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Abstract. Numerical computations show that: (i) the polarimetric
behaviour of carbon stars is inconsistent with the scattering by
graphite grains, (ii) the radial pulsation of the star does not
significantly change the net polarization produced by an enve-
lope, (iii) the envelope geometry has very little effect on the
normalized wavelength dependence, and (iv) if the illuminating
star has a non-uniform surface brightness distribution, circum-
stellar grain scattering produces not only significant changes in
the normalized wavelength dependence of polarization but also
polarization changes across spectral features.
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1. Introduction

Many late-type variables exhibit intrinsic linear polarization
which often varies quasi-periodically (Dyck 1968; Kruszewski et
al. 1968; Dyck & Jennings 1971; Dyck & Sanford 1971; Serkowski
1971; Shawl 1975a). There are two main mechanisms usually
invoked to explain the intrinsic polarization of late-type stars in
general. Harrington (1969) has shown that the light emerging
from the limb of a star would be highly polarized due to Raleigh
scattering by molecules or atoms if the Planck function has a
steep gradient in the atmosphere. However, for a net observable
polarization, photospheric asymmetry should be present and the
proposed sources of asymmetry are non-radial pulsation of the
star, variation of temperature over the surface and the presence of
giant convection cells (Harrington 1969; Schwarzchild 1975). The
other suggested mechanism is the scattering by molecules or dust
grains in an extended asymmetric circumstellar envelope
(Kruszewski et al. 1968; Shawl 1975b; Daniel 1978).

The available computational models of polarization (Shawl
1975b; Daniel 1978, 1980; Simmons 1982) deal with the scattering
of isotropically emitted light from a stellar point source by
particles distributed in an envelope around it, and most of the
polarization results presented in the literature are for axisym-
metric envelopes with uniform particle densities.

Calculations of radiative transfer in dust envelopes by
Rowan-Robinson & Harris (1983a, 1983b) indicate high inner
shell temperatures (~ 1000 K), especially for carbon stars, sug-
gesting the presence of dust grains in the close vicinity of the
objects. The amount of polarization produced will depend on the
angle subtended by the source at the scatterer. For the case of
steady mass outflow, the density falls as the inverse square of the

radial distance (Gilman 1972), and hence the contribution by the
dust grains close to the star to the net observed polarization will
be substantial. Hence, it is expected that the varying size of the
star as it pulsates might modify the observed polarization, such
that, when the object is most compact, the polarization produced
by an envelope would be the largest (Coyne & Magalhaes 1979).
A quantitative analysis of the changes in polarization as a result
of the changes in the physical size of the star is lacking.

The identification of grains in the envelope presents a major
difficulty because of the inverse nature of the problem involved.
However, polarization models of Shawl (1975b) show that a
rough qualitative agreement with the observations of several
objects can be obtained by using the standard candidates for dust
grains (silicates, graphites, etc.) with a suitable choice of their
sizes.

The processes leading to the asymmetry of the envelopes
around most of the late-type objects, that is needed for a net
polarization to be observed, are still open questions. Asymmetric
mass ejection, similar to that proposed for the case of R Lep
(Raveendran & Rao 1989), may be one such mechanism. Another
mechanism may be a mass ejection associated with non-radial
pulsations. Rotation might play a role in the production of an
axisymmetric envelope. A net polarization can also result from
the illumination of a spherical cloud by a star with non-uniform
surface brightness (Doherty 1986), and may be one of the
mechanisms operating in some of the objects.

In what follows the above aspects of polarization produced by
grain scattering in a circumstellar envelope are discussed from a
theoretical point of view, using numerical modeling.

2. Mathematical formulation

The following assumptions are made: (i) the light emitted by the
star is unpolarized, (ii) the grains are spherically symmetric, and
(iii) the single scattering approximation holds good. The last
assumption implies that each particle sees only the direct light
from the star, and it is not in serious conflict with the observations
of the objects under consideration in view of the low optical
depths derived for them (Rowan-Robinson & Harris 1983b)

Consider an element of area dS on the stellar surface and a
volume element dV in the envelope at a distance r. If n(a) is the
corresponding particle size distribution, the Stokes parameters in
terms of the intensity of light scattered by the particles in d ¥ will
be given by (neglecting limb-darkening)

