a given binary system, the ratio

g6 Vep o _Te)
£, VE@) TP pg

can be constructed, thus eliminating the constants, and obtaining the
density of absorbing ions relative to that at Pge In our case, we
have fixed Pe ™ 31 RQ and plotted the points corresponding 10
£, (p)/f1 (31) in Figure 9. We are adopting the result of the T,
analysis; i.e., v(r) = constant and using only V444 Cyg data. This
figure seems to imply that the poleation of the lawer. level of the
N IV 1718 transition at r = 7 - 10 R, is a factor of two smaller
than at r ~ 14 Rb' Thus we may speculate that the population nf the
lower level of the N IV 1718 transition increases with distance from
the WR core.

Willis (1982) has established a correlation betwees the
excitation potential (EP) of the lower level of a transition and
the velocity of the deepest portion of che.ahsorption;(VA, in our

notation). He finds thac for a given star, VA increases for lines

PR ot
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with lower EP. Thus, 1f one assumes an accelerating flow,
excitation conditions decrease in the wind with increasing distance.
According to our results, and those of Cherepashchuk, Eaton and
Khaliullin. (1980), the accelerating region must lie close to the
WR core. The increasing optical depth between r ~ 7 and r ~ 16 Ro
in Figure 8(b) is in agreement with Willis' velocity - EP
correlation since the EP of the N IV 1718 lower level is small
(16.5 eV). That 1s, decreasing excitation conditions in the wind
translate into increasing populations of low=lying levels.

We conclude by stressing that, due to the limitations of our
data, the last remarks may only be rega.ded as speculative at this

tme.



Chapter IV

CONCLUSTIONS AND RECOMMENDATIONS

The objeéctives of this investigation have been to analyze the vari-
ability of Wolf-Rayet binaries (WN + OB) in the ultraviolet spectral
region AA 1200 -1900 ;, and determine whether the periodic, phase-
dependent variations can be used to empirically derive the physical
properties of the WN winds. We have found the- variations in the UV to
be similar in nature to those observed in the optical spectra. That
is, there is a strengthening of abksorpiiom components in P Cygni-
type features at orbital phases in which the O-star is behind the WR
wind. With the aid of a computer code which models this type of
variations, the dominant mechanism producing the variations is
shown to be selective atmospheric eclipses of the OB component by
the WR wind. Based on this explanation,; a. straightforward technique
is proposed as a first step in determing the wind structure. The
analysis of IUE observations applying this technique results in an
empirical determination of an optical depth distribution in the WN .
winds which implies that a comstant velocity law prevails at distances
of 16 <r <66 Ro' In addition, it suggest that the N IV
ionization stage exist at least out to 66 R.o consistent with Ehe
proposed constant ionization structure (Willis 1982). However, there
may be an indication of a varying excitation structure at r <.16 Ro’
which would be comsistent with the observed velocity-excitation

potential correlation which has been derived (Willis 1982).
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The next steps that must be taken include: a) mode): ng the
entire P Cygni profile using empirically determined parameters,
b) applying the analyses to emission lines of different ionization
and excitation potentials, and c) obtaining full phase coverage of
additional sources. |

As Castor (1970a) pointed out, WR profiles can be modeled and
reproduced with a variety of dissimilar combinations of optical
depth and source functions. We propose that the additional infor-
mation required to restrict the free parameters in model profiles may
be obtained from optical depth analyses similar to the ones we have
performed. In particular, optical depth distributions such as those
in Figure 7 can be used to £it model profiles to the observations.

Evidence supporting the existence of wind-wind collisions is
provided by the variations in the C IV resonance line absorption
component. Thus, an additional step that must be taken from the
modeling standpoint is to include the wind-wind effects into the
code. It is not clear at this point how one 1s to proceed on
this question, unless the general solution to the problem of wind-
wind collisions is derived. Furthermore, the interaction not only
affects the OB star's wind; the structure of the WR wind must also
be modified to a certain extent, and hence, a noﬁ-spherically
symretric wind velocity distribution would be more realistic for

actual model profile fitting attempts.



Finally, it is important to repeat the analysis of Chapter III
on additional emission lines having different ionization and excit~
tation potentials. Excellent candidates are the lines of N V 4603,
4619, and N IV 3483. These undergo periodic variations of the same
nature as N IV 1718 and may provide the additional information needed

to separate the excitation and velocity structures.
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APPENDIX

A computer code was constructed to model the phase~dependent
profile variations in binary systems in which one member has a
spherically expanding wind, or envelope. No interaction effects
other than the absorption of radiation are taken into account.

