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A bstract

The use of spectropolarim etry 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 6830Â 

and 7088Â Ram an-scattered emission hnes th a t are observed in m any symbiotic systems. 

A spectropolarim etric survey of 28 symbiotic stars is presented. A M onte-Carlo code is 

developed in order to aid interpretation of the hnes and the  param eter sensitivity of the 

Ram an hne polarization spectrum  is investigated. It is dem onstrated th a t the observed Une 

polarization morphologies can be reproduced by using reahstic physical param eters and 

th a t the  hne polarization structure is a powerful diagnostic of the cool stehar wind. The 

binary phase dependence of the hne structure is studied with the aim of using multi-epoch 

observations to  derive orbital param eters. 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-hne (H o) polarization structu re  in an 0  supergiant 

( (  Puppis) is presented. Model polarization spectra are com puted using statistical equi- 

hbrium  calculations and M onte-Carlo radiative transfer. It is dem onstrated th a t the la t

itudinal wind density structure predicted by radiation-driven wind theory is incapable of 

producing the observed polarization signature.

M ulti-epoch observations of the pathological WN star EZ Canis M ajoris are presented. 

These observations enable the accurate determ ination of the intersteUar polarization (ISP) 

vector. The rehabihty of techniques used to  estim ate the ISP is assessed using tests 

performed on numerical models. The observed variabihty of the continuum  polarization 

is explained in term s of scattering off density inhomogeneities propagating through the 

stellar wind.

A spectropolarim etric survey of 15 galactic Wolf-Ray et stars is presented. Emission- 

hne polarization structure is observed in four of the survey stars. These da ta  are combined 

with results of similar surveys in order to  determine the frequency of line polarization 

structure in galactic W R stars. Detailed analyses are performed on the the polarization 

spectra of the dust-producing WC sta r W R  137 and the W N 6 s ta r  W R 134.
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C hapter 1

Introduction

The development of linear detectors of high quantum  efficiency, such as the charge-couple 

device (CCD ), means th a t the extremely high signal-to-noise ratios generally required for 

astrophysicaUy useful spectropolarim etry are now an observational possibility. Spectropo

larim etry 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 spectropolarim etry as a probe of stellar winds. The 

winds of a variety of objects are studied; the optically thin winds of 0 -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 circumsteUar environments of these 

stars, the basic process th a t produces the polarization signature is the same: scattering 

in an asymm etric geometry.

This chapter outlines the history of astronomical polarim etry and provides a back

ground to  the objects th a t 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 astronom ical polarim etry

The first observation of extra-terrestrial polarized light has been a ttrib u ted  to  D. Arago, 

who in 1809 observed linear polarization from two comets and m oonlight. In 1858, E. Liais 

observed polarized Hght from the solar corona and in 1872 Lord Rosse discovered polar

ization in light from Venus. It was not until C handrasekhar’s (1946a, 1946b and 1947) 

groundbreaking series of papers on radiative transfer and his prediction of intrinsic po

larization in hot-star binary systems th a t astronomers began to  observe stellar sources
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in search of polarized light. The search for this predicted effect led to  the  discovery of 

interstellar polarization (Hiltner 1949; HaU 1949).

The subsequent explosion of astronomical polarim etry was m otivated m ainly by the 

desire to  m ap 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 tem poral variability in the  hnear polarization of 7 Cas. 

This paper was largely ignored, since the poor quahty of the  polarim etry m eant th a t the 

variations could be a ttribu ted  to  instrum ental errors. It was the observation of polarization 

variabihty in binary system (5 Lyr (Shakhovskoi 1962) th a t first convincingly dem onstrated 

an intrinsic polarization. Many other echpsing binaries have since been shown to  have an 

intrinsic polarization. Intrinsic polarization has also been discovered in stars with very 

strong m agnetic fields. Kemp & W olstencroft (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 Baimer emission-hne features. Similar work was performed by 

Poeckert & M alborough (1977, 1978) on 7 Cas. McLean et al. (1979) presented high- 

resolution spectropolarim etry of the sheh stars 7 Cas, 0  Per, 'ip Per and (  Tau, using a 

106 diode Digicon image tube as the detector.

It was not until the introduction of high quantum-efhciency, hnear photon detectors 

th a t very precise astrophysical spectropolarim etry came to  fruition. Recent years have seen 

an explosion of interest in the use of spectropolarim etry as an astrophysical diagnostic. 

Supernova 1987A has been extensively studied using this technique (C ropper et al. 1988), 

the presence of polarization indicating th a t th e  supernova explosion was anisotropic. Wolf- 

Rayet (W R) stars and Luminous Blue Variables (LBVs) have been extensively studied (e.g. 

Schulte-Ladbeck 1990,1991 and 1994) and it has been shown th a t these objects frequently 

display complex, tim e-dependent spectropolarim etric signatures.

M odern polarimetric studies are not hm ited to  the optical wavelength region. Radio 

telescopes are, by their very nature, also polarim eters. Photopolarim etric observations 

have been made at IR  wavelengths, and a high-precision near-IR spectropolarim etric fa- 

cihty is currently being developed for the IRLS instrum ent at the A nglo-A ustrahan Tele

scope (AAT). Spectropolarim etric observations have recently been m ade in the ultraviolet 

(Bjorkm an et al. 1991) using the Wisconsin Ultraviolet Photo-Polarim eter Experim ent 

(W U PPE ), flown on the A stro-1 Space Shuttle  mission, and using the Hubble Space Tele-
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scope (HST).

1.2 Term inology

The seminal work on polarization was th a t of Stokes (1852). In this paper Stokes in tro

duced his famous param eters I ,  Q, U and V.  These can be related to  the percentage 

linear polarization P  by

P . I O qV ^  (1.1)

and the position angle (PA) 6 by

=  i t a n - |  (1.2)

where the correct quadrant of the tangent is taken into account. In astronom ical work 

the position angle is m easured from N orth and increasing through East. The normalized 

Stokes param eters are sometimes quoted; these are given by

-  Q

and

j  (1-3)

ü = j  (1.4)

The polarization is sometimes given in term s of an electric vector propagating in Cartesian 

coordinates. If the direction of propagation is along the z-aixis then the components of the 

electric vector in the x  and y directions respectively can be w ritten

Ex  — E/mo exp 2 füjt ^ T  ( 1 »5)

and

Ey = Eyo exp i ( u t  -  +  6y^ (1.6)

where Exo and Eyo are the amplitudes of the electric vectors in the x and y directions, z 

is the position at tim e t, X is the wavelength and 6x and 6y are the phases at z =  0. These 

components may then be related to  the Stokes param eters by using

+ ^yO (1.7)

-  Eio ( 1.8 )

u  = 2EoxEoy COs{6y — & ) (1.9)

V  = 2EoxEoy sin(Sy — S.) ( 1.10)
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F ig u r e  1.1: A schematic diagram of a dipole scattering event. The incident photon is 
scattered at E  towards an observer at 0 .  The plane of polarization is parallel to the dipole 
(y) axis.

The Stokes param eters may also be represented in vector form

< I

Q 

u
I =

This has the advantage th a t the polarization vector is easily m anipulated using Mueller 

calculus, in which the polarization vector is operated on by a m atrix . For example, a 

ro ta tion  of the plane of polarization through an angle <p m ay be expressed as

I ' =

( 0 0 0

0 COS 2(f) s in  2(f) 0 

0 — sin  2(f) c o s  2cf) 0 

\ 0 0 0 1

I  \

Q 

u
\ V  !

( 1 .12)

1.3 E lectron scattering

The intrinsic polarization of early-type stars is produced by electron (Thom son) scat

tering by free electrons in the circumsteUar envelope. The theory of electron scattering 

was developed by J. J. Thomson around the tu rn  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 th a t 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 m atrix  (R ). The phase m atrix  

for linear polarization is w ritten in MueUer calculus as

 ̂ cos^ 6 1 cos^ 9 — 1 0 ^

cos^ ^ — 1 cos^ 0 +  1 0 (1-13)

y 0 0 2 cos 9 j

where 9 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), in tro

duced by aspherical interstellar dust grains aligned in the Galactic m agnetic held. In order 

to  analyze the intrinsic polarization spectrum  it is therefore necessary to  subtract the ISP. 

Obtaining a reliable estim ate of the ISP if usually difficult, bu t it is crucial to  the  subse

quent analysis since the m agnitude 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 w ith large colour excesses show wide distribution of polarizations P , varying from

zero to  an empirical maximum given by the relation

f — ^ 1 % 0.090 mag"^ (1.14)
VPS-F/max

(Spitzer 1978). It is this correlation th a t provides strong evidence th a t the intersteUar 

grains responsible for the extinction are also the cause of the ISP.

As mentioned above, the initial expansion in the field of astrophysical photopolarim etry 

was m otivated by the desire to  map the Galactic m agnetic field. The main source of 

polarization d a ta  for th a t study was the catalogue of M athewson & Ford (1970) which 

contained broad band polarim etry of 1800 stars. Further work by Klare h  Neckel (1977) 

and M athewson et al. (1978) has resulted in a da ta  base of over 7000 photopolarim etric 

observations. These d a ta  are plotted in Galactic coordinates in figure 1.2. The m agnitude 

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 m agnetic field, which runs along the spiral arm s, aligns the spin 

axis of the  elongated dust grains perpendicularly to the  field lines.

The interstellar polarization is also a function of wavelength. The m agnitude of the 

ISP generally reaches a maximum in the optical region, although the wavelength of this 

m axim um  (Amax) varies from sightline to sightline, as does the maximum polarization 

P*max- If the polarization curve P(A) is normalized by dividing though by Pmax and 

expressed as a function of A/Amax, then the polarization curves for all stars are very 

similar. A tw o-param eter empirical fit can therefore be made to P(A)

P(A) =  Pmaxexp -A;ln^(Amax/A) (1.15)

(Serkowski 1973) where k % 1.15. Recent investigations (Godina-Landaberry & Magalhaes 

1976; W hitte t et al. 1992) have shown th a t allowing k  to  vary may improve the fit. The 

value of Amax is correlated with the ratio  of to ta l to  selective extinction R  (=  A y / E b - v )- 

Serkowski, M athewson & Ford (1975) give

(1.16)

where Amax is expressed in angstroms. Hence for a “norm al” sighthne (P  % 3) Amax is 

%5500Â.

Observations of the ISP in the ultraviolet using the W U PP E  instrum ent (Clayton et al. 

1992) and the HST (Somerville et al. 1994) have shown th a t the Serkowski law may be 

safely extrapolated  into the UV for only some sightlines and th a t some objects show UV 

polarizations weU in excess of the Serkowski curve.

1.5 Intrinsic polarization

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

polarim etric observations:

(i) Temporal variability. If the polarization of an object displays tem poral 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) W avelength dependence of continuum polarization. The interstellar polariza

tion (ISP) has a wavelength dependence which is usually well modelled by the
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F ig ure  1.2: The polarization vectors o f  the stars observed by Klare & Neckel (1977) and Mathewson  et al. (1978) plotted in Galactic coordinates. 
The bar in the upper-left hand corner o f  the plot symbolizes 5% polarization. The polarization vectors o f  stars near  6 =  0° are aligned with the 
Galactic plane and there is considerable structure near I =  50°.



empirical Serkowski law (see equation 1.15). If the  polarization of an object 

deviates from this law then this indicates th a t the object has an intrinsic po lar

ization component (e.g. Poeckert, Bastien & Landstreet 1979). This m ethod 

is only vahd for optical and IR wavelength regimes, since evidence exists th a t 

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

(iii) Changes in polarization at the steUar spectral hne wavelengths. The in terstel

lar dust grains act as a polarizing filter, introducing a fractional polarization 

(according to  the Serkowski law) to  all stehar flux. Any changes of the  po

larization vector though stehar spectral hnes can be a ttribu ted  to  an intrinsic 

polarization (e.g. McLean et al. 1979) since these changes m ust have occurred 

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

1.6 O stars

The 0  stars comprise some of the most luminous stehar sources known, w ith luminosities 

of up to  10® Lq. These stars are characterized by both  high luminosity and prodigious 

mass-loss (sometimes as high as 5 X 10“ ®M©yr“ ^). The optical spectra of these stars are 

dom inated by the hydrogen Baimer series and He hnes. In some 0  stars the mass-loss 

rates are so high th a t H a and He II 4686 are observed as P Cygni profiles and the  other 

profiles are also contam inated by wind emission.

The hux distribution from 0  stars peaks in the far-ultraviolet. This m eans th a t the 

observed continuum  distribution, even in the UV range of lUE, is insensitive to  tem pera

ture. A fundam ental value of the tem perature may be obtained from the in tegrated  flux 

from the sta r and the angular diam eter m easured from interferom etry (e.g. Code et al. 

1976) although this m ethod is unrehable for stars ho tter th an  30 000 K (Hum m er et al.

1988) because smah errors in the integrated flux arising from uncertainties in the  model 

atm ospheres are amphhed to  give large errors in the derived tem peratures.

The tem peratures are most accurately found by detailed analysis of the  photospheric 

absorption profiles (e.g. Bohannan et al. 1986; Sm ith & Howarth 1994) of H and He 

and the ratio  of H e i/H e il. S tate of the a rt non-LTE modelling of 0  s ta r photospheres 

is performed in plane-parallel geometry with the constraint of hydrostatic equilibrium. 

A ttem pts are currently being made to  include hne and wind blanketing (A bbott & Hummer 

1985), which may have im portant effects on the tem peratures and gravities derived using
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T a b l e  1 .1: lypical physical parameters o f 0-supergiant stars. The values are taken from  
Howarth & Prinja (1989).

Spectral
Type

Teff
(kK)

M y log(L/X©) RJ R q M  JM q ^ogg

0 3  I 45.0 - 6.6 6.22 21 100 3.79
0 4  1 42.0 -6 .4 6.04 20 77 3.72
0 5  I 41.0 -6 .9 6.21 25 94 3.61
0 6  I 39.0 - 6.6 6.03 23 73 3.58
0 7  1 36.0 - 6.6 5.93 24 62 3.47
0 8  I 33.0 -6 .4 5.76 23 48 3.40
0 9  I 31.0 - 6.1 5.57 21 38 3.37

these models.

The most extreme mass-losers in the 0  star regime are the 0-supergiant stars (c / 

C Puppis). Typical stehar param eters 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 ro tation  velocities, m eant th a t these stars were chosen as high priority targets for 

spectropolarim etric observation.

1 .6 .1  M a s s - lo s s  v ia  s te l la r  w in d s

It was Beals (1929) who first suggested th a t the F Cygni profiles in the optical spectral of 

some early-type stars could be explained in term s of a continuous mass outflow. Observa

tions of the  strong ultraviolet resonance Hnes of OB stars, first from rockets (M orton 1967) 

and later from satellites such as Copernicus (Snow & Jenkins 1977) and lU E  (Boggess 

1978), dem onstrated th a t aU 0 -sta rs  and many B-stars are losing mass. Mass-loss via a 

stellar wind is now recognized as a  universal feature of ho t, luminous stars.

Mass-loss from early-type stars is im portant for a num ber of reasons. M aterial lost via 

a stellar wind enriches the interstellar medium in term s of bo th  energy and m aterial. In ad

dition, a s ta r 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 ‘w ind-blanketing’ 

(A bbott & Hummer 1985), means th a t the spectral types of massive stars depend not only 

on the effective tem perature and surface gravity, but also on the mass-loss rate . Further

more, extensive mass-loss may reveal nuclear-processed m aterial a t the stellar surface.

The first realistic theory of hot star winds was proposed by Lucy & Solomon (1970).
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It was suggested th a t the driving force came from m om entum  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, A bbott & Klein (1975, hereafter CAK) culm inated 

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 th a t the inclusion^a large tabulation  of C III 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 approxim ations were 

used, bu t the CAK radiation-driven wind theory provided the framework around which 

all subsequent steady-state  wind theories were built.

A bbo tt (1982) further refined CAK theory by calculating the line force using a tab u 

lation of spectral lines th a t was complete from hydrogen to  zinc in the ionization stages I 

to  VI. A lthough more realistic than  the CAK Une force, m ajor 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 m ajor advance of the PPK  

theory was the dropping of the radial-stream ing approxim ation of CAK which resulted 

in improved agreement between theoretical and observed mass-loss rates and term inal 

velocities.

The effect of stellar ro tation  on mass-loss ra te  has been observationaUy investigated by 

H ow arth & Prin ja  (1989). They found th a t mass-loss ra te  correlated with vs 'm i  according 

to

A logM  % 10“ ^A u sin i (1.17)

SteUar ro tation  should lead to  a reduction in surface gravity at the equator. If simple 

CAK theory is considered then this means th a t there should be an enhancem ent of the 

equatorial mass-loss ra te  along with a corresponding decrease in the  equatorial term inal 

velocity. The fuU 3-dimensional solution to  radiation driven wind theory is a  formidable 

problem  since ro tation  means th a t non-monotonic velocity fields exist along some fines of 

sight within the wind, leading to  multiple resonance zones. Mazzafi (1990) form ulated the 

form al solution to the 3-dimensional single-fine radiative transfer required for a ro ta ting  

wind structure. It was found th a t the ro tation 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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F ig u r e  1 .3: The Ha profile of the Be star CD-24 5721. Note the sharp central reversal.

1.7 B e and B[e] stars

Be stars are distinguished from normal B-stars by the presence of Baimer series emission 

in their optical spectra, often accompanied by emission from singly ionized m etals. If 

these stars also exhibit forbidden emission hnes they are further classified as B[e] stars 

(eg AUen & Swings 1976). The spectral classification of Be stars is difficult, largely due 

to  contam ination of the absorption Hne 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 unrehable.

The H a emission Une profile of Be stars (figure 1.3) are commonly sym m etrical, with 

a central self-reversal and a base hne-width greater than  th a t expected from  rotational 

broadening. Multiple emission hne peaks are observed in some objects, while the hne 

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 term s of an 

extended atm osphere. It had been noted th a t the widths of the  emission hnes in a Be star 

spectrum  correlated with the wavelength, as expected from Doppler broadening. Struve
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found th a t the absorption line profiles were “dish-shaped” , a profile associated w ith rapid 

stellar ro ta tion . He postulated th a t the axial stellar ro ta tion  produce instabilities in the 

stellar atm osphere, and th a t m atter is ejected at the equator to  form a disk-like structure. 

The emission lines, he suggested, were formed via recombination in a similar m anner to  

those in p lanetary  nebulae. The variation in emission line shape am ongst Be stars could 

then  be explained simply in term s of the observer’s viewing angle.

It has since been shown th a t pure ro tation  is generally insufficient to  produce an 

equatorial envelope. In addition, Struve’s model cannot account for the variability seen 

in m any Be stars. Ultraviolet observations show evidence for a hot, superionized wind 

em anating from the stellar poles. Thus any Be star model m ust account for the two- 

com ponent wind, with a cool, slow dense equatorial flow and a hot, fast, rarifled 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 & M alborough 1978). The wind compressed disk (W CD) theory of 

Bjorkm an & CassineUi (1993) provides a physically plausible hydrodynam ic theory of 

disk form ation in Be stars, in which ro tation and radiation force compress the outflow. 

Numerical simulations using WCD theory (Owocki, C ranm er h  Blondin 1994) confirm 

th a t the theory is capable of modelling some of the  observationaUy inferred structures.

Intrinsic polarization vectors have now been observed in m any Be stars w ith 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 asym m etric with respect to  the 

observer’s Une of sight. This explanation is quaUtatively consistent with the  disk envelope 

models.

1.8 W olf-Rayet stars and Luminous B lue Variables

Wolf-Rayet (W R) stars (Wolf & Rayet 1867) are beUeved to be the highly evolved descen

dants of massive OB stars. The spectra of W R stars exhibit the intense, broad emission 

Unes of highly ionized species which are the signature of a hot, dense steUar wind. Mass-loss 

rates inferred from radio m easurem ents, which are widely regarded as the m ost reUable, 

range from 10” ® to 10”  ̂ M ©yr” ^. The wind velocities, which are m easured from either 

UV P Cygni absorption troughs or the widths of optical emission Unes, give term inal 

velocities of several thousand k m s” .̂

W R stars my be separated into two broad classes; those in which the emission Unes of
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T a b l e  1 .2: Classification of W N spectra (Smith 1968b). Table taken from Jaschek & 
Jaschek (1987).

Spectral T ype Criteria
W N 8 N iii >  N IV He I strong w ith  violet absorption edges, 

N III A4640 % H e ll A4686,
N III A5314 present

W N7 N iii >  N IV He I weak, N iii A4640 < H e n  A4686
W N 6 N III % N IV N V present but w eak,

N III A4634-41 band present
WN5 N iii % N IV %i N V N III A4634-41 band present
W N4.5 N IV > N V N III very weak or absent
WN4 N IV % N V N III very weak or absent
WN3 N IV <  N V N III absent

T a b l e  1.3: Classification of W C  spectra (Smith 1968b). Table taken from Jaschek & 
Jaschek (1987).

Spectral
Type

C m  A5696 C m  A5696 W idth  of 
C m ,iv  A46500  V A5592 C iv  A5805

WC5 <1 0.3 85À
W C6 >1 0.3 45Â
WC7 8.0 0.7 35Â
W C8 1.0
WC9 3.0 10Â

nitrogen dom inate (the WN stars) and those in which the carbon lines are strongest (W C 

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 W N and W C stars respectively. 

In addition to  the WN and W C subtypes there are a small group of stars in which the 

m ain characteristic is the enhancement of oxygen (Barlow & Hummer 1982): the  WO 

stars.

The effective tem peratures, masses and radii of these objects are difficult to  determ ine 

(or indeed define) since the observed radiation field is produced in the  massive steUar 

wind. The standard  W R model (e.g. HiUier 1983; 1987a; 1987b 1988; 1989) assumes a 

spherical geometry, a monotonie velocity law, homogeneity and tim e independence. This 

model successfuUy reproduces the continuum flux distribution from 6cm to  1500Â, the 

strengths of the He I and H ell lines and their profile shapes. The standard  model does 

not produce the correct m etal 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 term inal velocities combine to yield one of the fundam ental 

problems of W R star astrophysics: the momentum  problem. It is general accepted th a t 

the W R  winds are driven by radiation pressure in a similar m anner to  those of OB stars. 

We defined a single-scattering efficiency factor r] as

^  (1.18)

where M is the  mass-loss rate , Uq© is the term inal velocity, L  is the  luminosity and c is 

the speed of light. If 77 =  1 then the entire m om entum  available from single scattering of 

the rad iation  field has been passed to  the ejected m aterial. Observations of mass-loss and 

term inal velocities have shown th a t rj actually falls in the range of 3 to  30. Hence there is 

apparently  more m om entum  in the wind than  available from the driving radiation field. 

Several a ttem pts have been made to  explain this anomaly (e.g. Poe, Friend & CassineUi

1989). Recent M onte-Carlo calculations by Foe, Friend & CassineUi (1989) have shown 

th a t the  single-scattering Umit for the m omentum  problem (77 =  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 W R wind leads to  polarization of the em it

ted radiation by Thom son scattering. W hen the electron distribution is spherical and 

the source is unresolved, the polarized Ught from different regions cancels and no net in

trinsic polarization is observed. If, however, the scattering electrons are asymmetricaUy 

distributed then the steUar radiation wiU be intrinsicaUy polarized. In addition, the po

larization spectrum  of a W R star with a polarized continuum wiU show the ‘Une-effect’, a 

reduction in the polarization at the emission Une wavelengths due to  dilution of the polar

ized continuum  by unpolarized emission Une flux (because the emission Unes are formed 

further out than  the continuum they undergo less electron scattering and so are less po

larized). B inarity compUcates the in terpretation of polarization da ta , since scattering of 

the com panion’s radiation field in the W R wind wiU also produce polarized radiation.

Tem poral variations in broad-band polarim etry of W R  stars have been extensively 

studied particularly by the M ontreal group (e.g. St.-Louis et al. 1987; Drissen et al. 1987; 

Robert et al. 1989). For single stars these variations have been a ttribu ted  to  stochastic 

‘blob’ ejection in the steUar wind, precipitated by Une-driven instabiUties predicted by 

Owocki, C astor & Rybicki (1988). In binary stars the polarim etric variations have been 

used to  obtain binary param eters (St.-Louis et al. 1987). Several spectropolarim etric
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studies of W R 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 

w ith two W R stars; the WN 5 star EZ CM a (W R 6) and the WN 6 star HD 191765 

(W R 134). Both these stars show the line-effect and Schulte-Ladbeck proposed th a t the 

polarization spectrum  could be explained in term s of an axisymmetric wind structure . A 

recent spectropolarim etric survey of W R stars by Schulte-Ladbeck, HiUier & Nordsieck 

(1993) revealed th a t 5 out of the 20 WN subtypes surveyed and 2 out of 13 WC subtypes 

showed the Une-effect. Four of the five WN stars are single stars while both  the W C stars 

are binaries.

Luminous Blue Variables (LBVs; Conti 1984) are thought to passing through the 

short-Uved interm ediate evolutionary sta te  between Of and blue supergiant (BSG) stars 

and W R  stars (M aeder 1989). Like W R stars, LBV spectra are dom inated by strong 

emission Unes associated with massive steUar winds. LBVs exhibit spectroscopic and 

photom etric variabiUty on a variety of time-scales and m agnitudes, and cycle around 

the upper left-hand region of the Hertzsprung RusseU (HR) diagram  very near to  the 

Humphrey-Davidson Umit. The most extensively studied LBVs are rj Carinae, which is 

the m ost luminous star known in the galaxy, and P Cygni, the archetypal emission-Une 

star.

Several LBVs have intrinsic polarization. Taylor et al. (1991) presented polarim etry 

of P Cyg, which is beUeved to be a system in which wind inhomogeneities produce polar

ization variabiUty. The wind of R 127 was studied using spectropolarim etry by Schulte- 

Ladbeck et al. (1993) who proposed an axisymmetric, clumpy wind structu re  in order 

to  account for the time-variabiUty of the continuum polarization. A similar conclusion 

was reached for the steUar wind of AG Car (Schulte-Ladbeck et al. 1994). The PA of 

the intrinsic component of AG Car was found to  be aUgned with the m inor axis of its 

accompanying ring nebula, suggesting th a t the asym m etry 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 th a t there were significant changes in the envelope opacity 

between observations.

1.9 M ass-loss from low gravity late-type stars

Most single stars of less than  10 M@ evolve into white dwarfs ra ther than  exploding as 

supernovae; if this were not the case the galactic supernova ra te  would be approxim ately
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twenty times greater. Since the Chandrasekhar mass lim it, above which a s ta r  m ust 

explode, is about 1.4 M© it follows th a t these interm ediate-m ass stars are losing a large 

fraction of their ZAMS mass during their lifetime. It is thought th a t the  vast m ajority  

of this m ass is shed during evolution along the asym ptotic 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 ra te  increases as the star evolves until almost the entire hydrogen envelope is stripped 

away, exposing the degenerate core. As the core collapses its tem perature  increases until 

the surrounding nebula is ionized. The system is then classified as a  p lanetary  nebula 

(PN ).

Observational evidence of extensive mass-loss from red giants was first presented by 

Deutsch (1956). Initial estim ates of the mass-loss rates indicated th a t the winds m ust have 

a significant effect on the late stages of stellar evolution. The first estim ate of the mass-loss 

ra te  of a  red supergiant, a  Ori, was made by W eymann (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 10“ ® M@ y r“ ^. He also 

m easured the asym ptotic velocity of the wind as 11 k m s“ .̂

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 asym ptotic velocity of the  wind (uqo) is 

much lower than  the photospheric escape velocity (ugsc)- The ratio  Uoo/vesc increases with 

Vesc (Reimers 1977). Holzer & M acGregor (1985) showed th a t for massive winds from 

low-gravity late-type stars virtually all of the driving energy is used in elevating the wind 

m aterial out of the gravitational field. Once again this is in contrast to  ho t-star winds, in 

which the m ajority  of the driving energy is used in accelerating the wind m ateria l to  the 

term inal velocity.

Molecular hydrogen, which is expected to  compose the bulk of the m aterial of the  steUar 

wind, is generaUy unobservable in late-type giant stars (Glassgold & Huggins 1983). This 

means th a t m inority constituents of the wind m ust be used as diagnostics. The m ost widely 

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

molecule is CO (e.g. Schonberg 1988), but about twenty molecules have been observed in
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the near-IR, including H2O, NH and SiH4 (silicane). The silicane molecule, first detected 

by Goldhaber & Betz (1984), is particularly interesting since silicon bearing molecules 

are thought to m ediate in the momentum transfer of the  photospheric radiation to  the  

steUar wind (W annier 1985). Modelling of the submiUimetre CO Unes generaUy yields 

a mass-loss ra te  considered to  be accurate to  within a factor of two, bu t the  m ethod is 

Umited since the mass-loss ra te  must be greater than  10“  ̂ M@ yr"^ for the wind to  have 

detectable CO opacity.

Another mass-loss diagnostic is the intensity of the radio emission from CO (K napp & 

Morris 1985) or the intensity of far-IR emission from the circumsteUar sheU (Ju ra  1986). 

Ju ra  (1989) suggested th a t there is good agreement between the two m ethods. The m ajor 

uncertainty in these m ethods is the ratio of CO and dust to  molecular hydrogen in the  

wind.

The physical mechanisms th a t initiate and m aintain this low-velocity mass-loss are 

stiU not weU understood. For the most luminous red giant stars it has been proposed 

th a t the wind m aterial is elevated from the steUar 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 Alfen waves (H artm ann & A vrett 1984) or long-period 

acoustic shocks (Cuntz 1987). Judge & Stencel (1991) stress th a t these models should be 

regarded as preUminary and it is unclear whether the dust-free models can reproduce the 

high mass-loss rates and low asym ptotic velocities observed (Holzer, Fla & Leer 1983).

1.10 Sym biotic stars

The spectrum  of a  symbiotic star is characterized by the presence of bo th  m olecular 

absorption bands and sharp nebular emission Unes. Stars with these so-caUed ‘com bination 

spectra’ were first studied by MerriU (1919) and Plaskett (1928). More stars exhibiting 

these pecuUar spectral features were discovered and in 1941 MerriU term ed these system s 

sym biotic stars.

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

(i) The absorption features of a late-type giant star. These include C al, C a ll,

N ai, Fei, H2O, CN, CO, TiO and VO.

(ii) bright H I and He I emission Une^ a n d  either additional Unes of ions with an
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ionization potential of at least 20 eV and an equivalent w idth exceeding 1Â, or 

an A or F-type continuum with additional absorption Hnes from H i, He I, and 

singly ionized metals.

It should be noted th a t since symbiotic stars are variable and undergo outbursts which 

may lead to increases in brightness of several m agnitudes, any symbiotic s ta r m ay violate 

a rigorous classification system some time during its hfetime.

The composite nature of the symbiotic spectrum  is m ost easily interpreted  in term s of 

a binary system. The molecular absorption bands are associated with a cool stellar atm o

sphere, while the emission lines arise from ionization of a  nebula by a hot, compact source 

with a characteristic tem perature of lO^K. Although periodic radial-velocity variations are 

m easured in some symbiotic systems, the lack of these variations in other systems led some 

astronom ers to  postulate th a t symbiotics were in fact single stars. Menzel (1946) proposed 

th a t 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 th a t a shock-heated chromosphere could produce the emission lines.

It is, however, now generally accepted th a t 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 sta r or an 

accreting white dwarf.

Symbiotic systems have been further classified into D- and S-type systems (W ebster & 

AUen 1975). S-type (steUar) symbiotics have IR continua typical of a blackbody of 2500- 

3500 K, consistent with a M giant or supergiant star. D-type (dusty) symbiotics He weU 

away from the m ajority  of symbiotics on a colour-colour diagram  and their IR  continua 

peak near 3.5 //m. This peak suggests a colour tem perature of order 1000 K, which is too 

low for a steUar photosphere; however, observations of H2O and CO absorption spectra in 

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

1.11 Observational techniques and data reduction

1 .11.1 T h e  p o la r im e tr y  m o d u le

The polarim etry modules on the Anglo-AustraUan Telescope (AAT) and the WiUiam Her- 

schel Telescope (W H T) consist of two optical components, a m odulator and an analyzer. 

Both components are made from biréfringent m aterial and are therefore opticaUy active.
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F i g u r e  1.4: A schem atic diagram o f a linear spectropolarim etry module.

altering the sta te  of polarized component of the radiation. The m odulator used for lin

ear polarim etry is a half-wave plate, so called because it introduces a phase-delay of A/2  

between the m utually orthogonal components of linearly polarized light. This phase de

lay results in the ro tation  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 m utually orthogonally polarized beams; the 

ordinary (o) and extraordinary (e) rays.

A schematic of a polarim eter 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 prim ary and secondary mirrors cancel due to  the  ro tational sym m etry 

of the system about the telescopes axis.

1 .1 1 .2  O b s e r v a t io n a l te c h n iq u e s

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 cahbration of instrum ental efficiency is lim ited in spectropolari

m etric work, since there are currently no spectropolarim etric polarized standard  stars, 

only broad-band standards. This is particularly problem atic when attem pting  to  calibrate 

the spectra of objects th a t 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 instrum ental polarization, which is normally introduced by surface variations in the 

reflection coefficients of the prim ary and secondary mirrors. Additional calibration spectra 

were obtained through the HN22 100% polarizing filter.

Arc cahbration spectra were taken through the polarim etry module. The polarim etry 

module introduces a small wavelength shift between the ordinary and extraordinary  rays 

and separate arc cahbrations were made to  each spectrum . If the same arc cahbration is 

used on both  spectra spurious polarization spikes appear at wavelengths corresponding to 

sharp intensity gradients such as absorption edges and emission hnes.

1.12 D ata reduction

Prehm inary d a ta  reduction was performed using the FIGARO package (Meyerdicks 1992). 

The mean bias, found from the over-scanned bias strip , was subtracted  from ah the images. 

The frames were checked for cosmic rays, using both  an autom atic cleaning routine and 

“by eye” . Only cosmic rays th a t 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 coUapsing the frame 

in the dispersion direction. The target and sky spectra were ex tracted  by coUapsing 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 m ultiphed 

by the CCD gain to  convert from ADU to electrons.

Cross-talk between the o and e spectra reduces the contrast between the m easured 

intensities and hence the calculated polarization. In order to  minimize the effect of scat

tered Ught 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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F i g u r e  1.5: A typical spatial profile o f a polarization observation (solid line). The scat
tered light spectrum fo r the rightmost beam is extracted over a region equidistant from  but 
opposite to the neighbouring spectrum (dashed line).

tan t from but opposite to  the adjacent spectrum  and over the same num ber 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 m ethod 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.

Each exposure contained two spectra, and the ratio  of these spectra a t each wavelength 

bin may be used to  obtain one Stokes param eter. However the intensities of the two spectra 

are dependent on the system gain factors such as grating efficiencies, m irror reflection 

coefficients and pixel-to-pixel detector sensitivity. In order to  compensate for the system  

gain a second exposure was made with the waveplate ro ta ted  by 45°, which inverts the 

sign of the  Stokes param eter. All the polarization dependent effects are inverted while the
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system gain remains constant. The intensities i recorded by the detector can be w ritten

*0.11 “  (1*19)

*0,1 = -^{I—Q)G^Fq (1 .20 )

*45,11 =  +  Q)G||T]t5 (1-21)

*45,1 =  -  Q ) G i f 45 (1.22)

where G|| and G±_ are the system  gains of the ordinary and extraordinary  rays respectively, 

Fq and F45 are the tim e-dependent factors corresponding to image-wander and seeing 

fluctuations of the images obtained at the 0 and 45 degree positions of the half-wave

plate, I  is the to ta l polarized intensity, Q is the Stokes param eter. Dividing the o and e

spectra in each image cancels the F  factors, removing the tim e-dependent gains. Division 

of the resulting ratios removes the polarization dependent gain factors G. The q Stokes 

param eter m ay then be obtained from

g =  (1.23)

where

(1.24)
*45,||/*45,1

The Ü Stokes param eter may be obtained similarly from 22.5 and 67.5 degree positions of 

the half-wave plate.

1 .1 2 .1  S ta t is t ic a l  erro rs

Statistical m ethods for polarim etry are discussed fuUy by Clarke & Stew art (1986), where it 

was shown th a t for situations of low signal-to-noise the effects of kurtosis in the probabihty 

distribution of the errors on Q and U must be taken into account. However in situations of 

high S/N , as is the case in the  observations presented in this study, the following trea tm en t 

is acceptable. If the exposure times for the 0 and 45 degree observations are the sam e and 

the fractional polarization of the  object is small then

*0,11 ~  *0 ,1  ~  *45,11 ~  *4 5 ,1  (1.25)

and

*0,11 +  *o,_L +  *45,11 +  *45 ,_L = I  = 4i (1.26)

Assuming photon statistics dom inate

% V i  (1.27) 
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so

and

±  =  A
A \ /7

Since for small fractional polarization R  ^  1

(1.28)

(1.29)

Since R  \  ^  R  — 1

and

%

u r k i  (1.30)

(1.31)
Pq V I {R  -  1)

and

and similarly

2 R  — 1 1

7 i U ~ T ) R T ï  “  7 i   ̂  ̂ ^

G Q K y J l  (1.33)

a u ^ ^ ' / l  (1.34)

1 .1 2 .2  C a lib r a tio n

The wavelength scale was calibrated using a low-order (usually th ird) polynomial fit to 

the positions of arc Hnes in the comparison arc spectra. Separate calibrations were made 

to  the o and e spectra.

