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ABSTRACT

Some isolated Wolf-Rayet stars present random variability in their optical flux and
polarization. We make the assumption that such variability is caused by the presence of
regions of enhanced density, i.e. blobs, in their envelopes. In order to find the physical
characteristics of such regions we have modeled the stellar emission using a Monte Carlo
code to treat the radiative transfer in an inhomogeneous electron scattering envelope.
We are able to treat multiple scattering in the regions of enhanced density as well as in
the envelope itself. The finite sizes of the source and structures in the wind are also taken
into account. Most of the results presented here are based on a parameter study of models
with a single blob. The effects due to multiple blobs in the envelope are considered to
a more limited extent. Our simulations indicate that the density enhancements must
have a large geometric cross section in order to produce the observed photopolarimetric
variability. The sizes must be of the order of one stellar radius and the blobs must be
located near the base of the envelope. These sizes are the same inferred from the widths
of the sub-peaks in optical emission lines of Wolf-Rayet stars. Other early-type stars
show random polarimetric fluctuations with characteristics similar to those observed in
Wolf-Rayet stars, which may also be interpreted in terms of a clumpy wind. Although
the origin of such structures is still unclear, the same mechanism may be working in
different types of hot stars envelopes to produce such inhomogeneities.
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1. Introduction

Our current understanding of hot star envelopes
pictures them as inhomogeneous and non-steady struc-
tures (Moffat et al. 1994; Wolf, Stahl & Fullerton
1999; Magalhaes & Rodrigues 1999). In particular,
Wolf-Rayet (WR) stars can present random variations
in broad band flux, polarization and also in spectral
line profiles. The broad band fluctuations can reach
10% in flux (Antokhin et al. 1995; Marchenko et al.
1998) and 0.5% in polarization (St.-Louis et al. 1987;
Drissen et al. 1987; Robert et al. 1989; Moffat &
Robert 1991). The observed changes in the spectral
line profiles can be divided in two types. One of them
is the small moving bumps which appear superposed
on optical emission lines (Robert 1994). Moffat &
Robert (1992) suggested that they are related to lo-
calized enhancements of material, i.e. blobs, in WR
winds. The other type of variation seen in WR stars
are discrete absorption components (DACs; Prinja &
Smith 1992). In other hot stars, such as OB stars,
DACs are also observed and seem to be connected
to the rotation period of the star (Kaper & Hen-
richs 1994). The DACs in WR stars may then be
not related to the random broad band fluctuations,
since in other hot stars these features seem to be pe-
riodic. Some kind of periodic line variability is seen in
a few isolated WR stars - WR 1, WR 6 and WR 134
(see Lepine, Eversberg & Moffat 1999 and references
therein). However, for the stars having polarization
measurements (WR 6 and WR 134), the position an-
gle of the polarization is relatively constant, a behav-
ior different from that seen in most of the isolated WR
stars which present randomly varying position angles.
Therefore the isolated WR stars which present some
kind of periodic behavior seem to also have envelopes
with a time-independent anisotropy, in contrast to
the randomly variable stars. Less direct evidence for
clumpy WR winds can be obtained from the fits of
line wings (Hamann & Koesterke 1998; Hillier 1984).

There is evidence that the random variability in
the three types of observations (flux, polarization,
and spectra) are different facets of the same phe-
nomenon: (1) these variability types are correlated
(Robert 1994); (2) the time scales are the same,
ranging from hours to days (Moffat & Robert 1991)).
Robert (1994) has also shown that the spectral vari-
ations are caused by localized density enhancements
whose frequency of occurrence increases for smaller
masses. The size distribution of these spectral fea-

tures is also addressed in Lepine & Moffat (1996,
1999). The velocity dispersion in these features sug-

gests a physical dimension around one stellar radius
for such blobs (Robert 1994).

Theoretical results indicate that hot star envelopes
are indeed not expected to be homogeneous. In his
review, Owocki (1994) has suggested that early-type
star winds can have two types of instabilities. There
is a small-scale instability, which is intrinsic to a ra-
diative wind and can be responsible for the bumps
observed in the WR emission lines (see also Gayley &
Owocki 1995). On the other hand, external processes,
such as rotation, binarity, and photospheric processes,
can induce instabilities on large scales. While this sec-
ond mechanism may produce the DACs, the former
may be associated with the so-called blobs in WR,
winds.

