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Summary

The changes that a star undergoes during the dying process are the most dramatic of
its lifetime. These changes result in the most important interactions between a star and
its environment, indeed it is in this area of research that some of the most challenging
astrophysical problems still remain. For most stars, mass-loss becomes significant when
they approach the end of their lives and enter the red giant evolutionary phase. This
mass is lost in the form of a relatively dense and slow-moving wind which enriches the
interstellar medium with material that has been processed inside the star and which is
required for the formation of new stars and planets. However, despite the importance and
ubiquity of these winds much remains unknown about the outflow conditions and charac-
teristics and, furthermore, the physical processes which drive the mass-loss are unknown.
Indeed, the mass-loss question remains arguably the most important outstanding problem
of stellar astrophysics. For isolated giant stars, the diagnostics that can be obtained from
observations are limited, with only disk-averaged information being directly observable.
Spatially resolved observational constraints, in particular within the wind acceleration
zone at the base of the outflow and close to the stellar photosphere, are required.

This thesis presents a series of 20 FUSE (Far Ultraviolet Spectroscopic Explorer) and
HST/STIS (Hubble Space Telescope/Space Telescope Imaging Spectrograph) observations
of the bright symbiotic system EG Andromedae. The system consists of a low-luminosity
white dwarf and a mass-losing, non-dusty M2.4 red giant star. The main motivation be-
hind obtaining these ultraviolet spectra is to derive spatially resolved information on the
giant wind in order to understand the mass-loss and wind heating mechanisms at work
in evolved giants. The orbital elements of the binary are well understood and the dwarf
star is known to undergo eclipse every 482 days. The ultraviolet observations follow the
white dwarf continuum through periodic eclipses by the wind and chromosphere of the
giant, providing a unique, spatially resolved diagnosis of the circumstellar gas in absorp-
tion against the attenuated dwarf continuum. The atomic transitions in the ultraviolet
wavelength region enable both the hot, ionised gas close to the dwarf and also the cooler
material in the wind to be diagnosed. In addition, optical spectra and photometry are
presented.

Analysis of high and low-resolution optical spectra shows that the atmospheric struc-
ture of the giant star is not severely perturbed, either radiatively or tidally, by the presence
of the binary companion. It emerges that, although the photosphere is heated slightly and

the atmosphere is elliptically distorted on the 7-8% level, these effects are minimal. The



photospheric spectrum remains similar to that of isolated stars and the atmosphere can
be modelled as a normal giant. The photometry shows pulsational activity of the giant
which is typical of similarly evolved stars, as well as relatively large periodic variations in
the U-band.

The ultraviolet spectral variations are dominated by the effects related to the eclipse
of the dwarf by the giant atmosphere and wind. The uneclipsed spectra are dominated
by the dwarf continuum with emission lines from an ionised portion of the giant wind
superimposed on the continuum. The high ionisation features, such as the O VI resonance
doublet (which is present as a variable, broad wind profile) diagnose the hot gas close to
the dwarf component. This feature is variable on hourly timescales. During total eclipse
of the hot component, the spectrum is dominated by emission lines originating from both
the giant chromosphere and the extended photoionised section of the cool wind. Spectra
observed at stages of partial eclipse display a host of low-ionisation, narrow absorption
lines, with transitions observed from lower energy-levels up to ~5 eV above ground. This
absorption is due to chromospheric/wind material along the line of sight, with most lines
being due to transitions of Si II, P II, N I, Fe II and Ni II. Photoionisation modelling
shows that the white dwarf radiation does not dominate the wind acceleration region of
the giant, and that any derived thermal and dynamic wind properties are most likely
representative of isolated red giants.

Analysis of the wind absorption features provides spatially resolved information through-
out the base of the wind. The wind is found to be isothermal throughout the region that
is probed, with a derived Fe II excitation temperature of ~ 8 000 K. The ionisation level
along each line of sight is observed to be constant and symmetric around eclipse and
hydrogen remains predominately neutral. The absorption spectra are modelled success-
fully assuming collisional excitation and over 4,000 lines are identified and modelled. No
molecular features are observed in the wind acceleration region despite the sensitivity of
FUSE to molecular hydrogen. The terminal wind velocity is found to be 75 km s~ and
the mass-loss rate to be on the order of 1078 M, yr—!.

