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ABSTRACT

HD 193793 = WR 140 is & W-R+ O binary system with a 7.9 yr, highly elliptical (e = 0.85) orbit. It shows
variable, nonthermal radio emission over its orbital period that is explained as synchrotron radiation from
relativistic electrons accelerated in the shock between the W-R and O winds. Although we now know of quite
a few W-R+O star binary systems, only HD 193793 is well studied across the entire electromagnetic spec-
trum; hence, it affords us the best opportunity to test various models for the system against a wealth of
observational data. HD 193793 is an ideal laboratory for studying the properties of hot star winds and the
physics of particle acceleration by strong shocks in those winds.

In this paper we present the results of 8 years of monitoring the radio flux density from HD 193793 with
the VLA. This database is unique both in terms of its dense coverage of an entire binary cycle and because it
extends the radio coverage to 2 cm wavelength, a shorter wavelength than previously available. With these
data we are able to simultaneously solve for the time-dependent attenuation in the system and the intrinsic
radio luminosity. The standard model of spherically symmetric colliding winds faces severe difficulties .in
explaining the observations. We conclude that the radio data are most readily interpreted if we adopt a new
model of the system in which the W-R star wind is strongly equatorially enhanced, so that most of the mass
loss is confined to a plane. This model for the W-R wind also provides a natural explanation for the sudden

formation of dust that causes an infrared outburst just after periastron.
Subject headings: binaries: spectroscopic — radio continuum: stars — stars: individual (HD 193793) —

stars: Wolf-Rayet

1. INTRODUCTION

A significant number of W-R stars are known to reside in
binary systems with O star companions. At least some of these
systems have highly elliptical orbits (e = 0.8). Generally speak-
ing, in these systems both stars exhibit mass loss, which in turn
results in a variety of observable phenomena (van der Hucht et
al. 1992). The most interesting of these arise from the inter-
action between the W-R and O star winds. These phenomena
can vary wildly over a binary cycle as the interaction zone
moves closer to or farther from the two stars.

Perhaps the best studied of these systems is HD 193793 (WR
140). In 1987, Williams et al. (1987) concluded that the two
stars of HD 193793 (WC 6 and O6; McDonald 1947) had a 7.9
yr binary orbit based on two dust formation episodes which
occurred near periastron (= phase 0). The orbit is highly ellip-
tical, with an eccentricity of 0.85 (Williams et al. 1990; Annuk
1995; Fig. 1). From a number of observations it was clear that
the radio emission from HD 193793 also varied dramatically
over the binary period (Florkowski 1982; Becker & White
1985). At radio quiescence near phase 0.1, the emission appears
consistent with the thermal free-free emission from the W-R
star’s ionized wind (which presumably dominates by a large
factor over the O star wind). Later in the orbit the radio emis-
sion increases markedly and changes character, becoming pri-
marily nonthermal. This nonthermal emission is generally
accepted as arising from the interaction zone of the two winds.
Considerable work has been centered on interpreting the phase
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dependence of the nonthermal radio emission (Williams et al.
1990; Eichler & Usov 1993). As early as 1984, it became appar-
ent to us that the solution of this problem required a more
detailed radio light curve. Starting in 1985, we began to
monitor HD 193793 with the NRAO! Very Large Array
(VLA) and continued to do so through 1993 August. In this
paper, we present the results of the VLA monitoring program
and use the observed light curve to constrain the geometry of
the W-R wind and its interaction with the O star wind.

2. OBSERVATIONS

Approximately once a month for 8 years beginning in 1985
October, 1.5-2 hr of VLA time were allocated to observe HD
193793. Most of the observations were made at two wave-
lengths (2 and 6 cm) except for the time interval 1990 October
to 1992 October when 20 cm was observed as well. The obser-
vations were made in standard continuum mode with 50 MHz
bandpasses on two IFs. The observations were calibrated
against either 3C 48 or 3C 286 as well as a nearby secondary
calibrator. By necessity, the observations were made in all
VLA configurations, resulting in a rather nonuniform data set.
However, since nonthermal emission of HD 193793 is unre-

! The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under cooperative agreement with the National Science
Foundation.
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Fi6. 1.—Orbit of HD 193793. The O star is located at the origin; the
position of the W-R star as a function of phase is marked, as is the viewing
direction.