The determination of the physical properties of the
inhomogeneities in WR wind constrains the theoret-
ical models for their origin as well as the models for
the mechanism producing the wind itself. In the last
few years, some studies have tried to model the ran-
dom polarimetric variations in hot stars (Fox & Hen-
richs 1994; Brown 1994; Brown et al. 1995; Code &
Whitney 1995; Richardson, Brown & Simmons 1996).
All these models take into account only the region of
enhanced density, consequently the envelope itself is
not considered as an element to modify the radia-
tion coming from the star or that scattered by a blob.
Most of them are restricted to point-like regions and
single scattering treatment, the exception being the
numerical Monte Carlo treatment of Code & Whit-
ney (1995). Studying the random photopolarimetric
variability in WR stars, Brown (1994) has concluded
that the density enhancements may be originated at
the stellar surface and not be the result of a mass re-
distribution process in the wind, such as turbulence.
In a subsequent paper, Brown et al. (1995) have
pointed out that the fractional variation in flux and
polarization of the continuum light must be of a sim-
ilar magnitude if they are produced by scattering of
starlight, a fact which is not observed; as mentioned
early in this paper, the fluctuations in broad band flux
are much larger than the polarization. Richardson
et al. (1996) have revisited this problem considering
an envelope with many blobs and concluded that the
observed ratio between the photometric and polari-
metric variations, AI/AP, cannot be reproduced by
any number of inhomogeneities. They have suggested
that the emission from blobs might be an important



contributor to the total flux and this would bring the
models closer to the observations. In order for this be
valid, the blobs have to be very dense.

In this work, we investigate whether blobs can ex-
plain the changes in flux and polarization observed
in WR stars and what would their resultant physical
characteristics be, as the size and distance from the
star. We have included, besides scattering, extinc-
tion as a mechanism to produce flux variations. We
have used a Monte Carlo code that does not have the
limitations of single scattering or point-like sources.
Unlike earlier works, scattering in the envelope it-
self is also considered. This is important since WR
stars have optically thick envelopes. In the follow-
ing section, we introduce the main features of our
model. In Section 3, we describe how the resulting
broad band variations depend on the input parame-
ters for a model with a single blob. In this section,
some results for envelopes with more than one blob
are also presented. The model results are applied to
WR envelopes in Section 4. The applicability of the
model for other hot stars and a summary are then
presented.

2. The model

2.1. Model assumptions

We assume that the observed broad band random
variability in WR stars is caused by the presence of
regions of enhanced density which we will call blobs.
Here we are not interested in explaining their origin:
our goal is just to constrain the physical character-
istics that the blobs may have in order to explain
the observed quantities. We have solved the radia-
tive transfer in an electron scattering envelope using
the Monte Carlo code described in Rodrigues (1997).
This code has already been used to study the light
curve and polarization of WR binary stars (Rodrigues
& Magalhdes 1994; Rodrigues 1997). The basics of a
Monte Carlo code to simulate radiative transfer is de-
scribed in [Code & Whitney (1995).

The blobs have been assumed to be spherical and
immersed in a spherical envelope. The density law
of the envelope can be chosen among many analyt-
ical expressions: constant, inversely proportional to
the square of the distance, or following a beta-type
law for the wind velocity in radiative driven winds
[v(r) « (1—R,/r)?)], among others. The density
within the blob follows the same law as the envelope,
but it is multiplied by an arbitrary factor which intro-

duces a density enhancement. For instance, if this fac-
tor is equal to one, the envelope is isotropic (no blobs
exist at all). Therefore, our model does not repre-
sent density enhancements caused by redistribution of
matter in the envelope. It is consistent with Brown’s
(1994) statement that polarization is not caused by
a process with such a characteristic. In addition, we
are able to treat an arbitrary number of blobs (Ny;).
The only source of radiation is an extended, spheri-
cal central source, i.e., the envelope and the blobs do
not emit any radiation. The use of the Monte Carlo
method has allowed us to consider optically thick en-
velopes characteristic of WR winds. The last point is
an important difference in comparison with previous
models, which have considered no envelope at all.

The number of photons (N) of each simulation was
either 3x 107 or 3x 102 for optically thin and thick en-
velopes, respectively. The exiting photons were classi-
fied among 400 bins of identical solid angle. The light
emitted by the source was considered to be isotropic
and not polarized. Some of the photons can hit the
source. Initially, we have considered they were ab-
sorbed by the source. However, reemission of these
photons may in principle have an effect on the re-
sultsﬁ. We have then modified our code in order to
include the backwarming of the stellar photosphere.
This was done by isotropically reemitting the pho-
ton at the point it hits the star. We found that the
fractional differences of the intensity and polarization
values (Al and AP; see end of Section R.3 for their
definition) which characterize a given model are less
than 0.0044 and 0.023 respectively. These differences
are small and within the errors of the simulations (see
Section P.9). All the results presented in this work,
consider the backwarming.

A spherically symmetric envelope produces a given
total amount of non-polarized flux independent of the
observer’s direction. In contrast, the flux and polar-
ization of an envelope with one or more blobs depend
on the direction of the observer. Consequently, the
photopolarimetric variability may arise in two situ-
ations: (1) when the wind changes from a homoge-
neous configuration to an inhomogeneous one; or (2)
when the wind is always inhomogeneous, but with
blobs whose position relative to the observer is vari-
able. The resultant variations from situation (2) may
actually be observationally very similar to case (1).

2We wish to thank J. Bjorkman for pointing that out and dis-
cussing it with us.



This is because an envelope with a blob may be prac-
tically indistinguishable from a homogeneous, one ex-
cept if observed under some lines of sight (see Section
E and Figure EI) A moving blob may then cause a
change in the observed flux and polarization.