The damped wings of the hydrogen transitions define the ultraviolet continuum shape
at absorbed phases and allow a mapping of the distribution of material around the giant.
This information is used to derive a wind velocity profile that is incompatible with a low-
order beta law and implies a delayed onset of acceleration. This result is confirmed by a
photoionisation analysis of each sightline. The small-scale structure of the wind is found to
be clumpy, with the flocculi having scale dimensions of ~0.2 solar radii. Further analysis
shows that the wind acceleration is unrelated to the presence of dust or molecular/atomic

opacity, but is likely to be related to photospheric pulsations.
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stage [1], the objects progresses from a protostar to a main-sequence ob-
ject. As the collapsing core enters hydrostatic equilibrium it forms into a
spherical rotating object and begins to burn hydrogen in the core, officially
the point at which it becomes a main-sequence star (stage [2]). The ma-
jority of its life is spent at stage [2], after which it begins fusing helium in
the core and evolves up the RG branch (stage [3]). The star undergoes fur-
ther internal changes, becomes more luminous and the mass-loss becomes
higher until, eventually, the star reaches the tip of the AGB (stage [4]). At
this point, so much mass has been lost that the core of the star becomes
visible, nuclear burning no longer occurs, and the contracting core releases
thermal energy and evolves to stage [5] (where many planetary nebulae are
located). Finally the star progresses down the white dwarf cooling track
(stage [6]) until the core remains a degenerate, cool, low-luminous body. . .
Left: Seven thousand light years distant, the planetary nebula Abell 39
spans six light-years in diameter. The object has progressed through the
main-sequence and red giant evolutionary phases to its present state where
the hot exposed core ionises those outer layers that it expelled thousands
of years previously. Right: Artist’s impression of a symbiotic system with
the white dwarf accreting material from the cool, red companion. . . . . .
Left: Artist’s impression of FUSE in orbit. The background image is the
galaxy M31, as viewed in the ultraviolet by the GALEX satellite. (Graphic
courtesy JHU FUSE Project.) Right: The Hubble Space Telescope in its
low-earth orbit 569 km above the Earths surface. This picture was taken

after the second servicing mission in 1997. (Image courtesy of NASA.) . . .
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Red Giant Mass-loss and Symbiotic Stars

The materials required for the formation of planets, solar-like systems and, eventually, life
were synthesised from hydrogen and helium within previous generations of stars. However,
the question as to how the majority of this material is unlocked from the stellar gravity and
transported outwards remains what is arguably the most important outstanding problem
of stellar astrophysics (e.g. Harper, 1996). The bulk of the very heavy elements are
delivered to the interstellar medium (ISM) by rare * stellar explosions known as supernovae
and, indeed, these events are well studied. However, the vast majority of carbon, nitrogen
and oxygen (CNO) and other light elements originate in the dense winds of stars in the
red giant (RG) stage of evolution. Indeed, in the solar neighbourhood these stellar winds
replenish up to 3/4 of the interstellar medium. However, despite the fact that these stars
produce the bulk of CNO in the universe, the mass-loss processes in these objects are not
understood. Furthermore, the gas dynamics and physical conditions in the layers above
the stellar surface cannot be accurately modelled and reliable observational information
is sparse.

In this introductory chapter, the mass-loss problem is outlined in some detail. These
evolved objects are placed in an evolutionary context and both the historical and current

status of the research in this field is discussed. The class of stellar binary objects known as

Isupernovae rates of only ~1-2 per century in our galaxy
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symbiotic stars are introduced, followed by a description of how the analysis of ultraviolet
observations of these systems will be utilised in this work to gain an understanding of the

red giant mass-loss process.

1.1 Stellar Evolution and Mass-loss

With the possible exception of the most compact stellar objects, such as white dwarfs,
all stars are known to lose mass in the form of a stellar wind. These mass outflows
are detected in a number of differing ways, including observations of classical P-Cygni
line profiles?, extended circumstellar shells and circumstellar reddening. However, even
though mass-loss appears to be ubiquitous across the whole range of stellar types, it is
well recognised that the wind generation processes and, indeed, the nature of the winds
themselves, depend on the properties and evolutionary status of the host star. In order
to place red giant mass-loss in context, it is instructive to examine how stars evolve into

these relatively cool and tenuous objects.

1.1.1 Evolution to the Red Giant Branch

When a collapsing condensed core of a molecular cloud becomes hot and dense enough for
hydrogen fusion to take place, the protostellar object becomes what is known as a main-
sequence star. The main-sequence is a relatively stable evolutionary phase where stars
spend up to 90% of their lives. A diagram commonly used to analyse the evolutionary
status of stars is the Hertzsprung-Russel (HR) diagram. Essentially, this is a log-log plot
of stellar luminosity against temperature. On the HR diagram, the main-sequence stars
appear as a broad and densely populated band running from the bottom right to the top
left corner (see Figure 1.1, left). As can be seen in Figure 1.1 (left), the majority of the
low mass stars (including our own sun) are found in the lower right hand corner of the
diagram. The coolest of these stars are designated to have spectral types of K or M. The
more massive stars (the hottest of which are designated type O or B), located in the upper
left corner, burn their hydrogen supply much faster and spend only a limited amount of
time on the main-sequence.

