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Abstract

The use of spectropolarimetry as a diagnostic probe of stellar-wind structure is inves-
tigated by using high-quality observations and state-of-the-art analytical and numerical
models.

The winds of late-type giant stars are studied through the highly polarized 68304
and 7088A Raman-scattered emission lines that are observed in many symbiotic systems.
A spectropolarimetric survey of 28 symbiotic stars is presented. A Monte-Carlo code is
developed in order to aid interpretation of the lines and the parameter sensitivity of the
Raman line polarization spectrum is investigated. It is demonstrated that the observed line
polarization morphologies can be reproduced by using realistic physical parameters and
that the line polarization structure is a powerful diagnostic of the cool stellar wind. The
binary phase dependence of the line structure is studied with the aim of using multi-epoch
observations to derive orbital parameters. The polarization spectrum of the symbiotic star
BI Crucis is analyzed and discussed in relation to the geometry of its extended bipolar
nebula.

The first detection of emission-line (Ha) polarization structure in an O supergiant
(¢ Puppis) is presented. Model polarization spectra are computed using statistical equi-
librium calculations and Monte-Carlo radiative transfer. It is demonstrated that the lat-
itudinal wind density structure predicted by radiation-driven wind theory is incapable of
producing the observed polarization signature.

Multi-epoch observations of the pathological WN star EZ Canis Majoris are presented.
These observations enable the accurate determination of the interstellar polarization (ISP)
vector. The reliability of techniques used to estimate the ISP is assessed using tests
performed on numerical models. The observed variability of the continuum polarization
is explained in terms of scattering off density inhomogeneities propagating through the
stellar wind.

A spectropola,rimetric‘ survey of 15 galactic Wolf-Rayet stars is presented. Emission-
line polarization structure is observed in four of the survey stars. These data are combined
with results of similar surveys in order to determine the frequency of line polarization
structure in galactic WR stars. Detailed analyses are performed on the the polarization

spectra of the dust-producing WC star WR 137 and the WN6 star WR 134.
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Chapter 1

Introduction

The development of linear detectors of high quantum efficiency, such as the charge-couple
device (CCD), means that the extremely high signal-to-noise ratios generally required for
astrophysically useful spectropolarimetry are now an observational possibility. Spectropo-
larimetry is currently being used as a diagnostic tool on a broad range of astrophysical
objects, from novae to Seyfert galaxies.

This thesis examines the use of spectropolarimetry as a probe of stellar winds. The
winds of a variety of objects are studied; the optically thin winds of O-supergiants; the
dense, hot winds of Wolf-Rayet stars; and the cool, slow outflows of red giant stars.
Despite the very different physical conditions in the circumstellar environments of these
stars, the basic process that produces the polarization signature is the same: scattering
in an asymmetric geometry.

This chapter outlines the history of astronomical polarimetry and provides a back-
ground to the objects that are examined in the thesis. The introductory sections of the

individual chapters provide a more detailed framework for the subsequent investigations.

1.1 A brief history of astronomical polarimetry

The first observation of extra-terrestrial polarized light has been attributed to D. Arago,
who in 1809 observed linear polarization from two comets and moonlight. In 1858, E. Liais
observed polarized light from the solar corona and in 1872 Lord Rosse discovered polar-
ization in light from Venus. It was not until Chandrasekhar’s (1946a, 1946b and 1947)
groundbreaking series of papers on radiative transfer and his prediction of intrinsic po-

larization in hot-star binary systems that astronomers began to observe stellar sources

16



in search of polarized light. The search for this predicted effect led to the discovery of
interstellar polarization (Hiltner 1949; Hall 1949).

The subsequent explosion of astronomical polarimetry was motivated mainly by the
desire to map the galactic magnetic field, which is clearly delineated by the interstellar
polarization (ISP). The first claimed detection of an intrinsic stellar polarization was by
A. Behr in 1959, who reported temporal variability in the linear polarization of y Cas.
This paper was largely ignored, since the poor quality of the polarimetry meant that the
variations could be attributed to instrumental errors. It was the observation of polarization
variability in binary system 3 Lyr (Shakhovskoi 1962) that first convincingly demonstrated
an intrinsic polarization. Many other eclipsing binaries have since been shown to have an
intrinsic polarization. Intrinsic polarization has also been discovered in stars with very
strong magnetic fields. Kemp & Wolstencroft (1972) reported an intrinsic component
to the polarization for the Ap stars HD 215441 and 53 Cam. Clarke & McLean (1974)
observed intrinsic polarization structure in Be stars by using narrow-band filters centred
on the wavelengths of Balmer emission-line features. Similar work was performed by
Poeckert & Malborough (1977, 1978) on y Cas. McLean et al. (1979) presented high-
resolution spectropolarimetry of the shell stars v Cas, ¢ Per, ¥ Per and ¢ Tau, using a
106 diode Digicon image tube as the detector.