The input parameters of the models are listed in
Table m as well as the range of values for which we
have obtained results. There is a relatively large num-
ber of input parameters but, as we will see in Section
@, we were able to constrain some of them based on
the observed variation of the intensity and polariza-
tion. The results do not depend on the linear scale of
the model. If we modify the source, blob and enve-
lope sizes using a same arbitrary multiplicative factor,
the output is exactly the same, provided the optical
depth of the envelope is kept the same. Thus all the
parameters with units of length have been normal-
ized to the radius of the source. Because of that, the
source radius is not strictly an input parameter. All
the models have used the same source and external
envelope radii (Table fIl). The density of most models
has been considered as constant. We have indicated
where we have used another density law.

The reliability of the results has been tested in dif-
ferent ways. For instance, our code provides values
of the polarization consistent with zero in isotropic
configurations and the results do not change if the
scale of the problem varies. Other quantitative tests
were performed by comparing our results with those
of previous calculations. We have used for the latter:
(1) the analytical solution of Chandrasekhar (1950)
for a semi-infinite plane-parallel optically thick enve-
lope; (2) the Monte Carlo solution of
(19B8] for a dusty envelope; (3) the Monte Carlo solu-
tion of Code & Whitney (1995) for a blob illuminated
by a plane-parallel beam; (4) the analytical results of
Brown (1994). Our results are consistent with all the
above calculations. Graphs and tables can be found
in Rodrigues (1997).

2.2. Model output

The code provides values of the flux, linear polar-
ization and its position angle, and the circular polar-
ization as a function of the line of sight under which
the system is observed. These directions are repre-
sented by a spherical coordinate system centered on
the star: 0 represents the polar angle and ¢, the az-
imuthal angle. The photons are classified in bins of
same solid angle whose centers are equally spaced in
¢ and cosf (it is necessary to use cosf for the bins

to have the same solid angle). The emerging circu-
lar polarization is null in an electron scattering wind,
if no circular polarization is input at the base of the
wind, since this process does not introduce any phase
shift upon the scattered wave. The flux is normalized
to the value of a homogeneous wind. Here, a value
equal to one means that the flux is the same as that
observed from a wind without blobs.

Figure ﬂ shows an example of the angular depen-
dence of the flux and polarization obtained with our
code. The blob is located at § = 90° and ¢ = 180°.
The input parameters of this model are given in the
caption. The flux as a function of the line of sight
direction, shown in Figure Ela, has a relatively simple
pattern. The flux has been normalized to that of a
homogeneous envelope, I,, so I /I, is shown. The cen-
tral dip is caused by extinction by the blob. The light
extinguished from along the direction of the blob is
scattered to all directions according to the phase func-
tion of the scattering process which causes a flux mod-
ulation away from the line of sight to the blob. In the
figure, the maximum of the scattered flux around 90°
from the blob direction can be noticed. This increase
in flux is much smaller than the decrease caused by
extinction along the blob direction.

Figure [l illustrates the polarization pattern which
is primarily determined by the electron scattering
phase function. Therefore, the polarization is approx-
imately zero near the direction of the blob and near
the opposite direction (§ = 90°,¢ = 0°). Its max-
imum value is reached near 90° from the blob direc-
tion; the actual angle depends on the optical depths
of the envelope and blob.

The errors in our Monte Carlo simulations follow a
Poisson statistics; consequently they decrease as v N
when a larger number of photons is used. For the
number of photons and solid angle bins used, the un-
certainty in the normalized intensity values derived
using the Poisson statistics is in the third significative
digit: 3.6 x 1073 for 3 x 107 photons and 1.2 x 1073
for 3 x 108 photons. These values agree with the stan-
dard deviation of the intensity in regions where it is
expected to be constant.

In order to estimate the error in the polarization,
we have run some models for which we expect a null
value of the polarization for any direction. In this
case, the average value of the polarization can be as-
sumed to give an estimate of the uncertainty. This
value is practically the same as the Poisson error
derived from all the simulated photons: 0.018% for



3 x 107 photons and 0.0057% for 3 x 10® photons.

An additional remark should be made about the
polarization errors. Because the polarization is an
absolutely positive number, its error biases the po-
larization towards larger values: the best estimate to
the polarization is given by /P2, — 0%, where Py,
is the observed polarization and op is the associated
error (Clarke & Stewart 1986). Because of that, the
polarization degrees obtained in the simulations may
overestimate the actual values.

In order to simplify the analysis, each model was
reduced to two values: the maximum variation of the
flux, Al; and an estimate of the maximum polariza-
tion, AP, as described below. These values are the
ones to be compared with the WR photometric and
polarimetric variations. The value of AT is given by:
1 — (Imin/I,), where Iy, is the minimum value of
the flux. The value of Al for the model in Figure
fla is 67%. In doing that, we assume that the flux
variation in WR stars is produced by the passage of
a blob in the line of sight causing a decrease in the
total flux from the star, i.e. the changes in flux are
due to the extinction. As illustrated by Figure , the
blobs also scatter, so the flux increases along direc-
tions which do not intercept the blob. However, as
we will further discuss towards the end of Section B.]]
and in Section B.g, this variation is smaller than that
caused by extinction if Ny is less or around 20, for
optically thin envelopes.