solved by the VLA even in the A configuration, the measured
flux densities should be configuration independent except
during quiescence, when the dominant source of radio emis-
sion is thermal free-free emission. The data were calibrated,
self-calibrated, and imaged using standard AIPS routines. The
resulting light curves at 2, 6, and 20 cm are given in Table 1 and
shown in Figure 2. We estimate an intrinsic uncertainty in the
flux calibration of ~10%. The uncertainty is typically larger at
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2 cm because the VLA receivers are noisier and water vapor in
the atmosphere causes fluctuations; the additional scatter seen
at 2 cm is probably the result of measurement error, not intrin-
sic variation. The same data are plotted in Figure 3 as a func-
tion of orbital phase. In Figure 4 the 2 cm and 6 cm flux
densities are displayed as a shaded surface plot in which orbital
phase increases in the counterclockwise direction and the verti-
cal height is proportional to the flux density.
3. INTERPRETATION

<

The most striking aspect of the three light curves is their
asymmetry with respect to periastron passage. Of equal inter-
est, there is a strong frequency dependence to the light curves.
The high-frequency emission rises earlier, peaks earlier, and
begins to decay earlier than emissions at lower frequencies.

At a given frequency, the observed flux density will depend
on the intrinsic luminosity of the nonthermal emission as well
as the amount of attenuation suffered traversing the binary
system. There seems little doubt that both quantities are time
dependent. Consider the scenario in which both stellar winds
are spherically symmetric. If attenuation were negligible, the
intensity of the interaction should depend only on the separa-
tion of the two stars, and the light curve would be symmetric

TABLE 1
VLA OBSERVATION OF HD 193793

Date* Config® 5° S¢¢  Date Config S;  Ss Date  Config S2 Sg  Sao°
01/20/85 A 33 11 12/17/87 B 9.6 2.2 09/03/90 B 193 219
06/26/85 B/C -+ 1.6 01/21/88 B 9.1 30 10/02/90 B/C 164 206 7.2
10/05/85 C 34 21 02/22/88 C/D ... 24 11/18/90 C 219 224 ...
10/15/85 C 3.5 1.8 03/08/88 C/D 11.3 3.2 12/03/90 C 178 208 78
10/19/85 C 38 20 04/09/88 C/D 9.1 34 02/21/91 C/D 200 268 ...
10/23/85 C 39 2.1 05/14/88 C/D 116 3.7 03/16/91 D 206 28.1
10/25/85 C 39 21 06/19/88 C/D 9.3 3.9 04/07/91 D 221 268
10/26/85 C 42 1.9 07/29/88 D 41 05/10/91 D 185 259 e
10/27/85 C 41 2.0 08/25/88 D 104 43 06/27/91 A 185 238 155
10/28/85 C 4.2 2.2 09/27/88 D 13.7 4.6 07/25/91 A 176 278 18.7
10/29/85 C 43 21 11/19/88 A 11.2 4.4 08/24/91 A 177 245 19.2
10/30/85 C 39 22 12/02/88 A 12.2 4.5 09/08/91 A 185 257 195
10/31/85 C 49 21 01/07/89 A e 51 10/16/91 A/B 13.0 26.1 22.9
11/06/85 D 4.8 14 02/17/89 B 128 6.0 11/22/91 B 135 253 24.1
11/21/85 D 3.8 2.0 03/11/89 B 12.8 5.7 12/20/91 B 131 23.1 242
12/13/85 D 65 ... 04/23/89 B 166 7.1 01/16/92 B 148 254 208
12/22/85 D 53 19 05/14/89 B/C 168 7.9 02/16/92 B/C 11.7 ... 215
01/28/86 D 46 2.0 06/15/89 C 16.3 6.9 03/05/92 C 124 205 194
02/28/86 A 36 1.5 07/24/89 C 153 8.2 04/06/92 C 149 214 201
03/19/86 A 29 1.5 08/06/89 C .- 9.0 05/12/92 C 131 175 152
04/17/86 A -+« 1.4 09/30/89 C 170 10.2 06/14/92 C/D 9.9 152 11.1
06/10/86 A 40 19 10/09/89 C/D 158 9.1 08/06/92 D 132 118 8.0
06/24/86 A/B 54 19 11/13/89 D 170 11.6 09/17/92 D 82 86 4.9
07/23/86 B 53 2.1 12/23/89 D 18.5 134 10/22/92 A 5.2 5.3 2.2
08/24/86 B 5.2 1.5 01/14/90 D 18.8 12.6 11/21/92 A 4.6 3.0
09/13/86 B 6.4 2.4 02/05/90 D/A ... 11.2 12/12/92 A 31 21
10/15/86 B/C 6.0 2.1 02/12/90 A 19.3 13.6 01/23/93 A 20 15
11/20/86 C 71 23 03/03/90 A 209 154 03/06/93 B 32 15
12/24/86 C 56 2.2 03/19/90 A 171 16.1 04/09/93 B 37 1.6
01/16/87 C 5.1 2.3 -04/02/90 A 17.4 149 05/04/93 B 4.6 1.2
02/05/87 C/D 6.4 23 05/16/90 A 19.0 17.0 06/08/93 B/C 41 1.4
04/28/87 D 6.6 27 06/13/90 A 200 20.7 07/10/93 C 37 21
05/11/87 D 7.8 28 07/01/90 A/B 193 194 08/17/93 Cc 29 19
06/06/87 D 84 2.7 08/01/90 B 17.1 203