It was not until the introduction of high quantum-efficiency, linear photon detectors
that very precise astrophysical spectropolarimetry came to fruition. Recent years have seen
an explosion of interest in the use of spectropolarimetry as an astrophysical diagnostic.
Supernova 1987A has been extensively studied using this technique (Cropper et al. 1988),
the presence of polarization indicating that the supernova explosion was anisotropic. Wolf-
Rayet (WR) stars and Luminous Blue Variables (LBVs) have been extensively studied (e.g.
Schulte-Ladbeck 1990, 1991 and 1994) and it has been shown that these objects frequently
display complex, time-dependent spectropolarimetric signatures.

Modern polarimetric studies are not limited to the optical wavelength region. Radio
telescopes are, by their very nature, also polarimeters. Photopolarimetric observations
have been made at IR wavelengths, and a high-precision near-IR spectropolarimetric fa-
cility is currently being developed for the IRIS instrument at the Anglo-Australian Tele-
scope (AAT). Spectropolarimetric observations have recently been made in the ultraviolet
(Bjorkman et al. 1991) using the Wisconsin Ultraviolet Photo-Polarimeter Experiment

(WUPPE), flown on the Astro-1 Space Shuttle mission, and using the Hubble Space Tele-
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scope (HST).

1.2 Terminology

The seminal work on polarization was that of Stokes (1852). In this paper Stokes intro-
duced his famous parameters I, @, U and V. These can be related to the percentage

linear polarization P by

/02 2
P= 100—QIiU— (1.1)
and the position angle (PA) 6 by
1, 40U
6 = —2—tan ) (1.2)

where the correct quadrant of the tangent is taken into account. In astronomical work
the position angle is measured from North and increasing through East. The normalized

Stokes parameters are sometimes quoted; these are given by

=4 (13)
and
7= % (1.4)

The polarization is sometimes given in terms of an electric vector propagating in Cartesian
coordinates. If the direction of propagation is along the z-axis then the components of the

electric vector in the z and y directions respectively can be written

E, = Eypexpi (wt - ? + 5z) (1.5)
and
E, = Eyexpi (m - -2%5 + 6y) (1.6)

where E o and E,g are the amplitudes of the electric vectors in the z and y directions, z
is the position at time ¢, A is the wavelength and 6, and §, are the phases at z = 0. These

components may then be related to the Stokes parameters by using

I=E%+E% (1.7)
Q= El - E} (1.8)
U = 2Eo; Eqy cos(8, — 6) (1.9)
V = 2Ey;Eoysin(by — 6;) (1.10)
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FIGURE 1.1: A schematic diagram of a dipole scattering event. The incident photon is
scattered at E towards an observer at O. The plane of polarization is parallel to the dipole

(y) axis.

The Stokes parameters may also be represented in vector form

(1.11)

< O~

This has the advantage that the polarization vector is easily manipulated using Mueller
calculus, in which the polarization vector is operated on by a matrix. For example, a

rotation of the plane of polarization through an angle ¢ may be expressed as

1 0 0
0 cos2¢ sin2¢
0 —sin2¢ cos2¢
0 0 0

I'= (1.12)

_ o O ©
< QO M~

1.3 Electron scattering

The intrinsic polarization of early-type stars is produced by electron (Thomson) scat-
tering by free electrons in the circumstellar envelope. The theory of electron scattering
was developed by J. J. Thomson around the turn of the century. According to this theory,
the electric vector of the incident photon induces a vibration, or dipole, in the scattering

electron. The frequency of this vibration is the same as that of the incident radiation. The
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oscillating electron then emits a photon with the same frequency as the incident radiation.
The scattered photon has an electric vector orientated parallel to the axis of the dipole.
The scattering takes place according to the Rayleigh phase matrix (R). The phase matrix

for linear polarization is written in Mueller calculus as

cos?0+1 cos?f-—1 0
3
R = 1 cos’d -1 cos?+1 0 (1.13)
0 0 2cos@

where 6 is the scattering angle. Electron scattering is a grey-process: the scattering cross-

section is independent of wavelength.

1.4 Interstellar polarization

The polarization spectrum of an appreciably reddened astrophysical object is a combina-
tion of the intrinsic polarization spectrum and the interstellar polarization (ISP), intro-
duced by aspherical interstellar dust grains aligned in the Galactic magnetic field. In order
to analyze the intrinsic polarization spectrum it is therefore necessary to subtract the ISP.
Obtaining a reliable estimate of the ISP if usually difficult, but it is crucial to the subse-
quent analysis since the magnitude of this vector is often comparable to or significantly
larger than the intrinsic vector.

Although unreddened stars show little or no observable polarization (e.g. Leroy 1993),
stars with large colour excesses show wide distribution of polarizations P, varying from

zero to an empirical maximum given by the relation

( P ) ~ 0.090 mag™* (1.14)
EB_vV / max

(Spitzer 1978). It is this correlation that provides strong evidence that the interstellar
grains responsible for the extinction are also the cause of the ISP.