The polarization from a homogeneous envelope is
zero in any direction. The polarization caused by an
envelope with blobs can be then considered as the
polarimetric variation itself. The maximum polar-
ization was estimated in the following way. We first
calculated the average polarization for bins of same
0. The value of AP was chosen as the maximum
one from such averages. This procedure enables us
to have also an estimate of the variance of the max-
imum polarization. It also avoids any bias that may
result from selecting the largest absolute value among
all the bins. It could be argued that the bins of same
cos 6 do not all form the same angle with the blob, so
that an average might not be appropriate. However,
given that the bin sizes are relatively large and that
the maximum polarization occurs at angles close to
90° from the blob, this average is a valid approxima-
tion. The value of AP so calculated for the model
shown in Figure [[b is 0.86% + 0.08%. The maximum
value of the polarization for the same model is 0.98%.

3. General results

In this section, we present some numerical results
which are helpful in order to understand the model
physics. We first present the dependence of the re-
sults on the input parameters. We then show specific
results contrasting the extinction and the scattered
flux obtained with the model. We do not contend
that all models here presented are valid representa-
tions of inhomogeneous WR envelopes, since some of
them are very optically thin.

3.1. Dependence of the results on the input
parameters

A general drawback of Monte Carlo simulations of
physical problems is that the influence of a given pa-
rameter may tend to be lost in the final result. To
gain an insight into this influence, we present in this
section the behavior of Al and AP as function of
some parameters of the model.

Optical depth of the envelope The dependence
of AT and AP with the optical depth of the envelope
is shown in Figure f] (solid and dotted lines). The
polarimetric and photometric variations decrease as
Tenv increases. This happens because the higher the
envelope density, the higher the number of scatter-
ings in the envelope which tends to mask any effect
produced by the blob.

Optical depth of the blob Figure E also illus-
trates the effect of increasing the optical depth of the
blob. For very small values, when single scattering
dominates, Al and AP increase linearly with 7, (it
cannot be properly seen in the figure because of the
abscissa scale). With further increase in the blob op-
tical depth, multiple scattering becomes more impor-
tant and A7 and AP increase much more slowly and
do not seem to exceed a limiting value. The radi-
ation can penetrate optically thin blobs, so all the
scatterers contribute to the variations, specially the
polarimetric ones. On the other hand, for optically
thick blobs, only the scatterers placed in the region
facing the source play a role in the polarized flux.
Both AT and AP then level off with the increase in
713 AP levels off at a smaller value of 7, compared
to AT since the polarization is more sensitive to the
increase in optical depth.



Distance of the blob to the central source The
solid angle subtended by the blob decreases when it is
located farther from the source. Therefore, a smaller
fraction of the source radiation is intercepted by the
blob and AP decreases (Figure E; compare the solid
and dashed curves). The average optical depth of a
bin, particularly that of the bin including the direc-
tion passing through the blob center, is smaller if the
blob is located at a larger distance from the source,
so AT also decreases with distance (Figure ]). Note
that the effect on AP is real and does not depend on
the bin size, while that on AT is caused by the finite
spatial resolution of the models.

Blob size Figure Bl shows the behavior of Al and
AP as a function of blob size. It can be noticed that
the variations depend strongly on the blob dimension.
This rapid increase of Al and AP with Ry is con-
nected with two important physical parameters: the
solid angle of the blob and the total number of scatter-
ers in the blob. Each of these parameters dominates
over a certain range of the blob optical depth. In the
optically thin limit, all particles in the blob effectively
scatter the light. However, for optically thick blobs,
only the particles near the source are important in the
scattering process. In larger blobs the area facing the
source is larger, so larger is the overall variation in
intensity and polarization of the emerging flux. Com-
paring two models of same blob optical depth, 7,
but different sizes, Ry;, we note that the blob having
a larger size has a smaller density in order to keep the
same optical depth.

Different density laws In Figure , we compare
the results for two different density laws: uniform and
beta laws. We have adopted a beta coefficient of 0.5
in these runs. This is the value obtained for the most
simple calculations of a radiative wind (Castor, Ab-
bott & Klein 1975). We recall that the blob follows
the same density law as the envelope. The depen-
dence of Al and AP with 7,; are shown for the opti-
cally thin (7en, = 0.01) and thick (7en, = 1) cases. In
the latter, in spite of the differences in the distribution
of matter along the envelope, the variations in the flux
and polarization of the emerging light are not consid-
erably affected by the density radial distribution. For
the optically thin cases, the differences are larger, par-
ticularly in the intensity curves. The optical depth of
the model envelope is very small (7¢,,, = 0.01) and the
difference cannot be due to scattering in the envelope.