Stellar evolution after the main-sequence depends strongly on the initial mass of the
star. Those more massive stars (typically initial masses > 8Mg) require large amounts

of energy to counteract the large inward gravitational forces and typically expend their

2P-Cygni features are characterised by a strong emission line with a corresponding blueshifted ab-
sorption feature superimposed. The absorption is produced by material moving away from the star and

toward the observer, whereas the emission comes from other parts of the expanding material.
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Figure 1.1: Schematic HR diagrams. The diagram on the left shows the position of
main-sequence stars with different radii and masses. The diagram on the right shows the
evolution of a low-mass star across the HR diagram. At stage [1], the objects progresses
from a protostar to a main-sequence object. As the collapsing core enters hydrostatic
equilibrium it forms into a spherical rotating object and begins to burn hydrogen in the
core, officially the point at which it becomes a main-sequence star (stage [2]). The majority
of its life is spent at stage [2], after which it begins fusing helium in the core and evolves
up the RG branch (stage [3]). The star undergoes further internal changes, becomes more
luminous and the mass-loss becomes higher until, eventually, the star reaches the tip of
the AGB (stage [4]). At this point, so much mass has been lost that the core of the
star becomes visible, nuclear burning no longer occurs, and the contracting core releases
thermal energy and evolves to stage [5] (where many planetary nebulae are located).
Finally the star progresses down the white dwarf cooling track (stage [6]) until the core

remains a degenerate, cool, low-luminous body.

hydrogen core after a few million years. The star then moves away from the main-sequence
and ‘burns’ helium in its core. The helium is eventually fused into progressively heavier
elements until the core is finally composed of iron. Eventually, the remains of the stellar
envelope is ejected during the course of a dramatic and high-energy supernova explosion,
leaving the core to collapse to form a neutron star or black hole.

Less massive stars (initial masses < 8Mg) spend a much greater amount of time on
the main-sequence (up to billions of years), due to the reduced energy requirements for
resisting gravitational contraction. When the hydrogen in the core is eventually exhausted,
changes take place in the stellar envelope that are equally as dramatic, although less
explosive, than the changes that occur in their high-mass counterparts. The reduced
energy generation in the core results in its contraction, which enables ignition of helium

fusion in the the core. This generates large amounts of energy, allowing the stellar envelope
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to cool and expand, resulting in the star’s progression up the first giant branch (FGB).
For intermediate and low-mass stars, it is in this phase that mass-loss really becomes
significant (Schaller et al., 1992) enriching the surrounding region with processed elements.

As the star progresses further up the giant branch, the nuclear processes in the star’s
interior change fundamentally (with helium being synthesised into progressively heavier
elements). This results in large increases in the stellar luminosity and radius, accompa-
nied by a cooling of the surface layers. The structure becomes increasingly pulsationally
unstable, with more and more material being lifted off the surface in the form of a massive
stellar wind. This wind carries the results of the internal nuclear processes and provides
the building blocks for future generations of stars and planetary systems.

After the core helium has been converted to carbon and /or oxygen, the star enters what
is known as the asymptotic giant branch (AGB) phase. By the time the star has evolved
to this point on the giant branch, enough mass has been lost to enable the formation of
a cool, dusty circumstellar shell. The outer layers of the star continue to expand and
become cooler, with the amplitude of the pulsations in the stellar atmosphere increasing
dramatically. The star leaves the AGB phase when the envelope mass decreases below
about 0.001Mg and the strong mass loss ends. The central core retains its luminosity
but contracts, resulting in a corresponding increase in temperature. The increase in
temperature results in a large increase in the emission of ultraviolet and x-ray continuum
photons, often resulting in the ionisation of the ejected stellar envelope. This process
leads to the formation of complex planetary nebulae. An example of one such planetary
is shown in Figure 1.2. The core then becomes a hot compact white dwarf (WD) and
since it is no longer producing energy, it proceeds down the WD cooling track of the HR
diagram. See Figure 1.1 (right) for a graphical view of the evolution of a low-mass star

across the HR diagram.

1.1.2 Stellar Photospheres, Chromospheres and Winds
1.1.2.1 Stellar Photospheres

The photosphere of a star is the layer of the stellar atmosphere that we know most about;
it is generally the layer that we can directly observe. It is defined as the region where the
optical depth reaches unity, where the atmosphere becomes transparent and the photons
have a reasonable chance of escaping directly from the star and making the journey across
space. Although the depth of this layer will vary with wavelength (especially close to the
wavelengths of strong atomic transitions), for a star like the sun, the photospheric layer is

reasonably well defined. However, due to their lower temperatures and surface gravities,
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and also due to their pulsations and heavy mass-loss, evolved giant stars do not have such
a clear boundary. By contrast, the atmosphere is extended, inhomogeneous and at some
point becomes a strong outflow of gas (and possibly dust). For such objects, the nature
and extent of the photosphere are more difficult to characterise.