As mentioned above, the initial expansion in the field of astrophysical photopolarimetry
was motivated by the desire to map the Galactic magnetic field. The main source of
polarization data for that study was the catalogue of Mathewson & Ford (1970) which
contained broad-band polarimetry of 1800 stars. Further work by Klare & Neckel (1977)
and Mathewson et al. (1978) has resulted in a data base of over 7000 photopolarimetric
observations. These data are plotted in Galactic coordinates in figure 1.2. The magnitude
of the polarization is a maximum in the Galactic plane due to the larger dust columns

towards stars in this direction. The PA is also observed to be a function of Galactic
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position. The Galactic magnetic field, which runs along the spiral arms, aligns the spin
axis of the elongated dust grains perpendicularly to the field lines.

The interstellar polarization is also a function of wavelength. The magnitude of the
ISP generally reaches a maximum in the optical region, although the wavelength of this
maximum (Amax) varies from sightline to sightline, as does the maximum polarization
Ppnax- If the polarization curve P(A) is normalized by dividing though by Ppax and
expressed as a function of A/Anax, then the polarization curves for all stars are very

similar. A two-parameter empirical fit can therefore be made to P()
P(A) = Praxexp [~k 10? (Amax/2)| (1.15)

(Serkowski 1973) where k = 1.15. Recent investigations (Codina-Landaberry & Magalhaes
1976; Whittet et al. 1992) have shown that allowing k to vary may improve the fit. The
value of M.y is correlated with the ratio of total to selective extinction R (= Ay /Ep_v).

Serkowski, Mathewson & Ford (1975) give

5.5Amax

R=—0

(1.16)

where Apmax is expressed in angstroms. Hence for a “normal” sightline (R & 3) Amax is
~5500A.

Observations of the ISP in the ultraviolet using the WUPPE instrument (Clayton et al.
1992) and the HST (Somerville et al. 1994) have shown that the Serkowski law may be
safely extrapolated into the UV for only some sightlines and that some objects show UV

polarizations well in excess of the Serkowski curve.

1.5 Intrinsic polarization

The intrinsic polarization of an object may be surmised from a number of different

polarimetric observations:

(i) Temporal variability. If the polarization of an object displays temporal vari-
ability then this must be associated with an intrinsic polarization, since the
polarization produced by the interstellar medium is not expected to vary over

short timescales. (eg Behr 1959; Drissen et al. 1987)

(ii) Wavelength dependence of continuum polarization. The interstellar polariza-

tion (ISP) has a wavelength dependence which is usually well modelled by the
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empirical Serkowski law (see equation 1.15). If the polarization of an object
deviates from this law then this indicates that the object has an intrinsic polar-
ization component (e.g. Poeckert, Bastien & Landstreet 1979). This method
is only valid for optical and IR wavelength regimes, since evidence exists that

the Serkowski law is not applicable in the UV (Clayton et al. 1992).

(iii) Changes in polarization at the stellar spectral line wavelengths. The interstel-
lar dust grains act as a polarizing filter, introducing a fractional polarization
(according to the Serkowski law) to all stellar flux. Any changes of the po-
larization vector though stellar spectral lines can be attributed to an intrinsic
polarization (e.g. McLean et al. 1979) since these changes must have occurred

in the circumstellar region, before the flux passed though the ISM.

1.6 O stars

The O stars comprise some of the most luminous stellar sources known, with luminosities
of up to 106 L. These stars are characterized by both high luminosity and prodigious
mass-loss (sometimes as high as 5 x 107®Mg yr=!). The optical spectra of these stars are
dominated by the hydrogen Balmer series and He lines. In some O stars the mass-loss
rates are so high that Ho and He11 4686 are observed as P Cygni profiles and the other
profiles are also contaminated by wind emission.

The flux distribution from O stars peaks in the far-ultraviolet. This means that the
observed continuum distribution, even in the UV range of IUF, is insensitive to tempera-
ture. A fundamental value of the temperature may be obtained from the integrated flux
from the star and the angular diameter measured from interferometry (e.g. Code et al.
1976) although this method is unreliable for stars hotter than 30000 K (Hummer et al.
1988) because small errors in the integrated flux arising from uncertainties in the model
atmospheres are amplified to give large errors in the derived temperatures.

The temperatures are most accurately found by detailed analysis of the photospheric
absorption profiles (e.g. Bohannan et al. 1986; Smith & Howarth 1994) of H and He
and the ratio of He1/He11. State of the art non-LTE modelling of O star photospheres
is performed in plane-parallel geometry with the constraint of hydrostatic equilibrium.
Attempts are currently being made to include line and wind blanketing (Abbott & Hummer

1985), which may have important effects on the temperatures and gravities derived using

23



TABLE 1.1: Typical physical parameters of O-supergiant stars. The values are taken from
Howarth & Prinja (1989).

Spectral Teg My log(L/Lg) R/Re M/Mg logg

Type  (kK)

031 45.0 -6.6 6.22 21 100 3.79
041 42.0 -64 6.04 20 77 3.72
051 41.0 -6.9 6.21 25 94 3.61
061 39.0 —-6.6 6.03 23 73 3.58
Oo71 36.0 —-6.6 5.93 24 62 3.47
081 33.0 -64 5.76 23 48 3.40
091 31.0 -6.1 5.57 21 38 3.37

these models.