When the matter follows a beta law it is more concen-
trated near the base. For radial optical paths passing
through the center of the blob, the optical depth is
the same for the two density laws - this is imposed by
the choice of parameters. Other radial paths, how-
ever, have smaller optical depth in the case of the
beta law. As our solid angle bins have a finite size,
they include a range of directions and the effective op-
tical depth in the bin is smaller in the beta law case.
This causes the smaller ATl for the beta law shown in
Figure H

The differences in AI and AP between the two
density laws are small considering our relatively sim-
ple model and that we do not have very precise ob-
servational values to be compared with. For these
reasons we consider that uniform envelopes give a
sufficient representation for scattering calculations in
the present context. This result is important because
the beta law calculations are computationally (much)
more costly than uniform density ones.

Number of blobs The presence of a number of
sub-peaks in emission lines is usually taken as evi-
dence for the presence of more than one blob in WR
winds (Robert 1994). The average number of such
sub-peaks is around 10 (Robert 1994). It is thus im-
portant to understand how AI and AP can be af-
fected by the number of blobs as compared to the
values produced by one condensation. This section
does not intend to fully explore the possibilities of an
optically thick envelope with many blobs; this merits
a separate paper and will be done elsewhere. Single
scattering calculations for a cloud of point-like blobs
have been presented by Richardson et al. (1996).

We have run some models with a number of blobs,
Ny, between 1 and 75, assuming no superposition
among blobs. In Table E we summarize the results.
All the parameters where considered fixed (see TableE
for their values) across simulations, except for Ny; and
the blob positions. The exact meaning of the columns
is explained in the following paragraphs. Generally
speaking, they are averages of a number of simulations
(between 3 and 10, see Table fl) with different spatial
blob distribution. We have assumed that the blobs
have a uniform angular distribution, but with a fixed
distance to the source (d; = 3). The o values are
the standard deviations of the sample.

Table E shows the average of AI for sets of sim-
ulations with the same Np;. An increase of AI with



the number of blobs is apparent. As the spatial res-
olution of the models is modest, the position of the
blob relative to the bin center could have some effect
on AI. In order to ascertain such effect, we ran 10
simulations with a single blob; in each of them the
blob was located at different positions in the enve-
lope. The first line in Table P is the average of these
simulations. The resultant small error means that AT
is quite independent of the blob position. Thus the in-
crease in A with Ny, is not caused by effects related
to the blob position, but it seems to be a consequence
of the presence of more than one blob in the envelope.
The explanation for this effect is the following. Let’s
consider only photons emitted by the source in one
direction. They form a beam whose cross section has
the size of the stellar disk (7R?). In the simulations
we have run, the cross section of one blob is 0.25 of
this value. If the envelope has only one blob, obvi-
ously the beam can only cross one blob. But with the
increase of Ny, more than one blob can be crossed by
the same beam: it will depend on the angular distri-
bution of the condensations in each simulation. This
explains the increase of Al with the number of blobs
and also the larger standard deviation compared with
the case of one blob. Table E also shows that AT in-
creases until Ny; around 30 and then levels off or de-
creases. This happens because the scattered photons
becomes an important fraction of photons leaving the
envelope and, as their angular distribution tends to
be isotropic, this ”emission” tends to fill the dips in
the intensity caused by extinction. This effect has the
same nature of the decrease of Al when 7., increases
(see Figure ).

In Table E we also list the polarization as a func-
tion of Ny;. The fourth column shows the averages of
the polarization degree, P, from a given set of simu-
lations. The fifth column presents the standard de-
viation of the sample, op; this gives an idea of how
wide the distribution of polarization actually is. Fig-
ureE shows the histograms of the polarization degree
for simulations of same Np;. The values in Table E
are then a summary of these histograms. The max-
imum of P occurs around 20 blobs and after that P
decreases slowly. Around this number, the standard
deviation of the polarization also peaks. This may be
interpreted as the situation where the anisotropy of
the envelope is maximum; this is valid for the con-
figuration represented by the model parameters: blob
size, optical depths of blob and envelope, blob dis-
tance to the source, and so on. These results may be

contrasted with those of Richardson et al. (1996): for
distinct model assumptions, the average polarization
and variance were always increasing functions of the
blob number. The largest number of blobs they have
considered was 100.

3.2. Extinction versus the scattered flux

In Table , we show some results related to the
scattered flux of our models. This table also presents
the variation caused by extinction to comparison. In
the first three lines, we show the results for one-blob
models whose the variation in flux due to scattering,
Fycqr, was the highest for a given optical depth of
the envelope. Fjs.q¢ was calculated considering the
largest flux among all the bins in one given simulation.
In the remaining lines of this table, we fixed all the
parameters of the models, except Ny;. The values of
Fycqr are the averages of different simulations with
the same Ny;.