(Classifications of giant stars are usually based on the photospheric molecular and
atomic features that are observed in the visible and infrared regions of the spectrums?.
The presence and strengths of these spectral features are primarily dependent on the
temperature, chemical abundance and gravity in the photosphere, and it is these physical
parameters that are generally used to characterise stellar atmospheres. Due to the fact
that the photospheres of most giant stars are cool enough (T<4,500 K) for molecules to
form, the appearance of the spectrum from the optical to the far-infrared (IR) is heavily
influenced by absorption bands of molecular species. Several molecules present such a
wealth of spectral lines that they become a pseudo-continuous opacity source. At optical
wavelengths, oxygen-rich giants show strong bands of TiO and VO. For S stars, which
have approximately equal amounts of oxygen and carbon, the most characteristic band on
display is that produced by ZrO. In carbon-rich (C) stars, all molecular bands are from
carbon compounds. The observation that many photospheric molecular features are due
to either carbon or oxygen based molecules can be understood in terms of the favourable
energetics for formation of the CO molecule. The majority of carbon and oxygen in stellar
photospheres therefore exists as CO which is very readily formed, leaving the remains of
which ever species is more abundant to form molecules with other species. In the infrared,
most M stars have strong absorption by H,O, CO, SiO and OH. For a detailed description
of observations of the photospheres of cool stars see Gray (1976).

The fact that molecules can form in the low density photospheric environment of cool
stars is the prime reason why the modelling of giant atmospheres can be such a difficult
process. It is important that the large range of molecular opacities are taken into account,
in addition to the usual opacity sources such as H~. Furthermore, for many strong atomic
and molecular transitions the LTE (Local Thermodynamic Equilibrium) approximation
becomes invalid at the low densities present in giant photospheres, further complicating
the computational modelling. When modelling most stars the atmospheric layers can
be assumed to be in a plane-parallel geometry and a one dimensional approximation is
usually sufficient. However, for extended giant stars, a plane-parallel atmosphere is not

appropriate. Thus, full radiative transfer treatment is required. In addition to these com-

3 Although there are also further sub-divisions based on their pulsational behaviour (irregular, semi-
regular or Mira-like) or on properties of the circumstellar environment (e.g. OH/IR stars showing OH

masering and a large IR excess.
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plications, strong mass-loss and atmospheric pulsations further complicate the structure,
making the difficulties in modelling these objects apparent. Despite these problems, re-
cent advances in computational hardware and modelling techniques have made it possible

to model these photospheres to reasonably high degrees of reliability.

1.1.2.2 Evolved Stellar Winds & Chromospheres: An Historical Perspective

Although optical prism observations of novae and massive hot stars in the 19" Century
established that strong outflows from stars do exist, the fact that red giants have stellar
winds was not solidly established until Deutsch (1956) presented his observations of the
binary system « Her. The system consists of an M5 giant in a wide orbit with a secondary
binary system containing two hotter dwarf stars. Deutsch noticed that the spectrum of
the secondary could be used as ‘a very convenient probe’ to analyse different regions of
the M star’s outer wind in absorption. He found velocity-shifted wind absorption lines
that were present in the spectrum of the circumstellar envelope of the M star, and also in
the spectrum of the secondary. Since the orbital separation is very large, these features
must be due to gas that has escaped from the M star and envelopes both components,
thus providing evidence for mass-loss from a red giant. Further studies of mass-loss from
giants was primarily based on the observations of low-velocity (10 — 30 km s7!), blue-
shifted circumstellar absorption features of low-ionisation species in M giants. Detailed
reviews of the early studies of red giant winds had been presented by Deutsch (1960),
Reimers (1975), Reimers (1977) and Goldberg (1979). The question however, as to what
lay between the photosphere and the cool outer portions of the wind was not addressed.
Taking the sun as an example, what lies outside of the photosphere is the region known
as the chromosphere. This is a region, approximately 2500 km thick, which sees a rise in
temperature from ~5,600 to ~10,000 K, even though the density continues to decrease.
Moving outwards, this layer is followed by the transition region, where the temperature
rises sharply until the corona is reached. The corona and is an extremely hot (millions of
degrees) and tenuous region that extends outwards to the interstellar medium.
Following the launch of IUE (International Ultraviolet Explorer) the important diag-
nostic transitions in the ultraviolet wavelength region could be observed for a range of
evolved stars. These spectra provided evidence for the existence of some, or all, of these
layers in cool giants. Many studies of cool giants based on IUFE data (e.g. Carpenter, 1986;
Stickland & Sanner, 1981) revealed the presence of a rich ultraviolet emission line spec-
trum (e.g. lines of C II, O I, Mg IT and Fe II), characteristic of chromospheric conditions.
Stencel (1981) reviewed the evidence for the extension of this chromospheric region over

several stellar radii, contrary to the narrow chromosphere present in the sun. He states:
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‘It seems physically appealing that among red giants which show no evidence for hot coro-
nae, the chromosphere occupies a volume homologous to that of coronae in warmer, higher
gravity stars.” Indeed Carpenter et al. (1985) went on to find that there exists ‘a clear
difference in the radial extent of the chromospheres around coronal and noncoronal stars.
The former stars appear to have very thin chromospheres (of no more than 0.1 percent of
the photospheric radius), while the latter stars have chromospheres extending, on average,
out to 2.5 photospheric radii.” The case is not clear though. Luttermoser et al. (1994)
finds that for their chromospheric models of an M6 giant the ‘chromospheric emission
features are formed relatively close to the star (< 1.05 giant radii)’. It is therefore ap-
parent, that for cool giants, the extent of the chromosphere and the physical conditions
within it are still not fully identified.