The most extreme mass-losers in the O star regime are the O-supergiant stars (cf
¢ Puppis). Typical stellar parameters for these stars are displayed in table 1.1. The
high mass-loss rates of these objects, often combined with strong wind variability and
rapid rotation velocities, meant that these stars were chosen as high priority targets for

spectropolarimetric observation.

1.6.1 Mass-loss via stellar winds

It was Beals (1929) who first suggested that the P Cygni profiles in the optical spectral of
some early-type stars could be explained in terms of a continuous mass outflow. Observa-
tions of the strong ultraviolet resonance lines of OB stars, first from rockets (Morton 1967)
and later from satellites such as Copernicus (Snow & Jenkins 1977) and IUE (Boggess
1978), demonstrated that all O-stars and many B-stars are losing mass. Mass-loss via a
stellar wind is now recognized as a universal feature of hot, luminous stars.

Mass-loss from early-type stars is important for a number of reasons. Material lost via
a stellar wind enriches the interstellar medium in terms of both energy and material. In ad-
dition, a star may lose up to one-third of its zero-age main-sequence mass during its main-
sequence lifetime, drastically affecting post-main-sequence evolution. Back-scattering of
continuum radiation by the stellar wind onto the photosphere, so-called ‘wind-blanketing’
(Abbott & Hummer 1985), means that the spectral types of massive stars depend not only
on the effective temperature and surface gravity, but also on the mass-loss rate. Further-
more, extensive mass-loss may reveal nuclear-processed material at the stellar surface.

The first realistic theory of hot star winds was proposed by Lucy & Solomon (1970).
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It was suggested that the driving force came from momentum transfer from the radiation
field to the stellar wind via a combination of electron scattering and resonance-line scat-
tering. The seminal work of Castor, Abbott & Klein (1975, hereafter CAK) culminated
in a self-consistent radiation-driven wind theory in which the radiation force was com-
puted using subordinate lines in addition to electron and resonance line scattering (see
appendix E). They found that the inclusionig large tabulation of C 111 spectral lines in the
calculation resulted in mass-loss rates 100 times greater than those presented by Lucy &
Solomon (1970). Only one model was presented and several drastic approximations were
used, but the CAK radiation-driven wind theory provided the framework around which
all subsequent steady-state wind theories were built.

Abbott (1982) further refined CAK theory by calculating the line force using a tabu-
lation of spectral lines that was complete from hydrogen to zinc in the ionization stages I
to VI. Although more realistic than the CAK line force, major discrepancies between the-
ory and observation remained. The next stage in this evolutionary process was the work
of Pauldrach, Puls & Kudrizki (1986, hereafter PPK). The major advance of the PPK
theory was the dropping of the radial-streaming approximation of CAK which resulted
in improved agreement between theoretical and observed mass-loss rates and terminal
velocities.

The effect of stellar rotation on mass-loss rate has been observationally investigated by
Howarth & Prinja (1989). They found that mass-loss rate correlated with v sin 7 according

to

AlogM ~ 1073Avsin i (1.17)

Stellar rotation should lead to a reduction in surface gravity at the equator. If simple
CAK theory is considered then this means that there should be an enhancement of the
equatorial mass-loss rate along with a corresponding decrease in the equatorial terminal
velocity. The full 3-dimensional solution to radiation driven wind theory is a formidable
problem since rotation means that nor-monotonic velocity fields exist along some lines of
sight within the wind, leading to multiple resonance zones. Mazzali (1990) formulated the
formal solution to the 3-dimensional single-line radiative transfer required for a rotating
wind structure. It was found that the rotation led to a change in the shape of the UV
P Cygni profiles, with the peaks becoming rounded and red-shifted.
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FIGURE 1.3: The Ha profile of the Be star CD-24 5721. Note the sharp central reversal.

1.7 Be and BJe] stars

Be stars are distinguished from normal B-stars by the presence of Balmer series emission
in their optical spectra, often accompanied by emission from singly ionized metals. If
these stars also exhibit forbidden emission lines they are further classified as B[e] stars
(eg Allen & Swings 1976). The spectral classification of Be stars is difficult, largely due
to contamination of the absorption line spectrum by wind emission. Spectral types have
been assigned to Be stars, however, generally using the absorption line ratios used for
classifying normal B stars, although these classifications are often unreliable.

The Ho emission line profile of Be stars (figure 1.3) are commonly symmetrical, with
a central self-reversal and a base line-width greater than that expected from rotational
broadening. Multiple emission line peaks are observed in some objects, while the line
intensity is often variable with time. P Cygni type absorption profiles are only rarely
observed in optical spectra of Be stars.