If we consider only the results for one-blob en-
velopes, we notice that: (1) Fseqt is less than 5%
for the optically thicker envelopes; (2) the varia-
tion caused by extinction is always greater than that
caused by scattering. On the other hand, for en-
velopes with a large number of blobs (N > 20), the
amount of scattered flux can be very similar to the
extinguished one. The value of Ny; for which F.q: be-
comes important is dependent on the blob parameters
(size and optical depth), since it is a main function of
the total number of scatterers. Our results for many
blobs were obtained for optically thin envelopes. The
one-blob results (Table E) seem to suggest that Ficqt
will be less important for optically thick envelopes in
the many-blob situation as well. This is quite plau-
sible since in optically thick envelopes the flux tends
to be more isotropic.

4. Random broad band variability in WR
stars

4.1. Simulation results

Single WR stars may present polarimetric and flux
variations of 0.5% and 10%, respectively. From the
previous sections, we can state that the variations
observed in flux can be produced by extinction, if
Ny is small, or by extinction and scattering, if Ny; is
larger than around 10, for the parameters used. If the
brightness changes are caused by extinction, the po-
larization will never be observed simultaneously with
the variation in intensity produced by the same blob.



If, for instance, a given blob is along the line of sight
towards the center of the star it will cause a decrease
in flux, but the (maximum) polarization caused by
the same blob will only be noted by an observer in the
direction perpendicular to that one. In other words,
the largest variations in flux and polarization do not
occur along the same line of sight. So it would not
in principle be necessary to consider only one type
of blob to explain the observations. We nevertheless
may assume here without loss of generality that the
observed fluctuations are produced by blobs having
the same physical characteristics. As we now show,
this assumption explains the observed photopolari-
metric fluctuations.

Some results for one-blob models with 7.,, greater
or equal to 0.1 are shown in Table H They were se-
lected from hundreds of simulations whose parameters
are within the ranges presented in Table Iil We have
selected models with AT around 10% and AP greater
than 0.2%. Some models have optically thin envelopes
which may not correctly represent a WR envelope.
However we have kept them to allow a comparison
with the optically thick model results. In Table H we
also include the mass of one blob, My, as a fraction of
the total envelope mass for each model. These values
rely on the composition and the degree of ionization
not varying strongly throughout the envelope since
they depend on the electron density.

A general result is that an extinction value of 10%
is easily achieved for practically any choice of blob
and envelope parameters. One needs only to adjust
the optical depth of the blob, 74;. Although it is not
shown in Table { (because of the associated small val-
ues of polarization), models with blobs far from the
base of the envelope can also produce 10% of variation
in flux. We conclude that the photometric variation
by itself does not strongly constrain the physical char-
acteristics of the blobs.

On the other hand, a polarization of ~ 0.5% is only
obtained for a few specific cases. In general, a blob
produces smaller values of polarization. The highest
values of polarization are achieved for an envelope
with a large blob near the base of the envelope: for
instance, the model with 7.,, = 1.0, dp; = 3, Ry; = 1.0
and a beta law for the density is one such case. We
conclude that the blobs must have a large geometric
cross section in order to produce the observed values
of polarization (see also Section [£.9).

We can now address the applicability of these re-
sults to the flux variations of WR stars. The simplest

scenario is that of an envelope with a single blob. In
this situation, we have already shown that the scat-
tered flux does not produce a variation as high as
10%, while the extinction can reach this value eas-
ily. The question is, how probable is it to observe
such extinction? The exact answer depends on the
size, distance to the source, and density distribution
of the blob, but we can notice in Figure [l that the
range of directions where we can observe the extinc-
tion is considerably large. So the probability of ob-
taining around 10% from extinction from the blob is
non negligible. With an increase in the number of
blobs, this probability increases because there will be
more lines of sight which intercept a blob, whereas
the angular shape and level of the decrease caused by
extinction remains practically the same: this is valid
if the blobs are not very close angularly. However,
the scattered flux also increases with the number of
blobs because each blob contributes individually to
the total (see Table[8]). We note however that the re-
sults for many blobs (end of Section @ and Section
@) were obtained for optically thin envelopes: this
may overestimate Fs..:. Therefore, in a more realis-
tic scenario where many blobs coexist, the flux vari-
ations will originate from the interplay between two
situations: (1) the line of sight intercepts any blob,
in which case extinction effects dominate; (2) there is
no blob in the line of sight, in which case there is a
scattered light contribution dependent of the number
of blobs and their spatial distribution. This result
contrasts with previous studies (Brown et al. 1995;
Richardson et al. 1996), where it was assumed that
the flux variation is produced mainly by scattering.

The polarization produced by an inhomogeneous
envelope depends in a more complicated way on the
envelope parameters than the flux. The main rea-
sons are: (1) polarizations from individual blobs do
not sum algebraically; (2) a blob produces polariza-
tion in regions not confined to a line of sight. If we
consider only one blob, we have shown that a polar-
ization of 0.5% is only achieved with blobs near (less
than about 3 stellar radius) the base of the envelope
and whose sizes are similar to the stellar radius. Fig-
ure ] shows some examples of the number distribution
of polarization degree for simulations with a varying
number of blobs for optically thin envelopes. Dia-
grams like those can be compared with observational
data in order to constrain the physical characteristics
of the blob. They would also be helpful in predicting
the polarization from a given theoretical blob model.