The wavelength calibrations were attached to  the target o and e spectra which were 

then rebinned to  the uniform wavelength scale. The polarization spectrum  was calculated 

according to  the formahsm presented in section 1.12. The two Stokes spectra were then 

combined into a hnear polarization spectrum  {Itot^QtotiUtot)- If lQ,i and Iu,i are the 

intensities of the Q and U Stokes spectra in bin i respectively then

Itot,i — ^Q,i T Iu,i (1.35)

and

where

Qtot,i = Qi f q  Utot,i = Ui f u  (1.36)
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Any obvious cosmic rays were then clipped from the polarization spectrum .

Observations of polarized standard  stars were used to  cahbrate the PA zero point. 

The W HT is alt-azim uth m ounted, and in order to  perform successful polarim etry the 

spectrograph is ro ta ted  during the exposure in order to  keep it a t a constant orientation 

w ith respect to the  N-S meridian. The angle between the instrum ent and the N-S m eridian 

m ust be subtracted  from each polarization spectrum  before continuing with the cahbration.

The position angle (PA) of the of the raw polarization spectrum  is a slow function of 

wavelength (because of the shght chrom atism  of the waveplate). A low-order polynomial 

fit was made to  the PA of an observation made through a 100 percent polarizing filter. 

This fit was used to  remove the PA ro tation  from the target polarization spectra.

Observations of zero-polarization standards revealed th a t the instrum ental polarization 

of both  the W HT and AAT systems was considerably less than  0.1%. Careful observation 

of the unpolarized standard  sta r 61 Vir, made with the AAT, showed th a t the apparent 

instrum ental polarization was variable on at least a night-to-night basis. The effect of this 

variation on the observations is discussed in detail in the relevant chapters. The W H T 

instrum ental polarization is even more problem atic, as the telescope has an alt-azim uth 

mounting. This means th a t the orientation of the prim ary m irror with respect to  the 

celestial frame is constantly changing through an observation.

1.13 This study

The objective of this study is to  examine the use of spectropolarim etry as a diagnostic 

probe of steUar winds. This involves the analysis of very precise, high-resolution spec

tropolarim etric d a ta  using innovative modelling of the systems to  aid in terpreta tion  of the  

observations.

A spectropolarim etric survey of the Ram an scattered emission Unes of symbiotic stars is 

presented in C hapter 2. It is shown th a t these Unes display a wide variety of morphologies 

and th a t the Une morphology is a function of orbital phase. A numerical radiative transfer 

code is developed (C hapter 3) in order to model the scattering geometry, and a grid of 

models is calculated. The diagnostic potential of these Unes is assessed in term s of bo th  

the mass-loss rates and orbital param eters. An investigation of the polarization spectrum  

of the symbiotic s ta r HI Crucis reveals th a t the asym m etry of its bipolar nebula is also 

present much closer to  the central stars.

In C hapter 4 the polarization spectrum  of (  Puppis is examined in detail. A semi-
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empirical, 1.5-dimensional model for the density structu re  of the wind is calculated using 

radiation-driven-wind theory. A statistical-equiUbrium code is developed in order to  calcu

late the H a  source function for the theoretical wind structure  and this is used as an input 

to  a M onte-Carlo radiative transfer code. Model H a polarization profiles are com puted, 

and these are used to  estim ate the equator-to-pole density enhancem ent of the wind.

M ulti-epoch spectropolarim etric observations of the WN 5 star EZ CM a are presented 

in C hapter 5. These observations are used to  estim ate the interstellar polarization (ISP). 

A critical assessment of the various m ethods used to  obtain the ISP is given. A detailed 

analysis of the polarization spectra of two other W R stars (W R 134 and W R  137) is 

presented in C hapter 6 , along with a spectropolarim etric survey of northern  hemisphere 

W R stars. The results of this survey and th a t of Schulte-Ladbeck, HiUier &: Nordsieck 

(1993) are used to  examine the frequency of asym m etric W R wind geometries and the 

im pact of this on W R astrophysics.
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C hapter 2

Spectropolarim etric O bservations 

of Sym biotic Stars

2.1 Introduction

Broad emission lines at A6830 and A7088 are observed in about 60 symbiotic stars (Allen 

1980a). The mean heliocentric wavelengths of the lines, obtained from a large sample 

of low-dispersion symbiotic spectra, are 6825.5 T 0 .5Â  and 7088.0 ±  0.5 Â. The equivalent 

widths of the lines are well correlated and follow a linear best-fit relationship of

1T(6830) =  (5.5 ±  0.6)1^(7088) (2.1)

(AUen 1980a). These Unes are not observed in systems other than  symbiotics. The A6830 

Une is often one of the ten strongest emission Unes in the optical region of the symbiotic 

spectrum . High-resolution spectroscopy reveals the Unes to  be highly structured, and th a t 

the A6830 and A7088 Une morphologies are very similar. The Unes are strongest in D- 

type symbiotic systems and are only observed in S-type systems known to contain hot 

steUar sources, such as accreting white dwarfs (AUen 1980b). AUen (1984) showed th a t 

about 85 percent of aU symbiotics with F ev il emission also display A6830, confirming the 

relationship between the A6830, 7088 and hot sources.

The source of these Unes was moot for some years. Joy & Swings (1945) suggested th a t 

the A6830 Une in RS Oph was an emission Une of K III (A6827) but this identification was 

refuted by Thackeray (1977) because the A3504 Une, which is expected to  be stronger, is 

not observed. Further identifications a ttribu ted  the Unes to  several highly ionized species 

such as C a x  (Thackeray & W ebster 1974) and F ev il (AUen 1980a). The broad natu re  of
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the lines indicated the presence of bulk motions in the symbiotic systems of up to  1000 

k m s“ ^. Velocities of this m agnitude proved hard  to reconcile with the expected wind 

velocities of the red giant stars, which are of the order of 10 k m s“ ^.

Schmid (1989) proposed th a t the lines were the result of Ram an scattering of the 0  VI 

A1032,1038 emission doublet by neutral hydrogen in the wind of the giant star. Schmid 

showed th a t the theoretical wavelengths of these lines m atched the observed wavelengths 

presented by Allen (1980a) to  within the quoted errors. He also dem onstrated th a t the  

intensity ratio  /(A 6830)//(A 7088) could be reproduced when the intensity ratio  of the  

0  VI doublet and the difference in Ram an scattering cross-sections for the two doublet 

components are taken into account. Since the Ram an scattering event amplifies any wave

length shift by a factor of approxim ately 6.7, the broad nature  of the emission lines can 

be explained in term s of much smaller velocity fields and, since the Ram an scattering at 

both  A6830 and A7088 occurs in roughly the same region of the neutral wind, the very 

similar line morphologies are naturally  explained.

2 .1 .1  R a m a n  s c a t t e r in g

Most scattering events in astrophysics involve the absorption of a photon followed by 

the imm ediate release of a  photon of the same wavelength (e.g. electron scattering and 

Rayleigh scattering). Ram an scattering differs from these processes because it is inelastic: 

the wavelength of the scattered photon is not the same as th a t of the incident photon 

and the eigenstate of the scattering atom  is altered. Both Rayleigh and Ram an scattering 

differ from resonant line scattering because the interm ediate s ta te  during the scattering is 

not a stable bound sta te  of the atom . Figure 2.1 is a schematic representation of a Ram an 

scattering event.

The incident photon of frequency i>i is absorbed by an atom  th a t is initially in eigenstate 

1%) into a pseudo-eigenstate |ç). This pseudo-state corresponds to an energy

€q = €i +  hl/i (2.2)

A stabilizing transition  occurs with the emission of a photon of frequency i/y and the atom  

is left in eigenstate | / ) .  Hence, by energy conservation

€i hPi = €f + h v f  (2.3)

So if Vij is the frequency corresponding to  the energy difference between eigenstates |z)
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If>

F i g u r e  2 .1:  Schematic diagram o f Raman scattering. The dashed lines show the
pseudo-eigenstate |ç).

and I/)  then

(2.4)

W hen |z) and | / )  are the same state , i/f = ui and the event is a Rayleigh scattering. In 

fact, Rayleigh scattering can be considered as a special case of Ram an scattering. The 

cross-section for Ram an scattering can be found by expanding the eigenfunction of the 

pseudo-state |g) in term s of true bound sta te  eigenfunctions (according to  Nussbaumer, 

Schmid & Vogel 1989). The cross section for Ram an scattering by hydrogenic ions is then

2
1 3

where

M T , = {g f ) f m Kg f ) i

m

{yim F  ^fm)

(2.5)

(2.6)V ^im {yim ^ i ) {^ fm F ̂ i)  

and (jg is the Thomson scattering cross-section, \i) = jns) and | / )  =  \n'l'). The ns n'V

transitions can occur to either s or d angular m om entum  states. {gf )ik are the  weighted

oscillator strengths of the hydrogen bound-bound niii —̂ n k h  transitions and i>ik are the

corresponding frequencies.

If the  frequency of the incident photon z/* is close to  the eigenfrequency Uif of the
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scattering atom  the cross-section can be approxim ated by

1
MTf (2.7)

16

It can be seen th a t the Ram an scattering cross-section increases rapidly as the frequency 

of the incident photon approaches an eigenfrequency of an atom .

2 .1 .2  R a m a n  s c a t t e r in g  in  s y m b io t ic  s ta r s

The identification by Schmid (1989) of the A6830 and A7088 emission hnes in symbiotic 

stars as Ram an scattered hnes was the first convincing identification of astrophysical 

Ram an scattering (Nussbaum er, Schmid & Vogel 1989). Photons from the O v i doublet 

a t A1032,1038 are scattered in the far blue wing of the Ly (3 transition  of neutral hydrogen. 

Schmid (1989) gives the approxim ate cross-sections for Ram an scattering as ctio32 =  6 .6<Je 

and ^1038 — 2.0(Tg.

The smaU cross-section for Ram an scattering leads to  a pronounced asym m etry in 

the scattering geometry. The 0  VI photon source iUuminates the red giant wind, and the 

Ram an scattering events occur in the high density part of the neutral wind th a t hes close 

to  the giant star. This asymm etric geometry, coupled with the fact th a t Ram an scattering 

foUows the pure Rayleigh scattering phase m atrix , means th a t the Ram an fines should 

be linearly polarized. Furtherm ore, since aU the fine photons are produced by Ram an 

scattering and the fines are not diluted by unpolarized emission, the polarization should 

be considerable.

Schmid & Schild (1990) presented linear spectropolarim etry of the symbiotic systems 

He2-38 and RX Pup. They found only weak continuum polarization in the spectrum  of 

RX Pup but He2-38 showed polarizations of 5.3 and 9.2 percent in the 6830 and 7088 Â 

fines respectively. The He2-38 observation lent credence to  Schmid’s identification. In

term ediate resolution spectropolarim etry of symbiotics AG D ra and HBV 475 (Schild & 

Schmid 1992) showed polarization enhancements at the Ram an fine wavelengths, but m ost 

interestingly a great deal of structure could be seen in the polarization spectrum  of the  

fines. The polarization spectrum  of the A6830 fine in HBV 475 was double-peaked with 

position angles of 100° and 10° respectively for the blue and red fine wings, meaning 

th a t the fine wings are perpendicularly polarized. This fine polarization morphology was 

repeated in the A7088 fine. Schmid & Schild (1994) observed 15 symbiotics using interm e

diate resolution spectropolarim etry. They found th a t the Ram an fines were polarized in aU
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the objects and were able to  classify the objects by R am an line polarization morphology, 

distinguishing between three broad classes of polarization profile of increasing complexity:

(i) Profiles with constant polarization through the line,

(ii) profiles with constant position angle and decreasing polarization tow ards the 

red wing and

(iii) double-peaked profiles showing a flip or ro ta tion  in position angle though the 

line.

Although there were about equal numbers of symbiotics in each class they note th a t the  

th ird  type of profile is associated only with late M giants or Miras (HBV 475, V1016 Cyg, 

RR Tel and He2-106).

2.2 Observations

Observations of the Ram an-scattered lines of symbiotic stars were m ade a t the 4-m Anglo- 

AustraUan telescope, NSW, on the nights of 6*̂  to the 10*^ May 1994. The RGO cassegrain 

spectrograph was used in conjunction with the polarim etry module. The 25cm cam era and 

1200V grating were employed and a Tektronics 1024x1024 CCD was used as the detector. 

The mean reciprocal dispersion was 0.79 Â pixel"^ while the resolution, obtained from the 

mean FW HM  of the calibration arc hnes, was found to  be 1.3Â.

2.3 Observational techniques

The targets were chosen from the catalogue of AUen (1984). The selected targe ts  had to  

fulfiU ju st two criteria: (i) evidence of the R am an-scattered Unes in the  low-dispersion 

spectra presented in the catalogue or Usted as having the A6830 Une in Kenyon (1986) and

(ii) bright enough to  aUow a high S/N  observation in a  reasonable tim e (typicaUy eight 

300 second exposures).

A to ta l of twenty-eight symbiotic stars were observed over the five nights. A Ust of 

targets along with spectral types can be seen in table 2.1. A range of M -giant spectral 

types were observed (MO to M8), as weU as three yeUow symbiotics (Hen 905, Hen 1092 

and CD-43® 14304) and seven symbiotic Miras (RX Pup, He2-38, HI Cru, He2-106, He2- 

127, H2-38 and RR Tel). Observations of several single M -giants were obtained in order 

to  aid the rectification of the Ram an Unes.
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T a b l e  2.1: The symbiotic targets observed during the M ay 1994 observing run. The 
coordinates and IR  types are taken from  K enyon (1986) while the spectral types are taken 
from  (1) Kenyon (1986) or (2) Whitelock (1987). The V  magnitudes were obtained from  
(3) M unari et al. (1992) or (4) CDS, Strasbourg. The V  — R  magnitudes are taken from  
M unari et al. (1992).

Object V V - R RA Dec Spectral Ref. IR
name (1950) type type
RX Pup 11.1-14.1 0.85 08 12 28.2 -4 1  33 18 M ira 2 /4 D
Hen 160 15.35 1.65 08 23 26.7 -5 1  18 46 M7 1/3 S
He2-38 12.98 0.84 09 53 03.7 - 5 7  04 39 M ira 2/3 D
SY Mus 11.3-12.4 1.23 11 29 55.0 -6 5  08 36 M 1/4 S
BI Cru 11.14 1.17 12 20 40.3 - 6 2  21 39 M ira 2/3 D
Hen 828 14.30 1.07 12 48 01.6 - 5 7  34 28 M6 1/3 S
Hen 905 14.18 1.33 13 27 23.2 - 5 7  42 50 K4 1/3 S
Hen 916 13.27 0.85 13 31 59.1 - 6 4  30 25 M6 1/3 s
He2-106 12.85 1.98 14 10 22.7 -6 3  11 45 M ira 2/3 D
He2-127 15 21 10.4 -5 1  39 15 M ira 2 /4 D
Hen 1092 13.5 15 42 29.9 - 6 6  19 59 K5 1/3 S
Hen 1242 12.2 16 40 00.3 - 6 2  31 40 M6 1/3 s
AS 210 12.76 0.87 16 48 15.7 - 2 5  55 25 K5 2/3 D
HK Sco 13.1-15.8 1.21 16 51 29.8 -3 0  18 16 M 1/4 s
V455 Sco 12.8-16.5 1.68 16 51 40.3 -3 0  32 30 M 1/4 s
Hen 1341 12.94 1.12 17 05 42.5 - 1 7  22 41 MO 1/3 s
Hen 1342 13.35 1.11 17 05 53.2 -2 3  19 50 M2 1/3 s
H2-5 17 12 04.7 -3 1  30 42 M 1 s
M l-21 13.52 1.22 17 31 20.5 -1 9  07 23 M2 1/3 s
RT Ser 10.6-16.0 1.80 17 37 04.1 -1 1  55 03 M 1/4 s
B13-14 14.22 0.36 17 49 14.1 -2 9  45 19 M6 1/3 s
H2-38 13.76 1.06 18 02 51.5 - 2 8  17 23 M ira 2/3 D
AS 276 13.46 1.12 18 05 37.2 - 4 1 1 3  58 M4 1/3 D
AS 281 13.81 1.33 18 07 34.6 -2 7  58 31 M5 1/3 s
V2506 Sgr 12.0 18 07 51.6 -2 8  33 22 M 1/4 s
Ap3-1 19 08 05.4 02 44 33 s
RR Tel 6.5-16.5 1.53 20 00 20.1 -5 5  52 04 M ira 2 /4 D
C D -4 3  14304 11.55 0.94 20 56 48.6 -4 2  50 34 K3 1/3 s
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2.4 D ata reduction

The da ta  reduction was performed using the m ethod described in C hapter 1, The position 

angle calibration was found to  be accurate to  the 1° level from observations of polarized 

standard  stars. Observations of unpolarized standard  stars revealed th a t the  instrum ental 

polarization was less than  0.1%.

2.5 D ata analysis

Plots of all the observations can be seen in Appendix B. The da ta  analysis was performed 

using the POLMAP package (Harries 1994). Prelim inary exam ination of the da ta  revealed 

th a t 22 of the 28 symbiotics observed had obvious polarization enhancem ents at the Ram an 

line wavelengths. Furtherm ore, the line polarizations were often quite large (typically 5 - 

10%). A typical polarization spectrum  can be seen in figure 2.2. The polarization spectrum  

is unbinned and the two Ram an scattered lines are m arked with their approxim ate central 

regions. The nearby strong emission lines of He I are also labelled. The d a ta  show a wealth 

of polarization structure through the two emission lines (in both  m agnitude and direction), 

with the general line-polarization morphology of 6830 Â repeated in the 7088 Â line. The 

sharp, strong nebula emission lines show no trace of polarization signatures, endorsing the 

d a ta  extraction procedures.

The mean continuum polarization was measured for each star using continuum  bins 

A6700-6750, A6900-6950, A7150-7200 and A7300-7350. These bins were defined to  avoid 

the strongest emission lines in the spectral range. The da ta  were summed to give the 

intensity-weighted mean continuum-polarization

^ m a x  ^ m a x  ^ m a x

hot = E  -fA Qtct = E  <3a Utot = E  (2.8)
^ m i n  ^ m i n  ^ m i n

Continuum  polarization da ta  for the observations, along with broad-band m easurem ents 

taken from the  literature, can be found in table 2.2. There is a significant (3cr) difference 

in the  m agnitude of the polarization vector in 5 stars: RX Pup, SY Mus, BI Cru, He2-106 

and AS 210. This tem poral variability is evidence of intrinsic continuum  polarization and 

in fact aU of these stars are described as intrinsically polarized by Schulte-Ladbeck et al. 

(1990a).

In order to  examine the line polarization morphology it is necessary to  account of the  

interstellar polarization (ISP). The only suitable m ethod for obtaining the ISP in this
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T a b l e  2.2: A list o f continuum polarization measurements fo r  the symbiotic stars along 
with broad-band polarimetry taken from  (1) Schulte-Ladbeck et al. (1990a) and (2) Schm id  
& Schild (1994) . The polarization magnitudes are given as percentages and the position  
angles are given in degrees.

Object P (Tp d (Tg Put ^Put Out Ref
RX Pup 1.825 0.014 146.7 0.2 1.61 0.02 121 0.4 1
Hen 160 1.282 0.119 130.0 2.7
H2-38 2.092 0.011 68.6 0.3 2.15 0.06 69 0.8 1
SY Mus 0.913 0.007 80.8 0.2 0.69 0.02 76 1.0 1
BI Cru 1.954 0.009 108.2 0.1 0.93 0.02 86 0.6 1
Hen 828 1.690 0.046 67.0 0.8 1.67 0.07 65 1.0 1
Hen 905 1.435 0.031 74.4 0.6
Hen 916 2.856 0.056 60.7 0.6
He2-106 2.813 0.048 65.6 0.5 2.32 0.06 67 0.7 1
He2-127 3.038 0.090 73.2 0.8 3.26 0.45 72 3.9 2
Hen 1092 0.719 0.026 54.4 1.0
Hen 1242 1.355 0.017 21.7 0.4 1.34 0.10 27 2.0 1
AS 210 1.042 0.031 52.7 0.9 1.61 0.06 56 1.0 1
HK Sco 1.461 0.015 59.3 0.3
V455 Sco 0.931 0.026 126.3 0.8
Hen 1341 1.736 0.017 44.1 0.3
Hen 1342 0.386 0.028 92.0 2.1
H2-5 2.630 0.087 160.4 0.9
M l-21 1.841 0.038 51.2 0.6
RT Ser 4.933 0.039 69.9 0.2 4.77 0.50 68 3.0 2
B13-14 1.587 0.122 4.7 2.2
H2-38 0.556 0.053 78.8 2.7
AS 276 0.594 0.035 155.0 1.7
AS 281 0.811 0.031 82.6 1.1
V2506 Sgr 0.490 0.046 159.7 2.7
Ap3-1 3.275 0.087 35.0 0.8
R R T el 0.231 0.044 127.5 5.5 0.24 0.45 111 31.0 2
C D -4 3  14304 0.570 0.015 167.5 0.7 0.38 0.22 173 15.0 2

49



case is the field-star m ethod, in which polarization m easurem ents of stars surrounding the 

target star are used to  estim ate the ISP vector. This m ethod assumes th a t the  s tructu re  

of the ISP does not vary along similar sight-Hnes, an assum ption th a t is clearly flawed 

but is unavoidable. It also assumes th a t the field stars are unpolarized. This is another 

unsafe assum ption considering th a t the m ajority  of field stars with broad-band polariza

tion m easurem ents are B-giant stars with unstable atm ospheres. Furtherm ore, since the 

m agnitude of the ISP roughly scales with the reddening, it is necessary to  find field-stars 

th a t are located at approxim ately the same distance as the target.

The polarization catalogues of M athewson et al. (1978) and Klare & Neckel (1977) 

were searched for stars within a fixed angular radius of the target s ta r on the  plane 

of the sky. This radius was chosen in order th a t sufficient field stars were enclosed to  

define the ISP vector. The spectral types of the stars within this locus were found from 

the Michigan catalogue of two-dimensional spectral types while photom etry was obtained 

from Catalogues of ubvyP  photom etry (Hauck & MermiUiod 1990) or U B V  photom etry 

(MermiUiod 1987).

The absolute m agnitude and reddening of the field stars were obtained using two 

m ethods. A modified version of the code w ritten by Moon (1985) was used for stars 

for which full uhvyj3 photom etry was available. This code employs empirical calibrations 

of Stromgren photom etry (Crawford 1975, 1978 and 1979) and dereddening expressions 

(e.g. Crawford 1978) in order to estim ate the dereddened colour indices, the absolute 

m agnitude, the tem perature and the radius of the  star. The Q m ethod (Heintze 1973) 

was employed when only U B V  photom etry was available, w ith absolute m agnitudes taken 

from AUen (1973).

Spectroscopic parallaxes were estim ated for the symbiotics for which V  m agnitudes 

were available by using the absolute m agnitudes of AUen (1973). The reddening for these 

stars was obtained iteratively from the A y -m o  -  M  relationship defined by the field-stars. 

Obviously no distance could be estim ated for stars w ithout V  m agnitudes. AUen (1980b) 

used jA-band photom etry to  obtained spectroscopic paraUaxes for 14 of the symbiotics 

stars studied here. The distances derived are shown in table 2.3.

Only field stars within ±2  m agnitudes of the target star distance modulus were selected 

for most symbiotics. Hen 160, RT Ser, RR Tel and CD-43°14304 had no target stars w ithin 

this range and the tolerance was widened to ± 3  m agnitudes for RT Ser and ±6  m agnitudes 

for RR Tel, CD-43° 14304 and Hen 160. AU field stars within the angular radius were used
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T a b l e  2.3: A comparison between distances to symbiotics derived from  spectroscopic 
parallaxes in this study (TJH ) and by A llen (1980). A llen estim ated the errors on his 
distances to be 30%.

Object
name

Distance (kpc) 
TJH  AUen (1980)

Notes

RX Pup 2.2 Variable V
Hen 160 9.5 20.0
He2-38 6.3
SY Mus 1.4 Variable V
BI Cm 1.3
Hen 828 2.2 10.0 Large discrepancy
Hen 905 1.7 2.3
Hen 916 1.7 30.0 AUen value large
He2-106 0.2
Hen 1092 3.1 2.1
Hen 1242 3.8 5.0
AS 210 2.1
HK Sco 2.9 2.8 Variable V
V455 Sco 2.6 5.0 Variable V
Hen 1341 2.0 2.4
Hen 1342 2.7 5.0
H2-38 5.8
M l-21 2.7 2.4
RT Ser 10.4 9.0 Variable V
B13-14 4.0
AS 276 2.3
AS 281 2.1 7.0
V2506 Sgr 1.9
R R T e l 3.3
C D -4 3  1430 1.0 1.2
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for symbiotics w ithout distance estim ates, although it should be noted th a t some of these 

stars will be much nearer than  the target star and wiU therefore only trace a small fraction 

of the ISP. Polarization maps of the sky around the symbiotic star are shown in figure 2.3

Schulte-Ladbeck et al. (1990a) presented broad-band polarization m easurem ents for 

nine of the target stars observed. Six of the nine stars (RX Pup, SY Mus, BI Cru, AS 

210, He2-38 and He2-106) are described as intrinsically polarized, since they display either 

a polarization wavelength dependence inconsistent with a  Serkowski law or polarization 

variability. The polarization maps of RX Pup, He2-38 and He2-127 (figures 2.3(%),(m) 

and (z)) clearly show th a t the continuum polarization vectors are inconsistent with the 

surrounding ISP, an indication of an intrinsic component. The maps for SY Mus, He2- 

106 and AS 210 (figures 2.3 (zu),(u), {ix) and (zm )) are more ambiguous; the  continuum  

polarization of the  target is of a similar m agnitude and direction to the field-star ISP. It 

is probable th a t for these stars the intrinsic polarization is dom inated by the ISP. Schmid 

& Schild (1994) conclude th a t the continuum polarization at % 7000Â for He2-106 and 

SY Mus is of interstellar origin; a conclusion which is supported by our observations.

The stars which are not in Schulte-Ladbeck et al. (1990a) and have continuum  po

larization vectors which are obviously inconsistent with the field-star ISP are Hen 160, 

BI Cru, He2-127, HK Sco, V455 Sco, Hen 1342, H2-38 and RR Tel. This inconsistency 

is regarded as evidence of an intrinsic polarization component, w ith the aforementioned 

caveat regarding the weaknesses of the field-star m ethod. The ISP for these stars m ust 

be estim ated from the surrounding field-stars, in this case by using the polarization of the 

field-star with the smallest angular separation from the target star.

A list of the target stars with an intrinsic continuum polarization component may be 

found in table 2.4, along with their estim ated ISP and the ISP adopted by Schmid h  

Schild (1994).

There are no polarim etric observations of the remaining stars in the litera tu re , and 

since these have continuum polarization vectors th a t are consistent with the ISP we trea t 

the continuum polarization as interstellar in origin. It is possible th a t some of these stars 

do have an intrinsic polarization, but until further observations are available, either low- 

dispersion spectropolarim etry or time-series photopolarim etry, we m ust apply Occam ’s 

razor.

The interstellar wavelength dependence can be modelled using the Serkowski law (equa-
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F i g u r e  2 .3:  Interstellar polarization maps o f the regions surrounding the target stars. 
The continuum  polarization o f the target star is shown fo r  comparison with the local ISP  
(open square). The line at the top right o f each diagram represents 1% polarization.
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F i g u r e  2.3:  Concluded

tion 1.15). The interstellar polarization may be regarded as constant over the  wavelength 

range 6800 Â to 7100 Â. The ISP value was subtracted  from each target star.

2.6 Equivalent-w idth m easurem ents

The presence of molecular absorption bands in the symbiotic spectra mean th a t the  equiv

alent widths of the R am an-scattered lines are difficult to  ascertain. In order to  estim ate 

the underlying spectrum  from the cool component we observed several cool giant s tan 

dards covering a wide range of spectral types (K5 to M7). These spectra can be seen 

in figure 2.4. The plot clearly shows the gradual increase in strength  of the “saw -tooth” 

across the observed T i-0  band-heads from K5 through to  M7. In addition to  the cool 

component flux, the spectrum  at 7000 Â also includes a  contribution from the hot com

ponent. This component is assumed to  be flat at this wavelength region. If I  g is the 

normalized intensity of the cool component, then the normalized symbiotic intensity may 

be w ritten

=  t y f  (2-9)

where C  is the intensity of the hot component. If I q is the observed intensity then  the 

constant C  may be obtained by minimizing the function F  where

F  = j ( I o . x - F . x ? d X  (2.10)

The fits were made to  spectra where interactive continuum placement proved problem atic.
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T a b l e  2 .4 :  Interstellar polarization values obtained from  the field-star method. The num 
ber o f field  stars used to obtain the value is shown along with the values derived by Schmid

Object Estim ated ISP
Qis '^is

SS (1994)
Qis

-^ sta rs

RX Pup +0.215 +0.415 6
Hen 160 +0.504 -0 .028 2
He2-38 -0 .392 -1 .236 -1 .528  -0 .833 4
BI C m -1 .114 +0.224 10
He2-127 +0.043 + 0.110 4
V455 Sco +0.232 +0.109 6
Hen 1342 +0.593 - 0.221 4
H2-38 -0 .062 +0.244 4
RR Tel +0.470 +0.076 +0.567 -0 .197 5

(a) SY Mus (b) AS 276

Ic

6900 70006800

c\i

I
I

715071007050

Wavelength (Â) Wavelength (Â)

F ig u r e  2 .5 :  A n  example o f the fit  to the underlying spectrum o f the symbiotic stars (a) S Y  
Mus and (b) A S  276. The solid line is the observation and the dashed line is the synthesized  
spectrum.
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which usually occured in systems with a late spectral-type cool component, or in systems 

w ith weak Ram an hnes. For each star the fit was initially a ttem pted  with a cool component 

spectrum  appropriate for the spectral type given in the h terature . However for some stars 

a fit could not be obtained using this m ethod and a later or earlier M -giant spectrum  was 

employed. This fit was performed over regions of the symbiotic spectrum  not contam inated 

by emission Hnes or telluric absorption. In addition, small wavelength shifts were apphed 

to  the  standard  spectrum  in order to  account for differing radial velocities. Two example 

fits can be seen in figure 2.5. The agreement between the synthesized spectra and the 

observed spectra is generally good, and it is clear th a t the underlying spectrum  has a 

fairly dram atic effect on the hne intensity. The fits were used to  rectify the spectra and 

the equivalent widths were m easured from the rectified spectra using the DIPSO spectrum  

analysis package (Howarth & M urray 1991). The results of these m easurem ents can be 

seen in table 2.5.

A plot of equivalent width (EW ) of the 6830 A hne versus the EW  of the  7088 Â hne can 

be seen in figure 2.6. This plot shows a weh-defined hnear relationship between the EW  

ratios of the symbiotic stars, as previously dem onstrated by Ahen (1980a). A weighted 

hnear least-squares fit to  the d a ta  yields

EW (6830) =  4.35 (±0.18) EW (7088) +  6.2 (±5 .0) (2 .11)

with a hnear correlation coefficient of 0.98. A non-zero intercept was aUowed, since the 

observations show th a t some systems display the 6830Â hne only. This result is in satis

factory agreement with the fit given by AUen (1980a) of

EW (6830) =  5.5 (±0 .6) EW (7088) (2 .12)

although the fits deviate a t high equivalent widths. This may be due to  system atic errors 

in the EW  m easurem ent. The symbiotic Miras have by far the largest Ram an EW , which

is unsurprising since the large mass-loss rates associated with Miras m ay lead to  a high

Ram  an- s cat t ering optical depth.

2.7 Polarization m easurem ents

We define a hne-polarization diagnostic as

~  ÏÔÔ Ix  (2.13)
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T a b l e  2 .5:  The equivalent widths o f the Ram an scattered lines. The M -giant spectral type 
and C  factor (equation 2.9) are shown where fits  were made to the symbiotic continuum. 
Zero equivalent width corresponds to polarization spectra in which the Raman line was 
undetectable. Errors on the E W  were obtained by repeated measurements.

Object
Fit
Type C EW (6830) (7"6830 EW (7088) <^7088

RX Pup 0 0 0 0
Hen 160 M4 0.52 176 2 47 1
He2-38 123 5 14 0
SY Mus M5.5 0.41 4 1 0 0
BI Cru 0 0 0 0
Hen 828 0 0 0 0
Hen 905 M2 0.29 45 0 7 0
Hen 916 M5.5 0.67 25 1 6 2
He2-106 293 36 63 0
He2-127 227 11 52 3
Hen 1092 M4 0.01 13 1 3 1
Hen 1242 50 1 9 0
AS 210 K5 1.19 24 2 5 1
HK Sco M2 0.06 19 0 4 0
V455 Sco M5.5 0.46 43 1 6 1
Hen 1341 M2 0.14 9 0 0 0
Hen 1342 M2 0.78 10 1 1 1
H2-5 M5.5 0.14 15 1 4 1
M l-21 M4 0.44 39 1 8 1
RT Ser M7 0.38 37 1 9 1
B13-14 0 0 0 0
H2-38 333 15 75 3
AS 276 M4 0.16 15 1 5 1
AS 281 M5.5 0.25 22 1 5 1
V2506 Sg M5.5 0.21 23 1 5 1
Ap3-1 M7 0.10 6 1 0 0
RR Tel 124 2 21 0
CD-42 14304 13 1 5 1
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F ig u r e  2 .6 :  A plot o f E W (6830Â ) line versus the E W (7088Â ). The plot shows symbi
otic Miras (solid squares), D-type symbiotics (open squares) and S-type symbiotics (open 
circles). The linear least-squares fit  fo r  these data is shown (dashed line) along with the 
f it  given by A llen (1980a) (dot-dashed line).
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Pew(6830)

F ig u r e  2 .7 :  A plot o /  FgM/(7088) versus P^;vu(6830) fo r  the symbiotic stars. The plot 
shows Miras (solid squares), D-type symbiotics (open squares) and S-type symbiotics (open 
circles).

where and Ag define the wavelength region of interest and

P (A ) =  1 0 0 ( 2 , 1 4 )

The param eter Pe w  may be regarded as a polarization analogue of the equivalent width. 

It should be noted th a t this is a  measure of polarization magnitude and is independent of 

position angle variations through the line. A plot of P£;w(7088) against Pj5;vu(6830) can 

be seen in figure 2.7. A Spearm an’s rank order analysis of the da ta  yields a  correlation- 

coefficient of 0.525 which differs from zero with a 97% confidence. The polarization ob

served in the line is a combination of the polarized Ram an line flux and the diluting 

unpolarized continuum. Therefore even highly polarized weak lines will show only a small 

polarization because of continuum dilution. Dividing the polarized equivalent w idth Pe w  

by the intensity equivalent width will result in a  measure of the line polarization th a t is 

independent of line strength. A plot of Pe w  ! E W  for the 6830A line against cool com

ponent spectral type (figure 2.8) shows th a t there is no tight correlation. The symbiotic 

M iras, which have by far the largest Ram an fine strength , do not generally show corre-
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Spectral Type

F i g u r e  2 .8:  A p lo t o f Pe w / E W  fo r  the 6830Â line versus spectral type o f the cool 
component.

spondingly high values of P ew  I E W . The large scatter in figure 2,8 suggests th a t the 

Ram an hne polarization is not a simple function of mass-loss rate , which correlates loosely 

with spectral type, but is more strongly dependent on other factors (e.g. binary phase).

2.8 Line polarization m orphology

Although the observations reveal a great deal of polarization structure  through the Raman- 

scattered emission hnes, there are striking similarities between the morphologies. M any 

stars show a “flip” in position angle, often but not always of 90°. The polarization profile 

is usuahy m ulti-peaked, with three peaks the dom inant variety. A nother strong hne shape 

characteristic is a ro ta tion  of position angle through the hne. This ro ta tion  is m ost clearly 

observed m  QU  space, where the ro tation leads to  a Q F  loop, an example of which can be 

seen in figure 2.9. This PA ro tation  is impossible to  explain in term s of an axisym metric 

binary geometry.

Table 2.6 contains a sum m ary of information on the 6830 Â polarization-prohle shapes. 

The 6830 Â  hne was studied because it is relatively strong compared to  the 7088 Â  hne 

and therefore had higher signal-to-noise, although the general polarization morphology is 

repeated in the 7088 Â  hne.