It was Struve (1933) who first interpreted the spectrum of Be stars in terms of an
extended atmosphere. It had been noted that the widths of the emission lines in a Be star

spectrum correlated with the wavelength, as expected from Doppler broadening. Struve
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found that the absorption line profiles were “dish-shaped”, a profile associated with rapid
stellar rotation. He postulated that the axial stellar rotation produce instabilities in the
stellar atmosphere, and that matter is ejected at the equator to form a disk-like structure.
The emission lines, he suggested, were formed via recombination in a similar manner to
those in planetary nebulae. The variation in emission line shape amongst Be stars could
then be explained simply in terms of the observer’s viewing angle.

It has since been shown that pure rotation is generally insufficient to produce an
equatorial envelope. In addition, Struve’s model cannot account for the variability seen
in many Be stars. Ultraviolet observations show evidence for a hot, superionized wind
emanating from the stellar poles. Thus any Be star model must account for the two-
component wind, with a cool, slow dense equatorial flow and a hot, fast, rarified polar
one. Until recently Be star models have been ad hoc; they have been constructed in
order to model as many of the observables as possible but have no self-consistent physical
basis (eg Poeckert & Malborough 1978). The wind compressed disk (WCD) theory of
Bjorkman & Cassinelli (1993) provides a physically plausible hydrodynamic theory of
disk formation in Be stars, in which rotation and radiation force compress the outflow.
Numerical simulations using WCD theory (Owocki, Cranmer & Blondin 1994) confirm
that the theory is capable of modelling some of the observationally inferred structures.

Intrinsic polarization vectors have now been observed in many Be stars with the contin-
uum polarization usually on the order of 1%. The simplest explanation of the polarization
is electron scattering in an extended envelope which is asymmetric with respect to the
observer’s line of sight. This explanation is qualitatively consistent with the disk envelope

models.

1.8 Wolf-Rayet stars and Luminous Blue Variables

Wolf-Rayet (WR) stars (Wolf & Rayet 1867) are believed to be the highly evolved descen-
dants of massive OB stars. The spectra of WR stars exhibit the intense, broad emission
lines of highly ionized species which are the signature of a hot, dense stellar wind. Mass-loss
rates inferred from radio measurements, which are widely regarded as the most reliable,
range from 107° to 10™* Mg yr~!. The wind velocities, which are measured from either
UV P Cygni absorption troughs or the widths of optical emission lines, give terminal
velocities of several thousand kms™1.

WR stars my be separated into two broad classes; those in which the emission lines of
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TABLE 1.2: Classification of WN spectra (Smith 1968b). Table taken from Jaschek &
Jaschek (1987).

Spectral Type Criteria

WN8 Nir>» Niv He1 strong with violet absorption edges,
N 111 A4640 ~ He11 24686,
N1t A5314 present

WN7 N1 >» Niv He1 weak, N 111 A4640 < He11 A4686
WN6 Ninn= N1v N v present but weak,
N 111 A4634-41 band present
WN5 N1~ Niva Nv NI A634-41 band present
WN4.5 Niv>Nv N 111 very weak or absent
WN4 Niva Nv N 111 very weak or absent
WN3 Niv« Ny N 111 absent

TABLE 1.3: Classification of WC spectra (Smith 1968b). Table taken from Jaschek &
Jaschek (1987).

Spectral C111 A5696  C111 A5696 Width of
Type O v A5592 Civ A5805 Ciir,1v 24650

WC5 <1 0.3 85A
WC6 >1 0.3 454
WC7 8.0 0.7 354
WC8 1.0

WC9 3.0 10A

nitrogen dominate (the WN stars) and those in which the carbon lines are strongest (WC
stars). These two classes may then be further divided according to excitation. Tables 1.2
and 1.3 show the classification system of Smith (1968b) for WN and WC stars respectively.
In addition to the WN and WC subtypes there are a small group of stars in which the
main characteristic is the enhancement of oxygen (Barlow & Hummer 1982): the WO
stars.

The effective temperatures, masses and radii of these objects are difficult to determine
(or indeed define) since the observed radiation field is produced in the massive stellar
wind. The standard WR model (e.g. Hillier 1983; 1987a; 1987b 1988; 1989) assumes a
spherical geometry, a monotonic velocity law, homogeneity and time independence. This
model successfully reproduces the continuum flux distribution from 6cm to 15004, the
strengths of the He1l and Hell lines and their profile shapes. The standard model does
not produce the correct metal line strength, and the P Cygni absorption troughs of the

helium lines are found to be too strong. The electron scattered wing of the emission lines
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is also about a factor of 2 too strong in the standard model.
The mass-loss rates and terminal velocities combine to yield one of the fundamental
problems of WR star astrophysics: the momentum problem. It is general accepted that
the WR winds are driven by radiation pressure in a similar manner to those of OB stars.
We defined a single-scattering efficiency factor n as
| Mow
= L/c

(1.18)

where M is the mass-loss rate, vy is the terminal velocity, L is the luminosity and c is
the speed of light. If » = 1 then the entire momentum available from single scattering of
the radiation field has been passed to the ejected material. Observations of mass-loss and
terminal velocities have shown that n actually falls in the range of 3 to 30. Hence there is
apparently more momentum in the wind than available from the driving radiation field.
Several attempts have been made to explain this anomaly (e.g. Poe, Friend & Cassinelli
1989). Recent Monte-Carlo calculations by Poe, Friend & Cassinelli (1989) have shown
that the single-scattering limit for the momentum problem (7 = 1) may be exceeded by a
factor of 10 or more due to trapping of the driving photons brought about by the strong
ionization stratification.