This will be explored in a forthcoming paper.

We have not included the intrinsic emission from
the envelope and blobs. It would probably tend to
smooth the variations in flux and polarization with as-
pect, since the emission is isotropic and non-polarized.

As stressed by Brown et al. (1995), simultaneous
observations in the three mode of observations would
be very important for further constraining the blob
properties. We are carrying an observational program
to observe highly variable WR stars using photopo-
larimetric and spectroscopic techniques.

4.2. Analytical calculations for the blob cross

section

A simple argument in favor of a large cross sec-
tion for a blob in order to cause the observed values
of Al and AP can be presented. Let us assume the
situation of a blob immersed in a transparent enve-
lope, with the blob and the star in the plane of sky so
the scattered flux from the blob has a 90° scattering
angle. The unscattered brightness (light coming di-
rectly from the source) received by the observer will
be called Ij;-. We assumed that this component is
completely unpolarized.

Assuming that the blob scatters the light it inter-
cepts according to the phase function of the electron
scattering, the scattered intensity from a blob to the
observer direction, Is.q¢, is:

31
g%ldirobla (1)

Iscat =

where oy is the solid angle of the blob (as seen by
the central source) and the numerical factor before
14 is the probability of scattering in the observer
direction. The scattered light is 100% polarized, so
the net polarization is just the ratio between I .+ and
(Iscat + Iair) (Code & Whitney 1995).

In this simple scenario, a blob of one stellar radius
situated at 2 stellar radius produces a polarization of
4%. If the blob has half a stellar radius, the polariza-
tion will be 1%. These values are an overestimate for
the polarization: if the blob’s optical depth is small,
only a fraction of the source light will be scattered;
consequently Is.q; will decrease and so will the polar-
ization. On the other extreme, if the blob is optically
thick, the scattered light, Is.qt, would be much more
isotropic and not 100% polarized because of multi-
ple scattering inside the blob. In any case, in order
to achieve a degree of polarization around 0.5% the
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blobs must have large cross sections.

5. Photopolarimetric variability in other early-
type stars

Taylor et al. (1991) have shown that P Cygni, a
luminous blue variable, presents random variations in
its optical polarization. Their data, collected during
1989 and 1990, show amplitude variations between
0.04% and 0.48%, with no preferred value for the po-
sition angle. They have pointed out that such a large
variation indicates that the material causing polariza-
tion must be close to the star and suggested that a
clumpy and variable wind must be causing the vari-
ation in continuous polarization. Coronographic im-
ages of this star shows indeed unresolved clumps of
emission distributed asymmetrically in the envelope
(Nota et al. 1995). Consequently, the model of an en-
velope with condensations is consistent with P Cygni
observations.

Polarimetric observations of OB supergiants have
shown that a large fraction of these stars (7 out of
10) presents random fluctuation between 0.2% and
0.4% (Lupie & Nordsieck 1987; Bjorkman 1994). The
existence of blobs in the wind which scatter the source
light has been considered as a possible explanation to
this behavior.

It is clear therefore that random variability is also
present in other early-type stars besides WR stars.
An envelope with inhomogeneities is a possible inter-
pretation in these cases and seems indeed to be the
best explanation, at least for the supergiant P Cyg.
Based on the observed polarization variations, the
blobs seem to have properties similar to those which
explain the WR variability: they must be large and
close to the star. This may be an indication that the
same phenomenon is working in hot stars with quite
distinct winds and causing a similar clumpy structure.

6. Conclusions

We have for the first time treated the problem of
the multiple scattering in an electron scattering en-
velope where regions of enhanced density exist. The
model results, obtained using a Monte Carlo code,
were used to study the random variation in broad
band flux and polarization of WR stars. We show
that the flux variation amplitude may be due to the
extinction caused by blobs intercepting the line of
sight, if Ny is smaller than 10. For an envelope with
a larger number of blobs, both scattering and extinc-



tion, may play a role in the flux variations. We show
further that the flux variations do not constrain much
the physical properties of the inhomogeneities. The
polarization variation, on the other hand, used simul-
taneously with the photometric variation, is a more
useful constraint to the blob characteristics. The pho-
topolarimetric variability in WR stars indicates that
the inhomogeneities must have relatively large sizes
(comparable to that of the star) and be near the base
of the photosphere. The envelope may possibly, but
not necessarily, have few blobs. If a clumpy structure
is causing the polarimetric fluctuations seen in other
types of hot stars, the blobs probably have similar
characteristics since the amplitude variations are of
the same order.
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Fig. 1.— Example of the angular dependence of in-
tensity and polarization obtained as result of a Monte
Carlo simulation for the radiative transfer in an inho-
mogeneous envelope with a single blob of radius Ry,
located at 6 = 90° and ¢ = 180°: (a) intensity
relative to that of the homogeneous case; (b) percent
polarization. The input parameters are: Te,, = 0.01;
dy = 3; Ry = 1; 1,y = 10; uniform density law. The
envelope radius, Rep,, has been taken as 10 in this
and all other simulations in this paper. Reny, Ror, dy
are normalized to the source radius.

