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ABSTRACT

We investigate the effects on the emission profile of a Walft® (WR) wind colliding with an O star wind.
Since the mass loss rate of the WR star far exceeds that of therQhe O star effectively forms a cavity in
the WR wind. The cavity takes on a spiral shape as the O stasdha WR. This cavity produces interesting
observable effects in the emission profiles of forbidderdinWe model the effects of a spiral cavity on the
emission profile for both circular and elliptical binary dsh The presence of a cavity leads to a deficit in the
otherwise flat-top profile. The opening angle of the cavitgwing inclination of the binary, and eccentricity

of the orbit govern the profile shape.

Subject headings: stars — winds, outflows — Wolf Rayet

1. INTRODUCTION

In 1867, Wolf and Rayet discovered a type of star that has

spectral lines similar to novae. The similarity led astnmeos

to believe that there is a continuous outflow of mass from WR

stars. They estimated that the star was losing mass at afrate o

10~° solar masses per year, and the terminal velocity of the
outflow was about 1000 km/s (Cassinelli & Lamers 1999).

The emission of particles from a star is called a stellar wind

In this paper, we study the forbidden lines that are produced

by the spontaneous decay of electrons from metastables state
to lower energy states in WR winds. We can assume that the

lines are optically thin and, since the lines form over large

radius we shall ignore stellar occultation.

The forbidden lines that form in stellar winds experience
line broadening owing to the wind flow. We can assume the

wind has reached its terminal velocity. For simplicity, we
also assume that the wind velocity in this model is sphdyical

symmetric, though in general this may not be true. A region

in the wind where the observed Doppler-shifted velocities a
the same is referred to as an "isovelocity zoned'i§ the po-

lar angle between the observer axis and the velocity vector, FiG. 1.— Geometry of a spiral cavity

then the isovelocity zones are determinedy= v, /v, or
w, = —V(r)/Vs c0s(0), where z refers to the observer axis,
is the projected velocity shift owing to the Doppler effect,)
is the radial wind velocity profile, and,, is the wind terminal
speed. The parametert is then a normalized velocity shift of
a point in the wind with respect to the observer. In this mpdel
w, = —1 refers to the most blue-shifted amd = +1 refers
to the most red-shifted. For constant spherical expanstien,
isovelocity zones become cones of constacéntered on the
observer axis.

The flux of emission for a optically thin line is given by the
following volume integral (Mihalas 1978):

F= g [ iV, )

wherej(r) is the emissivity, an® is the distance from Earth

flat-top in appearance. This means that the total flux from
every isovelocity zone is the same.

We define the critical radius at the distance in the wind
where the electron density equals the critical density.h/g t
radius, the emissivity changes from a linear function of-den
sity to a quadratic function of density, thus affecting tbet
emission (Ignace & Brimeyer 2006). Inside this radius, the
forbidden lines form from collisions and outside the catic
radius, the forbidden lines from from radiative decay. ihsi
out that the total flux emitted inside the critical radius a&gu
the total flux emitted outside the critical radius.

Some WR stars are known to be in binaries. In our model,
we consider a WR star and O star companion. Because the
momentum of the outflow from the Wolf-Rayet greatly ex-
ceeds that of the O star, the companion acts as an obstacle

to the source, and we assume the emissivity is a function ofWithin the outflow of mass from the Wolf-Rayet. In effect ghi
radius only. In this case, the emission profile will always be OPstacle produces a cavity in the wind. Then, as the stars or-
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bit each other, the cavity takes on a spiral shape. An example
spiral is shown in Figure 1. To visualize the spiral, imagine
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spinning around while holding a water hose. The water moves
radially outward at all times, but the source of the wateg, th
hose, is rotating and so the perceived pattern is a spira. Th
analog to the O star is the hose, and the analog to the spira
cavity is the shape of the flow of water after leaving the hose.
The absence of emitting matter due to the cavity creates & o R
deviation from a flat-top profile. We will assume that the O ~1-050 05 1 -1-050 05 1 -1-050 05 1
Stal' W|nd doeS nOt Contl’lbute tO the I|ne emISSIOI’l AISO, |n Normalized Velocity Shift Normalized Velocity Shift Normalized Velocity Shift
these models we ignore the emission from the shock layer,

8= 45

Normalized Flux
Normalized Flux
Normalized Flux

formed by the wind collision. The shock layer may in fact 2\ z ] g ~—
contribute significantly to the profile by adding emission. i g 3

The parameters that affect the shape of the emission line E E E
are the opening angle of the cavity, the viewing inclination 5 I"= Is" . 3 f’= f“’ 1 5 f :201
the ratio of the binary separation to the critical radiusl,an 1060 06 1 1060 06 1 1050 06 1

the case Of an e”lptlcal Orblt, the eCCentrlClty. Normalized Veloeily Shift Normalized Velocity Shift Normalized Veloeity Shift

The opening angle of the cavity is determined by the
relative mass loss rates of each of the stars. Qet \J
MwrVwr/MoVo, then the opening angleis determined by

Normalized Flux
Neormalized Flux
Normalized Flux

6= 135 6= 150

tan(ﬁ)—ﬁ:ﬂ' <Q> . (2) Livialil Lisialissl [T
1—Q -1-050 05 1 -1-050 05 1 -1-050 05 1
Normalized Veloeity Shift Nermalized Velocity Shift Normalized Velocity Shift
Here,( is the half-opening anglé{ is the mass loss rate, and
v is the terminal speed (Canto, Raga, & Wilkin 1996). Since Fic. 2.— Emission profile of linear cavity at different positions
vwr andvp are generally known, and can be determined
from the emission profile, then it should be possible to deter
mine MWR/I\/IO. Analysis of this equation reveals that a larger \ -
ratio of Wolf-Rayet mass loss rate to O star mass loss rate I o ]
means amaller cavity opening angle. If we can determine
the mass loss rate of the Wolf-Rayet through observations,
then, by knowing3 we can determine the mass loss rate of solid line— f-30 solid line— §-30
the O star. Also, if we can use known measurements of mass short dash— g=50 short dash- §=60
loss rates for both stars, then we can deternfirfeom the long dash- #=70 long dash— =70