The high electron scattering opacity in the WR wind leads to polarization of the emit-
ted radiation by Thomson scattering. When the electron distribution is spherical and
the source is unresolved, the polarized light from different regions cancels and no net in-
trinsic polarization is observed. If, however, the scattering electrons are asymmetrically
distributed then the stellar radiation will be intrinsically polarized. In addition, the po-
larization spectrum of a WR star with a polarized continuum will show the ‘line-effect’, a
reduction in the polarization at the emission line wavelengths due to dilution of the polar-
ized continuum by unpolarized emission line flux (because the emission lines are formed
further out than the continuum they undergo less electron scattering and so are less po-
larized). Binarity complicates the interpretation of polarization data, since scattering of
the companion’s radiation field in the WR wind will also produce polarized radiation.

Temporal variations in broad-band polarimetry of WR stars have been extensively
studied particularly by the Montreal group (e.g. St.-Louis et al. 1987; Drissen et al. 1987;
Robert et al. 1989). For single stars these variations have been attributed to stochastic
‘blob’ ejection in the stellar wind, precipitated by line-driven instabilities predicted by
Owocki, Castor & Rybicki (1988). In binary stars the polarimetric variations have been

used to obtain binary parameters (St.-Louis et al. 1987). Several spectropolarimetric
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studies of WR stars have also been presented (McLean et al. 1979; Schulte-Ladbeck et al.
1990b; Schulte-Ladbeck et al. 1991; Schulte-Ladbeck et al. 1992). These studies dealt
with two WR stars; the WN 5 star EZ CMa (WR 6) and the WN 6 star HD 191765
(WR 134). Both these stars show the line-effect and Schulte-Ladbeck proposed that the
polarization spectrum could be explained in terms of an axisymmetric wind structure. A
recent spectropolarimetric survey of WR stars by Schulte-Ladbeck, Hillier & Nordsieck
(1993) revealed that 5 out of the 20 WN subtypes surveyed and 2 out of 13 WC subtypes
showed the line-effect. Four of the five WN stars are single stars while both the WC stars
are binaries.

Luminous Blue Variables (LBVs; Conti 1984) are thought to pe passing through the
short-lived intermediate evolutionary state between Of and blue supergiant (BSG) stars
and WR stars (Maeder 1989). Like WR stars, LBV spectra are dominated by strong
emission lines associated with massive stellar winds. LBVs exhibit spectroscopic and
photometric variability on a variety of time-scales and magnitudes, and cycle around
the upper left-hand region of the Hertzsprung: Russell (HR) diagram very near to the
Humphrey-Davidson limit. The most extensively studied LBVs are n Carinae, which is
the most luminous star known in the galaxy, and P Cygni, the archetypal emission-line
star.

Several LBVs have intrinsic polarization. Taylor et al. (1991) presented polarimetry
of P Cyg, which is believed to be a system in which wind inhomogeneities produce polar-
ization variability. The wind of R 127 was studied using spectropolarimetry by Schulte-
Ladbeck et al. (1993) who proposed an axisymmetric, clumpy wind structure in order
to account for the time-variability of the continuum polarization. A similar conclusion
was reached for the stellar wind of AG Car (Schulte-Ladbeck et al. 1994). The PA of
the intrinsic component of AG Car was found to be aligned with the minor axis of its
accompanying ring nebula, suggesting that the asymmetry of the nebula is also present
very close to the star. In addition, the continuum polarization of AG Car was found to
vary by about 1.5%, implying that there were significant changes in the envelope opacity

between observations.

1.9 Mass-loss from low gravity late-type stars

Most single stars of less than 10 Mg evolve into white dwarfs rather than exploding as

supernovae; if this were not the case the galactic supernova rate would be approximately
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twenty times greater. Since the Chandrasekhar mass limit, above which a star must
explode, is about 1.4 Mg it follows that these intermediate-mass stars are losing a large
fraction of their ZAMS mass during their lifetime. It is thought that the vast majority
of this mass is shed during evolution along the asymptotic giant branch (AGB). An AGB
star consists of a degenerate core composed mainly of carbon and oxygen, surrounded by
an extended hydrogen rich envelope, supported by a hydrogen burning shell at its base.
Helium builds up around the core, and when the mass of the helium-rich shell exceeds a
critical value helium shell flash occurs. Quiescent helium shell burning continues until the
helium is depleted by the amount produced by inter-flash hydrogen burning. The mass-
loss rate increases as the star evolves until almost the entire hydrogen envelope is stripped
away, exposing the degenerate core. As the core collapses its temperature increases until
the surrounding nebula is ionized. The system is then classified as a planetary nebula
(PN).