* Date of observation in format month/day/year.

® Configuration of VLA (A, B, C, D, and transitions between these configurations).

¢ Flux densities at 2, 6, and 20 cm are given in milliJanskys.
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F16. 4—Radio flux density of HD 193793 at 2 and 6 cm shown as a function of position in the orbit. Phase increases counterclockwise around the orbit, as shown
in Fig. 1.
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about phase 0.5. However, strong attenuation will most cer-
tainly exist because of free-free absorption in the winds. For
example, van der Hucht (1991) estimates the radio photosphere
of the W-R star’s wind to have radii of 20, 41, and 101 AU at 2,
6, and 20 cm, respectively. With these large radii one would
hardly expect to see radio emission even at 2 cm when viewing
the emission region through the W-R wind. Williams et al.
(1990) also calculated the light curve, taking attenuation by the
W-R star’s wind into account (his Fig. 13), but still found poor
agreement with observations. In particular, although less sym-
metric, the derived light curve still overestimated the radio flux
density between phases 0.2-0.5.

Williams et al. (1990) concluded that the light curve could
not be reproduced using a model of spherically symmetric
winds and suggested a more complex model that included a
hole in the W-R star’s wind in the O star’s shadow. When the
hole is oriented along our line of sight the attenuation will be
greatly reduced. This model was subsequently elaborated by
van der Hucht (1991) and Eichler & Usov (1993). Clearly, the
radio light curve predicted by the model will depend strongly
on the exact geometry of the shadow cast by the O star. While
this model is appealing in its simplicity and qualitatively would
appear to explain the gross shape of the radio light curves, we
find that quantitatively it fails to correctly predict the light
curves shown in Figures 2 and 3.

cm

In particular, we would call attention to the light curves near
phase 0.8. By the time the 20 cm flux density peaks at phase
0.85, the 2 cm light curve has already fallen by nearly 50% from
its peak. In other words, the 2 cm flux density is falling while
the 20 cm flux density is rising. If the emission mechanism is
not changing, ie., if the spectral index is fixed, then we con-
cluded that from phase 0.7 to 0.85 the intrinsic luminosity is
falling at both 2 and 20 cm but that the attenuation at 20 cm is
falling even faster. If we assume a constant spectral index, then
we can estimate both the optical depth and intrinsic luminosity
as a function of time from the relative flux densities at 2, 6, and
20 cm. Using a spectral index a« = —0.5 (F, oc v*), the derived
attenuation and intrinsic luminosity as a function of phase are
shown in Figure 5.

To successfully explain the variation in Figure 5, a model
will have to explain a decrease in the intrinsic luminosity after
phase 0.7 and a simultaneous sharp drop in the attenuation.
These variations are very difficult to accommodate in the
context of spherically symmetric winds (SSWs). Generally, we
assume that the shocks that generate the nonthermal radio
emission become stronger in the SSW model as the two stars
approach each other. Yet the 2 cm flux density implies that the
interaction is decreasing after phase 0.7. Likewise, the abrupt
drop in the free-free attenuation at phase 0.8 is inconsistent
with spherical winds and can be rationalized only in SSW
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F1G. 5—Optical depth at 20 cm and intrinsic 2 cm flux density (nonthermal

" component only, before attenuation by free-free absorption) as a function of

phase. Any radio emission buried below the 2 cm photosphere is not represent-
ed. Derived by fitting 2, 6, and 20 cm flux densities using a nonthermal spec-
trum F, oc A%, free-free absorption with (1) oc 4%, and a stellar wind
spectrum with F, = 1 mJy (4/6 cm)~%S.

models with a large hole in the W-R star’s wind caused by a
shadow of the O star. Such a hole would have to be very wide
and have a curved surface to explain the radio light curves.