In order to  examine the velocity structure of the hne the observations were converted
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F ig u r e  2 .9 :  A plot o f the continuum-polarization corrected Ram an scattered lines o f 
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bottom panel shows the same lines in QU-space. The arrows show the wavelength direction 
(red to blue).
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to “Ram an paren t” velocity space. This conversion is performed by inverting the Ram an 

scattering wavelength increase. The wavelength of the Ram an parent photon Xp is given 

by

where is the Ram an-scattered wavelength and ALya is the wavelength of Lya. The 

R am an parent wavelength may then be converted to  velocity space using the rest wave

length of the Ram an parent (in this case A1031.95). The num ber of individual peaks in 

each profile was counted ai^ the position of the peak in Ram an parent velocity space was 

m easured interactively by estim ating the centroid of each peak. These velocities were then 

used to  obtain the velocity separation of the peaks. If a position angle flip was present, 

the  angular size of the flip was measured. The presence of a  ro ta tion  of PA through the 

line was also noted.

Schmid & Schild (1994) suggest th a t the PA flip is only associated with symbiotic 

M iras and late M -types. This survey shows th a t the PA flip is a more widely d istributed 

phenomenon, since it is seen in the K5 systems Hen 905 and Hen 1092 and also in the  M2 

system  M l-21, although as in Schmid’s survey, the flip is frequently observed in symbiotic 

M iras (e.g. RR Tel and He2-38).

There is no distinct correlation between the number of peaks and the cool component 

spectral type. Both early- and late-M  systems can display triple peaked structures, and 

similarly a range of spectral-types have a single-peaked profile.

The good correlation between EW  of the Ram an-scattered flnes and the cool compo

nent spectral-type contrasts with the differing polarization profiles observed in symbiotics 

of similar spectral-type. The lack of an obvious relationship between profile shape and 

spectral-type suggests th a t the type of peak observed is not a simple function of the 

mass-loss ra te , which correlates loosely with spectral-type, bu t m ay be more dependent 

on binary phase.

The velocity separation of the polarization peaks show a rem arkably small range. 

The outstanding object is Hen 905, which shows a peak separation of 199 k m s“ ^. The 

m ajority  of the objects show velocity separation of the order of 50 k m s“ ^. In triple

peaked structures, the blue-middle peak separation is often comparable to the middle-red 

peak separation. Assuming th a t the flne-broadening mechanism is dom inated by the wind 

velocity fields ra ther than  the therm al width of the 0  VI source atom s, then it is possible 

th a t these velocities are the signature of the asym ptotic velocity of the  cool stellar wind.
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T a b l e  2 .6:  6830Â polarization-profile inform ation fo r  the survey stars. The sym biotic  
M iras are marked with an asterix.

Object Number FA flip FA Peak sep.
name of peaks (degrees) ro tation (k m s“ ^)

RX Pup*
Hen 160
He2-38* 3 90 yes 55, 93
SY Mus 3 70 48, 64
BI Cru*
Hen 828
Hen 905 2 90 yes 199
Hen 916 2 50 67
He2-106* 2 90 yes 83
He2-127* 2 yes 45
Hen 1092 2 60 54
Hen 1242 3 55 yes 77, 25
AS 210* 1 yes
HK Sco 3 83, 54
V455 Sco 3 70 51, 70
Hen 1341 1
Hen 1342 2 41
H2-5 1
M l-21 3 80 yes 42, 77
RT Ser 3 yes 46, 46
B13-14
H2-38* 2 yes 48
AS 276 3 50, 55
AS 281 3 yes 59, 48
V2506 Sgr 2 yes 54
Ap3-1
RR Tel* 3 90 yes 40, 67
C D -4 3  14304 2 yes 19
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2.9 Tem poral variations

Five symbiotics observed in the May 1994 survey were also observed in M arch 1992. Plots 

showing a comparison between these observations can be seen in figure 2 .10.

The rectified intensity profiles of the Ram an hnes appear very stable, w ith only RR 

Tel showing a very significant change. The RR Tel hne-profile retains its bi-peaked shape 

although the fine width and strength  decreased. This stabihty  is interesting, since the 

systems are hkely to  be in differing phases in 1992 and 1994.

There is good agreement in the continuum polarization in ah five observations, although 

ah but Hen 1242 have show tem poral variabihty in the  continuum  polarization from broad

band observations. The continuum polarization was subtracted  from each observation to  

leave the hne polarization structure.

The constancy of the intensity profiles and continuum polarization behes the m arked 

changes th a t have occurred in the hne polarization profiles between 1992 and 1994. He2- 

106 (fig. 2 .10a), a symbiotic Mira, shows an increase in the m agnitude of polarization in the 

blue peak. The PA ro tation  is present at both epochs, and is very similar through the blue 

side of the profile but continues through the red hne wing in the 1992 observation. Hen 1242 

(fig. 2.10b), an M6 system , shows a dram atic change in the polarization m agnitude, with 

a blueward peak in 1992 th a t is much weaker in 1994 and an enhanced redw ard peak 

in 1994. The red wind of the polarization profile remains unchanged. The PA structure 

has shifted between observations. He2-38 (fig. 2.10c), another symbiotic M ira, has a 

single peaked structure in the 1992 observation and a more com phcated triple-peaked 

polarization profile in the 1994 observation. The PA also shows a significant change. The 

1994 observation of symbiotic M ira RR Tel (fig. 2.10d) shows a very similar polarization 

structu re  compared with the 1992 observation with only a shght decrease in polarization 

m agnitude and polarized profile width. SY Mus (figure 2.10e) has a blue peak which is 

repeated in the 1992 and 1994 observations but the middle peak is much stronger in 1994.

2.10 T he effect of the diluting continuum

The continuum  flux at the Ram an fine wavelengths, although relatively weak, has a  sig

nificant effect on the Ram an hne polarization spectrum . If we assume th a t the continuum 

flux is unpolarized, then the m ajor effect of the continuum  will be to  dilute- the polariza

tion of the Ram an hnes, leading to  a reduction in the observed polarization (not^that this
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subtracted.
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F i g u r e  2.10: Concluded

dilution has no effect on the polarized flux spectrum ).

Figure 2.11 illustrates the effect of removing the continuum flux from the observation. 

The intensity spectrum  of M l-21 was first rectified, and then unity was subtracted  from the 

Stokes I  spectrum . The missing points in the d a ta  train  correspond to  da ta  for which the 

I  param eter had become negative after the subtraction, thus invalidating the polarim etry.

It is imm ediately apparent th a t there is a significant rise in polarization in to  the 

blue, with the bluemost da ta  showing polarizations approaching 100%. There is a large 

uncertainty in the polarization spectrum  in the hne wings, as the hne flux is very smah. 

There is also evidence for a smah rise in the red. The polarized flux spectrum  stih displays 

the triple-peaked structure and the PA spectrum  is unaffected.

Schmid & Schild (1994) used this technique in the analysis of their spectropolarim etric 

survey. It has the drawback th a t a  smah uncertainty in the continuum  placement wiU lead 

to  large uncertainties in the continuum -subtracted polarization spectrum . As m entioned 

above, defining the continuum in these objects is rather problem atic. We beheve th a t the 

polarized flux spectrum  wiU be a more useful measure for comparison w ith the models, as 

no continuum  subtraction need be performed.
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2.11 Sym biotic Mira BI Cru

2 .1 1 .1  I n t r o d u c t io n

It was apparent from casual inspection of the polarization spectrum  of BI Cru th a t the 

mechanisms producing the polarization in the object were fundam entally different from 

those in the other symbiotics in the survey. As a result of this we present an separate 

analysis of this star.

BI C m  is an D-type symbiotic system with a Mira-like cool component. The M ira 

period is short a t 280 days (W hitelock et al. 1983) indicating an early spectral type. The 

emission-line spectrum  is variable (Henize & Carlson 1980), and some of the emission-lines 

show P Cygni absorption. The expansion velocities, measured from the P  Cygni lines, also 

appear to  be variable, w ith W hitelock et al. (1983) m easuring 200 k m s“  ̂ and Henize & 

Carlson (1980) measuring 450 k m s“ ^. Although the strength  of H i and Fell lines are of 

the expected strength  for a symbiotic M ira, the presence of various absorption features 

(N a i, C a ll and TiO) in the visible spectrum  is unusual in a D-type symbiotic.

Narrow-band CCD imaging of BI Cm  (Corradi & Schwarz 1994) revealed a bipolar 

nebula (Schwarz & Corradi 1992) th a t is morphologically very similar to  th a t discovered 

around He2-104 (the “Southern C rab” ), another symbiotic M ira (Schwarz, Aspin & Lutz 

1989). The nebula consists of two diametrically opposed flows or jets (highly collimated 

mass outflows) and extends over 150". The lobes have a filamentary, clumpy structure. 

There is a 420 km difference in the lobe velocities, with one lobe red-shifted and the 

o ther blue-shifted by the same am ount. Schwarz & Corradi (1992) ascribe the line emission 

to  shock heating rather than  photoionization.

2 .1 1 .2  O b s e r v a t io n s

Two spectra of BI Cm  were taken. The first observations was centred on 7000 Â and the 

second on 6400 Â. The polarization spectra were rectified using low-order polynomial fits 

to  the  continuum  and were then merged to  give a polarization spectrum  with continuous 

coverage from 5950 Â to  7400 Â. A plot of the BI Cru observation can be seen in figuré 2.13 

The agreement between the two spectra in the overlap region is excellent. The FW ZI of 

the Ho; line is approxim ately 4000 k m s“  ̂ and is in broad agreement with the observation 

of Schwarz & Corradi (1992).

The spectrum  shows no signs of the Ram an scattered emission-Hnes either in intensity

71



C\2

O

L D

c\i

o M
03
N lO
"C
03

"o
CL

LD

m

L D

O
65006000 7000

Wavelength (Â)

F ig u r e  2 .12 :  The polarization spectrum o f B I  C m . The data are binned to 0.1% polar
ization error. The dotted line shows a factor 10 “zoom-in” on the in tensity spectrum in 
order to highlight the weaker emission-lines.

72



T a b l e  2 .7: The wavelengths o f the F eu  lines observed in the spectrum o f B I  Cru, along 
with the velocity shifts. The first column is the rest wavelength in angstroms, the second 
column is the measured velocity and the final column is the velocity o f the line (km  s~^).

Fen  line Observed Velocity
6238.4 6238.9 ± 0 .1 - 2 4
6247.6 6247.8 ± 0 .1 -1 0
6383.8 6383.1 ± 0 .1 - 3 3
6432.7 6431.7 ± 0 .1 -4 6
6456.4 6455.8 ± 0 .1 - 2 8
6516.0 6515.4 ± 0 .1 - 2 8

Mean (km s“ ^) - 3 0  ± 8

T a b l e  2 .8:  M easurements o f the P  Cygni profiles o f Ha and H ei lines. The first column 
identifies the line and the second its rest wavelength, v^, Vd and Vb are the velocities in 
km s~^ o f the emission peak, deepest F  Cygni absorption and bluest P  Cygni absorption 
respectively.

Line Wavelength Ve Vd Vb

H a 6562.8 -2 0 -1 9 0 -2 7 0
He I 6678.1 -1 7 0 -4 6 0 -5 3 0
He I 7065.3 -1 6 5 -3 6 5 -4 0 0

or polarization. The polarization spectrum  is reminiscent of a asym m etric wind flow, with 

a strong line-efFect a t H a and He I (6678 Â and 7065 A). The H a intensity profile is highly 

asym m etric, w ith an enhanced blue-wing and a strong blue-shifted P Cygni absorption. 

The two He I flnes (6678 A and 7056 A also shows P Cygni absorption. W hitelock et al. 

(1983) note the  presence of P Cygni absorption on Fell flnes, but there is no evidence for 

these in the spectrum  presented here.

2 .1 1 .3  A n a ly s i s

The radial velocity of BI Cru was obtained using the RV code (Wallace & Ely 1991). This 

velocity was used to  convert the wavelength scale to  the heliocentric rest fram e, and the 

positions of the numerous Fell flnes in the spectrum  were m easured by fitting Gaussian 

profiles to  the observations. The redshift of the 6147/6150 F ell blend was not m easured. 

The wavelength of the peak emission, deepest blue P Cygni absorption and the bluemost 

edge of the P Cygni absorption were m easured interactively for the  H and He flnes. The 

results of these m easurem ents are presented in tables 2.7 and 2.8.
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The 30 kms~^ blueshift of the F ell lines agrees with the velocities m easured by W hite

lock et al. (1983). The H a velocities are also consistent with those m easured by W hitelock 

et al. (1983), although the measurem ent of the position of the emission and absorption 

components of the P Cygni profile are subjective. The velocities m easured from the two 

H ell hnes are internaUy consistent, but do not agree weh with the H a m easurem ents. 

However, the He I hnes have only weak P Cygni absorption, and hence the velocity m ea

surem ent is more ambiguous than  th a t of H a.

The in terstehar polarization to  BI Cru can be estim ated from the hne-effect if it is 

assum ed th a t the  H a photons originate outside the polarizing region, ie. there is neghgible 

scattering optical depth between the emission-hne forming region and the ISM. This is 

unhkely to  be the case in the hne wings, since these are the results of electron-scattering 

of hne photons, but the hne centre photons should be essentiahy unpolarized. If this is the 

case, the polarization at the H a hne, which has a relative intensity at its peak of % 20, is 

the very close to the interstehar value, the polarized continuum flux having been diluted 

by the unpolarized emission-hne flux.

The polarization of BI Cru at 6563Â is 0.97% at 84°.5. The polarization derived from 

the field-star m ethod is 1.1% at 83°. The hne-effect determ ination of the ISP should 

be regarded as the more rehable of the two estim ates. A Serkowski law for a  normal 

IS sighthne {k = 1.15 and X^ax = 5500) th a t passed though the H a polarization was 

subtracted  from the BI Cru polarization spectrum .

2 .1 1 .4  D i s c u s s io n

The polarization spectrum  of BI Cru is produced by electron scattering in an axisymmetric 

geometry. The scattering th a t produces the polarization occurs near the Tes = 1 boundary, 

which is located much closer to  the  binary system  th a t the  observed nebula. Figure 2.11.4 

shows the ISP corrected H a polarization profile. The intensity profile is highly asym m etric, 

w ith a broad blue wing extending to a velocity of approxim ately —1500 k m s“ ^. There is a 

narrow (FWHM%150 km s~^) central peak w ith a blue-shifted P Cygni absorption located 

at % —200 km s“ ^. The red hne wing is much less intense than  the blue and extends to  only 

1200 k m s“ ^. The polarization profile shows a m arked decrease from the continuum  value 

of 1.7% to  0% at the hne centre (as was defined by the ISP subtraction). The decrease in 

polarization is more gradual in the blue wing than  the red. The polarized flux spectrum  

is approxim ately flat through the blue hne wing and rises alm ost discontinuously a t the
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line centre and then decreases gradually through the red line wing back to  the continuum  

value. The position angle of the spectrum  is flat, apart from at the line centre where 

the polarization is very small an the uncertainty in the PA is correspondingly large. A 

qualitative model capable of explaining these observations is detailed below.

If the line emission is produced in the wind then a symm etrical intensity profile is 

expected, unless part of the emission is being obscured from the line of sight. In the 

binary model for the creation of bipolar outflows presented by Morris (1987) the  extensive 

mass-loss from the red giant prim ary exceeds the accretion ra te  onto the white dwarf 

(W D ) companion, forming an exterior excretion disk orbiting the system . A second wind, 

collimated by the accretion disk, em anates from the poles of the W D. A schematic diagram  

of the model can be seen in flgure 2.15. It is this wind th a t may be observed as a bipolar 

nebula. It is probable th a t the accretion disk, with the wind emerging from above and 

below the plane, is inclined with respect to  the observer. This would mean th a t the wind 

th a t is moving away from the observer is occulted by the disk, and only the pole of the 

wind moving towards to  observer is seen. This would explain the strong asym m etry in the 

intensity profile, with only blue-shifted emission observed.

The polarization is a  result of electron scattering in the bipolar wind. Photons emerging 

from the wind are scattered into the observers line of sight, both  bove and below the disk. 

This is analogous to the situation th a t occurs in Seyfert galaxies, in which the obscured 

broad-line region (BLR) is observed in the flux scattered by electrons above and below 

the BLR. The polarized flux in the blue wing is constant, which means th a t the Une flux 

is unpolarized. The polarized flux increases in the red wing, which means th a t the  line 

photons are polarized: these photons are Une photons th a t were em itted in the  obscured 

part of the  wind but have been scattered into the observers line of sight and are hence 

polarized. The scattered photons should be polarized in a direction th a t is perpendicular 

to  the sym m etry axis of the accretion disk and therefore also perpendicular to  the wind 

flow direction. Figure 2.14 show the [N ll] image of BI Cru presented by Corradi & Schwarz 

(1994). The line shows the PA of the intrinsic continuum polarization observed here, which 

is perpendicular to  the  bipolar flow. The problem with this scenario is th a t some of the 

blue-shifted line photons, those em itted in the approaching wind, m ust also be scattered 

and there is no evidence for these in the observations.
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F i g u r e  2.14: An [NwJ image o f B I  Cru (Corradi & Schwarz 199f). Field stars have been 
removed from the image and the central star has been masked. The straight line shows the 
PA of the intrinsic polarization vector.
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F i g u r e  2.15: A schematic diagram o f the binary mass-loss model presented by M orris

2.12 Sum m ary of the survey results

A high signal-to-noise spectropolarim etric survey of the Ram an scattered lines of Southern 

hemisphere symbiotic stars has been presented.

It has been shown th a t the m ajority  of 6830Â and 7088Â emission lines display large 

(5-10%) polarizations and th a t the hne polarization morphology is often complex in nature. 

The m ulti-peaked form ation of the polarization profile is observed across a broad range 

of spectral types, while the most highly polarized fines occur in symbiotic Miras. A loose 

correlation exists between the m agnitude of the polarization in the 6830Â fine and th a t 

of the  7088Â fine. This is in contrast to  the  very tight linear relationship between the 

intensities  of the two fines.

M any of the objects display a PA rotation through the Ram an fines. Once again there 

is no obvious relationship between the presence of PA ro tation  and spectral type. The 

peak-to-peak separation of the multiple peaks in the  6830Â fines in velocity space of the 

parent photons, show little scatter and have a prefered value of approxim ately 50 k m s“ ^. 

A position angle fiip, or discontinuity, is observed in approxim ately half the observations. 

This flip is often, bu t not always, of 90°. Schmid & Schild (1994) only observed the 

polarization fiip morphology in symbiotic Miras and proposed th a t this was because the 

polarization flip occurs in systems with an extended scattering region. We note th a t the 

flip is also seen in systems with early cool components such as M l-21 (M2) and Hen 916
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(M 6), systems with a lower mass-loss rate , and presum ably a smaller scattering region, 

than  symbiotic Miras.

Observations of the lines of five symbiotic stars taken a t two epochs show th a t the 

intensity profiles of the Ram an lines are relatively stable but the polarization profiles 

show significant changes with time, both in m agnitude and polarization. This is evidence 

for an orbital phase dependence, although further observations of these lines are required 

to  determ ine whether the polarization profiles show system atic changes.

Clearly the form ation of the Ram an scattered lines is a complex process, involving a 

combination of factors such as the binary phase, the mass-loss rate , the velocity fields and 

the strength  of the  parent hnes. In order to  in terpret the  observations it is necessary to  

construct a model and examine the sensitivity of the Ram an lines to  changes in the  system 

param eters, and this is done in the following chapter.
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C hapter 3

N um erical M odelling o f R am an  

Scattering in Sym biotic Stars

3.1 Introduction

Detailed understanding of the physical mechanisms th a t drive mass-loss in cool giants is 

ham pered by the lack of observational constraints. Fundam ental param eters such as the 

mass-loss rates and asym ptotic velocities are poorly known, while details of the  density 

and velocity structure are essentially unconstrained. It is the aim of this study to  model 

the R am an scattered lines in order to investigate their potential as a diagnostic tool of the 

detailed structure  of cool giant winds and symbiotic binary orbits.

W hile many mass-loss tracers, such as CO molecules, represent a tiny fraction of the 

actual mass-loss, the A6830, 7088 lines are a result of scattering off neutral hydrogen; 

a m ajor component of the wind. Moreover, since the cross-section for Ram an scattering 

is small, the m ajority  of Ram an events m ust be occurring in the region close to  the 

photosphere, away from the disruption of the wind structure caused by the radiation field 

of the hot component. It is at the base of the wind th a t observations constraining wind 

driving models would be most useful, since it is here th a t the dissipation of shock wave 

m om entum  is expected (e.g. Bowen 1988). The polarization profiles of the  R am an lines 

encode both  velocity and spatial information; it is the aim of this work to  develop models 

which enable the extraction of this information from high-quality spectropolarim etry in 

order to  constrain both  mass-loss rates and velocity laws for cool giant winds for a variety 

of subtypes; and to  obtain symbiotic binary orbital param eters.

Schmid (1992) used the M onte Carlo m ethod to  model the Ram an scattered lines
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in symbiotic stars. The model used was rotationally  symmetric about the binary axis, 

with a photon source illuminating a homogeneous red giant photosphere. Photons could 

be Rayleigh scattered, Ram an scattered or absorbed. Scattering was performed in a 

plane-parallel geometry according to  the pure Rayleigh phase m atrix . The model free 

param eters were the binary separation and the absorption cross-sections for 0  VI photons 

and Ram an scattered photons. Results of the  models are presented as functions of viewing 

angle. Schmid found th a t the model is able to  reproduce the observed line intensity ratios 

^A683o/^A7088 3,nd th a t the line polarizations obtained are comparable with observations.

Neutral wind

Red Giant

I
I

<f

Photon source

Ionized wind

A

Neutral wind

F i g u r e  3.1: Schem atic diagram of the scattering model o f Schild and Schm id (1992).

Schild & Schmid (1992) suggested a qualitative model capable of explaining the th ird  

class of polarization profile. A schematic representation of this model can be seen in fig

ure 3.1. The photon source is embedded in the giant star wind. Photons th a t are Ram an 

scattered between the source and the giant are blue shifted and are polarized perpendicu

larly to  the binary axis. Photons scattered above and below the source are redshifted and 

are polarized parallel to  the  binary axis. The Stokes U param eter of the scattered  radiation 

field is zero due to  the ro tational sym m etry of the model. Hence the polarization profile 

wiU consist of two components with the red and blue wings perpendicularly polarized. A
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semi-analytical model was presented by Schmid & Schild (1994), The model considered 

only ‘d irect’ Ram an scattering, ignoring Ram an photons th a t might be produced after 

one or more Rayleigh scatterings. An a ttem pt was made to  use this model to explain the 

three types of polarization profile th a t are observed. They suggested th a t type I profiles 

would occur in systems with interm ediate mass-loss, where an equal probability exists for 

Ram an scattering in both approaching and receding parts of the wind (relative to  the  pho

ton source). They postulated th a t type II profiles originated in systems of low mass-loss, 

where the main scattering region is located between the photon source and the red giant. 

Finally they suggest th a t type III profiles must occur in an extended scattering region, 

which requires a high mass-loss rate . This theory is supported by the fact th a t type III 

profiles are associated with Miras and late M giants.

Modelling work presented by Schmid (1992) displayed th a t reasonable line polarizations 

could be obtained using a simple model geometry. The m ain simplification of this work 

was the omission of a neutral wind. The tentative models of Schild & Schmid (1992) and 

Schmid & Schild (1994) included the stellar wind, but no numerical analysis was presented. 

The code described in the next section trea ts the polarized radiative transfer of multiple 

Rayleigh and Ram an scattering in a  homogeneous spherically symm etric wind and stellar 

photosphere.

3.2 T he standard m odel

A com puter program , RAMONE, was w ritten in order to  aid in terpretation  of the  Ram an 

scattered line polarization morphologies. The program  employs the M onte Carlo technique 

since the Ram an line form ation process is a  m ulti-scattering problem and does not lend 

itself to  an analytical treatm ent.

3 .2 .1  T h e  m o d e l  g e o m e t r y

The model consists of a giant s ta r, radius Rg centred at the  origin of the C artesian fram e 

surrounded by a stellar wind th a t  is assumed to  be composed of pure neutral hydrogen. 

The wind is assumed to  be homogeneous and spherically symm etric, with a density struc

ture defined by the stellar mass-loss rate  M  and the velocity structure v(r)  according to  

the equation of mass conservation

=  4wr^v{r)
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The source of the parent photons is located on the a;-axis a t a distance from the origin 

of qsepRg- The observer is located in the  z?/-plane with the z-axis perpendicular to  the 

hne-of-sight.

A photon is fully described by its Stokes vector ( l ,ç ,ü ) ,  its frequency p, its weight w, 

its position {xo,yo,zo) and its direction (uq, wo). The to ta l Stokes param eters for N  

photons are

N
I  = ' ^ W i  (3.2)

i=l
N

Q -  '^ q iW i  (3.3)
i=l
N

U -  '^ U iW i  (3.4)
i=l

The Stokes param eters are calculated with respect to  the  meridianal plane contain

ing the photon path  and the z-axis. In this geometry, the ro tational sym m etry of the 

system  about the hne-of-centres means th a t the [/-Stokes param eter cancels and all the 

polarization information is obtained from the Q -param eter.

3 .2 .2  P h o t o n  in i t ia l i z a t io n

Anisotropic photon source was assumed. For extended sources the volume of emission is

defined by a sphere of radius Rg within which the emissivity is homogeneous. This is not a

physically reaUstic scenario, since the emissivity is hkely to  be a function of density, which 

would vary through the emission region according to  the density structure of the  wind: 

the above distribution was chosen for simphcity. The probability of photon emission at a 

radius r  within the source volume is given by

= "  < « )

where U is the random  deviate (uniform in the range 0,1). Hence the radius of parent 

photon emission may be obtained from

r = U ^R s  (3.6)

The direction cosines of the  position vector of the initial photon direction may be obtained 

from two random  deviates U\ and U2 according to

w q  = ■  "1U \  —  \  (3.7)
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uq =  0̂ COS </> (3.8)

vo = tosm(f) (3.9)

where to = y l  — w^ and (f) =  2^112- The initial location in the C artesian fram e is then 

obtained from

2̂ 0 — Qsep^g T  ^^0 (3.10)

yo = rvo (3.11)

zq -  rwQ (3.12)

The initial photon direction is chosen in the same way as the direction cosines of the 

position vector.

Separate models are run for the 6830Â and 7088Â lines. The frequency of the photon 

was chosen according to  a Gaussian random  deviate in order to  sim ulate turbulent or 

Doppler broadening in the source atoms. The w idth of this Gaussian distribution is a  free 

param eter bu t is a  measure of the tem perature of the atom s around the hot component 

of the symbiotic star. The Numerical Recipes subroutine g a s d e v  (Press et al. 1989) was 

used to  calculate the Gaussian deviate. This routine employs the Box-Millier m ethod.

The radiation from the source was assumed to  be unpolarized and hence the position 

angle 7 of the vector of a source photon is given by

7 =  Utt (3.13)

3 .2 .3  T h e  r a n d o m  w a lk

The probability of a collision event is defined by the optical depth r .  The probability 

density function for an event is

p { t )  =  e -^  (3.14)

The normalized cumulative probability function is

=  1 -

where ti is the optical depth to  the collision. Using the inverse transform  m ethod

T\ — — ln (l — (7) (3.15)
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where U is the random  deviate. Once the optical depth to  the next event has been obtained 

the pa th  length to the event is calculated. The optical depth is the integral

ri = [  p{s)Kds (3.16)
Jo

where I is the  path  length, p{s) is the density and k is the to ta l opacity. Hence by inverting 

this integral equation it is possible to  obtain the path  length / for a given optical depth.

The absorption cross-section for the 0  VI photons and the absorption cross-

section for the Ram an scattered photons (i^red) “known” in principle, but are treated  

as free param eters and are specified in units of the to ta l cross-section diot where

^tot — ^Ray T ^Ram (3.17)

and aRay a^nd crRam a-re the Rayleigh and Ram an scattering cross-sections respectively. 

Since be tte r statistics are obtained as more photons escape to  the observer, it is inefficient 

to lose photons via absorption. We employ a variance reduction technique in which all the 

photons are forced to  scatter and the photon is re-weighted by

Wn^\ — Wji^Xp(  ̂ '^Rabs/l^tot) (3.18)

where r  is the scattering opticad depth, Rahs is the absorption optical depth and Riot is the 

to ta l collision cross-section (absorption and scattering).

For efficiency, aU 0  vi photons are forced to scatter before reaching the system  bound

ary (which is defined as lOOOçsep) i.e. aU 0  vi photons are converted to  Ram an photons. 

If Too is the  optical depth to  the system boundary and U is the random  deviate then the 

optical depth  to  scattering ri is

r/ =  - l n [ l - C / ( l - e - ^ ° ° ) ]  (3.19)

and the photon is weight w is adjusted

W n + i  = Wn{l  -  (3.20)

3 .2 .4  T h e  s c a t t e r in g  e v e n t

A comprehensive account of radiation transfer according to  the Rayleigh scattering phase 

m atrix  is given in Chandrasekhar (1960). The geometry for the  scattering event is given 

in figure 3.2. The photon, initially traveUing in direction O Pi is scattered  through angle

0  and exits the scattering event travelling in direction O P2. The Stokes param eters of
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F ig u r e  3 .2: The geometry o f a scattering event.

the incoming photon beam  refer to  the meridian plane O P \Z .  In order to  calculate the 

resultant polarization the Stokes param eters m ust be ro ta ted  though angle — z’l in order 

th a t they refer to  the scattering plane 0P\P2- The ro tation  m atrix  L th a t ro ta tes the 

Stokes param eters through a clockwise angle (f> is

0 0 ^

L(0) =  0 cos 20 sin 20 (3.21)

^ 0  — sin 20 cos 20 j

Hence, the  Stokes vector relative to  the  scattering plane Ig is given by

Is =  L ( - n ) l (3 .22)

where I is

1 = (3.23)
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(3.24)

/

Both Ram an and Rayleigh scatterings occur according to  the pure Rayleigh scattering 

phase m atrix  R  where

 ̂ cos^ 0 + 1 cos^ 0 — 1 0 ^
cos^ 0 — 1 cos  ̂  ̂+  1 0

0 0 2 cos 0

where 0 is the scattering angle. Once the phase m atrix  has been applied the Stokes vector 

m ust be ro ta ted  by (tt — 2̂) so th a t it refers to  the meridian plane O P2Z . So if I  and I ' 

are the Stokes vectors of the incident and scattered radiation respectively then are related

by
I' =  -  i 2 ) R L ( - i i ) I  (3 .25)

where <7 is the scattering cross-section.

If 4>s is the azim uthal scattering angle m easured relative to  the plane of scattering then 

the Stokes vector of the incoming photon relative to  the scattering plane is

(  '  ]
1 =  /c o s  0s (3.26)

 ̂ —/  sin 0s j

The cumulative probabihty distribution of the scattering angles P{Os,<f>s) is obtained by 

integrating the Stokes I component over aU solid angles. Hence

T '  ^ ' / ( ^ , 0 ) ( f 0 d ^  (3.27)
J o  Jo

This two-dimensional equation must be decomposed into two one-dimensional equations. 

In tegrating equation 3.27 over 0  gives the cumulative probabihty distribution function

r^s 3
P(Os) = /  -(co s  ^ d- 1) sin (3.28)

Jo o

Integrating equation 3.27 over 0 and using the normaHzation

/: pe{4>)d(j) = 1

gives the cumulative probabihty distribution function

cos^ ^0 — 11 /*05 COS 0 — 1

(3.29)

(3.30)
COŜ Os +  1

The inverse transform  m ethod was used to  set up look-up tables of (^s,0s).

For Rayleigh scattering events, the new photon direction with respect to the scattering 

plane is found from interpolation in the look-up tables. The new photon direction in the
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C artesian fram e is then obtained from trigonom etric relations. The polarization with 

respect to  the new photon direction is obtained by applying equation 3.25 to the  incident 

polarization vector. It must be remembered th a t the intensity component of the  Stokes 

vector m ust not be altered, since the intensity distribution of the phase m atrix  is included 

in the  choice of photon direction.

W hen a Ram an scattering event occurs the photon is forced to  scatter towards the 

observer. The new polarization vector is again found by applying equation 3.25. The 

photon m ust be weighted by the probability th a t the photon is scattered towards to  

observer so th a t
3

Wn+i = Wn-[{cos^ +  1) +  (cos^ 9s ~  l)q] (3.31)

where Og is the  scattering angle and q refers to the scattering plane.

3 .2 .5  P h o t o n  fr e q u e n c y

The photon scattering events introduce a frequency shift in the scattered photon due to 

the Doppler effect. If p is the direction of the incident photon and q is the direction of 

the scattered  photon and v  is the velocity of the scattering particle then the frequency of 

the incident photon with respect to the rest frame of the scatterer is

i-r f l - — i  (3.32)

where i/qBs is the photon frequency with respect to  the observer’s rest frame. Once the 

photon frequency is in the rest frame of the scatterer, any frequency shift introduced by 

the R am an scattering may be calculated. The frequency of the Ram an scattered photon 

i/ram Is glven by

^ram — T̂/yo; (3.33)

where I'hya is the rest frequency of Lyo. The frequency m ust then be converted back to 

the observer’s rest fram e by

t̂ obs = f l  +  - — 1 (3.34)

3 .2 .6  P h o to s p h e r ic  s c a t t e r in g

If there is a finite density a t the wind base (in a constant velocity wind model for example) 

it is possible th a t a photon wiU reach the stellar photosphere. Scattering in the stellar 

photosphere is performed in a plane-parallel geometry. The photosphere is assumed to  be 

a homogeneous, plane parallel slab. The photon is incident on the slab at an angle (3 to



the norm al n. The optical depth to  scattering, r ,  is determined and the vertical optical 

depth Ty is stored where

Ty =  T cos P (3.35)

The photon is then scattered. If the photon is Rayleigh scattered, the new direction and 

polarization is found from the phase m atrix  and the optical depth to the next scattering 

is found. The angle of the  photon direction with respect to the norm al is calculated from

cos/? =  fi • Û (3.36)

where û is the direction of the photon. The vertical optical depth is then recalculated 

according to

Tl = Ty-\-TCOSP (3.37)

If the new vertical optical depth is negative then the photon has escaped and the next 

scattering is performed in the wind.

If the  photon is Ram an scattered the photon is scattered to  the observer in the normal 

way.

3 .2 .7  T h e  p r o g r a m  flow

An individual model is calculated for a particular viewing angle a , where a  is defined as 

the angle between the stellar line of centres and the observer’s hne of sight. It is defined 

such th a t a  =  0° corresponds to  an observer looking along the hne of centres through the 

source to  the giant star, while at o; =  180° the source is occulted by the giant star.

The program  fohows a simple loop structure for each photon beam.

(i) The initial photon position and direction are calculated.

(ii) If there is a finite density at the wind base, then the photon may scatter in the  

stehar photosphere. If the photon direction is towards the  stehar photosphere 

the optical depth to  the next scattering event is found. If this depth exceeds the 

scattering depth to  the photosphere then the photospheric scattering routine 

is called, otherwise the photon is scattered in the wind. If the photon direction 

is away from the stellar disk, then the scattering optical depth to  the  boundary 

is found and the photon is forced to  scatter before the boundary.
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(iii) The nature of the scattering event is determ ined randomly. The probabihty of 

a Ram an scattering is given by

p( Ram an) — -----------  (3.38)
*̂ ray ^ram

SO if C/” < p(R am an) then the scattering is a Ram an scattering, otherwise it is 

a Rayleigh scattering.

(iv) If a the photon is Rayleigh scattered its new direction and polarization are 

obtained from the Rayleigh scattering phase m atrix , the new frequency of the 

photon is determined in the observer’s rest fram e, and the loop returns to  step

(ii). If the photon is Ram an scattered then the photon is scattered  towards to  

the observer. If the stehar disk is in the observer’s direction then the photon 

is absorbed, otherwise the photon is weighted according to the  Rayleigh phase 

m atrix  and the absorption optical depth to  the observer. The frequency of the 

Ram an photon is found from Ram an scattering theory. The photon is binned 

according to  its wavelength.

3.3 Test m odels

Many tests were performed on the code. Since the model is circularly sym m etric with 

respect to  the  observer for models with a  =  0° and a = 180° the expected polarization 

for these models is zero. High signal-to-noise models were run to  ensure th a t the  code 

produced this result.

For models with no absorptive opacity the mean num ber of Rayleigh scatterings pre

ceding a Ram an scattering should be equivalent to  the ratio  of the  Rayleigh to  Ram an 

cross-sections. Several models were run to  confirm th a t the model was consistent with 

this.

A grid of test models was calculated in order to  test the results of RAMONE against 

those of Schmid (1992). The Schmid models had no steUar wind, and the RAMONE models 

were run with a negligible mass-loss ra te  in order to  simulate this. In addition the Schmid 

models were calculated using Rayleigh to Ram an cross-section ratio  of 4. The RAMONE  

cross-sections were artificial adjusted to  this ratio. A comparison of the Une polarizations 

is shown in table 3.1. The agreement between the two sets of results is relatively poor, 

considering th a t the two models notionaUy contain identical scattering physics. The RA

MONE code gives consistently lower Ram an hne polarizations, w ith the RAMONE values

90



T a b le  3.1: A  comparison between Ram an line polarizations obtained by Schm id (1992) 
(HM S) and those obtained in this study (TJH ).