Observational evidence of extensive mass-loss from red giants was first presented by
Deutsch (1956). Initial estimates of the mass-loss rates indicated that the winds must have
a significant effect on the late stages of stellar evolution. The first estimate of the mass-loss
rate of a red supergiant, o Ori, was made by Weymann (1962) using optical spectroscopy
of the blue-shifted line absorption components. He derived ion column densities using

curves of growth and obtained a mass-loss rate on the order of 1076 Mg yr~1.

He also
measured the asymptotic velocity of the wind as 11 kms™?!.

Mass-loss from late-type giants is characterized by large mass-loss rates and low flow
speeds. In contrast to the hot-star regime the asymptotic velocity of the wind (ue) is
much lower than the photospheric escape velocity (vesc). The ratio ¢eo/vese increases with
vesc (Reimers 1977). Holzer & MacGregor (1985) showed that for massive winds from
low-gravity late-type stars virtually all of the driving energy is used in elevating the wind
material out of the gravitational field. Once again this is in contrast to hot-star winds, in
which the majority of the driving energy is used in accelerating the wind material to the
terminal velocity.

Molecular hydrogen, which is expected to compose the bulk of the material of the stellar
wind, is generally unobservable in late-type giant stars (Glassgold & Huggins 1983). This
means that minority constituents of the wind must be used as diagnostics. The most widely

used diagnostics are near-IR vibrational transitions of molecules. The most commonly used

molecule is CO (e.g. Schénberg 1988), but about twenty molecules have been observed in

31



the near-IR, including H,O, NH and SiH4 (silicane). The silicane molecule, first detected
by Goldhaber & Betz (1984), is particularly interesting since silicon ‘bearing molecules
are thought to mediate in the momentum transfer of the photospheric radiation to the
stellar wind (Wannier 1985). Modelling of the submillimetre CO lines generally yields
a mass-loss rate considered to be accurate to within a factor of two, but the method is
limited since the mass-loss rate must be greater than 10~7 Mg yr~! for the wind to have
detectable CO opacity.

Another mass-loss diagnostic is the intensity of the radio emission from CO (Knapp &
Morris 1985) or the intensity of far-IR emission from the circumstellar shell (Jura 1986).
Jura (1989) suggested that there is good agreement between the two methods. The major
uncertainty in these methods is the ratio of CO and dust to molecular hydrogen in the
wind.

The physical mechanisms that initiate and maintain this low-velocity mass-loss are
still not well understood. For the most luminous red giant stars it has been proposed
that the wind material is elevated from the stellar surface by dissipation of large-scale
shocks and is then driven by the force of photospheric radiation acting on dust (eg Bowen
1988). A second model concerns systems in which there is no evidence for dust. In this
model the driving force comes from Alfén waves (Hartmann & Avrett 1984) or long-period
acoustic shocks (Cuntz 1987). Judge & Stencel (1991) stress that these models should be
regarded as preliminary and it is unclear whether the dust-free models can reproduce the

high mass-loss rates and low asymptotic velocities observed (Holzer, F13 & Leer 1983).

1.10 Symbiotic stars

The spectrum of a symbiotic star is characterized by the presence of both molecular
absorption bands and sharp nebular emission lines. Stars with these so-called ‘combination
spectra’ were first studied by Merrill (1919) and Plaskett (1928). More stars exhibiting
these peculiar spectral features were discovered and in 1941 Merrill termed these systems
symbiotic stars.

Kenyon (1986) summarizes the defining properties of a symbiotic spectrum as

(i) The absorption features of a late-type giant star. These include Ca1, Ca1i,

Nal, Fel, H,O, CN, CO, TiO and VO.

(ii) bright H1 and Hel emission lines andczither additional lines of ions with an
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ionization potential of at least 20eV and an equivalent width exceeding 14, or
an A or F-type continuum with additional absorption lines from H1, He1, and

singly ionized metals.

It should be noted that since symbiotic stars are variable and undergo outbursts which
may lead to increases in brightness of several magnitudes, any symbiotic star may violate
a rigorous classification system some time during its lifetime.

The composite nature of the symbiotic spectrum is most easily interpreted in terms of
a binary system. The molecular absorption bands are associated with a cool stellar atmo-
sphere, while the emission lines arise from ionization of a nebula by a hot, compact source
with a characteristic temperature of 105K. Although periodic radial-velocity variations are
measured in some symbiotic systems, the lack of these variations in other systems led some
astronomers to postulate that symbiotics were in fact single stars. Menzel (1946) proposed
that the spectrum could be produced by a star with a highly condensed core producing
the emission lines and an extended cool envelope forming the absorption spectrum. Wood
(1973) suggested that a shock-heated chromosphere could produce the emission lines.

It is, however, now generally accepted that most symbiotic stars consist of a late-type
giant star and a hot component which ionizes a nebula. The hot component may be a
compact star, similar to the central star of a planetary nebula, a main-sequence star or an
accreting white dwarf.