The coolest giant stars do not display evidence of circumstellar material heated to
temperatures exceeding those expected in chromospheres. However, it emerged from the
analysis of the ultraviolet and X-ray observations in the late 1970s and early 80s that some
cool photospheric giant stars do display emission lines, characteristic of coronal conditions
(Antiochos et al., 1986; Ayres et al., 1981; Linsky & Haisch, 1979). It was suggested
that cool stars can be divided into two very broad categories, coronal and non-coronal
stars. As reviewed by Carpenter (1998) ....‘The first group (coronal stars) include active
stars such as flare stars, all cool dwarfs, giants earlier than K2, and supergiants earlier
than about GS8. The outer atmospheres of these stars are similar to that of the sun in
that they exhibit a chromospheric temperature rise above the photosphere (to temperatures
~ 5,000—10,000 K), above which is located a hotter transition region (temperatures ~1(P
K), and then an even hotter corona (temperatures~1(° K).....The second group (non-
coronal stars) includes giants later than K2 and supergiants later than G8. The outer
atmosphere of these stars show the same chromospheric temperature rise as the coronal
stars, but in general show little or no evidence of transition regions or coronae.’ This
division positions the majority of red giants as non-coronal objects. However, it was soon
discovered that there were intermediate objects, the so-called hybrid stars (Hartmann
et al., 1980; Reimers et al., 1996). These stars have spectral types placing them in the
non-coronal category, although they display evidence for the existence of high temperature
circumstellar material. Nevertheless, this modified categorisation still places red giant M
stars (which include all AGB stars) firmly in the non-coronal category. Multiple dividing
lines and refinements on the classification are discussed by Reimers et al. (1996).

The only directly observable information available for point-source stars are disk-
averaged global properties, such as the mass-loss rate and the terminal wind velocity

(and even these values are notoriously difficult to measure for normal isolated red giants).



1.1 Stellar Evolution and Mass-loss 8

Generally, in order to gain information on the spatially resolved structure of the outer
layers of isolated stars, a model of the circumstellar material must be assumed a priori.
In order to gain a more direct knowledge of the chromospheric and wind structure, re-
searchers in the 1980s again looked towards the benefits of observing binary systems; this
time in the ultraviolet with IUE and more recently the HST (Hubble Space Telescope).
The first in a large series of papers analysing the IUE observations of the ¢ Aurigae
and VV Cepeid binary systems was published by Hempe (1982). The main results of
these studies are summarised in a number of review articles (e.g. Baade, 1990, 1998; Car-
penter, 1992; Dupree & Reimers, 1987; Guinan, 1990; Harper, 1996; Linsky et al., 2000;
Reimers, 1987). These ultraviolet studies of eclipsing binaries cast light upon the temper-
ature structure, radiative processes and physical distribution of the circumstellar material.
However, as noted by Linsky et al. (2000), it was often difficult to disentangle what effects
the hot companion star was having on the giant wind; the most notable problem being
the complex ionisation structure generated by the ultraviolet continuum of the secondary.
‘The ionisation structure in the wind is complex..... The properties of the wind are time-
dependent.....the mass-loss is variable on a time-scale of several months, the wind density
does not repeat from orbit to orbit’. Harper et al. (2005) also find that ‘the wind from ¢
Aur does not accelerate as fast as those inferred in single stars of similar spectral type’,
implying that the presence of the companion may significantly alter the wind acceleration
profile. It is therefore necessary, when using the binary technique, to try and understand,
as much as it is possible, to what extent the companion star is altering the giant’s wind.
However, as noted by Baade (1998), ‘the UV binary technique permits us to examine the
physical properties of the tenuous layers of these stars unobtainable by other means.” He
concludes that ‘It results from these studies that circumstellar envelopes of cool, evolved

stars are more complicated than previously expected.’

1.1.2.3 Evolved Stellar Winds and Chromospheres: Current State of Re-
search

The advances made towards understanding the chromospheres and winds of evolved stars
in the 1960s, 70s and 80s began to stall in the early 90s, and today much remains unknown.
The case for cool evolved stars is in stark contrast to those stars of different spectral types.
For hot massive luminous stars, the radiation pressure on the outer layers of the star is
known to impart energy into the outer layers and to drive the mass-outflows (e.g. Owocki,
1994). For main-sequence solar-like stars, where the rates of mass lost are much less

(~1071 My, ), the hot tenuous winds are predominantly driven by Alfvén waves through
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coronal holes (e.g. Lamers, 1997)*. However, for the majority of red giant stars the basic
mass-loss processes at work are not understood. Indeed, for stars of spectral types between
KO II-IIT and M5-M6 II-ITI, much remains unknown about the regions above the visible
photosphere and the transportation of the material that is processed inside these objects
to the interstellar medium (e.g. Judge & Stencel, 1991).