Icos®
dI,,,=(1/2KD? | (i,(a)+iy(a)) e “ P p(a)da dS dV
a r
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IcosO

dQ=(1/2KD2)f (@)= ir(@)—3

e~ (r1—2)

x n(a)dadS dV cos2¢

Icosf
e~ (r1—r2)
2

dU=(1/2KDZ)J (i (@—ix(a)

’
xn(a)dadS dV sin2¢
V'=0.0,

where K =(2n/1), is the wave number, I, the intensity normal to
ds, 6, the angle between the normal and the line joining centres of
dS and dV, t,, the optical depth between dS and dV, 7,, the
optical depth between the scatterer and the observer, D, the
distance between the observer and the scatterer, and i, and i, are
the intensity functions defined by van de Hulst (1957). ¢ is the
azimuth of the scattering plane projected over the sky, and the
factors cos 2¢p and sin 2¢ appear because it is necessary to refer the
contribution arising from each part of the envelope to the same
coordinate system. Integrations over the star and the envelope
provide the net required quantities. The elemental optical depth is
obtained from

dt= f na® n(a) Qe (a) da di,

where di is the element of path length and Q.,,(@), the extinction
efficiency. Usually, one is interested in the normalized Stokes
parameters defined as (I, Q, U, V)/ I, If the intensity of direct
light received from the star is denoted by I;,, then

Itotal = Idir + Isca'
with

Iy =(1/D?) JI cosf e "dS,

where 0 is the angle between the normal to dS and the line of sight
and 7, the optical depth along the line of sight. The integration is
done over the visible hemisphere.

3. Computer program

We have developed a computer program in Fortran to calculate
the polarization produced by grain scattering in a circumstellar
envelope surrounding a star of finite size. A Cartesian coordinate
system is adopted with the positive x-axis along the line of sight,
y- and z- axes in the plane of the sky, and the origin coinciding
with the centre of the star. The star is assumed to consist of a
specified number of source points distributed uniformly across its
surface, and the envelope is divided into a specified number of
equal volume elements. The basic program to calculate i,, i, and
Q... are adopted from Shah (1977). The radiation from each of the
source points scattered by each of the possible volume elements is
calculated and then summed over both the source points on the
star and the volume elements in the envelope to give the
normalized Stokes parameters Q and U. The program reproduces
the results of Zellner (1971), Shawl (1975b) and Simmons (1982)
when the corresponding parameters are introduced. Since both Q
and U are calculated, the specified envelope need not be axisym-
metric as assumed in the earlier investigations (Zellner 1971;
Shawl 1975b; Daniel 1978, 1980).

4. Computational results
4.1. Effect of varying size of star

We have considered a star of radius R, surrounded by a
circumstellar dust envelope of inner boundary radius R, where the
dust grains start condensing, and have computed the polarization
produced by the envelope for various values of R,. Three different
envelope geometries were considered: (a) an ellipsoid of axial ratio
E =3 with a particle density p=a constant, and spheroids with
particle density distributions, (b) p(6) oc (1 —fcos @), and (c) p(d)oc
r~2(1—fcosf), where fis a constant less than unity, and 8 is the
angle between the radius vector and the positive/negative z-axis
(for points above/below the x—y plane). About 8000 volume
elements in the envelope and 130 surface elements on the star
were taken for the purpose of computing the polarization pro-
duced; on doubling these numbers the net polarization changes
by 2.3% and 0.3%, respectively.

The grains were assumed to be of size a=0.1 um and refrac-
tive index m = 1.65 (which corresponds to pure silicates, Simmons
1982). Calculations were made for A=0.5 um, and the optical
depth along the equatorial direction in all cases was assumed to
be 15 =0.4. The attenuation of direct and scattered light inside the
envelope, and the contribution of scattered light to the total light
were neglected while calculating the normalized polarization.

The computations show that the behaviour of normalized
polarization is independent of the value of f appearing in the
above dust density distributions (b) and (c). In Fig. 1, the normal-
ized polarization (P, =1, for a point source) is plotted against the
corresponding ratio (R /R,) of the stellar radius to the inner shell
radius of the envelope for the three geometries assumed, and it is
clear from the figure that the relative change in polarization
depends on the radial distribution of particle density; but the
actual change in polarization with variation in the relative size of
the star is very small. If the temperatures are sufficiently low for
grain formation to start at 3—4 stellar radii (especially, in the case
of the red variables), the net change in polarization as a result of
changes in the physical size of the star during the pulsation
(assuming it to be radial) is only a few percent. It is safe to
conclude that there is little direct effect of radial pulsation of the
star on the polarization produced by an envelope as a result of its
varying size, and that changes in polarization observed in many
red variables may be mainly resulting from changes in the number
and sizes of the scattering grains.