In fact, the observation of any 20 cm emission is not explica-
ble by this model regardless of the size and shape of the hole in
the W-R wind. Figure 6 shows the regions of the winds that are
blocked from our view (optical depth t > 1) by free-free
absorption in the W-R and O winds. Along a radial line of
sight, optical depth unity at 20 cm wavelength is reached at 95
AU from the W-R star and 8 AU from the O star. The optical
depth increases very rapidly as one gets closer to the star
(t o 1/r3), so the shadow is relatively sharp edged.

If there is a hole in the W-R wind then, we are looking
through the much reduced absorption of the O wind; however,
it is obvious from the figure that the O wind alone has such a
large optical depth at 20 cm that we cannot expect to see a
significant amount of 20 cm emission at phase 0.83. The only
way around this objection is to move the radio-emitting region
farther from the O star so that it is not blocked by the O wind.
This cannot be accomplished by changing the mass loss rate
for the O star because a larger M leads to more 20 cm absorp-
tion and a smaller M causes the shock to collapse toward the
O star.

4. A NEW MODEL

" We suggest that the radio data can be more naturally
explained if the W-R star’s wind is mainly confined to a plane
(presumably the star’s equatorial plane) that is tilted with
respect to the orbital plane of the stellar system. Since the wind
velocity is large compared to the W-R star’s orbital velocity,
this “sheet ” of material will follow the W-R star as it moves in
its orbit. Twice an orbit, this sheet will sweep across the posi-
tion of the O star. When the O star is behind this curtain of gas,
the high free-free opacity will cut off the radio emission. When
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the O star is in front of the curtain, the opacity to the radio-
emitting region will be low.

In this scenario, the strength of the nonthermal emission will
depend mainly on the distance of the O star from the equato-
rial plane of the W-R star rather than its distance from the
W-R star itself. The observed peak in the radio at phase 0.7
indicates the passage of the O star through the W-R wind
plane. This model provides a natural explanation for the
sudden drop in opacity after phase 0.7. In fact, the rapidity of
the drop in opacity must be telling us that the sheet of material
is relatively thin even 20 AU away from the W-R star.

This model does introduce some new complexities. The
shock boundary between the two winds spreads out over a
large area of the surface of the W-R star’s planar wind. Hence
the shock is seen over a range of densities through a range of
opacities. As a result, a fairly sophisticated model will be
needed to duplicate the observed radio data. Furthermore, the
W-R wind is certainly not totally confined to the equatorial
plane, but must have a roughly isotropic component as well.
When the stars are close together, the O star wind will be
stopped by this lower density wind before it reaches the dense
equatorial flow, which will affect both the radio emission and
the opacity as a function of phase.

The disk model, if correct, will have important ramifications
at other wavelengths. In particular, the disk model provides a
natural explanation for the sudden formation of dust shortly
after periastron (Williams et al. 1990). It is near periastron that
the O star enters the W-R wind disk for a second time, but in
this passage it is much closer to the W-R star and sees a
correspondingly higher wind density (by a factor of several
hundred) over the passage at phase 0.7. The O star’s intro-
duction into this environment triggers the dust formation. In
contrast, in a model assuming spherical winds, it must be con-
sidered a remarkable coincidence that periastron passage cor-
responds to the critical density needed for dust formation.
Figure 7 shows the variation of the W-R wind density at the
location of the O star with phase expected from the spherical
wind model. Although the density does sharply increase at
phase zero, the occurrence of the infrared outburst (also shown
in the figure) no earlier than phase zero can be explained only if
the density at periastron exceeds the critical density for dust
formation by less than a factor of 2. In the wind disk model,
however, the O star passes through the W-R disk at phase
~0.002, encountering a much higher density there than at
slightly earlier phases. Even if the density at midplane passage
is many times the critical density for dust formation, the
density just outside the disk will be too low for dust to form.

This new model has striking implications for W-R winds.
HD 193793 is such a widely separated binary that the wind
from the W-R star is barely affected by the presence of the O
star. Presumably, all similar W-R stars, single or binary, also
have equatorially enhanced winds. Polarization observations
have previously led to the suggestion that at least some W-R
winds are not spherically symmetric (Schulte-Ladbeck, Meade,
& Hillier 1992); we believe the results presented in this paper to
be the strongest evidence yet for gross deviations from spher-
ical symmetry in W-R winds. Cassinelli, Ignace, & Bjorkman
(1995) propose a model in which the combination of modest
rotation and a slowly accelerating wind naturally lead to equa-
torially enhanced mass loss in W-R winds.