For those stars approaching the tip of the AGB, the stellar winds are thought to be
driven in a two step process. At stellar distances where dust can form (typically at least
5 Rpgg), radiation pressure on dust and subsequent dust-gas collisions can explain the
observed wind properties. Stellar pulsations are thought to levitate matter out to regions
conducive to dust formation. This combination of pulsations and subsequent radiation
pressure on dust can, in theory, account for the large mass loss rates observed in heavily
evolved giants. However, much of our knowledge of AGB stellar winds comes from the
circumstellar shells around the objects, and is not observed from the wind acceleration
region itself. These stars can be totally obscured by the dust which absorbs efficiently in
the visible region of the spectrum. These dust shells often produce maser emission ® of
SiO, OH and H,O far out in the stellar wind. Both molecular emission lines and masers
can be imaged, giving detailed information about the extent and shape of the outer limits
of the wind and circumstellar shell. However, this technique only provides information on
the outermost part of the wind, where the material has cooled sufficiently to allow dust
and molecules to form and where the wind is strongly affected by the ambient medium.
Observational information on the inner part of the wind is still sparse and is required in
order to test the hypothesis that radiation pressure on dust is the primary instigator of
mass-loss in these objects. For instance, although working models exist where dust and
gas are initially driven by shocks and where the photospheric radiation pressure on dust
expels the material from the star, Judge & Stencel (1991) suggest that ‘dust formation is
not the primary instigator of mass-loss from most cool giants.” Their empirical analysis
of the global thermodynamic requirements of the outer atmospheres of a range of cool
giants finds that while dust plays an important role in AGB mass-loss, it only dominates
the stellar wind when the star reaches the very last phase on the AGB and becomes an
infrared carbon star. They conclude that the energy fluzes required to drive the winds of
K and later giants, both with and without detectable dust, may be independent of the dust
shell optical depths....the primary process(es) supplying the enerqy leading to mass-loss

4For a full discussion of the various type of wind driving mechanisms and the regimes in which they

dominate see Lamers & Cassinelli (1999).
®masering (microwave amplification by stimulated emission of radiation) is a common formation mech-
anism for producing strong, narrow emission lines in the molecular circumstellar envelopes of AGB stars.

See Diamond (2002); Lamers & Cassinelli (1999) and references within for details.
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from cool giants require(s) energy fluzes that increase rather smoothly with evolutionary
phases, until the star becomes an infrared carbon star. Evidently, the case for AGB mass-
loss is not clearcut and much work remains to be carried out.

AGB stars only account for a fraction of all red giants and the situation is even more
uncertain for those stars on the first ascent of the red giant branch. These stars do
not possess significant cool, dusty circumstellar shells and their pulsations are orders of
magnitude weaker. Clearly the strong winds that are observed in these stars pose major
problems for theorists. With the continuing improvement in stellar atmosphere modelling
and computational power, it is reliable observational constraints that are required to

provide the impetus needed to gain a solid understanding of this problem.

1.1.3 Overview of Known Wind Driving Mechanisms

The most important wind-driving theories are briefly outlined in this section. For a
detailed treatment see Lamers & Cassinelli (1999). There are a number of different mech-
anisms that can, in theory, drive a wind from a star. Many of these theories originated
in the 1950s and 60s when attempts were made to explain the origin of the solar wind. It
was at this time that Eugene Parker suggested that flows of material from the sun could

be driven by gas pressure gradients, resulting in the so-called solar wind.

1.1.3.1 Coronal Winds

In solar-like stars, the temperature rise directly above the photosphere is thought to be due
to the dissipation of mechanical energy or the reconnection of magnetic fields originating
in the convection zone below the photosphere. Since normal stars with a photospheric
temperature less than ~6,500 K are thought to posses convective zones, it follows that
chromospheres and coronae could, in principal, exist around all cool stars. The existence
of this hotter material above the photosphere can produce a gas pressure gradient that
can accelerate an outflow from the star. Coronal winds produce high-velocity outflows
with much lower mass-loss rates than those produced by other driving mechanisms. These
winds are only important in solar-like stars where no other wind mechanism contributes

to the mass-loss.

1.1.3.2 Sound Wave Driven Winds

The convection zones of cool stars generate acoustic waves in their photospheres which
can propagate outwards carrying wave energy to the outlying material. This produces a

wave pressure in the stellar atmosphere which can in theory drive a wind from the star.
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However, these sound waves can only effect the mass-loss rates of very low gravity stars,
and only then if certain stringent conditions hold. The importance of this process (or lack

of) is not fully understood.