^red l^uv 9sep =  10 Qsep = 5 Çsep =  2
HMS TJH HMS TJH HMS TJH

0.0 0.0 48.8 39.2 47.7 38.4 40.2 31.5
0.0 0.2 63.8 55.0 62.5 52.8 52.6 42.5
0.0 1.0 82.4 76.8 80.9 74.7 67.4 59.6
0.2 0.0 57.1 48.9 56.0 48.5 46.8 37.8
1.0 0.0 66.8 58.0 65.6 57.1 54.0 42.7

approxim ately 80% of the Schmid results. Careful study of the RAMONE code revealed no 

obvious cause for the  discrepancy. The param eter sensitivity of the hne polarization is 

identical for the two models.

3.4 The param eter sensitiv ity  o f the Ram an scattered  lines

3 .4 .1  I n tr o d u c t io n

The standard  model contains a large number of free param eters th a t may be broadly 

divided into two types: “geometric” (such as the binary phase and the binary separation) 

and “physical” (such as the mass-loss ra te  and the absorption cross-sections). In the 

foUowing section the param eter sensitivity of the Ram an scattered hnes is investigated by 

examining the changes to  the Ram an hne polarization spectrum  resulting from changes 

in the system  param eters. Since there is such a large num ber of free param eters it is not 

possible to  construct a complete grid of models, as this would take a im practicable am ount 

of com putational effort. Instead we have chosen a a set of standard  model param eters and 

have studied the effects of changing individual free param eters.

The mass-loss ra te  of the M-giant s ta r is expected to  be a crucial free param eter. The 
cf

mass-loss rates^these stars are generahy not weU known, but mass-loss rates for several 

of the survey stars were estim ated by Seaquist & Taylor (1990). They used VLA 6 cm 

radio observations combined with the formtlhsm of W right & Barlow (1975) in order to 

determ ine lower hm its on the mass-loss rate . A wind tem peratu re  of 10‘̂ K was assumed 

along with an arb itrary  outflow speed of 10 k m s“ ^. The mass-loss rates presented for the 

survey systems are given in table 3.2.

The mass-loss rates are clustered about a value of about 10“ ® M© y r“ ^. The is almost 

certainly a selection effect since high mass-loss rates are required before the radio emission
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T a b l e  3 . 2 :  Mass-loss rates of symbiotic stars. Figures taken from Seaquist & Taylor

Object IR Type
Mass-loss Rate 
(10-® M © y r-i)

RX Pup D 1.3
V455 Sco S 0.31
RT Ser s 0.35
H2-38 D 2.3
R R T el D 4.3
He2-106 D 2.1

becomes detectable. However, the strongest Ram an lines are observed in symbiotic Miras 

and it is reasonable to  adopt this relatively high mass-loss ra te  for the standard  model.

The radius of the M-giant is assumed to  be the canonical value of lOOR© (e.g. Vogel 

1991). We assume the mass of the giant s ta r is IM© and the mass function of the system 

is 1. Using a typical symbiotic period (1 year) the binary separation factor (çsep) is 

then %5.

The outflow velocities of the winds are also poorly known. A canonical value of 

10 k m s“  ̂ (based on CO velocities a t very large distances from the surface) is most fre

quently adopted in the flterature. We use a constant value of 50 k m s“ ^, since this value 

is observed in the velocity structure of the polarization profiles of the observations. The 

effects of adopting the lower value are examined below.

The opacities of the atm ospheres of M-giants are difiicult to  calculate, due to  the large 

num ber of molecular transitions. Recent calculations by Allard (priv. comm.) suggest th a t 

the  absorption opacity in the red (%7000À) is neghgible and the corresponding opacity in 

the UV is in the range of 0-10 (in units of the scattering cross-section). The opacities in 

the  UV and at the Ram an wavelengths are set to  zero for the  standard  model, although 

the effects of finite absorption at both  wavelengths is extensively studied.

3 .4 .2  P r e l im in a r y  m o d e l  r e su lt s

A plot of the model described in table 3.3 is displayed in figure 3.3. There are several gross 

features of the polarization spectrum  of the model which agree with the observations. It 

should be noted th a t there is no diluting (unpolarized) continuum  flux in this model, only 

line photons. The intensity spectrum  shows th a t the gaussian profile of the parent line 

has been broadened and distorted by the velocity fields of the stellar wind, leading to  an
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T a b l e  3.3: The free parameters adopted fo r  the standard model.

Param eter Values adopted
Giant radius, R* lOOR®
Binary separation factor, Çsep 5
Mass-loss rate , log(M/M©) - 6
W ind speed, Uqo 50 k m s“ ^
HWHM of 0  VI velocity dist. 10 k m s“ ^
Red opacity, 0
UV opacity, kuv 0

extended blue wing and a lower intensity extended red wing. The polarization spectrum  

is characterized by very high polarization in the blue line wing (as high as 80%), although 

there is very h ttle  hne flux there. There are two m axim a of 5-10% polarization around the 

flux peak and the polarization shows a gradual rise into the red. The highly polarized blue 

hne wing is observed^many symbiotics after the removal of continuum  flux (c.f. Schmid & 

Schild (1994)). The removal of the continuum flux is very difficult, since the spectrum  is 

contam inated by T i-0  bands from the cool component. The subtraction of the continuum  

inevitably leads to  very high uncertainties in the polarization, since the signal in the hne 

wings is very weak.

The polarized flux spectrum , which is independent of the diluting continuum  flux, 

provides a more objective measure of the polarization spectrum  of the Ram an hne. It is 

im m ediately apparent th a t there is a m ulti-peaked structure to  the polarized flux, with a 

strong blue peak and two smaher peaks to the red. This is another observed characteristic 

th a t is repeated in the model.

The position angle m ust have a value of 90° or 180° due to  the ro tational sym m etry of 

the model geometry. Although the uncertainties on the PA are sometimes large (particu

larly in the low intensity hne wings or the regions of minimal polarization) it can be seen 

th a t the PA displays a 90° “flip” at the blue-centre peak transition  and the centre-red  

peak transition. Hence the PA of the centre peak is orthogonal to  the adjacent peaks.

Prehm inary exam ination of the gross properties of the model therefore shows th a t it 

is capable of displaying characteristics in the polarization spectrum  th a t were observed 

in the survey. The asym m etric intensity profile, the enhanced blue-wing polarization, the 

m ulti-peaked polarization structure and the PA flip are ah seen in this model.

In order to  examine the distribution of the Ram an hne form ation a model was calcu

lated th a t stored the position, frequency, weight and polarization of each Ram an scattered
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photon. The three spatial dimensions were subsequently collapsed onto a two-dimensional 

projection along the observer’s direction. This process results in a two dimensional image 

of the  Ram an scattering intensity distribution. A plot of this distribution for the  standard  

model can be seen in figure 3.4.

The intensity scale is logarithmic and the contours are separated by 0.2 dex. The 

strongest Ram an emission is close to  the parent photon source, and the intensity  drops 

radially due to  dilution. The intensity falls off quickly away from the M -giant, since 

the wind density is dropping in this direction. The M -giant has a  lower R am an intensity 

because it is occulting a cylinder of the wind. The bulk of the Ram an scattering is occuring 

between the source and the M-giant photosphere.

Figure 3.5 shows the intensity of the Ram an scatterings overlaid by the polarization 

vectors. The polarization vectors are smallest in the region of highest Ram an line intensity. 

Since there is no UV opacity the bulk of the Ram an photons have undergone approxim ately 

five (=  cFrayl<^ram) Rayleigh scatterings before being Ram an scattered. This multiple 

scattering reduces the coherence of the Ram an photon polarization.

3 .4 .3  V ie w in g  a n g le

The viewing angle of the system is an im portant param eter, since observed changes in the 

polarization spectrum  of a symbiotic system may possibly be used to  obtain the orbital 

phase.

The phase dependence of the photospheric scattering was examined using the standard  

model w ith no stellar wind. Hence aU Ram an photons are produced a t the stellar surface, 

in a similar m anner to  the model of Schmid (1992). The polarization and in tegrated  

line intensity were measured for models with binary separations of Çsep =  2, 5 and 10 at 

viewing angles ranging between 0° and 180°. A plot of the line polarization and intensity 

against viewing angle (phase) can be seen in figure 3.6. As expected, the  Hne intensity is a 

m aximum  at a  =  0°; the system being viewed along the line of centres in the photon source 

to  giant s ta r direction. As the viewing angle increases the scattered intensity decreases. 

No counts are observed a t viewing angles

a  >  180° -  s in - \ l /% e p )  (3.39)

since the scattering region is to tally  occulted by the steUar disk.

The polarization also follows the expected pattern . At a  =  0° the  line polarization is 

zero to  within the model errors. As the viewing angle approaches a  =  90° the polarization
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F ig u r e  3 .4: The intensity distribution o f Raman photons in the binary geometry for  
the standard model. The intensity scale is logarithmic and the contours are separated by 
0.2 dex. The sightline is perpendicular to the stellar line o f centres.
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F ig u re  3 .5: The polarization distribution o f Raman photons in the binary geometry for  
the standard model. A 100% polarization corresponds to a vector o f 1 in length. The 
greyscale intensity is logarithmic.
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F ig u r e  3 ,6 :  The phase dependence o f the photospheric scattering model. The models 
shown are fo r  Çsep =  10 (open squares), Çsep =  5 (filled squares) and q^ep = 2 (filled circles). 
The top panel shows the line intensity and the bottom panel shows the line polarization. The 
error bars are one sigma.
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reaches a maximum and the decUnes to  zero again. No polarization d a ta  are shown for the 

bins with zero intensity. The viewing angle for maximum  polarization is less th an  90° for 

the Çsep =  2 , a phenomenon also noted by Schmid (1992). This,^because the polarization 

maximum  occurs when the bulk of the photons are scattered through an angle of 90°, and 

when the source is close to  the photosphere this situation occurs a t viewing angles of less 

than  90°.

Ram an hne profiles for models th a t included the stehar wind were com puted using 

values of a  of 0°, 30°, 60°, 90°, 120°, 150° and 180° (figure 3.7).

The mass-loss ra te  of the standard  model means th a t very h ttle  scattering occurs in 

the stehar photosphere and the bulk of the Ram an hne flux is produced within one binary 

separation of the photon source (see figure 3.4). The extent of the  Ram an scattering 

region means th a t the simple reflection-hke dependence of the Ram an hne intensity-phase 

relationship is lost. In fact, the Ram an hne strength  and shape is almost constant as a 

function of phase. This is a direct result of the extended scattering region; the occulting 

effect of the stehar disk is much reduced.

The hne polarization-phase dependence of the models closely resembles th a t of the 

photospheric scattering models, with the polarization maximum occuring at o; =  90°.

3 .4 .4  T h e  m a s s - lo s s  r a te

The param eter which may be naively assumed to  affect the  Ram an hne most dramaticaUy 

is the mass-loss rate . Increasing the mass-loss ra te  increases the  neutral hydrogen column 

seen by the parent photon, and hence the Ram an scattering depth. An increase in the 

mass-loss ra te  also increases the absorption and Rayleigh scattering depths.

Four models were computed in order to  investigate- the effect of mass-loss ra te  on 

the Ram an hne profile. The mass-loss rates were log M  =  —5, —6 , —7 and —8. The 

polarization profiles of these models are plotted in flgure 3.8.

The log M  =  —5 model shows a four-peaked structure  in polarized flux, w ith the 

first and th ird  peaks polarized perpendicularly to  the second and th ird . The redm ost 

polarization peak is highly extended. The morphology of the  log M  =  —6 polarization 

profile is discussed in detail above, but intensity of the hne is much reduced compared to 

the log M  =  —5 model. The intensity profile of the  log M  =  —7 model shows a m ulti

peak intensity structure, w ith the blue peak centred at the  Ram an hne rest wavelength, 

indicating th a t it is a  result of photospheric scattering. The polarized flux is triple-peaked.
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but the  two bluemost peaks are unresolved. In this model aU the peaks are polarized in 

the same direction; there is no polarization flip. The log M  =  —8 model shows a two- 

peaked intensity profile, w ith the bluewards peak the strongest. This peak corresponds to 

photospheric scattering; there is very little scattering in the rarified wind. The polarized 

flux peak again occurs at the Ram an line rest wavelength, and is a result of photospheric 

scattering. There is a very small redward peak th a t is associated with wind scattering.

As expected, the mass-loss rate  appears to  have a dram atic effect on both  the Ram an 

line intensity and its polarization morphology. The log M  = —8 model is clearly dom inated 

by photospheric Ram an scattering. The log M  =  —7 model is a combination of wind and 

photospheric scattering, while the log M  =  —6 and log M  =  —5 models appear to  result 

from alm ost pure wind scattering.

3 .4 .5  T h e  a s y m p to t ic  w in d  v e lo c i t y  a n d  t h e  v e lo c i t y  law

The standard  model employs a constant velocity law. Clearly this an unrealistic assum p

tion and since the Raman-line velocity structure is most simply explained in term s of 

scattering in a  moving medium, it is interesting to  examine the effects of different veloci

ties and acceleration laws on the Ram an lines. It has already been s ta ted  th a t the  adopted 

term inal velocity for the wind of the standard  model is higher than  the frequently used 

“typical” value of 10 k m s“ ^.

In order to examine the velocity structure of the line the model profiles presented below 

have been converted to  “Ram an paren t” velocity space (see section 2.8).

Three models were run, with Uoo =  10 k m s“ ^, Uoo=50 k m s“  ̂ and Uoo =  lGO k m s“ ^. The 

mass-loss rates were adjusted in order th a t M /v^o  (and hence p{r)) was constant. The 

models are p lotted  in figure 3.9.

The Uoo =  10 k m s“  ̂ model gives an almost sym m etrical profile th a t is redshifted by 

about 10 k m s“ ^. There is a single peak in the  polarized flux spectrum  th a t is blueshifted 

by approxim ately 10 k m s“ ^. The standard  model has a  much broader intensity profile 

th a t peaks a t approxim ately 40 k m s“  ̂ and the polarized flux peaks occur a t —40 k m s“  ̂

and 30 k m s“ ^. The Uoo =  100 k m s“  ̂ model has a  highly asym m etric intensity profile th a t 

has a redshifted peak at approxim ately 90 k m s“ ^. The polarized flux spectrum  shows 

three peaks. The blueshifted peak fies a t —80 k m s“ ^, the middle peak a t 60 k m s “  ̂ and 

the redm ost peak lies a t about 110 k m s“ ^.

Further models were computed in order to  investigate the  effects of velocity structure
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on the Ram an lines. Vogel (1991) examined the variation of Rayleigh scattering with 

orbital phase for the symbiotic binary EG And in order to derive an empirical velocity 

law for cool giant stars. The velocity law presented had a low, constant velocity out to  a 

few stellar radii, where the wind rapidly accelerated to  its term inal speed.

The following velocity law was used for the Ram an scattering models

v{r)  =  Vc 1 - I & "
r

(3.40)

This law was chosen as it has the advantage th a t an analytical solution exists for the 

mass-column integral over any pa th  in the wind. O ther velocity laws would result in a 

mass-column integral th a t requires a numerical solution, which would be com putationally 

expensive. This velocity law (figure 3.10) is slightly steeper than  those proposed by Vogel 

(1991).

Four models were run with log M  =  —6 and log M  =  —7 with binary separations of 

Çsep =  2 and Çĝ p =  5 (figure 3.11). Model (a) displays only minor differences between the 

Ram an line produced by a constant velocity wind and th a t produced by an accelerating 

wind law. The accelerating wind models show a mild intensity and polarized flux increase 

in the blue side of the  profile, whilst the red side of the profiles are alm ost identical. Model
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(b) has a  lower mass-loss rate , and marked differences exist between both  the intensity and 

polarized flux profiles of the two hnes. The differences occur in the blue side of the  profile, 

w ith the accelerating wind model displaying a much larger polarized flux in the  bluemost 

peak. The red side of the profiles are identical, both  in to ta l flux and polarized flux. Model

(c), with a mass-loss ra te  of log M  = —6 and a much smaller binary separation (çsep =  2), 

shows m arked differences between the two wind structures. The intensity profile of the 

accelerating wind model is much stronger, and although the Une polarization is less than  

the constant velocity model at the Une centre, the polarized flux is greater. The final 

model (d), with a lower mass-loss ra te  and with a smaU binary separation, gives very 

different profiles for an accelerating wind. The intensity profile is stronger, with a  central 

peak and red- and blue-shifted shoulders. The polarized flux profile shows a single strong 

peak th a t is blue-shifted with respect to  the intensity maximum.

These models dem onstrate th a t the velocity structure of the cool wind has a  strong 

effect on the Ram an Unes, both  in term s of the intensity profile and the polarization struc

ture. The smaUest differences between the const ant- velo city wind and the accelerating 

wind model occurs at the larger binary separations, particularly for winds with a high 

mass-loss rate . This is presum ably because the Une form ation in the accelerating model 

is occuring in a region where the wind is close to  its term inal velocity and Uttle scattering 

is occuring in the steeply accelerating region of the wind. Model ( 6) shows th a t the  veloc

ity  law m ay be im portan t lower mass-loss ra te  models, even at wide binary separations, 

since the scattering volume encompasses the accelerating region of the  wind, giving rise to  

changes in polarization structure in the blue Une-wing (where the scattering is occuring in 

the  part of the wind approaching the parent photon source). Clearly the velocity structure  

becomes most im portan t when the binary separation is smaU, and the Une form ation is 

occuring in a region of the wind with large velocity gradients. Model (c) shows th a t the 

R am an Une intensity is stronger in the accelerating wind model, mainly because the wind 

density is much higher at smaUer separations than  in the constant velocity model.

Further models were computed with a smaU binary separation (çsep =  2) and a low 

mass-loss ra te  (log M  =  —7) for various term inal velocities with an accelerating wind 

(figure 3.12). These models dem onstrate the highly complex structures th a t can be ob

tained when the Unes are formed in the accelerating region of the wind: photons are being 

scattered in the approaching and receding parts of the wind and also in the photosphere. 

Model 3.12(6) resembles many of the observations presented in the previous chapter. The
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intensity profile shows a strong central peak with blue- and red-shifted shoulders, while 

the  polarized flux spectrum  shows a strong blue-shifted peak and two smaller red-shifted 

ones th a t are barely resolved. The blue- and red-shifted peaks are perpendicularly polar

ized. This model has a low-mass loss rate  and a small scattering volume, but because the 

binary separation is small a PA flip is observed, unlike the Çsep =  5 model.

3 .4 .6  T h e  a b s o r p t io n  o p a c it ie s

In the standard  model, the UV (Avut,) and red (Kred) opacities are both  quantified in term  of 

the  1032Â scattering cross-section. These opacities m ust have a strong effect on the Ram an 

Une form ation process. The Schmid (1992) models and those com puted in this study (table 

3.1) for pure photospheric scattering show identical sensitivity to  these param eters. As 

expected, an increase in either opacity results in a decrease in the Ram an line strength . 

However, the  opacities have a significant effect on the model Une polarizations as well.

Increasing the UV opacity effects only the parent photons. The m ean free pa th  of 

the  photons is reduced, and photons may be absorbed before being converted to  Ram an 

photons.

Increasing the red opacity wiU also reduce the observed flux of Ram an photons. Al

though the scattering th a t causes the polarization of the Ram an Une photons occurs in the  

UV, the red opacity stiU has an effect on the polarization. Increasing the red opacity in 

the photospheric scattering models leads to a  mild increase in the Hne polarization because 

the observed geometrical distribution of the Ram an intensity changes.

S tandard  Ram an models (see table 3.3) were computed but with Kred = 0 , 1 and 5 and 

w ith Kuv = 0 , 1 and 5 (figure 3.13). As expected, an increase in the  opacities results in a 

decrease in the line intensity.

In the case of Kred the intensity profile also changes as the opacity increases. The blue 

side of the profile decreases most rapidly, resulting in a  sym m etrical, redshifted intensity 

profile for the Kred = 5 model. There are also dram atic changes in the polarized flux 

profile as the  red opacity increases. The bluemost polarized flux peak th a t is observed 

in the Kred = 0 model is much reduced in the Kred = 1 model and is not observed in the 

i^red = 5 profile. The central maximum in the polarization profile increases w ith increasing 

Kred, in agreement w ith the pure photospheric scattering models.

The intensity profiles of the Kuv models retain  their shape with increasing UV opacity, 

although their intensities decrease. The polarization profiles show a monotonie increase of
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the central maximum, with the maxima increasing blueshifted. The Kuv =  5 model shows 

a redshifted polarization peak that is not present in the other models. As expected, the 

polarized flux decreases with increasing UV opacity. The wavelength of the position angle 

flip is also blueshifted with increasing Kuv

Further models were computed in order to investigate the phase dependence of models 

with absorption opacities in the red and UV. Raman line spectra were computed for 

the standard model with viewing angles of 0°, 30°, 60°, 90°, 120°, 150° and 180° but 

with values of Kred =  1 and also Kuv =  1 (figures 3.15 and 3.16). The integrated line 

intensities of the models are plotted against viewing angle in figure 3.14. As stated above, 

the intensities of the Raman lines show a much smaller phase dependence than the pure 

scattering models. The models with no absorption opacity shows an almost constant 

intensity with viewing angle, with a decrease at close to a = 180° where part of the 

scattering volume is occulted by the stellar disk. The Kuv =  1 models follow and identical 

curve to the standard model, but with the intensities reduced by exp{—Kuv/ where 

Ktot is the total opacity (absorption and scattering). The Kred =  1 models show a greater
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phase dependence, with a gradual decline in intensity with phase as the absorption depth 

for the Ram an photons to the observer increases.

The phase dependence of the Kred = 1 models (figure 3.15) is quite different to  th a t 

of the standard  model. The m ain differences occur in the blue wing of the profile, which 

is much less intense a t all phases, bu t particularly when a  > 90°. This is because the 

blue wing of the fine is the result of Ram an scattering in the volume of the wind th a t is 

approaching the parent photon source. This is also the region with the highest density, 

and Ram an photons th a t are created in this region have the largest absorption optical 

depth to  the observer. This effect is most clearly seen in the a = 180° model (figure 3.15g') 

in which the intensity profile is symmetric and redshifted, since no blue-shifted Ram an 

photons are observed due to  both  occultation and absorption in the wind.

The phase dependence of the Kuv — 1 models also shows differences to  th a t of the 

standard  model. The phase dependence of the intensity profile is the same as th a t of 

the standard  model, but the polarized fiux profiles are quite different. The blue-shifted 

polarized fiux peak is approxim ately the same intensity and the red-shifted peak, over aU 

viewing angles. This is in contrast to the standard  model, in which the blue polarized flux 

peak is the more intense for all viewing angles a  < 150°.

The absorption opacities are im portant free param eters, effecting the strength , inten

sity profile and polarization spectra of the Ram an scattered lines. Increasing Kred results 

in a reduction in the emergent flux from the regions of the wind th a t have absorption 

depth to  the  observer. This means th a t the blue wing of the  profile, th a t results from 

scattering in the part of the wind th a t is approaching the photon source, is reduced. The 

red opacity has less effect on flux th a t has been Ram an scattered in the more tenuous 

parts of the wind, where the optical depth to  the observer is much lower. The UV opacity 

has a more dram atic effect on the polarization spectra of the Ram an lines, in agreement 

with the pure photospheric scattering models of Schmid (1992).

3 .4 .7  P h o t o n  s o u r c e  e x te n t

The models detailed above were aU calculated assuming a point-hke parent photon source. 

Obviously this is a physically unreahstic assum ption; the 0  VI photon source will actu

ally be an extended region with the size of the region depending on the characteristic 

tem peratu re  and luminosity of the ionizing radiation field and the wind density structure.

Several models were computed in order to  investigate the effect of an extended photon
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source on the Ram an line polarization spectrum . The standard  model was com puted with 

an extended source (Rs = 4jR^), In addition models were calculated with and w ithout an 

extended source for the standard  model with log M  =  —8 and also w ith Kuv = 1- The 

polarization spectra of these models are plotted in figure 3.17.

The polarization spectra of the extended source models have a similar shape to  their 

point-source counterparts but with a much reduced m agnitude. As a result, the  polarized 

flux spectra of the extended source models are simply lower intensity versions of the point- 

source models.

The reduction in polarization resulting from an extended photon source is stra igh t

forwardly explained. The radiation field of an extended source will be much less “forward 

peaked” than  in the point source case; th a t is photons incident on the first scatterer will 

come from a finite cone angle. Thus, the net polarization resulting from the first scattering 

will be much reduced. Subsequent Rayleigh scattering will “dilute” the polarization signal 

from the first scattering, but the  resulting polarization will still be reduced.

3 .4 .8  O b se r v e d  o r b ita l  p h a s e  d e p e n d e n c e

The investigations on binary phase described above relate to  the special situation in 

which the observer is located in the orbital plane {i = 90°) and the plane of the orbit is 

perpendicular to  the plane from which the PA of the polarization is m easured. In reality, 

the  observer sees a binary orbit in the geometry of figure 3.18. The giant s ta r is situated  

a t the origin O of a right-handed Cartesian system x y z ,  the observer is in direction O x  

and the photon source is located at S . The binary phase u) is defined such th a t w =  0° 

is the phase a t which the largest fraction of the illum inated hemisphere is visible. The 

angle Q, is m easured from N orth (O z) through East (O y) and is aligned w ith the binary 

axis at w =  90°. The inclination i of the binary orbit is the angle between the norm al 

to  the orbital plane and the observer direction O x. The relationship between the binary 

reference frame (a )  and the observer’s frame (w,% and 0 )  are (Schmid 1992)

CKtu.t =  sin“  ̂ ^cos^ uj cos^ i +  sin^ ujj (3.41)

for 0° < w < 90° and 270° <  w < 360° and

ô w,i = 180° — sin“  ̂ ^cos^ w cos^ i -f- sin^ cjj (3.42)

for 90° < w < 270°. The apparent direction of the binary axis with respect to  the celestial
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F i g u r e  3 .18:  The binary geometry. The giant star is situated at O while the observer 
direction is O x. The photon source is at phase u> and the orbital plane is at inclination i 
with respect to the observer.

119



North (O z) Uc is given by

iZj; =  ±  ( t a n - '  +  90° ) +  JJ (3.43)
' COS Î '

where the plus and minus signs correspond to  counter-clockwise and clockwise ro tation  

respectively. The Stokes param eters in the  observers reference frame are related to  the 

model fram e by

I ( w , i )  = I(a^^i)  (3.44)

Q (w, i) =  Q (a^^i) cos 2w^ (3.45)

U (w, i) = Q(ayj^i) sin 2w^ (3.46)

W hen i = 90° and =  90 the model fram e and the observer’s frames are identical and 

there is no PA ro tation  with phase. W hen % =  0 (i.e. the  orbital plane is perpendicular to 

the observer’s Une of sight) the intensity and polarization m agnitude spectra have no phase 

dependence, but the PA of the polarization ro tates with the  orbital phase. Interm ediate 

inclinations show a combination of the two effects.

The polarization spectra of the standard  model were converted to  the observer’s rest 

frame using an inchnation of i =  60° and Ü = 90° (figure 3.19). Since i < 90° the line 

polarization is smaller in the  observers fram e, and the intensity of the Ram an fine is even

less dependent on phase. The polarized flux reaches a m axim um  twice in each binary orbit

(w =  90° and w =  270°). The PA also changes with binary phase.

3 .4 .9  T h e  Q U  lo o p

The observed polarization spectra of the Ram an fines presented in the previous chapter 

often displayed a ro ta tion  of position angle through the fine (see figure 2.9). The sym m etry 

of the model described here means th a t the position angle m ay only take orthogonal values, 

and is therefore incapable of reproducing this effect.

Position angle ro ta tion  was observed in 13 of the 28 symbiotics in the AAT survey, 

and there appears to  be little  or no correlation between the  presence of PA ro ta tion  and 

the spectral type of the  cool component.

The simplest m ethod of producing a QU-loop in the  models is by adding an a rb itrary  

polarization vector to  the  model polarization spectrum . For example, figure 3.20 shows 

a QU diagram  of the standard  model (which has a m axim um  intensity of approxim ately 

1.5 X 10^) after adding a  polarization vector of (10^,0,10^). The QU loop is clearly evident, 

with the arrows pointing the  blue to  red direction.

120



&

g
I
g

g

g
I
g

g
g
S
g

6810 6820 6830 6840 6850 6860 6870
W avelength (A)

6810 6820 6830 6840 6850 6860 6870
Wavelength (A)

g
g
g

g
g
?

g
g
g

g
g
S
g

‘ i* - f  *i'4 4  4 |H |4 , |  1,1 ;  I

6810 6820 6830 6840 6850 6860 6870
Wavelength (A)

6810 6820 6830 6840 6850 6860 6870
W avelength (A)

g
g
g

d

g
g
§

■■+4,
g

g
g
g

S

g
g
s
g

6810 6820 8830 6840 6850 6860 6870
W avelength (A)

6810 6820 6830 6840 8850 8860 6870
W avelength (A)

F i g u r e  3 .19:  The orbital phase dependence o f the standard model with i =  90° and 
ü  =  90°.

121



g
I
g

6

g

i

g
I
g

s
g
§
g

6810 6820 6830 6840 6850 6860 6870
W av elen g th  (A)

6810 6820 6830 6840 6850 6860 6870
W a v elen g th  (A)

g
g
g

g
g
?
g

g
I
g

g
g
5

6810 6820 6830 6840 6850 6860 6870
W av elen g th  (A)

6810 6820 6830 6840 6850 6860 6870
W av elen g th  (A)

g
I
g

g
g
§

g
I
g

g
g
g
g

6810 6820 6830 6840 6850 6860 6870
W a v elen g th  (A)

6810 6820 6830 6840 6850 6860 6870
W a v elen g th  (A)

F i g u r e  3.19: Continued.
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F i g u r e  3 .20:  The standard model with the addition o f a constant polarized flux of
(10^,0,10'^).  The arrows show the wavelength direction from  blue to red.

If the QU loop is indeed the result of additional polarized flux it m ust result from 

scattering in an asymm etric geometry, since to  produce the loop the  PA of the polarized 

flux cannot be aligned with or 90° from the PA of the Ram an scattering.

3.5 D iscussion

The most obvious use of the Ram an lines is as binary orbit diagnostics. It has been 

shown in this chapter th a t aU the model polarization spectra show a phase dependence. 

The ro tation  of the PA with binary phase th a t is seen in the observer’s frame for binary 

orbits with i < 90° is model independent; it occurs due to a  simple change in the binary 

geometry. Hence a time-series of polarization spectra should yield a  binary period, simply 

by observing the period changes in the  PA of the polarization.

The m agnitude of the Ram an line is a  more ambiguous diagnostic, but has some simple 

properties as a  function of binary phase (for systems with i > 0°). The m agnitude of the 

polarization should reach a maximum  twice per binary orbit when the source-scattering 

region-observer angle is 90°. Similarly the two polarization m inim a per period will occur
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at conjunction.

The models detailed in this chapter have shown th a t the  Ram an hne intensity is much 

less sensitive to  the binary phase than  the polarization, particularly in system s of extensive 

mass-loss. This is a result of the relatively large volume of Ram an scattering, which reduces 

the effect of occultation by the giant star. In systems of lower mass-loss the  bulk of the 

scattering occurs in the iUuminated hemisphere of the giant and the hne intensity shows 

a strong binary dependence, with the intensity reaching a m aximum  when the largest 

fraction of the scattering hemisphere is visible to  the observer.

The hm ited num ber of objects in this study for which polarization spectra were taken 

at two epochs (see figure 2.10) support the predictions of the  models. The intensity profiles 

of the Ram an hnes are remarkably stable for most of the objects (w ith the exception of 

RR Tel in which the variation in rectified intensity is probably due to  a change in the 

continuum intensity ra ther than  a change in the hne flux). As noted in C hapter 2, the 

polarization spectra do show significant changes between observations. Obviously with 

only two observations no conclusions may be drawn about the  binary orbits of these 

objects.

A time-series of the PA and polarization m agnitude of the hnes wih yield valuable d a ta  

on the symbiotic orbit: the binary phase and the binary period.

Individual polarization spectra of Ram an hnes are difhcult to  in terpret due to  the large 

num ber of free param eters. We have shown th a t the Ram an hne models display the m ain 

characteristics of the observations:

(i) The multi-peaked polarization structure and the position angle flip (for exam 

ple, compare figures 3.11(^d) and 'Q .l(xixa)). AU the models appear to  show a 

dram atic increase in polarization towards the blue Une wing as in the observa

tions (figure 2.11; Schmid & Schild 1994)

(ii) Ram an Unes with a single polarization peak (figures 'Q .\(iia) and 'Q.1 (xiiia))^ 

typicaUy produced by low mass-loss ra te  models (e.g. figure 3 .8 (^d)) or models 

with a  low wind velocity (figure 3 .9(^aj).

(hi) Ram an hnes with a multi-peak structure but no PA flip (figure 'Q .l(xviia)) 

may be reproduced using interm ediate mass-loss rates (e.g. figure Z.^(c) and 

3.11^6;).

The intensity profiles of the Ram an hne observations are broadly similar (see ap
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pendix B). All the lines are asymm etric, w ith a stronger blue-wing than  red. The intensity 

profiles are sometimes resolved into a multiple subpeak structure. The most frequently 

observed profile consists of a strong central peak with a less intense blue- and red-shifted 

subpeaks.

The standard  model (figure 3.3) has an asymm etric profile with a stronger blue wing, 

but does not have resolved subpeaks. As the mass-loss ra te  is reduced (figure 3.8), the 

subpeak phenomenon is observed, such as in the standard  model with log M  =  —7. It 

should be noted th a t the subpeak structure may be a result of a  similar intensity structure 

in the  0  VI emission Une.

The widths of the observed Ram an hnes are difficult to  measure objectively due to 

the asymm etric, m ultipeaked nature. The observed hnes are generally much broader than  

the model profiles obtained using Uoo=10 k m s“  ̂ and are comparable with the models 

calculated using Voo = 50-100 k m s“ ^.

It was dem onstrated in the previous chapter th a t the polarization PA flip th a t Schmid 

Sz Schild (1994) suggest was associated with the extensive mass-loss from symbiotic M iras, 

is in fact a much more widely observed phenomenon, covering a range of spectral types. 

The model presented here is capable of producing FA flips in low mass-loss ra te  models, 

providing th a t the binary separation is not too great. We propose th a t the PA flip is 

associated with Ram an scattering from a source th a t is embedded in a dense region of the 

wind, ra ther than  with an extended scattering volume. This means th a t low mass-loss 

systems with smaU binary separations will display PA discontinuities as weU as the high 

mass-loss M ira systems.

The m agnitude of the polarization in a single observation cannot be used as a wind 

diagnostic due to  the phase dependence. The same argum ent apphes to  the polarization 

profile, which is also strongly phase dependent in aU the models. It is therefore highly 

desirable to  obtain multi-epoch observations of each symbiotic system.

3.6 Further work

Although the models presented in this chapter are capable of reproducing the gross char

acteristics of the observations, further work is necessary before the full potential of the 

Raman-hnes as wind probes can be reahsed.

The Ram an-hnes observation presented in C hapter 2 are currently the best available, 

but additional observations must be obtained of the  objects showing the strongest Ram an
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line polarization signatures in order to  examine the tem poral variations in more detail; two 

epoch observations presented in C hapter 2 have shown th a t this is a  worthwhile endeavor.

Observations of the 0  VI parent emission lines are also required, since it would then  be 

possible to  distinguish between Ram an spectral features th a t are a result of broadening by 

the stellar wind and those th a t are simply due to  the intrinsic shape of the A1032 and A1038 

hnes. A lthough current sateUites are incapable of observing a t these short wavelengths, 

the  A stro-2 mission, which is expected to  fly in 1995, wiU contain a spectrograph th a t will 

be able to  observe and resolve the 0  VI emission hnes.

The model contains several assumptions th a t m ust be relaxed in later work. The crucial 

simphflcation is the omission of the ionized region of the  wind. Since Ram an scattering 

is due to  neutral hydrogen only, no Ram an or Rayleigh scattering occurs in the  H ll wind 

volume. This volume m ust also have different absorption opacities to  the neutral region. 

Moreover, the  H II region wih have (^electron scattering opacity, polarizing the source and 

R am an photons.

The shape of the ionization front in symbiotic systems has been modehed by Taylor & 

Seaquist (1984). They defined a param eter X  such th a t

J m V  (3.47)
OtB V ^ /

where ji is the mean atom ic mass of the wind, m n  is the mass of a  hydrogen atom , a g  

is the recom bination coeffecient of hydrogen to  aU but the ground sta te , a is the binary 

separation, Lph is the photon luminosity of the hot component in the  ionizing continuum , 

M  is the mass-loss rate  and v is the wind speed. It was found th a t  when X  < 1/3 the 

H II region is an ellipsoid surrounded by neutral hydrogen. I f l / 3 < X < 7 r / 4  the region 

is cone-shaped while for X  > ?r/4 the m ajority of the cool wind is ionized, with only the 

region behind the cool component remaining neutral.