Symbiotic systems have been further classified into D- and S-type systems (Webster &
Allen 1975). S-type (stellar) symbiotics have IR continua typical of a blackbody of 2500-
3500 K, consistent with a M giant or supergiant star. D-type (dusty) symbiotics lie well
away from the majority of symbiotics on a colour-colour diagram and their IR continua
peak near 3.5 um. This peak suggests a colour temperature of order 1000 K, which is too
low for a stellar photosphere; however, observations of H,O and CO absorption spectra in

D-type systems indicate the presence of late-type giant stars (Allen 1982).

1.11 Observational techniques and data reduction

1.11.1 The polarimetry module

The polarimetry modules on the Anglo-Australian Telescope (AAT) and the William Her-
schel Telescope (WHT) consist of two optical components, a modulator and an analyzer.

Both components are made from birefringent material and are therefore optically active,
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FIGURE 1.4: A schematic diagram of a linear spectropolarimetry module.

altering the state of polarized component of the radiation. The modulator used for lin-
ear polarimetry is a half-wave plate, so called because it introduces a phase-delay of A\/2
between the mutually orthogonal components of linearly polarized light. This phase de-
lay results in the rotation of the position angle of the linear polarization. The second
component, the analyzer, is constructed from two calcite prisms cemented together. The
analyzer splits the incident radiation into two mutually orthogonally polarized beams; the
ordinary (o) and extraordinary (e) rays.

A schematic of a polarimeter can be seen in figure 1.11.1. The module is always
placed at the Cassegrain focus of the telescope since the polarization introduced by the
reflections from the primary and secondary mirrors cancel due to the rotational symmetry

of the system about the telescopes axis.

1.11.2 Observational techniques

Each observation consisted of a set of four exposures corresponding to the four waveplate
positions (0°, 22.5°, 45° and 67.5°). The dekker used has two pairs (object and sky) of

apertures (A and B). A typical observation consisted of four sets of four images, with
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four exposures taken through the A object and sky apertures, the:eight through the B
apertures and finally four through the A apertures.

Several standard stars were observed for calibration purposes. Polarized standard stars
were observed in order to calibrate the position angle (PA) zero point. The usefulness of
polarized standards as a calibration of instrumental efficiency is limited in spectropolari-
metric work, since there are currently no spectropolarimetric polarized standard stars,
only broad-band standards. This is particularly problematic when attempting to calibrate
the spectra of objects that show structure on a smaller scale than the bandpass of the
filter used for the polarized standard. Unpolarized standard stars were used to obtain
the instrumental polarization, which is normally introduced by surface variations in the
reflection coefficients of the primary and secondary mirrors. Additional calibration spectra
were obtained through the HN22 100% polarizing filter.

Arc calibration spectra were taken through the polarimetry module. The polarimetry
module introduces a small wavelength shift between the ordinary and extraordinary rays
and separate arc calibrations were made to each spectrum. If the same arc calibration is
used on both spectra spurious polarization spikes appear at wavelengths corresponding to

sharp intensity gradients such as absorption edges and emission lines.

1.12 Data reduction

Preliminary data reduction was performed using the FIGARO package (Meyerdicks 1992).
The mean bias, found from the over-scanned bias strip, was subtracted from all the images.
The frames were checked for cosmic rays, using both an automatic cleaning routine and
“by eye”. Only cosmic rays that were away from the target spectra were removed (using
a 2-dimension interpolation of the adjacent pixels).

The location of the o and e spectra on each image was found by collapsing the frame
in the dispersion direction. The target and sky spectra were extracted by collapsing in the
cross-dispersion direction and the sky spectrum was subtracted from the target spectrum.
This process was repeated for the extraordinary ray. The target spectra were multiplied
by the CCD gain to convert from ADU to electrons.

Cross-talk between the o and e spectra reduces the contrast between the measured
intensities and hence the calculated polarization. In order to minimize the effect of scat-
tered light a first-order correction was made. For each extracted target spectrum a further

spectrum was extracted. This spectrum was extracted from the region of the chip equidis-
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FIGURE 1.5: A typical spatial profile of a polarization observation (solid line). The scat-
tered light spectrum for the rightmost beam is extracted over a region equidistant from but
opposite to the neighbouring spectrum (dashed line).

tant from but opposite to the adjacent spectrum and over the same number of pixels
(figure 1.5). Assuming the spatial profile is symmetric, this spectrum should have the
same intensity as the light scattered into the target spectrum from its neighbour. This
scattered light spectrum could then be subtracted from the target spectrum. It was not
possible to use this extraction method for beams close to the edge of the frame and so a
fraction of the neighbouring spectrum, corresponding to the ratio between a scattered flux
spectrum and an intensity spectrum extracted elsewhere on the image, was employed.
Fach exposure contained two spectra, and the ratio of these spectra at each wavelength
bin may be used to obtain one Stokes parameter. However the intensities of the two spectra
are dependent on the system gain factors such as grating efficiencies, mirror reflection
coefficients and pixel-to-pixel detector sensitivity. In order to compensate for the system
gain a second exposure was made with the waveplate rotated by 45°, which inverts the

sign of the Stokes parameter. All the polarization dependent effects are inverted while the
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