1.1.3.3 Dust Driven Winds

The fact that a large excess of infrared flux is observed in many AGB stars led to the
idea that this emission was due to dust formed in the stellar wind and that the radiative
forces on this dust could actually drive the outflow. In this mechanism, the dust absorbs
the photospheric radiation, which heats the dust and results in energy being radiated
isotropically in the infrared. However, in addition to carrying energy, the photons also
carry momentum, and when the radiation from the star is absorbed by the dust, this
momentum is transferred to the dust particle. Since the radiation field of the star is
directional, the result is an accelerating flow of material moving outwards from the star.

This wind-driving mechanism results in a slow (~10-30 km s™!), but massive outflow.
However, it is only important for heavily evolved AGB stars where the material is cool
enough for dust to form, and also where the luminosity to mass ratio of the star is large
enough so that the outward forces exceed the gravitational forces. It is thought that
the process is very efficient in large-amplitude pulsating AGB stars (Miras) where the
pulsations can levitate material out to distances where dust can form and be subsequently

acted upon by the photospheric radiation.

1.1.3.4 Line Driven Winds

Line driven winds are important for hot, luminous stars (i.e. OB stars, hot main-sequence
stars, giants, supergiants, white dwarfs). These stars emit most of their continuum ra-
diation in the ultraviolet - the spectral region where lots of strong resonance transitions
of common elements are located. The opacity in these absorption lines is much stronger
than in the continuum and the large radiation force on ions in and above the photosphere

turns out to be very effective at driving a stellar wind.

1.1.3.5 Alfvén Wave Driven Winds

Since Parker’s original wind predicted only a steady, radial, structureless outflow, driven
by gas pressure gradients in the corona, the observation of temporal and spatial variation
in the solar wind remained unexplained until 1965. It was then that Parker refined his
theory to include open magnetic field structures which could do work on the wind and

where the wind characteristics would depend strongly on the field conditions at the base
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of the outflow. Alfvén wave driven winds typically have very high terminal velocities
(solar wind streams up to ~700 Km s7!) and are important for stars from all over the

HR diagram.

1.1.4 Relevance to Other Fields of Study

The rates at which stars lose matter to the interstellar medium is of central importance
in both stellar and galactic evolution. Mass-loss from stars can profoundly influence their
evolution and, in many cases, even decide their eventual fate. The evolution of the star is
influenced most dramatically in cases where the mass-loss time scale is comparable to the
core evolution time scale, or when the cumulative mass-loss is comparable to the initial
stellar mass.

In the case of galactic chemical evolution, mass-loss from stars plays an even more
crucial role. FEvolved giant stars in particular play a vital role in contributing large
amounts of processed material to the ISM, out of which new generations of stars will
form. This enriched gas is also the material from which stars and planets form, hence
the need to understand mass-loss in order to understand the initial conditions present for
star and planetary formation.

It is apparent that the lack of a theory of mass-loss with predictive power further am-
plifies uncertainties in stellar and galactic evolution models. However, it is also important
to gain a full understanding of the mass-loss and physical processes at work in evolved
giants for its own sake. Overall, it is desirable to be able to predict stellar mass-loss rates

from first principles.

1.2 Symbiotic Stars

Prior to the advent of space-based observatories, symbiotic systems were a poorly under-
stood phenomenon. Optical spectra revealed a continuum typical of a cool, evolved giant
star with characteristic low-ionisation atomic and molecular absorption features such as
Cal, Call, Nal, FeI, H,O, CN, CO , TiO and VO. What made these stars peculiar was
the presence of high ionisation (ionisation potential (IP) > 20 eV) emission lines that are
typically observed in hot gaseous nebulae. It was not until the late 1970’s and early 80’s
that UV observations with IUE confirmed the presence of an additional far-UV (FUV)
radiation source, thus proving the binary nature of these sources.

It is now accepted that symbiotic objects are binary systems typically consisting of a
hot white dwarf or subdwarf in orbit with a late-type giant star primary. The red giant

loses material in the form of a relatively slow (typically ~ 10 — 100 km s™!), dense wind,
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Figure 1.2: Left: Seven thousand light years distant, the planetary nebula Abell 39
spans six light-years in diameter. The object has progressed through the main-sequence
and red giant evolutionary phases to its present state where the hot exposed core ionises
those outer layers that it expelled thousands of years previously. Right: Artist’s impres-
sion of a symbiotic system with the white dwarf accreting material from the cool, red

companion.

and this material is photoionised by the hot WD (Typ ~ 10° K) continuum to produce
a rich nebular spectrum. The high-ionisation emission lines found in the spectra of these
objects typically diagnose electron densities of n, ~ 10 cm= and are thought to originate
in a part of the atmosphere/wind of the cool giant which is ionised by the hot companion.
The red giant continuum dominates the optical and infra-red spectral regions while the
continuum observed in the ultra-violet is primarily due to the hot component. Since
their discovery, symbiotics have been studied extensively, primarily with the purpose of
further understanding stellar evolution. For a general overview of symbiotic stars and
their features see Kenyon (1986) and Mikolajewska et al. (1988).