The inclusion of the ionized region is problem atic for a  num ber of reasons but prim arily 

th a t of com putational effort. The intercept between an arb itrary  photon pa th  and the 

boundary region m ust be calculated repeatedly, and hence there m ust be an analytical 

solution. In addition the calculation of the  optical depth along a photon pa th  becomes 

more complex, since absorption and scattering opacities wiU vary along the photon path . 

It is also possible th a t electron scattering may have to  be included, particularly for the  

higher density H II regions. These problems can be reduced if a simply geom etry is assumed 

for the ionization front, such as a plane or a sphere.

The inclusion of an H II region will only strongly effect the Ram an line form ation for
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systems with large X .  In these systems, the mass of neutral hydrogen in the  wind will 

be much reduced and hence the Ram an line intensity will be less, A reduction in the  

scattering volume may also lead to  a higher line polarization. The blue-shifted part of the 

line should be least Affected by the HII region, bu t the Ram an line scattering in the p a rt 

of the  wind receding from the photon source wiU have a much lower intensity.

A nother assum ption made in the current models is th a t of a  spherically symm etric 

wind. The mass-loss in symbiotic systems is sometimes expected to  be bipolar ra ther than  

spherically symm etric (e.g. Corradi & Schwarz 1994). This would have strong effects on 

the R am an line form ation. The inclusion of a non-spherical wind structure  is possible, but 

would be much more com putationally intensive since the mass-column calculation would 

require a numerical approach.

Recent calculations of opacities in the atm ospheres of cool giant stars (Allard priv. 

comm.) m ean th a t it may soon be possible to constrain the absorption opacities in the 

UV and the red. After inclusion of the H II region we wiU be in the position to  a ttem p t 

models th a t are tailored to  a particular systems param eters.

3.7 Sum m ary

A new com puter code ( r a m o n e ) based on the Monte Carlo technique has been developed 

in order to  model the form ation of the Ram an scattered lines in symbiotic stars. The 

code trea ts  Rayleigh and Ram an scattering using the full dipole scattering phase m atrix . 

Tests on the code indicate th a t it is functioning correctly, although some discrepancies 

exist between results obtained using a slightly modified version of the RAMONE code and 

the photospheric scattering model of Schmid (1992).

It has been shown th a t Ram an line form ation in symbiotic stars is a  complex process 

th a t is dependent on a num ber of system param eters. It has been dem onstrated th a t the 

viewing angle (which corresponds to the binary phase assuming the system  is observed 

edge-on) has only a small effect on the Ram an scattered line intensity, particularly  for 

systems with a high mass-loss rate , but has a  considerable effect on the Ram an line 

polarization. The mass-loss rate  is also an im portant factor in the form ation of the R am an 

lines, w ith the higher mass-loss ra te  models showing a less structured  intensity profile.

A lthough the m ajority  of the models investigated were computed using a constant 

velocity wind, it has been shown th a t an accelerating wind law may have a significant effect 

on the Ram an line polarization spectrum , particularly for systems with a low mass-loss
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ra te . It apparent th a t the separation of the multiple polarization peaks th a t are observed in 

some symbiotic systems m ust be dependent on the velocity field of the scattering m aterial. 

Finally, it has been dem onstrated th a t the models com puted in this chapter display a 

significant num ber of the gross characteristics th a t are observed in the symbiotic polar

ization spectra detailed in chapter 2. Although a considerable am ount of further work on 

the model is required, particularly the inclusion of a ionized wind region, the preliminary 

results are promising.
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C hapter 4

T he Polarization o f the H a  

Em ission Line in ( Puppis

4.1 Introduction

The 0 4  I(n )f s ta r (W alborn 1972) (  Puppis (HD 66811) is the archetypal 0-supergiant star. 

It is the second brightest 0 -s ta r  in the night sky, with an apparent V -m agnitude of 2.25. 

Its massive steUar-wind has been extensively observed over virtually aU wavelengths, from 

radio to  X-rays, and the system has become the proving ground for stellar wind theorists.

The mass-loss ra te  of (  Puppis has been determined from a broad range of diagnostics. 

Pauldrach et al. (1994) used detailed radiation driven wind models comprising non-LTE 

transfer and shock-heating to  calculate synthetic UV spectra which were in tu rn  used 

to  derive a mass-loss ra te  of 5.1 X 10“ ®M©yr” ^. Howarth & P rin ja  (1989) estim ated a 

mass-loss ra te  of 3.8 X 10“ ® M ©yr“  ̂ by using the 6.4 cm (A bbott, Bieging & ChurchweU 

1980) and 2 cm (A bbott 1985) radio fluxes and application of the formulism of W right 

& Barlow (1975). Leitherer (1988) employed a calibration of H a luminosity to  derive a 

ra te  of 6.6 X 10“ ^M© y r“ ^. A value of 5 X 10“ ®M©yr“  ̂ is m ost frequently adopted in 

contem porary studies.

The term inal velocity of the wind is may be obtained from the absorption edges of UV 

resonance lines and is a less ambiguous m easurem ent than  the mass-loss rate . A value of 

2600 k m s“  ̂ (A bbott 1978) is adopted here.

The acceleration of the stellar-wind is difficult to  determ ine observationally. Radiation 

driven wind models predict an acceleration param eter of % 0.8 (e.g. Pauldrach, Puls &
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Kudrizki 1986), where the velocity as a function of radius is

;(r) =  % +  (uoo -  uo)(l -  (4.1)v[

and vq is the “photospheric” velocity, Vqo is the term inal velocity and is the  stellar 

radius. The steep acceleration determined from theory is not compatible with aU the 

observations, since fits to  the wings of the H a emission line profile require more gentle 

wind accelerations (e.g. Olson & Ebbets 1981).

Conti & Ebbets (1977) m easured the rotational velocity of (  Puppis from photospheric 

absorption lines. They obtained a value of Ug sin z =  210 k m r^ , and noted th a t inchnation 

m ust be close to 90° since the star is a rapid ro ta to r for its spectral type before any 

projection effects are taken into account. Moffat & M ichaud (1981) speculated th a t the 

s ta r may be an oblique ro ta to r, a ttribu ting  the variation in the  H a absorption component 

to  inhomogeneities in the stellar wind (confined by m agnetic fields) passing in front of the 

stellar disk; a similar in terpretation to  th a t proposed for obliquely ro tating  Ap stars.

Bohannan et al. (1986) used wind-blanketed, non-LTE model atm ospheres to  analyze 

photospheric line profiles of (  Puppis in order to derive fundam ental atm ospheric param e

ters of Eg// =  42000T1500K, log^ =  3.5 T  0.1 dex and a helium abundance by num ber of 

[Y]= 0 .17±0.03 , using a mass-loss rate  of 5 X 10“ ® M© y r“ ^. Assuming a distance modulus 

of 8.2 they calculated the radius to  be 18 R© and the mass to  be 38 M©. These param eters 

are in good agreement with those derived by Kudritzki, Simon & H am ann (1983).

The low gravity and high hehum abundance are consistent with (  Puppis as a highly 

evolved sta r near the end of core hydrogen burning, where extensive mass-loss has revealed 

processed m aterial. Evolutionary models suggest a zero-age main-sequence (ZAMS) mass 

of 70-90 M©, implying th a t the star has shed around half its ZAMS mass during its main- 

sequence lifetime.

4 .1 .1  S te lla r  w in d  v a r ia b il ity

Stellar wind variability in C Puppis has been extensively reported  in the literature . Profile 

changes in the H a emission line were reported by Conti & Niemela (1976). Changes in 

the UV spectrum  were first observed by Snow (1977) and have been further studied by 

P rin ja  (1984) and P rin ja  et al. (1992).

The UV profiles of Si IV and Ni IV show evidence of discrete absorption components 

(DACs) (e.g. P rin ja  et al. 1992), which appear to  develop a t about —1000 k m s“  ̂ and 

then m igrate outwards. The acceleration of the DACs (/? % 2) is considerably slower than
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expected for steady sta te  wind models and the p a tte rn  of acceleration varies from event 

to  event. The recurrence time-scale of the DACs is about 15 hr, although more stable 

(both  in velocity and intensity) narrow absorption components have been noted to  last for 

several days,

4.2 Observations

Spectropolarim etric observations of (  Puppis were made with the 3.9 m Anglo-Australian 

telescope in NSW using the RGO spectrograph and polarim etry module from the 14-17*^ 

M arch 1992. The 25 cm camera and 1200V grating were employed while the Thom pson 

CCD was used as the detector. The system gave a mean reciprocal dispersion of 0.69 

Â pixel"^ and a resolution of 1.3Â. The observational procedure used was identical to  th a t 

described in C hapter 1.

The d a ta  were reduced using a technique similar to  th a t described in C hapter 1. The 

only difference was th a t the o and e object and sky spectra were extracted  using optim al 

extraction (Horne 1986) via the ECHOMOP package (Mills 1992). This package is designed 

to reduce echelle spectra, although the form at of the polarim etry d a ta  lends itself to  this 

type of reduction, with the o and e spectra as pseudo-orders.

Prelim inary d a ta  reduction, performed during the M arch 1992 observing run at A AT, 

revealed a periodic noise or ripple in the polarization spectra. Further investigation showed 

th a t the  ripple appeared on aU polarization spectra, including those of polarized and 

unpolarized standards and on spectra obtained through a polarizing filter. The peak- 

to-peak am plitude of the ripple was estim ated at 0.2% with a period of approxim ately 

4Â. The ripple was most clearly seen in high-signal-to-noise polarization spectra obtained 

using the 1200V grating. The ripple was observed in both  Q and U spectra and in position 

angle.

The polarization ripple has also been observed by Andy Adamson using the W E T  

polarim eter (and 1200V grating), which has similar optical components to  the  AAT po

larim etry  module (Tinbergen 1994). Polarization spectra obtained at the W E T  during the 

course of this study also showed the ripple. A typical observation of the effect is shown in 

figure 4.1. It is obvious from the am plitude of the ripple th a t this effect may have serious 

consequences for very precise spectropolarim etry. The ripple, although undersam pled at 

m oderate dispersions, could prove to be the limiting factor in high-resolution work. The 

next sections investigate the ripple using cross-correlation and power spectrum  techniques
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and possible sources for the ripple are suggested.

4 .2 .1  Q u a n t it iv e  a n a ly s is  o f  t h e  p o la r iz a t io n  r ip p le

The polarization spectrum  of the zero-polarization standard  star 61 Vir was chosen for 

analysis, since high-quahty polarization spectra were obtained during the AAT observing 

run w ith both  the 1200V and 600V gratings. The observations were reducing using the 

m ethod described in C hapter 1. Inspection of the polarization spectrum  of 61 Vir (fig

ure 4.1) reveals th a t the ripple has a peak-to-peak am plitude of 0.1%-0.2% and th a t the 

ripple appears in both  the m agnitude and direction of the polarization spectrum . It is 

also apparent th a t the am phtude of the ripple is a function of wavelength.

A cross-correlation of the normahzed Stokes Q and U param eters of the 1200V spec

trum  can be in figure 4.2. The cross-correlation was performed according to  the m ethod 

of GaskeU & Peterson (1987). The periodic nature  of the ripple can be clearly seen and 

there is also a small phase difference between the two spectra. This phase difference means 

th a t the  ripple m ust occur in position angle. If the  physical basis for the  ripple hes in
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F i g u r e  4 .3:  The relationship between wavelength and ripple period. The points correspond 
to the centres o f 50Â bins.

interference, caused by multiple internal reflections in one of the optical components, then 

a ripple-frequency-wavelength dependence should exist. In order to  determ ine if such a 

relationship does exist the normahzed Stokes Q spectrum  of the  1200V observation of was 

divided up into 50Â bins. The maximum entropy m ethod (Press et al. 1989) was used to 

estim ate the power spectrum  of each of the 50Â bins. The frequency of the peak corre

sponding to  the ripple was found by fitting a parabola to  the m aximum  and to  the  points 

either side to  the maximum. The frequency was found from this fit. A graph of ripple- 

period versus wavelength can be seen in figure 4.3. This graph clearly shows th a t there 

is a linear relationship between the wavelength and the ripple-period, which is consistent 

with a Fabry-Perot type interference effect. The power spectra of the 600V and 1200V 

normahzed Stokes Q spectra are plotted together in figure 4.4.  It is clear th a t the ripple 

has the same frequency in both  observations, indicating the effect is of optical origin. If 

the ripple has a basis in CCD pixel samphng, then doubhng the dispersion should halve 

the ripple frequency in wavelength space.

The d a ta  for (  Puppis were severely compromised by the instrum ental ripple. However,
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F i g u r e  4 .4:  The power spectrum o f the 1200V normalized Stokes Q spectrum (solid line) 
and the power spectrum o f the 600V normalized Stokes Q spectrum (dashed line). The 
power spectra were obtained by using the maximum entropy method.
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since the da ta  did show a possible polarization variation through the Ho: profile it was 

decided th a t an a ttem pt to  removed the system atic ripple should be made.

It was shown above th a t the period of the ripple is a  finear function of wavelength, and 

th a t the  am phtude of the ripple is m odulated by a longer period sine-wave. The following 

“chirp” function was therefore used to  model the ripple

,(A ) =  k  cos ( 2. ^ )  cos (4 '")

where g(A) is the normahzed Stokes param eter, k is the ripple semi-am phtude, X\ and pi 

are the  wavelength of the maximum and the period of the long-wavelength m odulation, 

X2 and p 2 are the wavelength of a maximum and the period of the ripple, cn is a slope 

param eter for the chirp and Ci is the mean polarization. This formahsm assumes th a t the 

astrophysical continuum polarization spectrum  is flat over the wavelength region under 

analysis, an assum ption which is vahd given the relatively smah spectral range.

A weighted non-hnear least-squares fit of equation 4.2 was made to  the data . Separate 

fits were m ade for Stokes Q and U, since there was a phase difference between the ripple 

of each; and the region around H a was first chpped from the data . The fit to  the d a ta  

was satisfactory and the results of the fits can be seen in table 4.1. A plot of the  fit made 

to the  17*̂  ̂ M arch 1992 observation can been seen in figure 4.5.

The fit included the continuum polarization vector (c^g, Ciu) which was subtracted  from 

each fit to  yield the ripple polarization spectrum . The ripple was then subtracted  out of 

each of the observations.

4 .2 .2  I n s tr u m e n ta l  p o la r iz a t io n

The instrum ental polarization was cafibrated by using the unpolarized standard  sta r 61 Vir 

(Tinbergen 1979). The polarization of 61 Vir has been m easured by Leroy (1993) and a 

value of 0.001%±0.0006% was obtained.

The polarization of the combined observations of 61 Vir was 0.048% with a PA of 

22°, although the polarization varied significantly from night to  night (table 4.2). If the 

instrum ental polarization is caused by variations in the  reflection coefficients across the 

surface of the prim ary and secondary m irrors, then the instrum ental polarization should 

rem ain constant from night to  night. This is clearly not the case here. The “instrum ental” 

polarization may also be due to  incorrect sky subtraction or an inadequate correction for 

the scattered  light. It is impossible to  resolve this problem w ithout additional multi-epoch
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T a b l e  4 .1:  Fitting parameters fo r the 3 observations o f (  Puppis. The parameters fo r the high-frequency sine-wave (x i, p i and a )  show 
remarkable consistency from  night to night. The phase difference between the Stokes Q and U parameters is conserved between observations.

CO

D ate
(1992)

Stokes 
par am

k
(0.01%)

Ci
(0.01%)

Pi
(Â)

P2
(A)

Xi
(A)

X2
(A)

a
(10-4)

15*̂  ̂ M ar Q 7.3 ± 0 .1 4.9 ± 0 .1 1124 ± 1 5 3.5568 ±  0.0003 6455 ±  3 6449.10 ± 0 .0 1 1.596 ± 0 .002
u 8.2 ± 0 .1 2.1 ± 0 .1 1141±  14 3.5593 ±  0.0002 6447 ±  3 6448.60 ± 0 .0 1 1.581 ± 0 .003

16*^ M ar Q 6.3 ± 0 .1 4.4 ± 0 .1 1140 ± 1 5 3.5587 ±  0.0002 6448 ±  3 6449.15 ± 0 .0 1 1.583 ± 0 .0 0 4
u 7.3 ± 0 .1 1.6 ± 0 .1 1157±  15 3.5600 ±  0.0002 6440 ±  3 6448.71 ± 0 .0 1 1.576 ± 0 .002

17*^ M ar Q 6.7 ±  0.1 2.5 ± 0 .1 1181 ± 2 0 3.5595 ±  0.0003 6446 ±  4 6449.04 ± 0 .0 1 1.572 ± 0 .0 0 4
u 9.1 ± 0 .1 2.2 ± 0 .1 1202 ±  16 3.5594 ±  0.0002 6437 ±  4 6448.61 ± 0 .0 1 1.575 ± 0 .002
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F i g u r e  4 .5:  The polarization spectrum o f Ç, Puppis obtained on the March 1992
(solid line). The fit  to the ripple (dotted line) shows satisfactory agreement over the entire 
wavelength range. There is a deviation from  the fit  at Ha.
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T a b l e  4.2: Integrated measurements o f the polarization o f the unpolarized standard star 
61 Vir. There is evidence o f variability at the 3<j confidence limit.

Date Q u (^u
14 M ar -0 .001 0.001 -f-0.015 0.001
15 Mar -kO.046 0.001 -kO.028 0.001
17 Mar -j-0.061 0.001 -1-0.071 0.001
Mean -f0.035 0.001 -1-0.033 0.001

observations of several different unpolarized standards, a  requirem ent which is beyond the 

scope of this study.

4.3 A nalysis

4 .3 .1  T h e  in te r s te l la r  p o la r iz a t io n  to w a r d s  (  P u p p is

The photopolarim etry catalogues of Klare & Neckel (1977) and M athewson et al. (1978) 

were searched for held-stars within a 10° radius of (  Puppis on the plane of the  sky. The 

distances to  these stars were then estim ated using the m ethods detailed in C hapter 2. A 

distance to  (  Puppis of 450 pc (mo — M y  = 8.3), was assumed and only held-stars within 

±2  m agnitudes of this distance modulus were selected. A to ta l of 35 held-stars were found. 

The polarization map of the area around (  Puppis (hgure 4.6) shows no clearly dehned 

pa tte rn  to  the ISP. The mean polarization of the held-stars is 0.053% at 32°.

There is a large am ount of scatter in the observed relationship between the fractional 

polarization a t optical wavelengths (P )  and the colour excess (P g _ y ) , with P  ranging 

between 0 to  a  maximum given by the expression (Spitzer 1978)

( 1  =  0.090 m ag“  ̂ (4.3)
V^B-V^/max

Therefore the expected percentage interstellar polarization of (  Puppis, which is only 

lightly reddened {E b - v  ~  0.04 ±  0.02), has an empirical upper-lim it of 0.36%. The 

mean continuum  polarization (% 0.05%), falls weU within this Umit although it is possible 

th a t the  aUgnment of the ISP and the intrinsic vector result in this smaU continuum  

polarization.
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F i g u r e  4 .6:  A n  interstellar polarization map o f a l ( f  radius region around (  Puppis. 
The units o f the axes are degrees and the bar in the top right o f the figure represents 1 % 
polarization.
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T a b l e  4.3: Percentage polarization m easurem ents from  the 3 observations. The error on 
the absorption and em ission m easurem ents are ±0.008%  while the error on the continuum  
m easurem ents is  ±0 .002%.

Absorption Emission Continuum
Date Q U Q U

(1992) (%) (%) (%) (%) (%) (%)
15^^ March 0.090 0.081 0.033 0.007 0.041 0.018
16*^ March 0.096 0.093 0.035 0.007 0.042 0.024
17*^ M arch 0.056 0.068 0.018 0.009 0.021 0.023

Since there is ambiguity in both  the value of the instrum ental and interstellar po

larization vectors the polarization spectrum  of C Puppis are most easily in terpreted  in 

differential term s. The absolute polarization vector is impossible to  determine a t this 

level of precision. However, over the small wavelength range of the polarization spectrum , 

the instrum ental and interstellar components may be considered to  be constant, and the 

variations in the observed spectrum  may be directly a ttribu ted  to  in trinsic  variations in 

the polarization spectrum  of the system.

Plots of the three n ights’ observations can be seen in figure 4.7.

In order to test the statistical significance of the polarization variations through the 

fine m easurem ents were m ade in three bins; one 4Â bin centred on the enhancem ent, 

another on the fine centre and th ird  over a line-free continuum  region (6760-6860Â). The 

results of these m easurem ents are presented in table 4.3.

W hen plotted  m  QU  space (fig. 4.8) the significance of the polarization enhancem ent 

is clearly seen. While the polarization at the line centre is within 3cr of the continuum 

value, the  polarization enhancem ent m easurem ents are more than  4cr from the continuum  

polarization. This may be regarded as highly significant, although it should be remembered 

th a t the  polarization spectrum  has been massaged in order to  remove the polarim etric 

ripple.
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F i g u r e  4.7: (a )-(c). The H a polarization spectra o f C, P uppis corrected fo r  the in s tru 
m en ta l ripple effect, (a) 15^^ March, (b) 16^^ M arch and (c) M arch 1992. The sharp  
fea tures in  the norm alized spectrum  (e.g. around 6543-6554Â ) are telluric.
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F i g u r e  4 .8:  A QU diagram o f the data presented in table 4-3. The polarization o f the 
enhancem ent (filled squares), the line centre (filled triangles) and the continuum (filled 
circles) are shown, along with their 3a errors (dotted line).
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4.4 D iscussion of the observations

Despite the  lack of an absolute value for the intrinsic polarization vector, the variation in 

polarization through H a, and indeed the lack of such variation through the photospheric 

absorption profiles, are valuable d a ta  on the wind geometry. The variation m eans th a t 

there is some asym m etry in the system geometry, presum ably in the  wind structu re . The 

polarization is also present in all three spectra, spanning a 72 hr period. This is much 

longer than  the characteristic wind-how time, and suggests th a t the cause of the polariza

tion is a ra ther more stable feature than  the inhomogeneities th a t may be associated with 

the DACs.

Assuming an inchnation of 90°, a u s in i  of 210 k m s“  ̂ and a radius of 18 R q the 

ro tation  period is approxim ately 4.5 days. The three observations therefore span three 

quarters of a steUar ro tation. If the polarization is produced by a single, co-rotating blob, 

then the polarization will pass through a minimum twice during one ro tation  period and it 

would be expected th a t at least one observation would show a much reduced polarization.

The m ost plausible explanation of the observations is a stable, global wind asymm etry, 

caused by enhanced mass-loss in the equatorial plane produced by the centrifugal force of 

rapid ro tation. This enhancement would lead to  a smah continuum polarization, with a 

depolarization of the continuum by hue emission.

In the fohowing section a semi-empirical model of the wind of (  Puppis is constructed. 

The effects of global deviations from spherical sym m etry on the intensity and polarization 

H a profiles are examined.

4.5 M odelling of (  Puppis

4 .5 .1  I n tr o d u c t io n

The standard  approach to  the modelhng of radiative transfer in 0 -s ta rs  is the  core-halo 

approxim ation, in which an artificial distinction is m ade between the stehar photosphere 

and the wind base. In modehing a stehar wind hne the photospheric flux is calculated 

in plane-parahel geometry under the constraint of hydrostatic equihbrium and the wind 

structu re  is then “attached” to  the photosphere. In simple models, this a ttachm ent is 

usuaUy made by using a photospheric wind velocity vq which, by the equation of mass 

continuity, fixes the density at the inner wind-radius. This arb itra ry  density has a  strong 

effect on the central hne emission of H a and H ell 4686.
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Recently a ttem pts have been made to create a unified model, in which the artificial 

distinction between the photosphere and the wind-base is replaced by a self-consistent 

physical solution to  the structure of the core-halo transition  region. Gabier et al. (1989) 

presented a model in which the only free param eters are the steUar effective tem perature , 

gravity and radius at a fixed electron scattering optical depth (on the order of 10 in order 

th a t the continuum radiation field is fuUy thermaUzed a t aU wavelengths). The radiation- 

driven wind theory is then used in conjunction w ith these param eters to  obtain the mass- 

loss ra te  and velocity structure which in tu rn  defines the density structure on which the 

model atm osphere is calculated. The model is not tru ly  self-consistent since there is 

no energy balance constraint on the wind dynamics model and therefore a tem peratu re  

structu re  m ust be adopted before computing the model.

Although the core-halo approxim ation is very poor when modelling the Hne centre, the 

hne wings are formed at velocities far from the influence of an intrinsic absorption profile 

and are therefore insensitive to it. The wind models calculated during this study are based 

on the work of Klein & Castor (1978) and hence use the core-halo approxim ation, as does 

the M onte-Carlo radiative transfer code used here. The analytical continuum  polarization 

models are also form ulated using core-halo approxim ations.

The standard  model chosen for OB stars in this study assumes

(i) A 1.5-dimensional model. A full 2 or 3 dimensional treatm ent of the statistical 

equihbrium calculation is beyond the scope of this study. The source functions 

for the emission hnes of interest are calculated in spherical sym m etry and 

a latitud inal density dependence is introduced into the numerical radiative 

transfer code in an approxim ate manner.

(ii) Time-independence. Although recent studies have shown th a t hne driven radi

ation driven wind theory is inherently unstable (eg Owocki, C astor Sz Rybicki 

1988), observations have shown th a t the variabihty of the wind my be consid

ered as a  smah perturbation  on a basicaUy steady-state  flow (P rin ja  & Howarth 

1986). This assum ption is further justified in the present case by the relatively 

smah hne-profile changes observed. Combined with this assum ption is th a t of 

a monotonie velocity law.

(hi) Pure hydrogen. This study is concerned with modehing the polarim etric prop

erties of Ho. The inclusion of even hehum in the statistical equihbrium  cal

culation greatly comphcates the model. The hehum opacity would have a
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strong effect on the UV continuum shoitw ard of the He II ionization edge and 

this in tu rn  may have a very small effect on the hydrogen level populations.

The electron density is also underestim ated by approxim ately 10%. The in

clusion of m etals has a cooHng effect on the wind, but since the standard  

model includes no energy balance constraint, the tem perature  structure m ust 

be pre-determined.

(iv) Core-halo structure. The continuum flux is taken from non-LTE, H /H e, plane- 

parallel models calculated under hydrostatic equihbrium (eg Mihalas 1972; 

Smith & Howarth 1994). The “photospheric” velocity uq, th a t is the velocity 

of the  inner wind-radius, is a free param eter. This velocity, when combined 

with the mass-loss rate , fixes the wind density at the  core-halo boundary.

4 .5 .2  T h e  M o n te -C a r lo  r a d ia t iv e  tr a n sfe r  c o d e

The polarization spectra computed during this study employed the ELEC M onte Carlo 

radiative transfer code developed by HiUier (1991). A detailed description of the code is 

given in appendix C. The code was w ritten for modelhng the massive stehar winds of W R 

stars, where the continuum is formed in the wind. The code was therefore modified for the 

0 -s ta r  regime, in which the continuum photons are created in the stehar “photosphere” 

(assum ing the core-halo approxim ation).

A statistical equihbrium code was developed in order ̂ calculate the hne emissivities and 

opacities for a given wind structure. The wind structure, hne emissivities and opacities 

and model continuum flux distribution are then used as inputs to  the  radiative transfer 

code in order to  compute the polarization spectrum .

4 .5 .3  T h e  s t a t is t ic a l  e q u ilib r iu m  c o d e

The velocity law of the circumstehar sheh was param eterized in the  canonical form of 

C astor & Lamers (1979):

v{r) = Vo+ ( v o o - v o ) ( l - R ^ / r Ÿ  (4.4)

where v{r)  is the velocity at radius r, Voo is the term inal velocity, R* is the stehar radius 

and (3 is the acceleration law index (/) % 1 from mCAK theory). Combined w ith the 

mass-loss ra te  M, the velocity law gives the density structure  p{r)  using the equation of
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mass continuity
M

"  4ivr^v{r)

A com puter program  ( s t a t e q ) was w ritten to  model the hydrogen level populations 

in the standard  model winds from statistical equihbrium calculations. The code is based 

on the m ethod presented by Klein & Castor (1978). The model consists of first ten  

bound levels of hydrogen with the levels 7-10 held in LTE. Klein & C astor (1978) give the 

sta tistical equihbrium equation as

^  ^nBnm)^c,mnIc,mn ^n-^nmPmn T  ^e{,^m Cm n ^n ^ n m )\

"h ^  ] \^m-^mn(^mn (^^n^nm ^mBrnn)(^c,mnIc,mn T  ^e^^m C rnn  )]

m < n

+N,

- N .

m > n

( 2hp  ̂ , \ f hp7°° 47r / :
L  (
/“oo

I  7— d p  + N e C n k
Jvn

2  +  I 6 X p  ( — 7 7 7 ;  ) dp T  NeCnk

= 0 (4.6)

Amn &nd Bmn ^re the Einstein coefficients for the transitions between quantum  levels m  

and n and were obtained from Wiese, Smith & Glennon (1966). The subscript k refers to  

the continuum state. Cmn is the cohisional ra te  coefficient for electron tem peratu re  T.  C 12

was calculated using the fitting formula of CrandaU et al. (1974) while the rem aining col-

hsional rates were obtained from the formula of Peterson & Strom  (1969). The cohisional 

ionization rates Cnk were calculated according to  Mihalas (1967). Nn  is the  population of 

level n  and N*  is the level population calculated from the Saha-Boltzm ann equation. a{p)  

is the photoionization cross section for level n and Ne is the electron density. Ic,mn is the 

photospheric intensity at the frequency of the m to n transition  obtained from non-LTE 

model atm osphere calculations (e.g. Mihalas 1972; Smith & Howarth 1994) and is a factor 

of four greater than  the Eddington flux Hjy. The continuous intensity Jy, is given by

Jz/ — AWHi^ (4.7)

where W  is the dilution factor given by

iy  =  i ( l - x i )  (4.8)

with

=  (4-9)

where rp  is the photospheric radius. The Prnn and /?c,mn are the  escape-probability factors 

and are given by
1 - |-

=  /o
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and
1 /■! 1 4 -  r /  T__ \  1

dx  (4.11)
’Xi ' m n

where cr, the  wind acceleration param eter, is

d ln r

and the Sobolev optical depth Tmn is defined as

i 9 f ^ ) m n -  f
9m  9n

The hydrogen density is tied to  the mass density p by the conservation equation

6 10

^ J V „  +  ^JV „* +  AT (H + )=  ^  (4.14)J ' n - I - J ' i n  M =  -
n = \  n = 7

where m fj  is the mass of a hydrogen atom . Since the model is for pure hydrogen then

Ne = N( E+)  (4.15)

The first term  of equation 4.6 refers to  the radiative transitions into and out of lower 

sta tes into level n, while the second term  refers to  the spontaneous transitions from level 

n. The th ird  term  concerns the cohisional excitation and de-excitations from and to level 

n. The second line of the equation is analogous to  the first, but deals with the rates from 

sta tes above level n. The th ird  line concerns recombinations to  level n; the first term s 

refers to  stim ulated and spontaneous radiative recombinations into level n  and the second 

term  deals with cohisional recombinations. The last hne of the equation refers to  photo- 

(first term ) and cohisional (second term ) ionizations.

The com puter code uses Newton-Raphson iteration to  solve equations 4.6 and 4.14  

simultaneously in order to  obtain the electron density and hydrogen level populations at

each radius defined in the wind structure model. These populations can then be used to

derive the wind opacities and emissivities as a function of radius according to

77/(y) =  Xiu{r)Si{r)  (4.16)

where
- 1

and

X l u { r )  =  — f l u  in i{r )  -  — n^(r)') (4.18)
\  9u /
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T a b l e  4 .4:  Values adopted fo r  the test model calculation. The velocity law used was 
v[r)  =  Vq +  (voo — % )(! — R ^ / r Y . The photospheric flux  model was taken from  Mihalas

Model param eter Value
SteUar radius, P* 30 R q

Surface gravity, log g 3.0
Effective tem perature, Tgff 3 X lO^K
W ind base velocity, uq 10 k m s“ ^
Terminal velocity, Voo 1590 k m s“ ^
Acceleration law, /? 0.7

A test model was calculated using the param eters defined in table 4.4 using the s ta tis

tical and therm al equihbrium code of Drew (see Drew 1985 and Drew 1990). The model 

was calculated without hehum or m etals, but with the constraint of therm al equihbrium. 

The calculation was repeated with STATEQ, using the therm al wind structure  produced by 

the Drew model. A comparison of the departure coefficients of the first six levels of hydro

gen calculated by the two codes can be seen in figure 4.9. The results show satisfactory 

agreem ent, indicating th a t s t a t e q  was functioning correctly.

A com puter program  (LIN p r o ) was w ritten to  calculate the hne profile according to  

the m ethod described in Castor (1970). A coordinate system ( Z , P )  is defined such th a t 

the stehar core lies on the origin with the z-axis towards the observer and the p-axis 

perpendicular to  the z-axis. The resonance surfaces (zo,p) as a function of frequency u 

are then defined according to

where pq is the transition  frequency and V(r )  is the speed of the wind at radius r. An 

example of the distribution of these surfaces in the (Z, P )  plane can be seen in figure 4.10. 

The Sobolev optical depth of a resonant zone is

J  (4-20)

where

p = -  (4.21)
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F i g u r e  4 .9:  A comparison between the departure coefficients fo r  the first six levels o f 
neutral hydrogen calculated using STATEQ (solid line) and the code described by Drew 
(1990). The n = 1 level is overpopulated by approximately the reciprocal o f the dilution 
factor W

C astor (1970) defines the line profile as

F u  -  F r 1 7°° . . ̂ (r) 1 -  exp {-r(z/,p(r, 1/), go)}
2r dr-  r  ( Y

Jo ~ exp{-r(i/ ,p ,oo)y(-(rJ 2pdp

rg Vo 7c
(e x p { -r ( i/ ,p , oo)3/ ( - ( r ^  -  

-  e x p { -r ( i/ ,p , oo)})2pdp (4 .22 )

where Fc is the continuum  flux and F^ is the  flux at frequency i/ and

( - ( r ^ - p ' ) ) = <
0 Au < 0

1 A i/ >  0
(4 .23 )

The first term  of equation 4.22 represents the emission from the entire envelope including 

the radiation occulted by the stellar core. The second term  is the  continuum radiation
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F i g u r e  4 . 10:  Constant wind velocity contours in the { Z , P )  coordinate system . The axes 
are in units o f stellar radii and the stellar surface is shown as a dotted line. The constant 
velocity surfaces are labelled in units o f Vqq
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removed by the m aterial in front of the core along the observers sight line. The final term  

represents the radiation occulted by the stellar core.

Bisection was used to  solve equations 4.19 and the integrals in equation 4.22 were 

calculated using the numerical quadrature routines described in Press et al. (1989).

Figure 4.11 shows a comparison between line profile calculated using LINPRO and ELEC 

from the model wind structure described above. The profiles show satisfactory agreement 

to  the 1% level. Any differences can be a ttribu ted  to  different num erical m ethods in the 

two codes.

C\2

O

500 1000 1500- 1 0 0 0 - 5 0 0 0- 1 5 0 0

V e lo c i ty  ( k m  s

F i g u r e  4 .1 1:  A comparison between line profiles calculated using l i n p r o  (solid line) and 
ELEC (dashed line).

4 .5 .4  T h e  w in d  d y n a m ic s  c o d e

The wind dynamics in this study were calculated using a com puter code ( p p k ) w ritten 

by I. D. Howarth. The code is based on CAK radiative-driven wind theory including 

finite-disk and ro tation  (Pauldrach, Puls & Kudrizki 1986; see appendix E). The line force- 

m ultiplier param eters (see equation E.23) used were determined by K udritzki, Pauldrach & 

Puls (1988) using empirical fits to  observationaUy determ ined mass-loss rates and term inal
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velocities.

The code uses the stellar mass, radius, tem perature and ro tational velocity of the  star 

and solves equation E.25 using an iterative procedure in order to  determ ine the mass-loss 

ra te , term inal velocity and acceleration law.

4 .5 .5  S te lla r  p a r a m e te r s

The adopted steUar param eters used for modelling (  Puppis are presented in table 4.5. 

The PPK code solution using the adopted photospheric param eters gives a  mass-loss ra te  of

3.2 X 10“ ® M© y r“  ̂ and a term inal velocity of 2310 k m s“  ̂ and an acceleration o f  j3 = 0.73. 

A semi-empirical velocity law of the form

v(r)  = vo-h (uoo -  % )(1 -  R ^ i'r Ÿ  (4.24)

was employed, with the term inal velocity taken from observations but with the acceleration 

law from the PPK solution. The wind was assumed to  be isotherm al with an electron 

tem pera tu re  Tg =  O.OTgff-

The mass-loss rate  (M ) and the radial velocity structure  (u (r)) combine under the 

constraint of mass conservation to give the density structure p{r)

X*-) =  (4-25)

The neutral hydrogen level populations were computed using the STATEQ code by

applying the constraint of statistical equihbrium under the Sobolev approxim ation. The

continuum  flux distribution was taken from the grid of non-LTE models (Sm ith priv. 

comm.) described by Smith & Howarth (1994). The STATEQ code is one dimensional i.e., 

the populations are calculated assuming spherical symmetry.