Fig. 2.— Variations of intensity and polarization in
one-blob envelopes of different optical depths and at
different distances from the source. The points rep-
resented by triangles are upper limits to the polariza-
tion. The model parameters are: Ry = 1; uniform
density law.

Fig. 3.— Variations of intensity and polarization
caused by one blob of variable size. The envelope
density follows an uniform law.

Fig. 4.— Variations of intensity and polarization
caused by models with different density laws with a
single blob. The optical depths of the envelope are
0.01 and 1 for the optically thin and thick cases,
respectively. The model parameters are: dy = 3;
Ry, = 1.0. The beta law coefficient used was 0.5.

Fig. 5.— Histograms of the number frequency of
the polarization degree for simulations with varying
Ny (1 through 75). The models parameters are:
Tenv — 0.01; Tyl = 5.0; Rbl = 0.5; dbl = 3.0.
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TABLE 1
INPUT PARAMETERS USED TO GENERATE MODELS OF INHOMOGENEOUS WR WINDS

Input Parameters

Range of Values

Source radius, Ry

Envelope radius, Reny?
Envelope optical depth, 7epn,
Blob radius, Ry;?

Blob optical depth, 7;

Blob distance, dy;®

Number of blobs, Ny,

1.0
10

0.01 -2

0.25, 0.5, 1.0

0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0
3,5,7,9

1-75

a8Normalized to R;.
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TABLE 2
SUMMARY OF THE RESULTS FOR MODELS WITH A NUMBER OF BLOBS #

Ny Al  oar P op Number of
(%) (%) (%) (%) Simulations

1 16,5 0.4 0.17 0.09 10
3 183 44 028 0.13 10
10 260 45 039 0.18 10

20 282 28 049 0.24 8
30 2r3 30 044 0.23 3
40 266 1.7 0.41 0.17 3
50 264 34 042 0.16 3
60 221 20 039 0.14 3
70 223 20 040 0.14 4
75 181 1.7 039 0.14 4

aThe model parameters are: Ten, = 0.01;
Tvl — 5.0; Rbl = 0.5; dbl =3.0.
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TABLE 3
VARIATION IN FLUX CAUSED BY SCATTERING AND EXTINCTION IN AN INHOMOGENEOUS WR ENVELOPE

Ny Teno T Ry dy  Feear Al

% %
1 0.01 10. 1. 3. 7.1 76
1 0.40 10. 1. 3. 4.6 47
1 1.00 10. 1. 3. 2.7 27
1 0.01 5. 0.5 3. 1.9 16.5
3 0.01 5. 0.5 3. 3.4 18.3
10 0.01 5. 0.5 3. 8.5 26.0
20 0.01 5. 0.5 3. 15.7 28.2
30 0.01 5. 0.5 3. 21.9 27.3
40 0.01 5. 0.5 3. 24.4 26.6
50 0.01 5. 0.5 3. 26.3 26.4
60 0.01 5. 0.5 3. 25.3 22.1
70 0.01 5. 0.5 3. 23.3 22.3
75 0.01 5. 0.5 3. 254 18.1
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TABLE 4
BEST MODELS OF INHOMOGENEOUS WR WINDS?

Tenv dp Ry Thi Density AT AP OAP AI/AP Mblb
Law (%) (%) (%)

0.10 3.0 05 20 Unif. 11.3  0.266 0.047 42 0.023
020 3.0 05 20 Unif. 10.0 0.249 0.066 40 0.011
040 5.0 1.0 20 Unif. 28.8 0.335 0.071 86 0.023
040 3.0 1.0 1.0 Unif. 20.4 0.446 0.079 46 0.011

050 30 10 10 pBg=05 97 036 0.11 27 0.016
1.00 3.0 1.0 5.0 Unif. 24.8 0.514 0.062 48 0.023
.00 30 10 20 pB=05 125 047 0.15 27 0.016

1.00 5.0 1.0 10.0 Unif. 23.5 0.364 0.070 65 0.045
20 30 10 50 Unif. 10.6 0.548 0.057 19 0.011

2All models listed here are for one blob (Ny; = 1).

PMass relative to the total mass of the envelope.

17












10

Ty



N

Al (

AP (%)

80

60

| T T
Uniform

Beta law

= 0.01

1.00




10

o -
AV M

40
o0
60
70
75

N,, =
N, =
N,, =
N, =
N,, =

I I
o 5
Z Z

L m s

© © ©C O o O O O ©oC O O O o O O O o O ©Oo O O
< A < N < N < N < QA < N < A < N < N < AN

Adouanboaij doaqunpN

N, =
N, =
N, =

}//_7_‘7}—1-\_-——-J;
I

1.5

0.5

o

P (%)