4.2. The nature of grains

In the light of the above results, the star was assumed to be a point
source, and the polarization produced by a circumstellar enve-
lope surrounding it was computed for a wide range of grain sizes
(single size particles in each case) assuming them to be pure
silicates, dirty silicates and graphites, in order to assess their
suitability in explaining the mean polarimetric behaviour of red
variables. The refractive index for pure silicates was taken to be
m=1.65 (Simmons 1982) and that for dirty silicates to be
m=1.55—0.1i (Jones & Merrill 1976). The optical constants for
graphite were taken from Wickramasinghe & Guillaume (1965)
after correcting for the misprints (some of the values under k are
listed as 1.452 instead of 1.425). The density in the envelope was
assumed to vary as p(f)ocr~2(1—0.5cosf) and about 8000
volume elements were considered in the envelope for computing
the polarization produced. The optical depth at A~ ! =2.06 ym !
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was assumed to be 7y =0.4 along the x—y plane in all cases. As
before, the attenuation of scattered light in the envelope and its
contribution to the total light were neglected.

The computed normalized polarization (unity at A~ !=
2.06 um ™) for a few grain sizes, which lie close to the observa-
tional results, are plotted in Figs. 2—4. The dashed lines in Figs. 2
and 3 represent the mean polarimetric behaviour of the oxygen-
rich stars, and the dashed line in Fig. 4 represents that of the
carbon stars (Raveendran 1991). A comparison of the results of
polarization calculations assuming single scattering with that
taking into account multiple scatterings (Daniel 1978) shows that
significant disagreement between them occurs only for optical
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depths 7>0.6. In all the cases plotted in Figs. 24, the optical
depths in the wavelength regions considered never exceeded 0.6,
thereby making the contribution of multiple scattering
insignificant.

Rowan-Robinson & Harris (1983a) have reported that dirty
silicates give an excellent fit to the overall IR emission from
circumstellar dust shells around oxygen-rich stars, and from
Figs. 2 and 3 it is clear that they provide better approximation to
the scattering dust grains than pure silicates also in accounting for
the polarimetric behaviour. It is clear from Fig. 4 that graphites
do not adequately explain the polarimetric behaviour of carbon
stars; here it may be mentioned that neither do they adequately
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0.6} — Fig. 1. Plots of the normalized polariza-
tion against the corresponding ratio of the
stellar to the inner shell envelope radii. The

l ! | I L I | . | L assumed envelope geometries are indicated
01 02 03 04 05 06 07 08 09 10
(Rg/R,)
[ | | 1 | | | | 1 |
-] 1.2
0.10
— 1.0
9 )
E 4 808
© ©
£ 4 £os
£ £
o o2 & g4
Pure Silicate Dirty Silicate
0.2} — 0.2} -
] ] | ] L ] | | | ]
125 150 175 200 225 125 150 175 200 225
()] ()

Fig. 2. Plots of the normalized polarization (continuous curves) for pure
silicates. The values given next to the curves are the respective grain sizes
in microns. The dashed line represents the mean normalized polarimetric
behaviour of oxygen-rich stars (see text)

Fig. 3. Plots of the normalized polarization (continuous curves) for dirty
silicates. The values given next to the curves are the respective grain sizes
in microns. The dashed line represents the mean normalized polarimetric
behaviour of oxygen-rich stars (see text)
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Fig. 4. Plots of the normalized polarization (continuous curves) for
graphites. The values given next to the curves are the respective grain sizes
in microns. The dashed line represents the mean normalized polarimetric
behaviour of carbon stars (see text)
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explain the IR spectra of circumstellar dust envelopes around
carbon-rich objects (Rowan-Robinson & Harris 1983b). It has
been pointed out by Czyzak et al. (1982) that graphite formation
in circumstellar envelopes is not a very likely process and carbon
grains exist, most likely, in some other form, such as amorphous
carbon.