The treatment of the radiative transfer is based on the Sobolev
Theory £1958,1960). Input parameters include the velocity and
opacity distributions, which are assumed to be monotonic functions
of distance. The source function is taken to be constant.

The profiles we will consider are composed of three parts.

a) a pure emission line arising in the spherica.ly expanding
wind, disregarding the presence of a continuum emitting
core.

b) a shortward-shifted absorption component produced by
the abéorption in the wind cof the continuum radiation
emitted by the core (WR),

¢) an absorption of the companion's continuum radiation by
material in the WR wind at emission-line frequencies.

The emission (a) with the absorption (b) constitute a standard
P Cygni profile, where the absorption component hLas a net shift to

shurter wavelengths. This absorption arises in the columm of wind

material which is projected upon the central concinuum-emitting core,

and lies along the line of sight to the observer. Im Figure 3, this

e R 3

T e e e
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material is flowing along the +z axis, at p = Q. Clearly, for

an expanding velocity field, the absorption can ¢nly occur at wave-
lengths shorter than Xo’ the wavelength of the transition in the
rest frame of the central core. The depth of the absorption will
depend upon the combination of opacity, velocity gradient along

the line of sight, and intensity of the continuum source.

The only difference between the absorptions in (b) and (c)
is that the latter can occur at A > Ao, since the secondary continuum
source is behind a column of material expanding both away from it
(i.e., towa?d the observer) and towards it.

It is worth noting that given our asgumptions, the absorptions
affect the emission line only inqofar as they lower the underlying
continuum level at selected frequencies. That is, the emission line
retaing 1its intrinsic-profile and ixtensity, but the superpcsition
of the absorptioms. produces an aéparent decrease in emigsicn
intensity.

The free parameters in the model are:

RMAX maximum extent of the emitting region. This is a
useful parameter since it permits a cut-off in the
emitting region before the density has fallen off
considerably, which allows the possibility of a

changing ionization structure.

D e - ey oo e e
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Vo, VN specify the power law velocity distribution v(r) =
vo £’

Co,CN speclfy the power law opacity distribution CHI(r) =
o CN

PRIM,SEC relative intensities of the WR and O-star's continua

RAD,VEL ovbital radius and veloectiy, respeetively

WIDTH total width of SEC's emission.
All distances are defined relative to the smallest radius of the
WR emitting region, which may be taken as the WR core radius, R,.
Velocities are given in thermal units, and for convenience we have
chosen V., = 10 km s”!. Intensities are in arﬁitrary units.

The large number of free barameters can be reduced to a great
extent by adopting the results of Chapter III and using known orbital

parameters. Hence, we may fix the following.values:

Vo = 150. approximate terminal velocity 1500 km s71
VN =20 constant velocity

CN = =2 assume Py(r) = p(r)

VEL = 30. typical orbital velocity = 300 km st

WIDTH = 500. secondary's (O-star) emission is continuam
RMAX = 70/R, maximum extent of emission from FIG 8 |
RAD = 36/R, - ' orbital radius in V444 Cyg

We have devised a method to reduce the free parameters further,
through a parameétrization of the P Cygni profiles and a comparison

with easily measurable quantities.
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We define the following quantities:

€= FE/FC

o = FA/Fc

where FE’ FA’ FC are equivalent to the measured quantities in Table
2. If one chooses a velocity law, and specifies f#he inital opacity
(Co), the code can be run for a grid of PRIM values. In the case

of » single star, F, = PRI, F, = Fp + PRIM, and F, = PRIM {e” ).

E
Fk is the maximum intensity of the pure computed emission.

Using the resulting Fp» FA’ and FC values, one can obtain (a,€)
peints for every PRIM in the érid. When plotted (¢ vs &), a smooth
curve results. By choosing various valves of CO, a family of curves
is derived, as illustrated in Figure 10, where each curve is labsled
with its corresponding CO value. It is important to note that éhe
curves do not cross, so that a given poiut on th; plat specifies

the value of CO. The encircled "X" represents the (a,c) point for
the N IV 1718 line in HD 50896, and thus provides the value of CO

to be used in model profile computations assuming a constant velocity
distribution. It also provides the value of PRIM, since PRIM.=
fE/(e~l). FE is determined by the code once the opacity and velocity

distcibutions are specified.
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FIGURE 10: Model (a,t) values for a single WE star as a function of Q;,
WR continuum intensity (PRIM) and initial opacity at the §3
surface of the core (CO) for a constant velocity law. "T

Curves are jdentified according to the CO value. The en=-
circled "X" represents the N IV 17i8 line in HD 50896.
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