4 .5 .6  A  c o m p a r is o n  b e tw e e n  M o n te  C a r lo  a n d  a n a ly t ic a l  m o d e ls

The model described in the previous section was used as a testbed for comparison between 

the continuum  polarization obtained from analytical solutions and the M onte Carlo code. 

These models were run in order to  test the results of the ELEC code and then to  examine 

the accuracy of the  analytical solutions given the single-scattering assum ption.

An arb itrary  asym m etric function was chosen

/( / i )  =  k ( l  -  x\ iJ, \ )  (4.26)

153



T a b l e  4 .5 :  Fundamental parameters adopted fo r  the model o f (  Puppis. The references 
are (1) Bohannan  et al. (1986) (2) Abbott & Lucy (1985) (3) Abbott (1978) and ( f )  this 
study.

Param eter Value Reference
Effective tem perature, T g // 42000 K 1
Gravity, log g 3.5 dex 1
Radius, R* 18 R© 1
Mass, M* 38 M© 1
Mass loss ra te , M 5 X 10“  ̂ M ©yr“ ^ 2
Terminal velocity, Uqo 2600 k m s“ ^ 3
Acceleration law, (J 0.73 4
W ind base velocity, vq 100 k m s“ ^ 4

where fi is the cosine of the  polar angle and k is the norm ahzation param eter, chosen so 

th a t

f ^ f ( p ) d p = l  (4.27)
Jo

Hence the mass-loss rate  of the model is conserved for a given x  value. The hne emission 

and opacity are dom inated by recombination, which is a density-squared process, and the 

electron scattering depth is proportional to the density. Hence

T ] ( r , p )  %  T ] i r ) f ^ { p )

Tes { r , f l )  % T e s { r ) f { p )

(4.28)

The inchnation of the system was chosen to  be 90° (where the incUnation is the  angle 

subtended by the observer’s direction and th a t of the axis of sym m etry). The continuum  

polarization was found for each model by using three different m ethods. The first m ethod 

was the analytical solution to  electron scattering in optically th in  atm ospheres form ulated 

by Brown & McLean (1977, BM) and modified to  include the finite-disk depolarization 

factor (see appendix D for a detailed description of the BM analysis). The second m ethod 

was the form ulation of Fox (1991), which extends the Brown and McLean theory to  include 

both  finite-disk and occultation. The final m ethod was the M onte Carlo solution of the 

ELEC code. Nine models were examined and the results are p lotted  in figure 4.12.

As noted by Fox (1991), the BM form ulation overestim ates the  polarization, partic

ularly for the more highly flattened models (a: =#> 1) where a larger scattering mass is
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F i g u r e  4 .12:  The results o f the continuum polarization models using B M  (filled squares), 
Fox (filled circles) and ELEC (empty squares). The errors on the M onte Carlo results are
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F i g u r e  4 .13 :  A plot o f polarization vs. inclination fo r  the test model with x = 1. The 
symbols are as fo r figure 4-12. The Pgo sin^ i (where Pqq is the polarization at i = 90°^ is 
shown fo r  the B M  results (solid line), the Fox results (dashed line) and the ELEC results 
(dot-dashed line).

occulted by the steUar disk. The Fox result is closer to  the numerical result and since the 

form ulation incorporates occultation the discrepancy m ust be a ttribu ted  to  optical depth 

effects. The angle-averaged electron scattering depth {res) of the model is 0.08,  which 

means th a t approxim ately 8% of the core photons are scattered. If the scattering depth 

of the model is artificially decreased by a factor of 100, the Fox and M onte Carlo results 

are in very good agreement.

The BM form ulation predicts the polarization P  should be proportional to  sin^ z, where 

i is the  inchnation. Fox (1991)  found th a t this simple relationship no longer holds when 

occultation is included in the analysis, particularly when considering disk-Uke structures. 

The continuum  polarization of the test model with x = 1 was calculated as a function of 

inchnation using the three methods outhned above. The plot of the results (figure 4.13)  

reveals th a t the sin^ i relationship is a good approxim ation for the Fox and ELEC results, 

although the absolute values of the polarization differ from the BM result.
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T h e la titu d in a l dependence function  was further extended  to

= k{ l  -  x\fj,p) (4 .29)

M odels were run w ith  a;=:0.1 to  0.9 and w ith  7  = 0 .5  to  6  for z =  90°. T h e  electron  

distribution  o f these m odels is displayed in figure 4 .14 . T he sm all values o f 7  produce a 

highly  fia tten ed  structure, w hile the larger values o f 7  produce a lobe-like geom etry.

T he continuum  polarization  o f the m odels is p lo tted  as a function  o f x  for several val

ues o f  7  (figure 4 .15 ). T he 7  =  0.2 curve show s a high polarization  for a: =  1, w hich falls 

off rapidly as x decreases. T he continuum  polarization-z relationship  grows fla tter  as 7  

increases and becom es approxim ately linear for 7  =  6 . T he graph illu strates th e  com plex  

relationship  betw een asym m etry  and continuum  polarization , and th a t a  particular con

tinuum  polarization  m ay be produced by an infinite num ber o f different w ind structures  

at a given inclination .

4 .5 .7  T h e  fo r m a t io n  o f  t h e  l in e  p o la r iz a t io n  p ro file

N o an alytica l solution  yet ex ists for polarized line transfer in a stellar wind o f  arbitrary  

geom etry. T he ELEC code was used to  com pute the polarized line profiles for th e  test  

m odel Tour m odels were calculated in order to  in vestigate  th e  scatterin g  processes:

(i) O ptically  thick fine. This m odel included th e full fine em ission  and op acity  as 

well as continuum  transfer.

(ii) O ptically  th in  fine. T he sam e m odel w ithout fine absorption.

(iii) N o fine em ission . T his m odel included th e  fine op acity  but contained  no fine 

em ission.

(iv ) P ure dilu tion .T his m odel was created by assum ing sim ple fine flux d ilu tion  o f  

a polarized continuum  in th e optically  th in  fine case i.e . T he norm alized fine 

in ten sity  was added to  the polarized continuum .

T he in ten sity  spectra (figure 4 .16) are trivially  explained. T he op tica lly  th in  m odel 

show s an asym m etric profile, w ith  the stellar disk occu lting  a fraction o f th e red w ing fine 

flux. T he m odel w ith  no fine em ission shows th e  gradual increase in fine op tica l depth  

tow ards th e  fine core from  the blue, w ith  no absorption occurring on th e red side o f the  

profile since th e wind is transparent to  these photons. T he op tica lly  thick fine profile is
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essentially a combination of the previous models, w ith a  bine-shifted absorption, reduced 

line core intensity and good agreement with the thin model in the red line wing, (The 

pure dilution intensity spectrum  is identical to  th a t of the  optically thin model).

The polarization spectra of the optically thin model and the pure dilution model agree 

well on the blue side of the profile, but the polarization of the red wing of the optically 

th in  model is greater than  expected from pure dilution. The optically thick line model 

shows a higher polarization in the blue wing and line core than  the th in  model, although 

there is satisfactory agreement with the dilution model on the red wing. The m odel w ith 

no line emission shows an increase in polarization in the blue wing, reaching a m axim um  

at the  line centre. There is a discontinuity at the line core, w ith the polarization rising 

from below the continuum value to  the continuum value from the line core to  the red wing.

The optically thin model is most straightforw ardly explained. The agreement w ith the 

dilution model is good in the blue wing because blue shifted line photons “see” only a 

small electron scattering depth and are hence m ostly unpolarized. The discrepancy with 

the dilution model on the red wing may be a ttribu ted  to  scattered line photons. The 

scattered line photons are always red-shifted since from the rest-fram e of the location 

of the scattering aU parts of the wind are receding (this is analogous to  the red-shifts of 

galaxies in the expanding universe). The red line wing therefore contains photons scattered 

from throughout the wind. The line photons scattered in the receding hemisphere in the 

region close to  the photosphere are occulted, so there is little polarization enhancem ent a t 

the lowest velocities. The scattered line flux in the red wing produces a  ne tt polarization 

which accounts for the enhancement when compared to  the  pure dilution model.

The model without line emission illustrates the transfer of continuum  photons through 

the wind. The polarization is produced by continuum photons scattered towards the 

observer, and this polarization is diluted by continuum photons th a t are em itted from the 

core directly. A change in the polarization may therefore be explained in term s of a  change 

in the ratio  of scattered to  direct continuum photons. The Une opacity increases towards 

zero velocity from the blue wing, and hence the intensity spectrum  shows a decrease from 

blue to  core velocities. The scattered continuum photons are generally absorbed less since 

they are Doppler shifted in such a way th a t the wind is transparen t towards the observer. 

Only scattered photons are observed from the receding part of the  hemisphere, because 

of occultation. An observer looking at the system  from the opposite side sees the  same 

absorption profile, hence the number of continuum photons available for scattering is
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increasing from the core to  the  red wing. The disk also occults photons th a t are scattered 

in the part of the receding hemisphere th a t is close to  the core.

The optically thick polarization profile is a combination of the optically th in  model and 

the model with no fine emission. The discrepancy between the blue wing of the  thick model 

and the pure dilution model may be a ttribu ted  to fine absorption of continuum  photons. 

On the red wing the fine is absorbing fine photons in the receding hemisphere and hence 

the num ber of scattered hne photons is less than  in the th in  model. In addition the 

continuum  polarization is smaUer. The combination of these effects produces a  polarized 

hne profile which is not as deep as th a t expected from pure dilution and has a less intense 

electron scattered red shoulder.

It is im portan t to  note th a t if the relative intensity a t the hne core is used to  predict 

the  expected depolarization assuming simple dilution argum ents then the depolarization 

is underestim ated. For the model discussed above

Pd = ^  = =  0.61% (4.30)

where Pd is the diluted polarization, Pc is the continuum polarization and I q is the relative 

intensity a t the hne centre. The actual polarization at hne centre is 0.54%. The difference 

occurs because the hne absorption of continuum photons has been neglected.

4.6 A com parison betw een m odel and observation polar

ization spectra.

4 .6 .1  I n tr o d u c t io n

In the fohowing sections we construct a model for the latitud inal dependence of the  wind 

of (  Puppis based on radiation-driven wind-theory. An ad hoc intrinsic absorption profile 

is com puted and the model polarization spectrum  is calculated using the M onte-Carlo ra 

diative transfer code. The depolarization th a t is observed in the  model profile is compared 

w ith th a t of the observed spectrum  in order to  ascertain whether the model is an adequate 

representation of the wind of (  Puppis.

The model polarization spectra are calculated assuming an inchnation of 90°.

4 .6 .2  T h e  la t i tu d in a l  d e p e n d e n c e

An approxim ate treatm ent of the latitudinal wind structu re  predicted by CAK theory 

was employed. The PPK code includes a centrifugal term  which is a function of the
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T a b l e  4,6: The latitudinal dependence o f the mass-loss rate, M , and term inal velocity, 
'Voo> fo r  the ah initio model o f (  Pup. The adopted equatorial rotation velocity (v^q) is 
210 kms~^.

$
(degrees)

Veq sin 6 
(k m s“ ^)

M
( 10-® M © yr-i) (k m s“ ^)

Af /  Vqq

0 0.0 3.29 2310 1.42
10 17.4 3.29 2307 1.43
20 71.8 3.35 2265 1.48
30 105.0 3.42 2215 1.54
40 135.0 3.50 2150 1.63
50 160.9 3.60 2080 1.73
60 181.9 3.71 2010 1.85
70 197.4 3.80 1953 1.95
80 206.9 3.85 1918 2.01
90 210.0 3.86 1918 2.01

stellar ro ta tional velocity and the wind dynamics can be com puted assuming cylindrical 

symm etry. If models are computed for several ro tational velocities, corresponding to  the 

velocities a t different latitudes, it is possible to construct an approxim ate 2-dimensional 

(r,9)  wind structure.

This m ethod was used to  compute the values in table 4.6. The stellar param eters used 

were those presented in 4.5. The mass-loss rate  increases from pole to  equator, while the 

term inal velocity of the wind decreases, as expected from CAK theory.

The M onte Carlo code does not allow for a latitud inal dependence of the velocity law. 

This is because a varying velocity law may result in a  non-monotonic velocity field along 

some lines of sight, greatly complicating the radiative transfer. In order to  approxim ate to 

the  dependence given in table 4.6 we used the M /vo^  la titude dependence, which conserves 

the p(6)  s tructure  of the wind.

In order to  model the polarization spectrum  the latitud inal dependence of the M/voo  

m ust be param eterized in term s of the latitud inal density function f(p.) (in a similar 

m anner to  the continuum models detailed above) where

f i p )  =  (1 -  (4.31)

and ji = œ s 6 ,  and x and 7  are constants. The best fit, obtained by interactive fitting, 

was w ith X  = 0.29 and 7 =  2 (see figure 4.17).

This function was used to  scale the density of the wind, using the  mass-loss ra te  and 

velocity law given in table 4.5.
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F i g u r e  4.17: The latitudinal dependence f ( f i )  o f the model stellar wind where p  = cos ^ 
(filled squares). The best f it  o f the parameterization (f{p.) =  (1 — 0.29|/ip)^ is also shown 
(solid line).

4 .6 .3  T h e  in tr in s ic  p ro file

The models in the previous section neglected the effect of the core (or intrinsic) absorption 

profile. In this section we use an approxim ate m ethod to  obtain a model core profile, and 

it is shown th a t this profile has a significant effect on the polarization spectrum . Initially 

we com puted the emission-Hne profile without an intrinsic absorption. This emission-hne 

profile was subtracted  from the observed profile in order to  yield a  difference spectrum , 

which we a ttrib u te  to  the presence of the core profile in the observation. A gaussian fit 

was then m ade to  the difference spectrum  using the DIPSO spectral analysis package. The 

resulting fit was used to obtain the core profile.

A lthough this approach is ra ther ad hoc, it has the advantage th a t when the core profile 

is incorporated into the calculation the resulting intensity spectrum  is a  more reahstic 

representation of the observation. Alternatively we could have used a theoretical H a 

absorption profile from the plane-parallel, non-LTE models of Sm ith & Howarth (1994), 

bu t tests showed th a t the hne profile obtained using the appropriate  effective tem perature 

and gravity resulted in a model emission-hne th a t was too weak. The difficulty in obtaining 

satisfactory model H a profiles is weh known (see, for example, Olson & Ebbets 1981)
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F i g u r e  4,18: The model intensity profile (solid line) and the intrinsic absorption profile 
(dashed line) shown in comparison to the model computed with no intrinsic profile (dotted 
line) and a theoretical absorption profile (dot-dashed line).

and is a result of the core-halo approxim ation. We regard the m ethod detailed above 

as a pragm atic choice since the most im portant factor in determining the depolarization 

through the line is the emission-line intensity.

Figure 4.18 shows the model profile along with the model spectrum , the core profile and 

a model calculated without the core profile. A theoretical absorption profile calculated in 

a plane-parallel; non-LTE atm osphere (Smith & Howarth 1994) for the C Pup param eters 

(including ro tational broadening) is also shown. It is apparent th a t the  theoretical intrinsic 

profile is quite different to  th a t of the ad hoc profile. This is a result of deficiencies in both  

the wind calculations (the core-halo approxim ation) and the photospheric com putation 

(no wind blanketing and plane-parallel geometry).

4 .6 .4  A  lo w e r - lim it  for  t h e  e q u a to r ia l  to  p o le  d e n s i ty  e n h a n c e m e n t

Although the ISP and instrum ental polarizations of the (  Pup observations are unknown, it 

is stiU possible to obtain a lower-limit for the continuum polarization. If it is assumed th a t 

the polarizations of line and continuum are co-hnear, as expected if the  line and continuum 

photons are scattered in the same geometry, then a vector diagram  like th a t in figure 4.19 

applies. The vector 0 /  represents the ISP /instrum ental polarization, while vector I C  is
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F i g u r e  4 .19 :  A schematic vector diagram o f the observation o f (  Pup. 01 is the 
ISP /instrum en ta l polarization vector; IC  is the intrinsic continuum polarization and IL  
is the intrinsic line polarization.

the intrinsic continuum polarization. Vector I L  represents the line polarization, which 

is colinear with I C . The orientations of 0 /  and IC  are unknown; the observations are 

of vectors OC and OL. The m agnitude of vector XC, which can be obtained from the 

observations, is a lower-limit on the intrinsic continuum polarization I C .

Hence the mean polarization observations give a lower-limit to  the intrinsic continuum  

polarization of 0.077 ±0.005% . Assuming a latitudinal density dependence 7 param eter of 

2, the equator to pole density ratio obtained from figure 4.15 is approxim ately 1.3. This is 

comparable to  the theoretical value calculated from cylindricaUy sym m etric CAK theory 

of 1.4.

The value of 1.3 is a lower-limit to  the equator to pole density contrast; the  true  value 

of this param eter is likely to  be considerably large th an  this. In the following section the 

model polarization spectrum  produced using the CAK theory wind s tructu re  is compared 

to  the observed spectrum .

4 .6 .5  T h e  p o la r iz a t io n  s p e c tr u m

The polarization spectrum  calculated using the theoretical wind structu re  is presented in 

figure 4.20. The continuum polarization of this model is around 0.13% and the depolar

ization at the polarization minimum is about 0.03% which is a  factor of 3 smaUer th an  is
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F i g u r e  4.20: The polarization profile o f the (  Puppis model.

seen in the observation.

In order to  make a comparison between the model and the observation it is necessary to  

account for the ISP and instrum ental polarization of the observed polarization spectrum . 

The simplest m ethod for doing this is to subtract the model from the observation. This will 

give the IS F /instrum ental vector assuming th a t the model is an adequate representation 

of the  intrinsic spectrum . The drawback of this m ethod is th a t although the m agnitude 

of the  intrinsic (model) continuum polarization is known, the orientation of the  vector is 

not. This leads to  an ambiguity th a t is best illustrated by a vector diagram  (figure 4.21).

The model continuum polarization OM must be subtracted  from the observed polar

ization 05" in order to  yield the derived interstellar and instrum ental polarization vector 

01. Since only the m agnitude of OM is known, point I  lies on a circular locus about S. 

Thus the m agnitude of 0 /  is a minimum when OM is aligned with 06" and a m aximum  

when OM is opposed to  05*.

Two model polarization spectra were created, one with an intrinsic FA aligned with 

the observed FA and one w ith the FA 90° from it. The continuum  polarizations of these 

models were then subtracted  from the mean C, F up spectrum  to give the associated ISF
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F i g u r e  4 , 21 :  A schematic diagram fo r the model and observation o f (  Puppis. OM 
represents the model polarization and OS represents the observed polarization. 01 is the 
derived instrum ental plus interstellar polarization vector.

vectors. The aligned model gave an ISP of 0.08% at 134° and the opposed model gave an 

ISP of 0.18% at 44° .The ISP vectors were subsequently added to  the model polarization 

spectra to  give model polarization spectra with a continuum polarization value identical 

to the observation.

The angle between the intrinsic and ISP vectors will have an effect on the PA of 

observed hne polarization. If the intrinsic vector is chosen so th a t it is ahgned or opposed 

(in QU  space) to  the ISP, then the PA wiU be constant across the  hne, since the in terstehar, 

the continuum  and the hne polarizations wiU be cohnear.

Figure 4.22 shows the mean observed f  Puppis polarization spectrum  and the model 

polarization spectrum  assuming th a t the ISP is ahgned with the intrinsic vector (dashed 

hne) and the ISP is opposed (in the QU  plane) to  the intrinsic vector (dot-dashed hne).

The agreement between the observed and model intensity profile is relatively poor. It 

should be noted th a t this is a zero free-param eter model and th a t the only a ttem p t to 

make a fit to  the observation was in the choice of the intrinsic profile. O ther studies (e.g. 

Olson & Ebbets 1981) employing core-halo models also show poor agreement between 

observed and model H a  profiles. If the  ISP is assumed to  be ahgned with the intrinsic 

vector then  the model polarization spectrum  shows a depolarization through the hne when 

the ISP is added, in contradiction to  the observations. If the PAs of the intrinsic and ISP
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F i g u r e  4.22: The mean observed (  Puppis polarization spectrum and the model polariza
tion spectrum assuming that the ISF  is aligned with the intrinsic vector (dashed line)  and 
the IS P  is opposed (in the QU plane) to the intrinsic vector (dot-dashed line).
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vectors are separated by 90° (tha t is opposing in QU  space), then the model polarization 

spectrum  does show an enhancement in polarization after the addition of the ISP vector, 

although the enhancement is much smaller than  is observed. If, as is hkely, the ISP and 

intrinsic vector PAs are separated by some value between these extremes, then the model 

polarization spectrum  will he within the two models presented in figure 4,22.

The above analysis means th a t the Ho depolarization th a t is observed in (  Pup  cannot 

be reproduced using the wind structure predicted by CAK theory.

If the depolarization of the model is approxim ately a factor of 3 too smaU, then in

creasing the continuum polarization of the model by a factor of three wiU result in a 

depolarization th a t is also a factor of three larger. Figure 4.15 shows th a t a continuum  

polarization of 0.4% is obtained using x = 0.7 (taking 7 =  2), which corresponds to  an 

equator to  pole density ratio  of 3.3. A model was computed using this density s tructu re  in 

order to  investigate the resulting hne depolarization. The model ISP was found using the 

m ethod described above and assuming th a t the angle between the ISP and intrinsic po

larization is 90°. The ISP was found to  be 0.42% at 44°, which is ra ther large considering 

the low reddening of (  Pup.

The model spectrum  with the derived ISP added is displayed in figure 4.23. The 

observed m agnitude of the polarization change through H o is approxim ately m atched by 

the model. The polarization profile of the model emission hne is considerably broader th an  

th a t of the  observation, extending out into the wings of the  profile. It should also be noted 

th a t the  ISP used to  equate the continuum polarization of the model and observation is 

larger than  expected from the empirical P - E ( B  — V)  law (see equation 4.3). The model 

does, however, appear to  be a better fit to  the da ta  than  those based on the wind structure  

derived from CAK theory.

If the stehar wind is indeed more equatorially enhanced than  is predicted by radiation- 

driven wind theory then there must be an additional mechanism th a t is affecting the wind 

dynamics. One such mechanism th a t has recently been proposed is wind-compressed disk 

(W CD) theory.

4 .6 .6  W in d  c o m p r e s s e d  d isk  t h e o r y

Bjorkm an & CassineUi (1993) (hereafter BC93) presented a theory for equatorial disk 

form ation in which the disk is confined by ram  pressure produced by the stellar wind. This 

wind compressed disk (W CD) theory predicts disks with equatorial density enhancem ents
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F i g u r e  4.23: The mean observed polarization spectrum (solid line) in comparison to the 
f {f i )  = k{ l  — 0 .7 |/ip ) model (dashed line) after the addition o f the derived IS P  (0.42% at
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F i g u r e  4.24: A schematic diagram o f the physics o f WCD theory. Fluid particle F  has 
an initial velocity into the plane o f the paper. It is acted on by gravitational (Fgrav) o>nd 
radiative (Fj-a,d) forces. For low rotational-wind speed ratios P  follows path 1 hut fo r  higher 
ratios the parcel follows path 2.

of approxim ately 10^ and opening angles of 0.5°. The theory is capable of explaining the 

two-component wind and the superionization as well as the observed v sin i threshold for 

the Be phenomenon. Recent numerical investigations (Owocki, C ranm er & Blondin 1994) 

of W CD theory broadly support the predictions of BC93.

W CD theory concerns the trajectories of fluid parcels through the  wind of rapidly 

ro tating  stars. Broadly speaking, a fluid parcel leaves the stellar surface with an angular 

m om entum  and it is acted on by two forces; gravity and the force produced by radiation 

pressure (the normal wind driving mechanism). If the oblateness of the  rapidly ro ta ting  

star is ignored, then the radiative and gravitational forces are central and the angular 

m om entum  of the parcel is conserved. The tra jec to ry  of the parcel is in the  plane norm al 

to the angular m omentum  vector which is perpendicular to  the force and velocity vectors 

(figure 4.24). For low ro tation  rates the parcel follows pa th  1, but if the  stellar ro ta tion  

ra te  is large enough compared to  the term inal speed of the wind, then  this pa th  crosses 

the plane of the equator (2). Trajectories of parcels from the opposing hemisphere will 

follow analogous paths and a disk will be formed in the equatorial plane.

The high velocity m aterial im pacting on the disk wiU produce shock fronts above and 

below the disk which may produce the superionized lines. The W CD theory predicts th a t 

the disk will only form if the ro ta tion  ra te  is close to  the wind speed. In m CAK theory the 

escape velocity is proportional to  the term inal velocity, and the ratio  of these two speeds 

is smallest for B2 stars. Hence disks may form most readily in stars of this spectral type
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whose ro tation  rate  is only a small fraction of the critical rate.

Several simplifying assum ptions were made by BC, the most im portan t of which was 

the exclusion of gas pressure term s. In addition the oblate nature  of the steUar surface was 

ignored since the inclusion of this effect would mean th a t the gravitational and radiative 

forces are no longer central. Owocki, Cranm er & Blondin (1994) used a tim e-dependent 

hydrodynam ics code and relcixed m any of the assum ptions m ade by BC. Gas pressure 

and the oblate steUar surface were included and the Uow was aUowed to  evolve into an 

asym ptotic steady-state. The predictions of BC were largely confirmed, although it was 

found th a t the disks were weaker, with a lower equator-pole density ratio  and a larger 

opening angle. The dynamic simulations also predicted an inflow  of disk m aterial in a 

region close to  the steUar surface.

4.7 D iscussion and Sum mary

Although the models in this chapter have been speculative, it is possible to  make several 

statem ents about the wind geometry of (  Puppis:

(i) The presence of a polarization variation through the H a emission-Une provides 

unambiguous evidence th a t the wind of (  Puppis was asym m etric at the tim e 

of the  observations.

(ii) The fact th a t the variation appeared to  be stable over a  3 day period (which 

is much longer than  the wind-Uow tim e and a large fraction of the rotational 

period) indicates th a t the polarization signature is a result of a global asym 

m etry of the wind structure  rather than  of a transient phenomenon such as a 

sheU or plume.

(iii) The lower-Umit of the equator to  pole density ratio , assuming th a t the Une 

and continuum polarizations are coUnear, and th a t the wind shape has a |//p  

dependence, is 1.3.

(iv) Numerical models of the  polarization spectrum  using the wind structure pre

dicted using cyUndricaUy symmetric CAK theory are unable to  reproduce the 

observations.

(v) Model polarization spectra computed using a larger (3.3) equator to  pole den

sity enhancement reproduce the gross characteristics of the observations, but
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F i g u r e  4.25: A polarization spectrum of a  Cam. The data are binned to a constant error 
of 0.02% polarization. There is strong evidence fo r a depolarization at Ha.

require a relatively large ISP correction.

The m ajor deficiency of the models presented here is the core-halo approxim ation. 

The boundary between the wind-base and the photospheric is a critical region in the 

calculation of the intensity and polarization spectra, particularly for the low velocity region 

(i.e. the emission line core). A unified approach to  the modelling, in which there is no 

arb itrary  boundary between the core and the halo, would m ean a significant advance in 

the calculation of the polarization profile.

Clearly the  observations have been compromised by the polarization ripple. Until a 

detailed study has been made into the causes of the  ripple, and steps taken to  reduce its 

level, massaging the da ta  will be the only m ethod of obtaining usable data . We believe 

th a t the  lack of polarization variations through spectral features o ther th an  Ho in the 

observations support our contention th a t the polarization ripple has been well modelled.

It is probable th a t (  Puppis is not the only Of s ta r which shows line polarization 

structure. Inspection of very recent spectropolarim etric observations (December 1994) of 

the 09 .5  la  s ta r a  Cam (HD 30614) obtained with the W H T and ISIS spectrograph have
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revealed th a t it too shows polarization structure a t Ho;, w ith a 3(7 significance depolariza

tion a t the  line centre (figure 4.25). It should be noted th a t these da ta  have undergone 

only a simple da ta  reduction and calibration process; however the depolarization at the 

emission-hne is clearly seen.
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C hapter 5

Interstellar and Intrinsic 

Polarization o f EZ CM a

5.1 Introduction

Although the W R star EZ CMa (HD 50896) has become the prototype WN5 star, notably 

following the non-LTE modelling work of HiUier (1987a; 1987b and 1988) , it is well known 

th a t the s ta r exhibits abnorm al properties, particularly in its photom etric and polarim etric 

behaviour.

The hght-curve of EZ CM a has a 3.77 day period, with a p a tte rn  of one high and two 

low m axim a per period although the shape of the curve changes from year to  year (e.g. 

R obert, Moffat & Seggewiss 1991; Cherepashchuk 1981). A careful study of the optical 

emission-line and RV variations also revealed a 3.77 day period.

Lam ontagne, Moffat & Lam arre (1986) published an ephemeris for EZ CM a based 

on long-term  photom etric monitoring of the system. The tim e of maximum  light of the 

system  (1980-85) is given by

HJD2446153.61 -f 3.766E (5.1)

McLean (1980) found th a t the polarization of EZ CM a is also m odulated on the 3.77 

day period with a  peak to  peak am plitude of more th an  0.3% in both  Stokes param eters. It 

was discovered th a t the dom inant variation is the second harm onic ( th a t is a  period of 1.89 

days), a phenomenon th a t is most commonly found in close binary systems. Aperiodic 

variations in the polarim etry rendered the binary in terpretation  uncertain, but it was 

suggested an orbital inchnation of % 71° was consistent with the data . W hen combined
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with the m ass-function obtained by Firm ani et ah (1980) this implies a 1.3M© companion 

assuming a W R mass of 10©. Drissen et al. (1989) also recovered a 3.77 day period from 

high-precision polarimetry.

The greatest support for the binary hypothesis is the strength  of the second harm onic 

in the polarization, which is readily observed in close binary systems (as the polarization 

of the scattered radiation field reaches a maximum twice during each orbit). There are 

some problems with this explanation; for example, the change in shape and am plitude of 

the fight curve of EZ CM a is difficult to  reconcile with binary behaviour. In addition, 

the inferred mass of the companion, % 1.3M©, implies either a late-type main-sequence 

star, a white dwarf or a neutron star. The photom etric variability cannot be produced by 

a low-luminosity main-sequence companion. The X-ray fiux from EZ CM a is consistent 

with th a t of a single W R star, and shows neither the intensity nor the variability expected 

if the W R  sta r was being orbited by a neutron star. A white dwarf companion is difficult 

to reconcile with evolutionary theory, since the companion m ust have evolved much more 

quickly than  the prim ary despite presum ably having a lower ZAMS mass.

O ther explanations for the period behaviour include non-radial pulsations (N RPs) and 

rotational m odulation. The NRP phenomenon is observed in m any early-type stars includ

ing Be and 0  spectral types (e.g. Reid et al. 1993) but Firm ani et al. (1979) discounted 

NRPs, noting th a t the expected NRP periods for helium stars are much faster than  3.77 

days. McLean (1980) sta ted  th a t radial pulsations could not explain the observed polar

ization variability, which occurs in an ellipse in the QU  plane, since a radially pulsating 

atm osphere retains axial symmetry, leading to linear variations m  QU  space. R otational 

m odulation, either of a “hot spot” or of a extended wind structure such as a plume, could 

explain the polarization variability.

Polarization structure across the emission fines of EZ CM a was first observed by 

McLean et al. (1979), who presented a polarization spectrum  with 50Â resolution cov

ering the range 3400Â to 6000Â. They noted th a t decreases in polarization (relative to  

the continuum) were present in aU the prominent spectral features and th a t these de

creases could not be fully explained by simple dilution. It was suggested th a t ionization 

stratification could explain the polarization spectrum , with the fines of more highly ion

ized species being produced deeper in the wind, and hence undergoing electron scattering. 

In addition, it was noted th a t the observed rapid variations in the  polarization implied 

non-steady mass-loss and th a t the envelope is not axisymmetric.
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T a b l e  5 .1:  A sum m ary o f the observations o f E Z  CMa obtained. The observers were 
T. Harries (TJH ), J. Hillier (JDH), I. Howarth (IDH) and R. Schulte-Ladbeck (R SL).

D ate -̂ cen (-^) Observer Notes

28-29 Jan  1991 5580 RSL 600V grating + 25cm cam era
12-13 M ar 1992 4960 RSL/JD H 600V grating -f 25cm cam era
17 M ar 1992 6560 T JH /ID H /JD H 1200V grating -f 25cm cam era
6-9 May 1994 6580 T JH /ID H 1200R grating -f 25cm cam era

Schulte-Ladbeck et al. (1990b) presented a low-resolution polarization spectrum  in 

which the polarization vector changed across the line wavelengths. A plot of the polariza

tion spectrum  of H ell A4686 emission hne traced out a loop in QU  space, a  signature th a t 

had previously been observed in Be stars (Poeckert & M alborough 1978) and in SN1987A 

(Cropper et al. 1988). It was noted th a t the polarization minimum of the emission line 

did not coincide with the flux maximum but was slightly redshifted. It was suggested 

th a t the polarization spectrum  was a result of electron-scattering in a ro ta ting , expanding 

axisym metric disk structure.

A more detailed study of the polarization spectrum  of EZ CM a by Schulte-Ladbeck 

et al. (1991) again proposed th a t the polarization at the emission-line wavelengths could 

be used as a diagnostic of the ionization stratiflcation in the wind. The disk-hke wind 

model was reiterated , while continuum polarization variations were a ttrib u ted  to density 

perturbations in the wind rather than  changes in the gross wind structure.

5.2 Observations

Observations were obtained using the RGO spectrograph and polarim etry module on 

the 3.9m AAT telescope, NSW. Time series da ta  were obtained on the nights of the 28- 

29 Jan  1991 and 12-13 March 1992 by R. Schulte-Ladbeck. Further observations were 

obtained on 17 M ar 1992 and 6-9 May 1994. A sum m ary of the observations can be found 

in table 5.1.

The d a ta  were reduced using the reduction procedure given in C hapter 1. No flat- 

fleld da ta  were used. Observations of zero polarized standards obtained during each run 

revealed th a t the instrum ental polarization was less than  0.05%. The resulting polariza

tion spectra, rectified using cubic spline fits to  continua defined “by eye” are p lotted  in 

figure 5.1.
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F i g u r e  5 .1:  A combined plot o f all observations o f E Z  CMa. The data from  Jan 1991 
(solid line), March 1992 (dashed line) and May 1994 (dot-dashed line) are all binned to a 
constant error o f 0.02% in polarization.
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5 .2 .1  T im e -s e r ie s  o b s e r v a t io n s

An exam ination of variability in the emission-line profile of H ell A5412 was performed 

on the time-series observations from 11*^ M arch 1992. These da ta  were chosen because 

they represented the longest time-series of EZ CM a and had the highest signal-to-noise. 

The spectra  were corrected to  heliocentric velocities by using radial-velocity corrections 

obtained from the RV code (Wallace & Ely 1991). The spectra were rectified using a 

second-order polynomial fit to  four continuum bins (5290-30Â, 5310-20Â, 5520-30Â and 

5540-5550Â). A mean emission-line profile was obtained by averaging all 44 spectra and 

this m ean profile was then divided into each of the time-series spectra. The results are 

m ost easily examined in the form of a  greyscale plot (figure 5.2), represents fractional 

deviations from the mean spectrum  as a function of time. The m ean A5412 profile is 

displayed in the  bottom  panel.

The emission-line profile is variable at the 1-2% level throughout the four-hour duration 

of the  tim e series. The blue side of the profile shows an increase in emission with tim e 

in the high ( — 1000-2000 km s~^) velocity regime. The red side of the profile shows an 

increase in intensity in the low-velocity part of the fine, while there is evidence for a 

redw ard accelerating emission enhancem ent starting  at 1000 km s“  ̂ and accelerating to 

2000 k m s“  ̂ at the end of the time-series, although at this point the enhancem ent is much 

less. It is not clear whether these profile changes are due to  the propagation of density 

enhancem ents (blobs) through the wind or to  changes in the fine profile structure. Moffat 

et al. (1988) examined high-resolution spectra of the same emission fine in two single WN6 

stars (HD 191765 and HD 192163) and found similar tim e-dependent behaviour. They 

in terpreted  their observations as evidence for rapid blob ejection in the W R  winds.