Normalized Flux
Normalized Flux

formula. This can serve as a useful check of the model. T e | e
-1 -0.5 0 0.5 1 -1 -0.5 V] 0.5 1
2. RESULTS Normalized Velocity Shift Nermalized Yelocity Shift

Before investigating the spiral cavity, it is helpful to con

sider a model for a simple linear cavity. Imagine that the o —

WR and O stars are stationary, with no orbital motion. The - s T T T s 5

cavity becomes a cone of constant angle and fixed phase rel- = B =

ative to the observer. Plots of the emission profile with the = 2

linear cavity when the system is viewed edge-on are shown £ solid line— g=30 g solid line~ g=30

in Figure 2. The half-opening angle in each of these profiles = e o g 2 o e B0
is 3¢°. From top left, the positions of the linear cavity are i=60

f =0°,30°,45°,60°,90°,120°,135,150°,180°. Except for Ry ot
the case where the cavity is orthogonal to the line of sight Normalized Velocity Shift Normalized Velocity Shift

(6 = 90°), in general the emission profiles are asymmetric

about line center. In the case that the cavity is centered on gig. 3 — Emission of profile of spiral cavity with varied openinggée and

the line of sight, § = 0°,180°), no emission is observed for inclination.

the isovelocity zones betweefi 8ndj or between (180— 5)

and 180. cavity never penetrates these isovelocity zones. In fatice
For a fully developed spiral cavity, emission profiles for-va  that the emission profile whein= 0° in Figure 3 is qualita-

ious 3 values are summarized in Figure 3. The four boxes aretively the same as wheth= 90° in Figure 2. This is always

different viewing inclinationsj = 0°,30°,60°,90°. In each the case wheh= 0°, because the cavity is always in the same

box, g = 30°,50°,70°. Also apparent is that different view- isovelocity zones.

ing inclinations change the shape of the profile in intengsti Another important parameter is the ratio of binary) Gep-

ways. Notice that all of these profiles are symmetric about aration to critical radiusr¢). When the binary separation is

line center, which is always the case when the orbit is ciicul  much less than the critical radius, the cavity will have géar

Looking at the case whein=90° which is when the system effect on the line profile. When the binary separation is at or

is viewed edge-on, we notice that the extremes in the profilenear the critical radius, the cavity will affect the profilétte

are affected most by the cavity. The opposite is true whenless because the cavity is only in the outer portion of thalwin

i = 0° which is when the system is viewed pole-on. Is this In the limit that the binary separation is much greater thnn t

case the extremes of the profile are flat-top, meaning they areritical radius, the cavity will have little or no effect. Bavior

not affected by the cavity at all. This is expected because th of the line shapes for these different cases are shown ind-igu
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FIG. 4.— Emission profile of spiral cavity with varied binary segion
and inclination.
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FIG. 6.— Emission profile of spiral cavity with varied eccenttycand
inclination.

IL

Flux (Jy}

Normalized

Flux (Jy)

FIG. 7.— Top left: observed [Ne Ill] emission line from the WR cdltig
wind binary~ Vel. Top right: model line profile using the known parameters
of they Vel system. Bottom left: an overplot of the data with our modael f
more direct comparison.

FIG. 5.— Geometry of elliptical spirals; top ledt= 0.1; top right:e= 0.3;
bottom left:e = 0.5; bottom right:e= 0.7.

4. The viewing inclination is again= 0°,30°,60°,90°, and

/3 =30 for all four panels, buf? = 0.1,1.0,1.5. Notice that ;g that the companion is orbiting slower at apastron.

as? increases, the profile approaches flat-top. Figure 7 shows data taken by the Infrared Space Obser-
The geometry of the cavity at various eccentricities is vatory of v Velorum. Specifically, the data focuses on the

shown in Figure 5. The plots in Figure 6 are of the emission [Ne llI] line, which is at 15.56um (van der Hucht 1996).

profile for various eccentricities. Again= 0°,30°,60°,90°, The parameters for this WR and O binary system have been

but nowe =0.1,0.5,0.9. As the eccentricity increases, the determined through other methods. The model above plots

profile becomes more and more asymmetric. In these plotsthe emission profile with the known parameterssof 85°,

the viewer is looking along the major axis. The point in the i = 63°, e=0.326, andv = 68° (Henley, Stevens, & Pittard

orbit closest to the viewer is periastron. The point in the or 2005). Herew is the orbital phase angle between the line

bit furthest from the viewer is apastron. Notice how higher of sight and the major axis. Using these same parameters,

eccentricity means a greater deficit at apastron than agperi our model is shown as a solid line plotted with the data as

tron. The reason for this is Kepler's Second Law, which tells points. The model fails to reproduce the triple peak. It doul
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be that our model overlooks certain significant featureshsu This project was funded by a partnership between the Na-
as the emission from the compressed wind at the shock layertional Science Foundation (NSF AST-0552798), Research

Most likely, the shock layer contributes significantly te tio- Experiences for Undergraduates (REU), and the Department
tal emission. Further efforts on this topic will need to umbé of Defense (DoD) ASSURE (Awards to Stimulate and Sup-
this important feature. port Undergraduate Research Experiences) programs.
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