4.3. Effect of envelope geometry

In Fig. 5, the polarization, normalized to unity at 1~ ' =2.06 pm,
is plotted against the corresponding inverse of the wavelength for

graphite grains of size a=0.1 pm and for the envelope geometries
considered in Sect. 4.1; the figure also contains the results for two
other envelope geometries: (i) a double sector and (ii) a spherical
wedge, both of constant density throughout. In all cases the
optical depth along the x—y plane is normalized to =04 at
A=0.485 um. The results for the last two cases are presented by
Shawl (1975b) also. It is found that the normalized wavelength
dependence of polarization is independent of the value of f
appearing in (b) and (c) of the assumed geometries of Sect. 4.1. The
close resemblances in the shapes of the various curves plotted in
Fig. 5 clearly indicate that the envelope geometries have very little
effect on the normalized wavelength dependence of polarization,
as already pointed out by Shawl (1975b).

4.4. Effect of non-uniform surface brightness

For simplicity, as shown in the inset of Fig. 6, the illuminating star
was considered to have three brightness zones — an equatorial
zone characterized by a temperature 7y and two polar zones
(about y-axis), both characterized by a temperature 7. The
boundaries of polar zones are obtained by rotating a radius
vector at an angle 6 with the + ve/— ve y-axis. The dust envelope
was assumed to be spherical with the density p(r) ocr ™2, and the
scattering grains to be pure silicates (m=1.65) of size a=0.1 um.
The optical depth at A=0.5 um along the radial direction was
normalized to t,=0.4, and the ratio of the inner dust shell radius
to the stellar radius was taken as (R4 /R;)=0.2. The contribution
of scattered light to the total light was taken into account while
calculating the net polarization produced; but the attenuation of
both direct and scattered light inside the envelope was neglected.
Computations of polarization at A=0.5 um were made for differ-
ent areas of polar zones (4p), first by keeping T¢=5000 K and
varying Tp, and then keeping 7p,=5000 K and varying 7. In
Figs. 6 and 7, the net polarization produced by the envelope is
plotted against the fractional area (AP/4nRi) of the polar zones.
About 500 surface elements both in the polar and equatorial
regions and about 7000 volume elements in the envelope were
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Fig. 5. Plots of normalized wavelength dependence
of polarization for different envelope geometries
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Fig. 6. Plots of linear polarization produced against the
corresponding fractional area of the polar zones (shown in
the inset of the figure) for different polar zone temperatures
(T,). The temperature of the equatorial zone is taken as Ty
=5000 K
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Fig. 7. Plots of linear polarization produced against the cor-
responding fractional area of the polar zones (see the inset of
Fig. 6) for different equatorial zone temperatures (Tg). The
temperature of the polar zones is taken as T, =5000 K

Fractional Area

considered; the net polarization computed by this combination
for Tp=Tg is found to be < 0.04% in each case.

From Figs. 6 and 7, it is clear that the polarization produced
by a hotter zone at the limb is larger than that produced by a zone
of the same temperature and equivalent area about a plane

passing through the centre; for example, a 5000 K temperature
zone covering an area of ~10% of the stellar surface produces a
polarization ~5% when present at the poles, whereas the net
polarization produced by an equatorial zone of an equivalent
area is <1%, the ambient surface temperature being 2000 K.
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To see the effect of non-uniform surface brightness on the
wavelength dependence, the net polarization, produced at wave-
lengths 0.35, 0.45, 0.50, 0.70, and 0.90 um, was computed for the
geometry described above and shown in the inset of Fig. 6. The
fractional area of the polar zones was taken as 0.13. The grains
were assumed to be of size a=0.6 um and the optical depth at
4=0.5 um was normalized to 7, =0.2. Calculations were made for
two cases of equatorial zone temperatures, 7;=2000K and
4000 K, and the results are presented in Fig. 8 where the polariza-
tion, normalized to unity at A~ ! =2.0um ™!, is plotted against the