5 .2 .2  T h e  p o la r iz a t io n  s p e c tr a

Analysis of the  polarization spectra of the same time-series reveals a small and gradual 

decrease in the continuum  polarization over the duration of the observations. The signal- 

to-noise of the  individual polarization spectra is too low to yield any useful diagnostic 

inform ation on the changes in the emission fine polarization structure. Figure 5.3 shows 

the mean polarization of A5412 for the time-series observations. The polarization and 

polarized fiux profiles show evidence of fine structure. In particular, there is a minimum 

in the polarization profile at about —800 km s~^ and another, less weU defined minimum 

at 500 k m s“ ^.
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F i g u r e  5.2: A greyscale plot o f the line profile variation o f H en  A5412 during the obser
vations of March 1992. The bottom panel shows the mean profile while the greyscale 
represents fractional deviations from the mean spectrum.
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It is imm ediately apparent th a t the polarization spectrum  of EZ CM a is highly vari

able on a night-to-night basis; the continuum polarization varies in m agnitude by 0.8% 

polarization over a  times cale of days, while the position angle (PA) of the polarization 

varies over a range of 60°. The changes in the polarization vector through the emission 

lines, first noted by McLean et al. (1979), are also clearly present in these observations. 

The m agnitude of the polarization generally decreases through the emission fine, although 

for one observation (A6560 on 6*  ̂ May 1994) the m agnitude of the polarization is larger 

a t the emission fine wavelength. The line polarization vectors are more constant th an  the 

continuum , particularly the polarizations of the strongest fines such as A4686 and A6560.

5 .2 .3  P h a s e  d e p e n d e n c e

The continuum  polarization of each spectrum  was calculated by summing the Stokes pa

ram eters over the entire spectrum  (excluding regions containing emission fines). The phase 

of each observation was obtained using the mid-times of the  observation and the ephemeris 

of Lam ontagne, Moffat h  Lam arre (1986) (see equation 5.1). The normalized Stokes pa

ram eters are plotted as a function of phase in figure 5.4. The plot shows no evidence for 

period variability, but this may be expected since the aperiodic variations are likely to 

dom inate with so few data . The polarization vectors within an individual dataset (e.g. 

M arch 1992) appear to  show less scatter than  is seen when comparing d a ta  from different 

years.

5.3 T he interstellar polarization

Several investigators have attem pted  to  estim ate the interstellar polarization (ISP) to 

EZ CMa. McLean et al. (1979) used nearby stars to  estim ate the position angle of the 

ISP as 35°, and in order to  obtain the m agnitude of the  ISP they used a reddening of 

Ay = 0.25 and the ISP-A^, relation of p =  1.67A^, (Serkowski, M athewson & Ford 1975), 

giving a polarization of 0.25%. Schulte-Ladbeck et al. (1990b) estim ated the ISP by 

fitting a Serkowski law to the continuum polarization of several polarization spectra and 

the direction of their fine polarizations. A value of Pmax =  0.55% at a PA of 0° was 

obtained. Schulte-Ladbeck et al. (1991) re-examined their previous estim ate for the ISP 

by using a least-squares fit of a  Serkowski law to  multi-epoch observations of EZ CMa. 

This resulted in a polarization of 0.58% with a position angle of 176°. In addition they 

examined the polarizations of 10 nearby field stars, the average of which is 0.19% at 31°
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F i g u r e  5 .4:  The continuum polarization o f E Z  CMa as a function o f the 3 .77 day period. 
The errors on the data are less than 0.01%. The data shown are from  Jan 1991 (filled 
squares), March 1992 (open squares) and May 1994 (filled circles).
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T a b l e  5 .2:  Polarization measurements o f E Z  CMa. The polarizations are given as per
centages. The one-sigma error on the polarization measurements is 0.02%.

D ate Qc Vc Qi Ui
H eii/H iA 6560

17 M ar 1992 -fO.743 -0 .638 +0.437 -0 .290
06 May 1994 -0 .199 -0 .193 +0.226 -0 .296
07 May 1994 +0.642 -0 .144 +0.352 -0 .234
08 May 1994 +0.691 -0 .545 +0.507 -0 .294
09 May 1994 +0.399 -0 .036 +0.381 -0 .215

H en  A5412
28 Jan  1991 +0.380 -0 .798 +0.406 -0 .441
29 Jan  1991 +0.266 -0 .739 +0.338 -0 .423
11 M ar 1992 -0 .226 -0 .625 +0.234 -0 .387
12 M ar 1992 +0.172 -0 .584 +0.295 -0 .332

H ell A4686
28 Jan  1991 +0.366 -0 .768 +0.382 -0 .310
29 Jan 1991 +0.239 -0 .744 +0.368 -0 .334

(in reasonable agreement with McLean). Thus the field-star m ethod yields an ISP th a t is 

very different from the value derived from a simple analysis of the observed polarization 

spectrum . In this section an a ttem pt is made to estim ate the ISP to  EZ CM a using the 

emission Hne intensities and polarizations.

M easurements were made over narrow continuum and emission-line bins. Emission- 

line-free continuum  bins were defined near the emission-line regions. The bins were 6760- 

6820Â for A6560, 5080-5120Â for A5412 and 5000-5040Â for A4686. The emission-line bins 

were 10Â wide, centred on the central wavelength. The results of these m easurem ents are 

displayed in table 5.2.

Figure 5.5 shows a schematic diagram of the polarization vectors under consideration. 

The observed continuum polarization (0(7) is the vector sum of the  interstellar polariza

tion vector (0 /)  and the intrinsic continuum polarization ( IC) .  The diluting unpolarized 

Hne flux means th a t the polarization in the Hne ( I L)  is some fraction of the continuum 

polarization, giving an observed Hne polarization OX. If some of the Hne flux is polarized, 

bu t in the same direction asX C , then the vector XX is stiU coHnear with I C .  This is the 

case in an axisym metric geometry. If the continuum and Hne photons are scattered in 

different geometries then XX may no longer be coHnear with I C .

If we assume an axisymmetric geometry, then the observed continuum-Hne colour 

vector ( th a t is a vector joining the head of the continuum  polarization vector to  the head
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F i g u r e  5 .5:  A schematic diagram showing the relationship between the observed, intrinsic  
and interstellar polarization vectors.

of the line polarization vector) wiU lie in the direction of the head of the interstellar vector 

0 /. A polarization colour diagram of the vectors detailed in table 5.2 can be seen in 

figure 5.6.

The ISP vector wiU have a wavelength dependence which is represented by a line vaQ U  

space. However, over the smaU wavelength range of these observations th a t ISP variation 

win be neghgible and the head of the ISP vector may be considered as a  point in the QU  

plane. The diagram  clearly shows th a t the colour vectors have a well defined convergence 

point. The ISP derived by McLean et al. (1979) from the field-star m ethod is outside the 

convergence zone of these observations as is the ISP obtained by Schulte-Ladbeck et al. 

(1991).

The approxim ate value of the ISP may be estim ated from the A6560 observations pre

sented in figure 5.1. Although there is a large scatter in the continuum  polarization, the 

hne polarization of A6560 remains remarkably constant, indicating th a t the line polariza

tion is close to  the ISP vector. From these observations a preUminary estim ate of the  ISP 

is 0.4% at 160°.

The mean polarization of the Hne m easurem ents is q  = 0.35%, u = —0.32%, but clearly 

not ah the hnes are completely depolarized. In the simplest case, th a t of opticahy thin 

pure dilution, the hne to  continuum polarization ratio  wih be inversely proportional to 

the hne to  continuum  intensity ratio. Hence the strongest hnes wih have a polarization 

close to  the  head of the ISP vector.
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5 .3 .1  L in e  p o la r iz a t io n  as an  io n iz a t io n  s tr a t if ic a t io n  d ia g n o s t ic

The standard  W R model predicts th a t the ionization of the wind should decrease with 

radius (i.e. emission hnes of highly ionized species wih be formed deep in the wind, whilst 

species such as He I wih be produced much further out). One observational test of this 

prediction is to  measure the intrinsic polarization of the emission hnes of several different 

ionic species.

The form ation depths of the emission hnes correspond to  different electron-scattering 

optical-depths to  the observer (see, for example, figure 5.7). W hen a hne photon is em itted 

it may be electron scattered before reaching the observer. In the opticahy th in  (single 

scattering) hm it the polarization of the hne flux is proportional to  the electron scattering 

depth , which in tu rn  is a  function of radius. In simple term s this means th a t hnes of 

highly ionized species (formed deep in the wind) wih be more polarized than  the emission 

hnes of less ionized species.

This type of analysis was first performed (on EZ CM a) by McLean et al. (1979), and 

they found the predicted ionization stratification. A similar analysis of the polarization 

spectrum  of EZ CM a bySchulte-Ladbeck et al. (1992) broadly confirmed the results of 

McLean et al. (1979), while an analysis of W R 134 (Schulte-Ladbeck et al. 1992) also 

showed evidence of ionization stratification.

The fact th a t the emission-hnes of W R stars may be polarized m ust be accounted for 

when determ ining the ISP. A simple analysis might assume th a t a strong emission-hne is 

completely depolarized, and take the hne polarization vector as the  ISP. It is therefore 

instructive to  examine the emission-hne form ation process using numerical models prior 

to  selecting ISP diagnostic emission-hnes.

5 .3 .2  M o d e ll in g  a n a ly s is

In order to  determine which emission hnes are the most suitable ISP diagnostics it is 

necessary to  examine the hne form ation process using numerical models. Hihier (1983, 

1987a, 1990) has developed a radiative transfer code for W R atm ospheres in which the 

transfer is solved under the constraints of radiative and statistical equihbrium. This code 

has been used extensively by Crowther (1994) in an analysis of WN stars.

Crowther (1994) produced a “tailored” model for EZ CM a by adjusting the physical 

param eters of the model until the best fit to  the observed spectrum  was obtained. The 

physical param eters of the best fit model are displayed in table 5.3.
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F i g u r e  5.6: The polarization colour vectors. The continuum polarizations (solid squares) 
are joined to the line polarizations (solid circles). The ISP  values o f McLean et al. (1979) 
(open circle) and Schulte-Ladbeck (open squares) are also shown.

T a b l e  5.3: Parameters fo r the model o f E Z  CMa.

Param eter Value
Core tem perature, T* 74 kK
Core radius, R* 2.8 R©
log(X*/X©) 5.32
Mass-loss rate , log(M /M©) —4.06 
Terminal velocity, Uqo 1700 k m s“ ^
Velocity law index, (3 1.3

T a b l e  5.4: E Z  CMa emission lines modelled

A (A) Species
4542 H ell
4686 H ell
4859 H ell
5412 H ell
5801-12 C i v

5876 He I
6560 H ell
6683 H ell +  He I
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F i g u r e  5.7: The form ation depths o f the emission lines. The in tensity o f the X5876 line 
is plotted a factor o f 10 larger fo r clarity.

Source functions for several emission lines (detailed in table 5.4) were taken from the 

m odel of EZ CMa. These source functions were then used as input to  the EL EC Monte- 

Carlo radiative transfer code (see appendix C).

Figure 5.7 shows the form ation depth of some of the modelled lines, along with the 

radial electron scattering optical depth (assuming spherical sym m etry). The highest ion

ization line, C i v  A5801-12, is produced deepest in the wind. The H e n  A5412 line is 

produced slightly deeper th a t the A4868 line, whilst the He I A5876 line is produced much 

further out in the wind.

The following arb itrary  (but plausible) dependence of density on colatitude was used

/( / /)  =  1.333(1 -  0.5|/x|) (5.2)

where p = cos 9, yielding a continuum polarization approxim ately the same as th a t of the 

mean of the  observations. The number of “photons” used in the M onte-Carlo run was 

chosen in order to mimic the statistics of the  observation, and the synthetic spectra were 

rebinned to  the observed resolution.

The line polarization P/ was m easured for each model emission line using, as for the
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F i g u r e  5.8:  Pi I Pc plotted against relative intensity fo r  the model emission lines. The 
“pure dilution” curve (dotted line) is shown for comparison.

observations, a 10Â bin centred on the emission line wavelength. This value was then 

divided by the continuum polarization Pc of the model. This ratio  is p lo tted  against peak 

relative Hne intensity ( / )  in figure 5.8. The dotted  hne shows the “pure dilution” case, in 

which
P, 1

(5.3)Pi _  1
Pr /■

The points lying above the curve correspond to  emission hnes th a t have been electron 

scattered, while points th a t he below the hne correspond to  hnes th a t have absorbed 

continuum  flux. As expected from figure 5.7, the C iv  A5801-12 doublet hes weh above 

the pure dilution curve, as do the H ell hnes. The H ell A6683 blend hes shghtly below the 

curve, as does the He I A5876 hne.

These results suggest th a t the He II A4542 and A4859 hnes are the  simplest ISP diag

nostics, since the model polarizations of these hnes he closest to  the “pure dilution” curve. 

This proxim ity is possibly due to  the opposing, or neghgible, effects of polarization of hne 

photons and absorption of continuum flux.

If qc is the observed continuum polarization, qi is the observed hne polarization, % is
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F i g u r e  5.9: The IS P  values derived from  the observations o f E Z  CMa. The symbols are 
as in figure 5.8.

the ISP and I  is the line intensity relative to the continuum then

qi -  qi 1
q c  — q i

so
qc -  iq i  

1 - /

(5.4)

(5.5)

assuming th a t the line flux is completely unpolarized and th a t the is no line absorption of 

continuum  flux. The ISP was found for aU strong emission lines in the set of observations. 

W hen plotted  m  QU  space (flgure 5.9, the ISP values show considerable scatter, but there 

is a cluster of points around (+ 0 .4 ,—0.3). The ISPs derived from the A4686, A4542 and 

A4859 lines show less scatter, with the good agreement between ISPs calculated from 

different observations of the same hne. This result confirms the predictions of the models, 

in which the A4542 and A4859 hnes were shown to be the best ISP diagnostics. The A4686 

also appears to  be a satisfactory diagnostic, mainly due to  its high intensity which leads 

to  strong depolarization. The A4686 hne is also formed shghtly further out in the wind 

than  the H ell A5412, for example.
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The mean of the ISPs derived from the A4686, A4542 and A4859 lines is (0 .38 ,-0 .26) or 

0.46% at a FA of 163°. Assuming the interstellar sightline to  EZ CM a has a  norm al to ta l 

to  selective extinction, th a t is R y  = 3, it is possible to  use the standard  Serkowski law with 

a Xmax of 5500Â and a & o f  1.15. The ISP law with these param eters th a t passes through 

( —0.38 ,-0 .26) at 4700Â is plotted along with the observations in figure 5.10. The curve 

passes though, or close to, the emission line polarization values of all the observations, 

indicating th a t the fit is reasonable.

5.4 T he ISP corrected polarization spectrum

The ISP law may be subtracted from the observations to  yield the intrinsic polarization 

spectrum  (figure 5.11. The A4686 and A6560 hnes are almost completely unpolarized in 

the  intrinsic spectrum  resulting in the large uncertainty in the PA at these wavelengths. 

AU the hnes now show a depolarization, including of course the 6*  ̂ May 1994 observation 

(which in the uncorrected spectrum  had an apparent polarization enhancem ent a t A6560 

due to  the aUgnment of the intrinsic and ISP vectors).

The intrinsic polarization spectrum  is flat to  first order. This result is expected for 

pure electron scattering since it is a grey process. There is evidence for a mild decrease 

in the polarization spectrum  in the redward direction in some of the observations, partic 

ularly th a t of l l l^  M arch 1992. A similar trend was noticed in one of the low-resolution 

observations of Schulte-Ladbeck et al. (1991), and has been observed in W R 134 (e.g. 

Schulte-Ladbeck et al. 1992). The minimum observed intrinsic polarization is approxi

m ately 0.2% while the maximum is 0.7%. The intrinsic polarization spectrum  shows a 

rem arkable variation in PA of over 80°, but the PA is generally constant as a function of 

wavelength for a given observation. There are some small variations in PA for some of the 

emission hnes. This is hkely to  be due to  smaU errors in the ISP estim ation although it is 

possible th a t the hne polarization is caused by hne flux scattering in a different geometry 

to  the  continuum , leading to  a different position angle for the hne polarization. This sce

nario is plausible if the  global wind geometry close to  the electron scattering surface varies 

on timescales shorter than  the flow time to the hne-forming region. For example, figure 5.7 

shows th a t th a t r^s = 1 boundary hes at %5R* and the peak A4686 hne flux form ation is 

occuring a t about 25R*, giving a how-time (using a wind speed of 1700 k m s“  ̂ of about

6.5 hours, which is considerably smaher than  the polarization variabihty time-scale.

The ISP-corrected hne polarizations were m easured for ah the strong emission hnes
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using lOÂ bins centred on the emission line wavelengths. The continuum -polarization 

m easurem ents were taken from table 5.2. The peak relative intensities of the lines were 

m easured interactively, since hne profile morphology at the hne centre m ade an au tom ated  

m easurem ent of this value impossible. Figure 5.12 shows the hne to  continuum  polarization 

ratios plotted  against peak relative intensity for the ISP correct observations. The pure 

dilution curve is once again plotted for comparison. It should be noted th a t the A4542, 

A4686 and A4859 were used to  estim ate the  ISP vector, and hence this diagram  is only 

useful in a differential sense.

The A4542 and A4859 ratios are, as expected, very close to  the pure dilution curve. The 

N V A4945, N v A4603-20 and C iv  A5801-12 points are ah above the hne, indicating th a t 

these hnes are electron scattered, as expected from standard  W R models. The HeiA5876 

value hes on the hne, whereas the model ratio  lay below the hne. This may indicate th a t 

this hne is less opticahy thick than  the models and therefore absorbs fewer continuum  

photons. The H ell A6560 hne shows a large am ount of scatter, with some observations 

showing a ratio  lying weh below the pure dilution curve. This indicates th a t the  hne is 

ra ther opticahy thick and is absorbing a considerable am ount of polarized continuum  flux.

5.5 D iscussion

Care m ust be taken when using diagrams such as those presented in figures 5.8 and 

5.12 as ionization stratification diagnostics. This is because in some cases the emission 

hnes have also been used to  estim ate the ISP, resulting in a circular analysis. However, 

the polarization spectra of EZ CM a presented above provide model independent inform a

tion on the ISP vector: The variation of the continuum polarization combined with the 

constancy of the A6560 hne polarization vector mean th a t the polarization at this wave

length is very close to  the ISP. So despite the caveat m entioned above, we are satisfied 

th a t the  ISP estim ate presented here is accurate. Figure 5.12 confirms the predictions of 

the standard  W R model, w ith the hnes highly-ionized species such a N V and C iv  showing 

a larger polarization th a t those of H ell.

There is considerable disparity between the model polarization profiles and the ob

served profiles (see figure 5.13), although the models presented here are ad hoc in the 

sense th a t the source functions have been calculated under spherical sym m etry and the 

asym m etry has been chosen in order to  obtain a continuum  polarization th a t is com parable 

with the observations. The m ajor discrepancy between the models and the observations
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is in the  intensity and polarization of the electron scattered line wing. Figure 5.13 shows 

a  H ell A5412 hne observation along with the ELEC model polarization profile. There is no 

evidence for a electron scattered hne wing in the observation but the  model has a strongly 

polarized red wing (seen most clearly in the polarized flux panel). It has already been 

noted th a t the electron scattered wings of the model emission hnes are too intense by 

about a factor of 2 (e.g. Hihier 1988; 1989) . Hihier (1991) investigated the effects of wind 

clumping on the strengths of the electron scattered hne wings of W R  s ta r models. He cal

culated line profile produced by a crude W R wind model with spherical shehs of enhanced 

density intended to  simulate a “clumpy” wind. It was found th a t the multi-shehed model 

could produce similar hne strength to  those produced by a homogeneous wind model 

bu t w ith a lower mass-loss rate , and th a t the electron scattered wings of the m ulti-shehed 

model were weaker. It is therefore probable th a t the discrepancy between models and 

observations may be explained in term s of wind clumping.

An axisymmetric disk-hke structure has previously been suggested for the wind of 

EZ CM a (e.g. Schulte-Ladbeck et al. 1991). In this model the gross wind structu re  is stable 

and the polarization variabihty is a ttribu ted  radiation scattering off mass concentrations 

or “blobs” th a t propagate through the wind. The pivotal point of this model is the  disk 

geometry, which imphes a relatively large and constant intrinsic polarization. McLean 

et al. (1979) had previously discounted an axisymmetric structure , citing the large observed 

variabihty in the PA. The da ta  presented here do not support the  disk geom etry hypothesis, 

since the “quasi-static” intrinsic component, if any, is dom inated by stochastic variabihty. 

The stochastic variations in themselves seem to  show no prefered PA, which would be 

expected if they were the result of the continuum radiation field scattering off blobs th a t 

propagate through the plane of the disk. This is most clearly seen in figure 5.6, where the 

colour vectors show a random  distribution of directions.

The large, apparently random  variations in the  polarization th a t occur in addition 

to  the polarization changes on the 3.77 day period, are consistent with stochastic blob 

ejection. These data , although of high quality, do not have the very high signal-to-noise 

(S /N ) required to  observe the polarization profile changes on the short times cale required 

to  resolve individual blobs propagating through the wind. The data-tak ing  ra te  for the  

observations of bright sources like EZ CMa is limited by the dynamic range of the  CCD 

chip, which caps the possible S/N  th a t can be obtained from one exposure. The tim e 

series observations are therefore dom inated by the time taken to  read out the  CCD. M any
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individual observations must be added together to  achieve the required precision in the 

polarim etry (%0.1%), resulting in tem poral smearing. Obviously S /N  can be gained at 

the cost of reduced resolution by binning in the spectral direction, bu t this means th a t 

the d a ta  are of little use when examining the line polarization profiles.

The wind variability of EZ CM a presents a challenging problem. A long term  m onitor

ing campaign has been scheduled on the lU E satellite (January  1995), which should cover 

6 -7  periods of the system. These da ta  should be useful in correlating the stellar wind 

variability, as observed in changes in the UV hne profiles, and the 3.77 day period. In par

ticular it should be possible to  discriminate between ro tational m odulation and binarity 

as causes of the observed periodicity. This is particularly im portan t in the in terpretation 

of the polarization hght-curve.

Continued spectropolarim etric monitoring of the system  is also required in order to 

produce a dataset th a t shows how the polarization spectrum  varies with phase. A am ount 

of d a ta  is required in order to  sm ooth out the aperiodic variations produced by the random  

blob ejection.

5.6 Sum m ary

New spectropolarim etric da ta  have been presented of the  W N5 sta r EZ CMa. These 

d a ta  clearly show th a t the continuum polarization of this object is highly variable on 

a timescale of days. The da ta  show changes in the polarization vector a t emission line 

wavelengths -  the so-called “line effect” . These observations show th a t EZ CM a has an 

intrinsic polarization vector and th a t this vector is highly variable. O ther observations (e.g. 

McLean 1980) have shown th a t the polarimetric hght curve is m odulated on a period of 

1.88 days, which is the second harm onic of the 3.77 period th a t is observed in photom etric 

and spectroscopic time-series.

A new estim ate of the intersteUar polarization vector has been made using spectral 

hnes identified as ISP diagnostics by using numericcd models tailored to  EZ CMa. This 

ISP (q = 0.38,u =  —0.26) is different to  those obtained by others (e.g. Schulte-Ladbeck 

et al. 1991) but is consistent with the observed hne to  continuum  polarization colours.

M easurements of the hne to  continuum polarization ratios have shown th a t the bulk of 

the spectral hnes have polarizations th a t are consistent with pure dilution, but th a t hnes 

of the  highly ionized species (e.g. N IV and C iv ) are electron scattered before emerging 

from the stehar wind.
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The continuum polarization variability th a t is observed in the dataset presented here 

is m ost simply interpreted in term s of electron scattering of the W R  radiation held by 

stochastic density perturbations in the wind.
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C hapter 6

Spectropolarim etry o f N orthern  

H em isphere W olf-Rayet Stars

6.1 Introduction

The massive, highly ionized stellar winds of W R stars are optically thick to  electron 

scattering and this has made these objects prime candidates for polarim etric study. The 

photopolarim etric properties of W R stars, both single and binary, have been extensively 

investigated. These studies are usually based on time-series broad-band polarim etry which 

is used to  determine either binary orbital param eters (particularly the orbital inchnation) 

or to  constrain the possible inhomogeneity of the stellar wind.

Time-series photopolarim etry of W R stars has revealed th a t a large num ber of them  are 

intrinsically polarized. Drissen et al. (1987) presented Hnear polarization m easurem ents 

of a complete sample of Southern Galactic WN stars, aU of which show evidence for an 

intrinsic polarization, with fluctuations of A P  = 0.15%-0.6%. It was suggested th a t 

these fluctuations were the result of wind inhomogeneities or “blobs” passing through 

the wind. Robert et al. (1989) presented time-series polarim etry of seven bright Cygnus 

W R  stars (not including V444 Cyg) and found low-amplitude polarization m odulation. 

Combining these d a ta  with polarim etry of 18 other W R stars it was found th a t there is 

an anticorrelation of polarim etric variabihty with term inal wind speed. This correlation 

was in terpreted  to  suggest th a t propagating density enhancem ents form more easily in 

slower winds. Two models were proposed to  explain the origin of the blobs, one based on 

the exponential growth ra te  predicted by the radiation-driven wind instabihty  theory of 

Owocki, Castor & Rybicki (1988) and another, more ad hoc model based on the hypothesis
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th a t the instantaneous blob growth rate  is proportional to  the size of the  blob. It was 

found th a t although the la tte r  model produced a better fit to  the data , neither model was 

convincing.

The first detection of structure in the polarization spectrum  of a W R  sta r was made 

by McLean et al. (1979) who presented narrow-band filter polarim etry of the pecuhar 

WN5 sta r EZ CMa. The d a ta  showed th a t the  polarization decreased a t the emission line 

wavelengths. This m eant th a t the wind structure of the star was asymm etric. In addition 

the depolarization was found to  be a function of ionic species, w ith H ell recom bination 

Unes less depolarized than  the He I Hnes. This observation m eant th a t the H en  Unes were 

being produced deeper in the wind and th a t the hne emission was being electron scattered. 

This is direct evidence for ionization stratification in the wind. Further studies of the 

polarization spectrum  of EZ CM a have shown th a t the continuum polarization is highly 

variable (Schulte-Ladbeck et al. 1990b, Schulte-Ladbeck et al. 1991, and C hapter 5). 

Schulte-Ladbeck et al. (1990b) suggested th a t the wind of EZ CM a was in the form of a 

disk and th a t variations in the mass-loss rate  were responsible for the observed variations 

in the continuum  polarization.

Schulte-Ladbeck et al. (1992) presented low-resolution hnear spectropolarim etry of the 

WN6 sta r HD 191765 (W R 134). The polarization was found to  be relatively constant as a 

function of time, with the intersteUar-corrected polarization spectrum  showing a decrease 

from blue to  red. The continuum polarization shape was explained in term s of competing 

therm al and electron-scattering continuum opacity.

Schmidt (1988) presented a spectropolarim etric survey of N orthern W R stars, and 

found line effects in only two stars of the 10 stars observed (W R  134 and W R  136). A 

further, more extensive survey (Schulte-Ladbeck, HiUier & Nordsieck 1993) revealed 2 WC 

stars (both  binaries) out of 13 observed and 5 WN stars out of 20 observed showed the 

hne-effect. Hence W R stars with known wind asymm etries comprise a small but significant 

fraction of the to ta l known W R population, and for these stars the standard  assum ption 

of isotropic mass-loss is invalid.

In the next section we present the results of a  system atic spectropolarim etric survey of 

bright ( y  < 11) N orthern hemisphere W R stars. This survey is complementary to those of 

Schmidt and Schulte-Ladbeck and when combined with all available spectropolarim etry 

yields a dataset of 39 W R stars, enabUng a statistical investigation into the occurrence of 

wind asymm etries in W R stars.
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T a b l e  6.1: A  list o f the WR stars successfully observed.

HD Star Spectral Type V B-V

165763 111 8.25 -0 .2 8
187282 128 WN4 10.56 +0.27
190918 133 W N 4+ 09.5Ia 7.48 -0 .7 6
191765 134 WN6 8.31 +0.00
192103 135 WC8 8.51 +0.02
192163 136 WN6 7.73 -0 .0 3
192641 137 WC7-t-abs 8.18 +0.29
193077 138 WN84-abs 8.21 +0.31
193576 139 W N 5-f06 8.27 +0.50
193793 140 W C 7+ 05 7.19 +0.42
193928 141 WN6 10.15 +0.82
197406 148 WN7 10.50 +0.57
211853 153 W N 6 + 0 9.20 +0.40
214419 155 WN7-bO 8.94 +0.41
219460 157 WN4.5 10.03 +0.62

6.2 T he survey

6 .2 .1  O b s e r v a t io n s  a n d  d a ta  r e d u c t io n

Spectropolarim etric observations of 16 Northern hemisphere Wolf-Rayet (W R ) stars were 

obtained over the nights of 22-25 July 1993 with the ISIS dual-beam  cassegrain spectro

graph and polarim etry module on the 4.2 m W illiam Herschel Telescope. The red arm  of 

the spectrograph was used in conjunction with the R316R grating and the EEV3 CCD 

(1280 X 1180 pixels of 22.5 microns square) while the R300B grating and the TEK  CCD 

(1124 X 1124 pixels of 24 microns square) were used on the blue arm . The m ean reciprocal 

dispersion of the red arm  was 1.38 Â m m "^. The resolution of the spectra, m easured 

from the widths of arc calibration hnes, is approxim ately 3Âor 150 km s"^. AU the objects 

were observed with the red arm , at a central wavelength of 6050Â and two stars W R  134 

and W R  137 were also observed at central wavelengths of 4400, 7700 and 10000 Â. Only 

one arm  of the spectrograph was used at a time, since the dichroic is known to  result in 

ghost images. The d a ta  were reduced according to  the procedure detailed in C hapter 1. 

Observations of the zero polarization standard  star (  Peg revealed th a t the  instrum ental 

polarization was less than  0.1%. The instrum ental polarization vector was not subtracted  

from the observations, due to its smaU size and the uncertainties of obtaining this vector 

when using an alt-azim uth telescope.
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6 .2 .2  A n a ly s is

The polarization spectra of all the W R stars surveyed are plotted  in figure A .I.

The polarizations of the strongest emission-lines in the W R spectra were m easured 

using lOÂ-wide bins centred on the flux peak. Similar continuum  bins adjacent to  the 

emission Une were used to  determine the continuum polarization. Stars with statistically  

signiflcant variations in the polarization spectrum  at the  emission-line wavelengths were 

classed as showing the line-effect.

Table 6.2 shows the results of this survey (15 stars) along with the surveys of Schmidt 

and Schulte-Ladbeck. Broad band polarization m easurem ents showing variability are also 

quoted. The table contains information on a to ta l of 39 W R stars, comprising 10 single 

WC stars, 5 binary WC stars, 15 single WN stars and 9 binary WN stars.

6 .2 .3  W R  s ta r s  t h a t  d is p la y  t h e  l in e -e f fe c t

A to ta l of 8 of these stars show the line effect unambiguously; 4 single W N stars, 1 binary 

WN (W R  139) and 3 WC binaries. Unlike Schmidt, we flnd no evidence for the  line- 

effect in W R 136, a result supported by Schulte-Ladbeck, HiUier Sz Nordsieck (1993). It is 

possible th a t since W R 136 has variable polarization th a t our observations coincided with 

a polarization minimum.

Table 6.3 contains some physical param eters of the stars th a t show the line effect. The 

param eters were derived mainly through spectroscopic analyses of the emission-line spec

tra . The subset of hne-effect stars contains a  variety of spectral types and covers a  broad 

range of physical param eters. AU the Une-effect stars also show variable photopolarim etric 

signatures. In the cases of W R 42 and W R 139 these variations are a ttribu ted  to  binarity, 

with the polarization resulting from scattering of the companion radiation field in the W R 

steUar wind.

The foUowing two sections present analyses of high-quaUty spectropolarim etry of two 

W R  stars th a t display the Une effect: W R 134 and W R 137.

6.3 The W N 6 star W R  134

It has often been suggested th a t the WN6 star HD 191765 (W R  134) has a compact 

companion. A 7.5 day period was found from photom etric d a ta  (Antokhin, Aslanov & 

Cherepashchuk 1982; Antokhin & Cherepashchuk 1984) while a 1.8 day period was ob-
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T a b l e  6 .2: A sum m ary o f spectropolarimetric observations o f W R stars. The data are taken from  McLean (1980) (ML79), Schulte-Ladbeck, 
HiUier & Nordsieck (1993) (RSL94), Schm idt (1988) (S88), Cohen & Kuhi (1977) (CK77), W hitney eX al. (1989) (W 89), (M offat & Piirola 
1993) (MP93) and this study (TJH ).

to
oCn

W R HD Other Spectral
Type

Line
Effect

Variable
poL?

Notes References

6 50896 EZ Cma WN5 yes yes highly variable e.g. ML79, RSL91, TJH
14 76536 WC6 ? (113) featureless, aU IS RSL94
16 86161 WN8 yes yes (R4) RSL94
18 89358 WN5 featureless RSL94
21 90657 W N 4+ 04-6 featureless, aU IS RSL94
24 93131 W N 7+a yes (R4) featureless, aU IS RSL94
40 96548 WN8 yes yes (R4) RSL94
42 97152 W C 7+ 07V yes yes (M P94) MP93
48 113904 6 Mus W C 6+ 09.5I featureless, flat RSL94
71 143414 WN6 featureless RSL94
78 151932 WN7 yes (R4) featureless RSL94
79 152270 W C 7+ 05-8 yes M P93, RSL94
90 156385 WC7 featureless RSL94

103 164270 WC9 yes? yes (R l) RSL94
104 Ve2-45 WC9 featureless, aU IS CK77, S88
106 313643 WC9 featureless, flat CK77
110 165688 WN6 featureless RSL94
111 165763 WC5 featureless RSL94, T JH
121 AS 320 WC9 featureless, flat CK77, S88
127 186943 W N4+09.5 featureless S88, TJH
128 187282 WN4 featureless, flat S88, TJH



T a b l e  6 . 2 :  Concluded

to001

W R HD Other Spectral
Type

Line
Effect

Variable
poL?

Notes References

131 IC14-52 WN7-t-a no (R l) featureless, flat S88, TJH
133 190918 W N4.5-f-09.5Ib yes (R5) featureless, flat S88, TJH
134 191765 WN6 yes yes (R5) sloped S88, RSL94, TJH
135 193077 WC8 weak line effect? TJH
136 192163 WN6 yes (R5) featureless S88, W 89, RSL94, TJH
137 192641 W C7-ka yes yes (R5) sloped TJH
138 193077 WN6-|-a featureless, flat S88, RSL94, TJH
139 193576 V444 Cyg W N 5+ 06 yes yes (R6) var. line effect RSL94, T JH
140 193793 W C 7+ 04-5 yes (R5) featureless, large IS RSL94, T JH
141 193928 WN6 featureless TJH
143 195177 WC5 featureless, flat S88
148 197406 WN7 yes (R2) featureless TJH
150 ST 5 WC5 featureless flat S88, TJH
152 211564 WN3 featureless, flat S88, TJH
153 211855 GP Cep w m + 0 featureless, all IS? RSL94
155 214419 WN7-K0 featureless, large IS T JH
156 M R 119 WN8 featureless, flat S88
157 219460 WN4.5 featureless, large IS T JH

R l=Schulte-Ladbeck &: van der Hucht (1989); R2=D rissen et al. (1986); R3=D rissen, Robert & Moffat (1992); R4=D rissen et al. (1987); 
R 5=R obert et al. (1989); R 6=R obert et al. (1990)



T a b l e  6 .3 :  W R stars that display the line effect. The parameters in the table are taken 
from  the references detailed below.

W R Spectral

Type

log( M /M q ) '̂ oo
(km s“ ^)

log(L/T© ) R */ R q Ref.

6 WN5 -4 .1 1700 5.2 2.7 11.8 3
16 WN8 -4 .2 900 5.7 25.7 10.3 3
40 WN8 -4 .2 1000 5.3 15.8 13.3 3
42 W C7-H07V -4 .3 3000 1
79 WC7-H05-8 -3 .8 2300 11.8 2
134 WN6 -4 .1 1900 5.2 3.0 11.1 3
137 W C74-a -4 .8 2700 1..8 3
139 W N 5+ 06 -4 .9 2500 5.7 2.9 1

References: (1) Doom (1988) (2) van der Hucht, CassineUi & Williams (1986) and (3) 
H am m ann, Koesterke &: Wessolowski (1993).

tained from radial velocity variations (Lamontagne 1983) and broad-band photom etry 

(Moffat & Shara 1988). Robert et al. (1989) found no evidence for periodic polarization 

variations in W R 134 and suggested th a t the variations are more easily explained in term s 

of propagating wind inhomogeneities or bright spots. The high-resolution spectroscopy 

presented by Moffat et al. (1988) and Robert, Moffat & Seggewiss (1991) favours stochas

tic blob ejection.