Other W-R + O binary systems might have dramatically dif-
ferent observational characteristics depending on the relative
orientations of the wind plane and the orbital plane. If the two
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FiG. 6.—Free-free absorption by O and W-R winds in HD 193793. Orbit and viewing direction are shown. The shaded areas are blocked from our view (t > 1)in
the spherical wind model by free-free absorption at 2, 6, and 20 cm. Left: Large-scale view showing W-R absorption at widest separation. Note that the wind
interaction is entirely hidden at 6 cm and 20 cm. Right: Small-scale view showing O absorption at phase of maximum 20 cm emission. The position of the shock,
computed using the analytical model from Stevens, Blondin, & Pollock (1992), is shown by the dotted line. Even if there is a hole in the W-R wind, the O wind

absorption would prevent us from observing much 20 cm emission.

planes were to coincide, the O star would always be immersed
in the W-R wind; much of the radio emission would conse-
quently be absorbed, and variations with orbital phase would
be much less dramatic than for HD 193793. Alternatively, if the
wind plane were oriented such that the O star crossed the disk
at phases 0.98 and 0.02, then for a favorable viewing angle the
radio emission would be visible through most of the orbit. In
addition, there would be two closely spaced dust formation
episodes. Hence, other W-R binary systems could show rad-

ically different light curves from HD 193793 and yet still be
explained by a similar model.

We gratefully acknowledge the long-term support of Barry
Clark, who without fail scheduled this project on the VLA
every month for 8 years. An earlier version of this paper was
presented at IAU Symposium No. 163 in Elba, Italy, where we
greatly benefited from our interactions with other conference
participants.
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FiG. 7. Spherical wind model prediction for phase variation of the W-R wind density at the location of the O star. The dots show infrared H (1.6 um)
measurements from Williams et al. (1990) made during the 1985 outburst. The orbital elements from Annuk (1995) have been used to set the time of phase zero. The
infrared outburst began at or shortly after periastron. This is naturally explained by the wind disk model, but the spherical model would require that the wind density
exceed the critical density for dust formation by less than a factor of 2 at phase zero.

REFERENCES
Annuk, K. 1995, in IAU Symp. 163, Wolf-Rayet Stars: Binaries, Colliding Stevens, 1. R., Blondin, J. M., & Pollock, A. M. T. 1992, ApJ 386, 265
Winds, Evolution, ed. K. A. van der Hucht & P. M. Williams (Dordrecht: van der Hucht, K. A. 1991, in IAU Symp. 143, Wolf-Rayet Stars and Inter-
Kluwer), 231 actions with other Massive Stars in Galaxies, ed. K. van der Hucht &
Becker, R. H., & White, R. L. 1985, ApJ, 297, 649 B. Hidayat (Dordrecht: Kluwer), 19
Cassinelli, J. P., Ignace, R., & Bjorkman, J. E. 1995, in IAU Symp. 163, Wolf- van der Hucht, K. A, Williams, P. M,, Spoelstra, T. A. Th., & de Bruyn, A. G.
Rayet Stars: Binaries, Colliding Winds, Evolution, ed. K. A. van der Hucht 1992, in ASP Conf. Proc. 22, Anisotropic and Variable Outflows from Stars,
& P. M. Williams (Dordrecht: Kluwer), 191 ed. L. Drissen, C. Leitherer, & A. Nota (San Francisco: ASP), 253
Eichler, D., & Usov, V. 1993, ApJ, 402, 271 Williams, P. M., van der Hucht, K. A,, Pollock, A. M. T., Florkowski, D. R.,
Florkowski, D. R. 1982, in IAU Symp. 99, Wolf-Rayet Stars: Observations, van der Woerd, H., & Wamsteker, W. M. 1990, MNRAS, 243, 662
Physics, Evolution, ed. C. W. H. de Loore & A. J. Willis (Dordrecht: Reidel), Williams, P. M., van der Hucht, K. A., van der Woerd, H., Wamsteker, W. M.,
63 Geballe, T. R., Garmany, C. D., & Pollock, A. M. T. 1987, in Instabilities in
McDonald, J. K. 1947, Publ. Dom. Astrophys. Obs., 7, 311 Luminous Early-Type Stars, ed. H. J. G. L. M. Lamers & C. W. H. de Loore
Schulte-Ladbeck, R., Meade, M. R., & Hillier, D. J. 1992, in ASP Conf. Proc. (Dordrecht: Reidel), 221

22, Anisotropic and Variable Outflows from Stars, ed. L. Drissen, C. Lei-
therer, & A. Nota (San Francisco: ASP), 118

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


http://adsabs.harvard.edu/abs/1995ApJ...451..352W