inverse of the wavelength. From the figure it is found that the
shape of the normalized P(4) curve depends on the relative values
of Tp and Tg. the less the difference the steeper the curve towards
UYV; for large differences between them all the curves converge to
the same. Larger changes occur in the blue-UV region than in the
red-IR region. The shape of the curve also depends on the relative
position of the hotter zone with respect to the centre of the
projected stellar disc. The normalized P(4) curves, corresponding
to two different positions of the hotter zones, are shown in Fig. 9.
The curve is less steeper towards UV when the hotter zone is close
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il J | the brackets, the polar zone temperatures T,
1.2 14 16 18 20 22 24 26 28
() ~?
T | 1 | | | Ll | [
Tg=2000K 7
2.5 by - ]
(@ I
Tp=4000 L7
2.0 27 (a) —
H 7522000
N P
g 1.5 ©) —
é Tg=4000 Pure Silicate
o 1.0 a=0.06u 7]
T(0.50)=0.2
0S5 Ry/R;=02 Fig. 9. Plots of normalized wavelength dependence
for two positions of the hotter zone which are also
shown in the figure. The fractional areas in the two
] l ! J ! | ] 1 | cases (a) and (b) are 0.13, and 0.09, respectively
12 14 16 18 20 22 24 26 28
-1
(A

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991A%26A...243..445R

[T991AGA - 743 A45RD

to the limb (case a) than when it is about the centre of the
projected stellar disc (case b). The fractional areas in the two cases
are 0.13 and 0.09, respectively.

In the cases considered above, a net polarization at each
wavelength results because of the differences in the emergent
fluxes from the polar and equatorial zones at that wavelength.
With changes in temperature, the flux in the blue-UV region
changes more rapidly than that in the red-IR region, thereby
producing larger changes in polarization in the blue-UV region.

Figure 10is a plot of the polarization at A=0.5 um against the
corresponding polar zone temperature 7, for the case of an
equatorial temperature Ty =2000 K. The ratios of the blackbody
fluxes [F(Tp)/ F(Tg)] are also indicated along the x-axis. It is seen
from the figure that for a given polar zone area the polarization
does not increase monotonously with the ratio of emergent fluxes
from the polar and equatorial zones, but rather stays at a nearly
constant value after [F(Tp)/F(Tg)]~ 50.

The results presented above have some important implica-
tions on the polarization produced, especially by red variables.
Polarization changes across spectral features, observed in several
cool objects, have been, usually, attributed to photospheric
mechanisms (Landstreet & Angel 1977; Coyne & McLean 1979,
Boyle et al. 1986). If different temperature zones exist on the
stellar surface, possibly arising from non-spherical atmospheric
shocks or non-radial pulsations, one would expect changes in
polarization across the spectral features, because the net polariza-
tion produced at any wavelength as a result of circumstellar grain
scattering depends on the distribution of emergent flux across the
surface at that wavelength. This may be yet another mechanism
which produces polarization changes across spectral features.
The large dispersion seen in the UV region of the normalized P(4)
curve of M-type Mira variables has been ascribed to differences in
the grain size distributions (Dyck & Sanford 1971). The present
calculations show that any change in the brightness distribution
of the illuminating star also has larger effects in the UV region
than in the red-IR region of the normalized P(4) curve. More
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detailed model calculations are needed along the lines considered
here.

5. Conclusions

Numerical computations show that the changes in the net
polarization produced by an envelope due to changes in the size
of a star, as a result of radial pulsation, is not significant.
However, in objects that show polarization variation coupled
with the pulsation, other effects such as changes in the number
and sizes of scattering grains may be occurring as a result of the
changes in temperature during the pulsation cycle. The mean
polarimetric behaviour of oxygen-rich stars is found to be more
consistent with the scattering by grains of dirty silicate than by
pure silicate grains. It is also found that the polarimetric behavi-
our of red carbon stars is inconsistent with the scattering by
graphite grains, suggesting the existence of carbon grains in the
envelopes around them in some other forms, such as amorphous
carbon. Polarization changes across spectral features, observed in
several cool objects, have been, usually, attributed to photo-
spheric effects. The present study clearly indicates that circum-
stellar grain scattering produces not only significant changes in
the normalized wavelength dependence of polarization but also
polarization changes across spectral features if the illuminating
star has a non-uniform surface brightness distribution. In the
present polarization model calculations, only a simple geometry
for the brightness distribution has been considered. Further, it is
assumed that the emergent radiation has a blackbody distribu-
tion. Detailed calculations incorporating more realistic atmo-
spheric model parameters are needed to assess the extent of
polarization changes across spectral features.
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