Schmidt (1988) presented spectropolarim etry of W R 134 th a t indicated a global wind 

asymm etry. Underbill et al. (1990) studied the emission line profiles of W R 134 and 

postu lated  th a t the wind was in the form of a detached disk connected to  the stellar 

photosphere by radial spokes. The mass-loss ra te  proposed in this study is an order 

of m agnitude less than  those expected from the “standard  model” . Schulte-Ladbeck et 

al. (1992, hereafter S92) presented tim e-dependent spectropolarim etry in the spectral 

range from 3159Â-7593Â in which marked changes were observed at the  emission hne 

wavelengths. The ISP-corrected continuum polarization spectrum  shows a monotonie 

decrease in m agnitude from blue to  red. It was concluded th a t the polarization observed 

is a result of competing continuum and electron scattering opacities in a axisymmetric 

global wind structure.

In the next section we present a polarization spectrum  of W R  134 covering the spectral 

range 3625Â-10870Â with a resolution of 3Â.
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T a b l e  6 .4:  Line and continuum polarizations measured o f W R 134- The errors on the 
individual measurements are 0.03%.

W avelength
(Â )

Species Bin
(Â)

Line 
q a

Continuum  
q Ü

Peak
I

4200 Hell 4245-4300 0.941 0.148 1.311 0.301 1.7
4340 H en 4245-4300 0.957 0.163 1.311 0.301 1.7
4542 H ell 5000-5090 0.926 0.121 1.222 0.259 2.0
4686 H ell 5000-5090 0.565 0.006 1.222 0.259 8 .8

4859 H en 5000-5090 0.850 0.050 1.222 0.259 2.1
4945 NIV 5000-5090 1.076 0.129 1.222 0.259 1.4
5412 H ell 5600-5700 0.544 0.088 1.161 0.014 2.4
5807 C iv 5970-6140 0.940 0.010 1.091 -0 .020 1.6
5876 He I 5970-6140 0.942 0.023 1.091 -0 .010 1.4
6560 Hell 6790-6830 0.451 -0 .038 1.025 -0 .010 3.3
6 6 8 6 Hell 6790-6830 0.765 -0 .045 1.025 -0 .010 1.5
7116 N IV 7280-7440 0.624 -0 .056 0.926 -0 .136 3.5
8237 Hell 7900-8110 0.553 -0 .054 0.813 -0 .138 1.8

10124 Hell 9810-9940 0.322 -0 .054 0.703 -0 .183 4.6

6 .3 .1  O b s e r v a t io n s  a n d  a n a ly s is

The polarization spectrum  of W R  134 (figure 6.1) is highly structured. The m agnitude 

of the continuum polarization decreases from blue to red by approxim ately 1%, while 

depolarization is observed at aU emission line wavelengths. The PA of the spectrum  shows 

an apparent monotonie ro tation  of approxim ately 20° from 4000A to 1 fim.. This is in 

contradiction to the observation of S92 who observed a flat FA over 3600Â-7500Â. In 

addition there is a PA change through the A4686 line th a t was not observed in the S92 

data . Analysis of the overlap between the bluemost spectrum  and the adjacent spectrum  

shows th a t the position angles differ by a statistically significant am ount (>  3cr). The 

PA calibrations for these da ta  have been carefully examined and are consistent with the 

observed polarized standards. There is no evidence for a PA ro tation  across an individual 

polarization spectrum . The most likely cause for the discrepancy is th a t there was a 

variation in the intrinsic continuum polarization between the observations.

The line polarizations of the  strong emission hnes in the spectrum  of W R  134 were 

m easured using 10Â bins centred in the hne. The continuum polarizations were m easured 

from nearby hne-free bins defined interactively. The peak relative intensities of the  hnes 

were also m easured interactively. The results are given in table 6.4. The convergence 

point of the  continuum -hne colour vectors in the Q [/-plane (figure 6.2).
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F i g u r e  6 .1:  The polarization spectrum o f W R 134’ The data are binned to a constant 
error o f 0.03%. The ISP  fit found from  the analysis presented in this study is shown 
(dashed line), along with the ISP  determined by S92.
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F i g u r e  6 .2:  A polarization colour vector plot fo r  WR 134- The continuum polarizations 
(filled circles) are connected to the line polarizations (filled squares). A  dotted-line jo ins  
the continuum  polarization values.

The ISP may be estim ated from each of the lines by applying applying equation 5.5 

to  the d a ta  in table 6.4. As mentioned in the previous chapter, this m ethod assumes th a t 

the line flux is completely unpolarized and th a t continuum  flux is not absorbed by the 

hne. Once again, these assum ptions are physically unrealistic for W R stars, particularly 

for the hnes formed deep in the wind, such as N IV A7116 and C iv  A5803-12. The ISP 

values derived from the hnes show considerable scatter in the QI7-plane (figure 6.3), but 

it m ust be noted th a t the ISP values derived here are obtained from hnes covering a wide 

spectral range. Hence, the ISP values should he on a hne m  QU  space th a t runs from 

(0 ,0) to  (Çmax)^max)' Moreover, the A10124 hne is expected to  be formed at large radii in 

the stehar wind, and therefore is expected to be almost completely unpolarized. A least 

squares fit of a Serkowski law was made to the ISP values derived from the H ell hnes 

only, with the k and Amax values held at 1.15 and 5500Â respectively. This fit yielded a 

m aximum  intersteUar polarization of (0 .41 ,-0 .01) which is a polarization of 0.41% at a 

PA of 179°.4.

The ISP to  W R 134 has been determined by Robert et al. (1989) and S92. Robert 

et al. (1989) used the field-star m ethod in order to  obtain an ISP of 1.176%±0.166 at a 

PA of 144°.4 ±  7.7. S92 assumed the polarization at H ell A4686 represents an upper hm it 

on the ISP and obtained a value of 0.18% at a PA of 118% from multi-epoch observations.
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F i g u r e  6 .3:  Interstellar polarization values derived from  the line analysis o f W R 134- 
Values found from  A10124 (open circle) other H ell lines (filled squares), the E e l line (open 
square) and C iv  and N iv  (filled circles) are shown along with the estim ate o f the IS P  from  
this study (dotted line)  and that o f S92.
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s 92 dem onstrated th a t the Robert et al. (1989) ISP produced physically implausible 

polarization spectrum  when it was subtracted  from the observations. Both the ISP found 

by S92 and th a t found in this study produce plausible polarization spectra and it is 

therefore difficult to  determine which result best represents the true interstellar law.

Figure 6.4 shows the ISP corrected polarization spectrum  of W R 134. As expected, the 

polarization a t the central wavelengths of the strongest emission lines approaches zero. The 

continuum  polarization stiU shows the strong wavelength dependence, with a polarization 

of approxim ately 1% around 4000Â with a m onotonie decline to  about 0.3% at 1 //m. There 

is a large uncertainty in the PAs of the polarization vectors of the strongest lines due to  the  

small polarization at these wavelengths. The continuum  polarized flux spectrum  echoes 

the polarization spectrum  as the intensity spectrum  has been normalized. The polarized 

flux (P F ) spectrum  also contains information of the polarization of the  emission line flux. 

The P F  spectrum  is flat across the A10124 line, indicating th a t the line flux is completely 

unpolarized. Conversely, there is a strong PF  signature associated w ith the N IV A7116 

line which means th a t this hne is highly polarized.

6 .3 .2  T h e  l in e  p o la r iz a t io n

The continuum  and line polarization m easurem ents (Pc &ad Pi respectively) detailed in 

the previous section were repeated on the ISP corrected polarization spectrum . These 

were used to  create an ionization stratiflcation plot in a similar m anner to  th a t described 

in section 5.3 (see figure 6.5).

The m ajority  of the H ell points in figure 6.5 he on the pure dilution curve, indicating 

th a t the hne flux from these emission hnes is unpolarized. One of the  N IV d a ta  (A7116) 

hes well above the pure dilution curve, confirming th a t this emission hne has undergone 

considerable electron scattering. The C IV datum  also hes above the pure dilution curve.

These results broadly confirm the prediction of the standard  W R  model, which is th a t 

the ionization of the wind faUs radiahy outward. However, the  caveats m entioned in the  

previous chapter apply equahy here; mainly th a t the emission-hne polarizations have been 

used to  constrain the ISP.

6.4 The dust-producing binary star W R  137

The presence of absorption hnes in the spectrum  of W R 137 (Sm ith 1968a) has led to its 

classification as a binary (W C 7+ 0B ). A careful study of photographic spectra by Massey,
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He II
N IV

F i g u r e  6 .5:  P i/P c plotted against rectified intensity I  fo r  W R 134- The dotted line shows 
the pure dilution curve (Pi I  Pc =  1/F y).
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T a b l e  6 . 5 :  A log of the observations of WR 137.

Central
W avelength (Â)

Grating Dispersion 
(Â pixel"!)

Exposure 
tim e (s)

Cycles Continuum
counts

4400 R300B 1.54 30 9 3.2 X 10®
6050 R316R 1.38 20 9 2.2 X 10®
7700 R316R 1.38 20 5 2.0 X 10®
10000 R316R 1.38 60 3 9.7 X 10^

N o t e s : The exposure times are given for one exposure. One cycle is one complete po
larization m easurem ent, comprising four images taken a t the  0°, 45°, 22.°5 and 67.°5 
half-waveplate positions. The continuum counts are m easured from the summed polariza
tion spectra.

Conti & Niemela (1981) showed no radial-velocity (RV) variations and they suggested 

th a t the s ta r was either single or had a binary period of more than  2 years. More recently 

Annuk (1991) reported RV variations from a 10 year (1980-1990) series of photographic 

spectra and found them  to  be consistent with the 12 year period suggested by W illiams, 

van der Hucht & Thé (1987) from IR variabihty. Underhih (1992) presented RV mea

surem ents obtained over the period 1986-1991 and noted th a t there was no system atic 

RV variation during this time. Robert et al. (1989) presented B-hlter photopolarim etry 

of several Cygnus W R stars. They found th a t W R 137 showed the smallest polarim etric 

variations of the stars they surveyed, indicating th a t either the  binary separation a t the 

tim e of the observations was very large (as expected using the 12 year period) or th a t W R 

137 is simply a single star.

It is clear th a t further observations of W R 137 are necessary in order to  tie down any 

possible binary orbit. It is sufficient for this study to s ta te  th a t the binary separation 

m ust currently be large, and radiation field of the companion scattered off the W R  wind 

will be neghgible.

It has also been shown th a t W R 137 undergoes sporadic dust form ation episodes 

(W illiams et al. 1985 and Williams, van der Hucht & Thé 1987). The S.Sfim  flux from 

W R 137 fell from 1975 to  1980 and then rose to  a peak in 1985. The IR flux has since 

been faUing steadily. Williams, van der Hucht & Thé (1987) proposed th a t W R 137 was 

an eccentric binary with a  period of 13 years and th a t the  dust form ation episodes occur 

at periastron, when the colliding winds of the W R and OB components produce suitable 

conditions for grain condensation. WiUiams & van der Hucht (1994) s ta te  th a t the next 

IR  m aximum  should occur in 1997.
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T a b l e  6 . 6 :  Line and continuum polarizations measured o f W R 137. The errors on the 
individual measurements are 0.03%.

W avelength
(A)

Species Bin
(A)

Line 
q u

Continuum  
q Ü

Peak
I

4650 C m 4465-4525 0.906 -0 .543 1.203 -0 .305 6.4
4686 l i e  II 4465-4525 0.889 -0 .376 1.203 -0 .305 3.2
5696 C m 5500-5555 0.926 -0 .507 1.279 -0 .286 2.5
5808 C i v 5500-5555 0.896 -0 .581 1.279 -0 .286 4.8
6560 l i e  II 6205-6360 0.994 -0 .504 1.100 -0 .343 2.2
6740 C m 6205-6360 0.975 -0 .447 1.100 -0 .343 1.9
7724 C i v 7530-7550 0.745 -0 .479 0.972 -0 .365 2.1
9710 C m 9500-9560 0.668 -0 .371 0.887 -0 .189 6.5

W R  137 was observed at 4 wavelength settings, covering alm ost the  complete optical 

wavelength region. A log of the observations can be seen in table 6.5, while the rectified 

polarization spectrum  is shown in figure 6.6. The polarization spectrum  of W R 137 clearly 

shows the line-effect.

6 .4 .1  T h e  p o la r iz a t io n  s p e c tr u m

The polarization spectrum  of W R 137 (figure 6.6) displays depolarization at the emission- 

hne wavelengths. The continuum polarization reaches a  maximum  of 1.3% at approxi

m ately 5500Â and foUows a curve th a t is reminiscent of a Serkowski ISP law. The PA 

spectrum  shows a mild (% 5°) variation, reaching a minimum at approxim ately 7000Â.

A similar analysis to th a t performed on W R 134 was conducted. The polarizations 

at the  emission-hne wavelengths were m easured using 10Â bins centred on the flux peak, 

and the continuum  polarizations were measured from neighbouring hne-free bins defined 

interactively (see table 6.6). The rectified peak intensity of the emission-hnes was m easured 

interactively. As expected for a WC star, the spectrum  is dom inated by emission-hnes of 

ionized species of carbon (C m  and C iv ) and those of H eii.

A polarization colour plot of the da ta  (figure 6.7) shows th a t the  continuum-to-hne 

vectors ah he in the same orientation on the QU  plane, although there is some scatter. 

The ISP associated with each vector was derived in the same m anner as those of W R 134. 

Figure 6.8 shows the ISP values from this analysis. Once again, it should be noted th a t the 

emission-hnes cover a considerable range in wavelength, and hence the  ISP values should 

he on a hne in the QU  plane.
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F i g u r e  6 . 6 :  The polarization spectrum o f W R 137 (solid line). The data are binned to a 
constant error o f 0.02%. The interstellar law obtained from  the analysis described in the 
text is also shown (dashed line).
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F i g u r e  6 . 8 :  Interstellar polarization values derived from  the line analysis o f W R 137 
(filled squares). The estimate o f the IS P  from  this study (dotted line) is also shown.
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There are no good ISP diagnostics in the spectrum  of W R 137. The m ajority  of the 

lines are from highly ionized species and are formed at considerable electron scattering 

depths in the wind. We performed a non-Unear least-squares fit of a Serkowski law with 

k = 1.15 and Amax =  5500Â to  the ISP data , resulting in =  0.8% and Umax =  —0.67%. 

This IS law is plotted in figure 6.8 and also in comparison to  the polarization spectrum  in 

figure 6.6.

This ISP law was subtracted  from the observed spectrum  of W R 137. The resulting 

ISP corrected spectrum  (figure 6.9) indicates th a t the Serkowski law is plausible. The 

continuum  polarization spectrum  shows a mild decrease from 0.6% at 4000Â to a minimum 

of 0.3% at 8000Â. The steep rise in continuum polarization th a t is observed longward of 

1 fim  is associated with a part of the spectrum  with very low S /N , and is therefore subject 

to  a  large uncertainty. The ISP law used to  correct the spectrum  is also supported by 

the PA spectrum , which no longer shows the variation th a t was apparent in the observed 

spectrum . The PA spectrum  is flat in the ISP corrected data.

The continuum  and Une polarization measurem ents were repeated on the ISP corrected 

spectrum . These da ta  are plotted in an ionization stratification diagnostic diagram  in 

figure 6.10. The diagram  shows a considerable scattering in Pi/Pc for Unes of the  same 

ionic species (e.g. of the four C ill diagnostics two Ue above the pure dilution curve whilst 

two Ue on it).

It is possible th a t this scatter may be a ttribu ted  to  the optical depth of the Une. As 

noted in C hapter 5, Unes th a t Ue below the pure dilution curve have absorbed continuum  

flux.

6 .4 .2  T e m p o r a l v a r ia b il ity  o f  t h e  p o la r iz a t io n  s p e c tr u m

An additional observation of W R 137 was obtained by in M arch 1994. The observation 

was m ade using the same instrum entation th a t was used for the survey, and the da ta  

reduction procedure was identical to  th a t described above.

Figure 6.11 shows the survey and M arch 1994 polarization spectra of W R  137. Both 

spectra have been ISP corrected. The continuum polarization of the M arch 1994 ob

servation (% 0.25%) is smaUer than  th a t of the survey spectrum  (% 0.55%). The Une 

polarizations of the M arch 1994 spectrum  are significantly smaUer th an  in the  survey 

spectrum . The PA spectra agree to within observational errors.

The simplest explanation of the observed variation between the two epochs is a  global
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F i g u r e  6.9: The ISP  corrected polarization spectrum  o f W R 137.
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F i g u r e  6.10: P i!Pc plotted against rectified in tensity I  fo r  W R 137. The dotted line 
shows the pure dilution curve (Pi/Pc = ^ / I ) -
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reduction in the mass-loss ra te  combined with a retention of the gross wind asym m etry. 

This would mean th a t the polarization, which is proportional to the  electron scattering 

depth (in the  optically th in  hm it), would decrease while the  PA of the  polarization (which 

is dictated  by the orientation of the scattering geometry) would rem ain constant. A change 

in the  mass-loss rate , however, would result in a change in the emission-hne streng th , and 

this is not observed. A nother possibihty is th a t the wind geometry has changed (the wind 

has become less flattened), although further observations are required to  determ ine if this 

is the  case.

Assuming th a t W R 137 is indeed a binary star, and th a t the period is approxim ately 

13 yr with the next periastron expected in 1997.5 (W ihiams & van der Hucht 1994), we 

may estim ate the binary phase (0) of the observations. The survey spectrum  was taken 

a t ^  % 0.7 while the M arch 1994 observation corresponds to  0  0.75. It is unUkely

th a t the observed polarization change results from such a small change in binary  phase, 

a hypothesis th a t is confirmed by the small photopolarim etric variations found by Robert 

et al. (1989).

6.5 The continuum  polarization of W R  134 and W R  137

Since Thom son scattering is a grey process the polarization spectrum  of a  pure electron- 

scattering envelope is expected to  be flat. However the  continuum  polarization spectra 

of W R  134 and W R 137 both show a decrease in polarization from the blue to  the  red, 

indicating th a t there m ust be an additional continuum process affecting its form ation.

892 presented a quahtative model which is capable of explaining the observed polar

ization continuum  shape: The standard  model of W R continuum  form ation is th a t the  

therm ahzation radius (th a t is the radius a t which a continuum  photon is created from 

therm al emission) is a function of wavelength, with the radius increasing w ith wavelength. 

The radius a t which the electron scattering optical depth to  the  observer is unity  (rgs =  1) 

is constant with wavelength. It was proposed th a t continuum  photons th a t are formed 

beneath the Tes =  1 radius are m ulti-scattered, blurring the polarization in troduced by 

the scattering, and th a t the polarization observed is generally the result of the  flnal scat

tering, which occurs after th a t Tes = 1 boundary. Hence the continuum  polarization is flat 

to  first order for wavelengths at which the continuum photons were formed deeper than  

the Tes = 1 radius. At long enough wavelengths the therm ahzation radius is the same as 

the Tes = 1 radius and the continuum photons are scattered in the opticaRy th in  regime.
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where the polarization is proportional to  the electrons scattering depth. Hence the con

tinuum  polarization will decrease with wavelength as the therm ahzation radius grows and 

the continuum  photons are formed with smaUer electron scatter depths to  the observer.

This model is capable of explaining the differences between the continuum polarization 

of EZ CM a (which is flat) and th a t of W R 134 (which is sloped). The mass-loss ra te  

of EZ CM a is lower than  th a t of W R 134. Because the electron scattering depth  is 

proportional to  to the electron density Ue and therm al emission is proportional to  the 

lower-wind density of EZ CM a means th a t the therm ahzation radius is inside the t^s = 1 

radius throughout the optical region, leading to a  flat polarization spectrum . In W R  134 

the therm ahzation radius is a function of optical wavelength and a decrease in polarization 

is observed according to  the process outhned above.

6.6 D iscussion

The spectropolarim etric survey shows th a t a significant m inority of bright Wolf-Rayet 

stars show the hne-effect. In single stars the hne-effect is most easily explained in term s 

of a gross wind structure th a t is non-spherical, the most hkely geometry being th a t of 

an oblate, axisymmetric eUipsoid or disk. Although the situation in binary W R  stars is 

more complex due to the scattered radiation from the companion star it is probably the 

case th a t the long-period binaries th a t show the hne-effect also have a W R sta r with an 

asym m etric wind.

W hen combined with the photom etric, spectroscopic and polarim etric variabihty th a t 

is observed in a number of wavelength regimes, the standard  assum ptions of a  spherical 

and isotropic wind structure m ust be questioned. The assum ptions are Ukely to  be vaUd 

for a large fraction of the to ta l W R population, but are clearly invahd for a substantial 

num ber of objects including the “pro to type” WN 5 star EZ CMa.

Detailed studies of the optical polarization spectra of three of the W R  stars showing 

the hne effect have been presented; EZ CMa, W R 134 and W R  137. These studies have 

examined the quahtative nature  of the polarization spectra.

If the model for the continuum polarization form ation is correct, then the continuum  

polarization of those objects showing the hne effect should decrease into the IR and should 

become flat at shorter wavelengths. The wavelength of the  turnover point in the polariza

tion spectrum  should be the wavelength at which the Tgs =  1 and therm ahzation radii are 

the same, and this should provide a valuable test for the standard  model.
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6.7 Further Work

In depth spectropolarim etric studies have been presented for only three of the W R  line- 

effect stars (W R 6, W R 134 and W R 137). Obviously more observations and analyses are 

required for the other stars, particularly the single W N stars. The wavelength dependence 

of the  continuum polarization of the line-effect stars as a function of wavelength wiU 

provide inform ation on both the continuum form ation and electron scattering depth  of 

the W R wind.

The continuum polarization may also constrain the hetrogeneity of the wind. The 

continuum  form ation process is a density squared function, and a “clumpy” wind wiU 

have a larger continuum emissivity. The electron scattering depth is proportional to  

density is not effected by inhomogeneity. This means th a t wind clumping wiU affect the 

therm ahzation radius but not the Tes =  1 radius. The wavelength of the  turnover of the 

continuum  polarization should therefore be a function of the wind inhomogeneity.

Further studies of W R 137 are also necessary. The observations presented here show 

th a t the wind is asymmetric; a factor which may be im portan t in aiding the sporadic 

condensation of dust grains. Continued spectropolarim etric m onitoring of the system 

is required, particularly as the system approaches periastron in 1997 and throughout the 

expected period of dust form ation. These observations should reveal whether the  radiation 

of the companion is contributing to the scattered polarized flux. Modelling of this system 

win constrain the equator to pole density ratio , leading to  a be tte r understanding of the 

physical conditions in the dust producing volume.

The eclipsing W R -0  star binary W R 139 (V444 Cyg) also represents an interesting 

subject for spectropolarim etric study. The photopolarim etric variability of this system 

has been extensively studied (see Robert et al. 1990, and references therein). Spectropo

larim etric observations as a function of binary phase combined with numerical models 

win constrain the distribution of scatterers in the W R wind. This system is particularly 

suitable for this kind of analysis because the geometrical param eters of the  system  (orbital 

phase, orbital separation and system inchnation) are well known.
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A ppendix C

T he ELEC M onte-Carlo  

R adiative Transfer Code

C .l Introduction

The ELEC code was originally developed to model dust-scattering problems in non-spherical 

geometries. It was adapted by Hillier (1991) to  model radiative transfer in W R  stars, 

prim arily to  provide an independent check on line profiles calculated using analytical 

techniques but also to  model the polarization of emission lines produced in non-spherical 

geometries. The code has been further modified in this study to  include a core-halo 

approxim ation which is required in the analysis of OB sta r spectra.

The following description is based on th a t given by HiUier (1991).

C.2 Code inputs

The code requires an emission Une source function in order to  com pute the Une profile. In 

practice these source functions were obtained from the detailed statistical and radiative 

equiUbrium codes developed by HiUier for W R stars and the STATEQ statistical equiUbrium 

code developed in this study for the modeUing of OB sta r winds.

The model wind structure  is defined in term s of concentric spherical sheUs (typicaUy 

50-100), w ith the physical param eters of each of these sheUs defined in the input deck. 

Table C .l details the param eters required for each spherical sheU. If and OB s ta r  wind is 

being modeUed the core-halo approxim ation is used and the photospheric continuum  flux 

at the Une wavelength m ust be given.
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T a b l e  C .l :  Parameters required for e l e c

Param eter Description

r i The radius of the sheU
V The wind velocity
T The electron tem perature
m The Une emissivity
XI The Une opacity
a The velocity gradient
V The therm al emissivity
X The to ta l continuum opacity
Xes The electron scattering opacity

For optically thick winds the probabihty P/ of a  hne or continuum  photon begin pro

duced is calculated from

= S y j d V  + SyTjdV

where V  is the wind volume. For winds with an optically thin continuum  the probability 

is com puted using
I v V l d V  .

' J y v d V +   ̂ ’

where is the continuum flux moment and R  is the photospheric radius. In practice Pi 

is an input param eter (usually 90%) and the photons are weighted to correct for the  true 

value of Pi .

Continuum  photons may be absorbed by the hne. Each continuum  photon followed 

through the random  walk is treated  as a band of photons covering a range of frequencies 

(typicaUy ±5uoo of the Une centre to  ensure no photons are lost) with associated weights. 

In order to  account for Une absorption these weights are a ttenuated  by the Sobolev optical 

depth for the range of frequencies corresponding to a resonance zone.

C .2,1 P h o t o n  in it ia liz a t io n

If u is the random  variate such th a t

f 1 0 <  0 <  1
 ̂ "  (C.3)
I 0 otherwise

then the radial direction of the original photon position for an axisym metric geometry is

» = f ( u )  (C.4)
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and

4> — 7r(2u — 1) (C.5)

where f { u )  is the latitudinal dependence function. The radius at which the photon origi

nates is biased in order th a t the bulk of the  photons escape. The continuum  bias function

is

6c =  e x p |r ( r ) | (C .6 )

where

T {r )=  I  y J x { x - X e s ) d r  (C.7)
J r

while the Une bias function is

^ -  exp (-ro )] (C .8)
To

where

where i>o is the Une frequency. Once the initial photon position is determ ined the probabil

ity th a t the photon escapes to  the observer m ust be calculated. For a continuum  photon 

this value is

oexp(-Tc)/47T (C.IO)

where Tq is the continuum optical depth to  the observed and a  is unity except for photons 

th a t cross a resonance zone in which case

a = exp(-T /) ( C . l l )

where

and

and 11 is the angle between the emission direction and the radial vector. The probability 

th a t a line photon escapes to  the observer is

a/5exp(rc) (C.14)

where (3 is the angle-dependent Sobolev escape probabihty given by

(C.15)
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At the photon origin o; =  1 since the hne photon is produced in a resonance zone and the 

velocity law is monotonie. The first scattering is forced; if Tmax is the optical depth  to  the 

wind boundary then Tc, the continuum optical depth to  the next scattering is found from

 ̂ l - e x p ( - r . )
1 -  exp (-Tmax)

and the photon m ust be weighted by a factor [1 — exp(-rm ax)]' Only the continuum  optical 

depth to  the next scattering is considered. If the photon pa th  traverses a  resonance zone 

then the photon is reweighted by a factor a.

C .2 .2  T h e  s c a t t e r in g  e v e n t

The frequency of the photon is adjusted to  the rest frame of the scattering electron. The 

photon is forced to  be scattered rather than  absorbed so the photon weight is m ultiphed by 

the albedo (Xes/x)- The probabihty of the photon escaping to  the observer is calculated 

(equation C.IO) and the observers profile is updated using the Stokes param eters th a t 

have been transform ed into the observers frame. The new direction of the photon is found 

from the dipole scattering phase m atrix.

C .2 .3  T h e  r a n d o m  w a lk

Once the new photon direction has been found, the Stokes param eters are transform ed 

and the location of the next scattering is calculated using the continuum  optical depth. 

The line absorption is accounted for using the weight factor a. This scattering loop is 

repeated until the photon strikes the core or the photon escapes.

C .2 .4  A x is y m m e tr ic  g e o m e tr ie s

The axisym metric geometry is defined using a latitudinal function f{ fi)  where = cos 9. 

This function may be normahzed so th a t the mass-loss ra te  is conserved by

/  /(/^)<^At =  l  (C.17)
Jo

The emissivity and opacities are density-squared functions since they are dom inated 

by recom bination, and the electron scattering opacity scales linearly with density. Hence

% (r,/i) =  % (r)/^(/i)

T]i{r,fJ>) = ?7 /(r)f (^)
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Xes(r, m i/) =  X es(r)/(//)

(C .18)
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A ppendix D

Brown and M cLean analytical 

form ulation

The seminal paper of Brown & McLean (1977) presented expressions for the continuum  

polarization from a generalized axisymmetric optically thin electron distribution. The 

following section presents the Brown and McLean analysis.

The stellar frame is expressed in spherical polar coordinates (r, with an isotropic 

point radiation source situated at the origin 0 .  The cartesian frame for the s ta r is desig

nated as (z , y, z) and the symm etry axis of the envelope is Oz. The observer’s cartesian 

reference frame {x', y', z') is ro ta ted  through angle i (the inchnation) about the  Oy  axis 

relative to  the  stellar frame.

The axisymmetric envelope is described by the electron density n{r,6,(j)) = n{r,6).  

R adiation em itted from the source is scattered through angle % at point P  towards the 

observer situated  at E.  The scattering angle % is related to  the stellar fram e by

cos% =  — cos# cosz -h sin # sinz cos(j) (D .l)

If the intensity a t O is I q e rg s“  ̂sterad"^ then the scattered intensity d li  scattered  in 

volume dV  is

dll  = #)(1 +  cos^ x )d V  (D.2)

where
3

o~o = (D-3)I dtt

and (Tg is the Thom son scattering cross-section. Integrating over the volume element dV
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y,y'

y,y'

F i g u r e  D .l :  O z is the symmetry axis o f  the envelope. The photon source is located at 
0 .  The observer’s cartesian frame {x \y 'y z ' )  is rotated by angle i about Oy relative to 
(æ ,î/,z ). A general photon path is shown (bold line). The photon is released from O, 
scattered through angle x  at P  towards the observer at E .
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(=  s'm 6drd9d(f)) gives the to ta l scattered intensity

■OO /•! /‘27TP O O  P L  PZ- Ï Ï

h  = IqUq J  J  J  +cos'^ x ) drd/j,d(l) (D.4)

where fi =  cos 9. The degree of polarization Pl  at F  is given by

^  1 — c o s  X  _  ^ m a x  I m in  /p .  r \

^  1 +  C0 S2 X  I m a x  +  I m in

The polarization direction of radiation scattered at P  lies perpendicular to  O P  and O E .  

The direction vector is norm al to  the line of sight O x'  and makes an angle w with Oz'

cos#'
sino; =  --------------------------------- -J- (D .6)

(cos^ 9' +  sin^ 9' sin^ (f>')

Transforming to  the (r, 9, (jy) frame gives

cos # sin z +  sin # cos 2 cos 0  _  .
=  7--------- — — : :— -— :— ;— ^  (d -^)

(cos # sin 2 +  sin 9 cos i cos (fy) +  sin^ 9 sin^ cfy

The intensity of the electric vector may be split into two components dl^f (the component

of the vector projected onto Oz')  and dlyi (the component of the  vector projected onto

Oy'). These components are given by

diz' — I m a x  COS iO T  I m in  s i n  W (D .8)

and

dlyi — I m a x  sin LÜ T  I m in  COS W (D.9)

which give

dl;z' — dly! — Pijdl\ — 2 sin^ (D. 10)

and from equations D .2 and D.5 we get

dlz> -  dly! = - ( 1  -  co s^x )(l -  2 sm^ uj)Ion{r, /j,)(7odrd/id(l) ( D .l l )

The polarization Pg from all scattered flux is given by the volume integral

P, = (D .12 )
h

Io<̂ o
:—  /  /  /  n ( r , / i ) ( l  — c o s ^ x ) ( l  “  2 s i n ^ o ; ) d 0 d / / d 7
1 Jo J - l  JoI

Transforming to  the stellar frame we obtain

Io(To '•27T
P  =

(Jn f  f
:— /  /  /  T i { r , i i )  1 — (—COS #  COS 2 +  sin #sin 2 cos<^)^ (D.13)
1 */ 0 */—1 J 0/ l  -

-2(cos # sin 2 +  sin # cos 2 cos 0 )^ d<f)dfidr
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Using axial sym m etry about Oz we get

-Ps =  —T ^ sin *  f  f  {1 — 3iJ,^)n{r, ii)diJ,dr (D.14)
i l  Jo J - i

Substituting for I i  gives

p  ^  s in ^ ^ jT  J l i { l - ^ f ^ ^ ) n { r , i i ) d f i d r

fo° f - i  [(2 +  sin^ i) +  (2 -  3 sin^ n(r, fi)dfidr

Equation D .l5 m ay be rew ritten in the simplified form 

where

(D.17)

1 =  .J~r \  . . (D IS )

and
J T  J l in { r , f i ) f i ‘̂ dfidr 

/o°° J l^n{r ,f i )d f id r

The polarization of the scattered flux (Ji)  is diluted by the unpolarized continuum  flux 

( I q )  giving the residual flux Pr  where

Pr  = T % - «  (D.19)
I q  +  i l  I q

Substituting for / i  we obtain

h 2 (7  +  l)  +  ( l - 37)s in " i (D.20)

where
g  roo r \

^  ^  32^^ Jq y   ̂ (D .21)

Hence from equations D.16, D.17 and D.20

f R % 2 f ( l - 3 - y ) s in ^ z  (D.22)

Equation D.22 suggests th a t the polarization of any general axisym metric optically th in  

envelope depends only on its inchnation and the shape factor 7 .

The point-source assum ption is only vaUd at large distances from the source, where 

the finite cone angle of the incident radiation is small and the radiation is highly “forward 

peaked” . Near the  stellar surface the finite cone angle is much larger and and the radial-

stream ing approxim ation is invahd. CassineUi, Nordsieck & M urison (1987) derived a

hnite-disk correction factor th a t may be apphed to  the Brown and McLean analysis. This 

correction factor is given by

D{r)  =  (1 -  R l / r y / ^  (D.23)
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The depolarization factor is zero at the stellar surface and rises to  unity a t infinity, where 

the forward-peaking of the radiation field is high. The depolarization factor is particularly 

im portan t for Of star winds, where the electron scattering region is close to  the  stellar 

surface and the Brown and McLean analysis would overestim ate the  polarization.

The finite disk of the star is also im portant because it occults part of scattering en

velope. Fox (1991) extended the Brown and McLean analysis to  include the hnite-disk 

depolarization factor and occultation. It was shown th a t the P  oc sin^ i relationship de

rived in the Brown and McLean analysis is not valid when occultation is included and 

th a t furtherm ore no simple relationship holds between polarization and inclination for a 

general axisym metric envelope.
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A ppendix  E

R adiation-driven wind theory

E .l Introduction

The following section outlines radiation-driven wind theory. The formalism is based on the 

papers of C astor, A bbot & Klein (1975, hereafter CAK) and Pauldrach, Puls & Kudrizki 

(1986, hereafter PPK ) .

E.2 R adiation-driven wind theory

The force due to  a single line per unit mass of m aterial in the optically th in  (single 

scattering) regime is

f r a d ,L  =  -̂̂ ^ ‘'j ^ ^ -n iin ( l ,  1 / t l )  (E .l)

where kl  is the  m onochrom atic hne absorption coefficient per unit mass divided by the 

hne prohle function and A vd is the Doppler width. Fc is the continuum  flux a t the hne 

frequency. In the  Sobolev approxim ation (SA) (Sobolev 1958) random  therm al motions 

of the m aterial can be neglected against the  macroscopic how velocities i.e.

dv
dr <  Lind (E.2)

where Uth is the  therm al velocity and Lind is the scale length of the wind. The Sobolev 

optical dep th  for a given hne is

where /x is the cosine of the angle between the ray direction and the radial vector. If we 

introduce the param eter /5, the ratio  of the mass scattering coefficient of the free electrons.
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CTg, to the line opacity k l  we can define an optical depth  variable t which is independent 

of the line strength

t = (3tl

(^ePVth (E .4)
(1 -  ji^)vlr  +  ii^dv/dr 

The to ta l force is simply obtained from the sum of equation E .l over all lines. Hence

/rad = ^ M ( i )  (E.5)

where c is the speed of light. The factor (JeFjc is the force due to continuous absorption. 

M{t )  is the force m ultiplier function which expresses the contribution from aU spectral 

lines

!^{t) = E  -î-j (E.6)

The /? param eter is related to  the level populations and the oscillator strength  by

1 N i / g i -  N ^ / qu 1
0  = ^

CAK found th a t  a  good fit to  the force-multiplier was

McAK =  kt~°‘ (E .8)

where k represents the num ber of driving hnes and a  represents the ratio  of weak to  strong 

hnes.

There are two equations which govern the wind dynamics in the steady-state  theory. 

The first is the mass conservation equation

= constant (E.9)

and the second is the  m om entum  balance equation

=  +  +  (E.10)

where L  is the  stellar luminosity, G  is the gravitational constant,and pg is the gas pressure. 

The equation of s ta te  is

Pg = po? ( E . l l )

W here a is the isotherm al sound speed. Pg can be found using equations E.9 and E . l l

=  iirr'^PgV (E.12)
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