Most of these objects display brightness variations of 0.5 —1.0 magnitudes over periods
of months to years, with some undergoing 2 — 4 magnitude eruptions, some of which last
years. In some cases these periodic variations can be attributed to orbital variations
(binary periods are typically ~ 1 — 3 years for non-dusty binaries) or changes in the
giant itself (i.e. pulsations). The larger variations and irregular brightness increases are
attributed to thermonuclear detonation of material accreted from the giant’s wind onto
the surface of the hot star. For a discussion of possible outburst mechanisms in symbiotics
see Mikolajewska & Kenyon (1992).

At present only ~200 of these objects are known with most residing in the Milky Way.
A handful are situated in the Magellanic Clouds and in the Draco dwarf galaxy, both of
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which are satellite galaxies to our own. The actual number of symbiotics is difficult to
ascertain, with estimates for our galaxy ranging from 3,000 to 30,000 (Yungelson et al.,
1995). The relative scarcity of these systems can be understood by looking at the phases
of evolution that the two components must be located in. The symbiotic phenomenon
will only be observed for the period of time that one component of a binary system has
evolved to become a hot, dense WD and the other is still a large, low-gravity giant, losing
mass to its surroundings. Even accounting for the different evolutionary scenarios, this
phase is expected to last at most ~10° years. This time frame is short in comparison to
stellar evolution timescales.

Symbiotic binary systems are important objects to understand for a number of rea-
sons. There is evidence that long-period, widely separated symbiotics may be evolutionary
precursors to those planetary nebulae which display complicated patterns of ionised ma-
terial, where the nebula is often thought to be excited by a well-separated white dwarf
pair. Symbiotic stars are also often suggested as candidates for the progenitors to type
Ia supernovae. It is therefore highly desirable to place these objects in an evolutionary
scenario, thus placing constraints on stellar evolution models.

These binaries also permit the study of material in extreme conditions which cannot
be studied elsewhere. Gas temperatures in the space between the two stars can range
from ~ 10* K in the giant’s wind to ~ 10° K in the shocked region where the hot and cool
winds collide. This produces an extremely rich emission and absorption spectrum in the
relatively unchartered FUV spectral region. Therefore, these stars provide ideal testbeds
from which to gain information about analysis techniques, spectral diagnostics and atomic
data in the UV. This spectral region will become even more important when the next
generation of space telescopes come online, whose instruments will routinely obtain high-
quality spectra of galaxies possessing large redshifts that shift their UV features to optical
wavelengths.

Finally, and most relevant to this thesis, the evolved giant stars that are present in
symbiotic systems provide one of the more efficient means of enriching the universe with
processed material. The unique configuration of the hot, compact ionising star in close
proximity to the mass-losing giant presents an ideal opportunity to gain an understanding

of mass-loss processes involved.

1.3 This Thesis

In much the same vein as Deutsch’s original observations of o Her, this thesis aims to

further the understanding of evolved star mass-loss through observations of a binary
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system, in this case a symbiotic binary. Those symbiotic systems which are observed to
undergo eclipse provide an opportunity to obtain spatially resolved information on the
giant’s extended atmosphere and wind. The presence of the dwarf star, combined with
knowledge of the orbital parameters, make it possible to use the secondary as an orbiting
ultraviolet-bright backlight. Therefore, ultraviolet observations, if taken at well chosen
orbital phases, allow the study of the circumstellar material in absorption along differing

lines of sight through the wind.

1.3.1 Probing Giant Winds with Symbiotic Stars

The role of eclipsing binaries in providing localised information on circumstellar conditions
has long been recognised and has been discussed earlier in this chapter. [UE studies
of ¢ Aurigae and VV Cephei systems have been particularly useful in examining the
chromospheres and winds of giants and supergiants (e.g. Baade, 1990; Reimers, 1987).
However, a number of factors suggest that the study of symbiotic systems holds advantages

over the study of other binary systems:

e The small diameter of the dwarf relative to the giant (typically ~ 0.0002%) provides

a narrow, pencil beam view through the outer layers of the giant.

e Unlike many other binaries, the two components in symbiotic systems have en-
tirely different spectral characteristics and can be easily disentangled. The giant
continuum does not contribute in the far ultraviolet and the high-velocity, high-
ionisation material close to the dwarf is easily distinguished from the low-velocity,
low-ionisation giant wind features. In binaries with similar components, it is often

difficult to disentangle the wind features.

e The dwarf provides a bright UV continuum source upon which varying absorption
from the cool circumstellar gas is superimposed. The FUV and UV is especially
rich in resonance and diagnostically informative atomic and molecular transitions

which would not be visible without the presence of the strong UV continuum.

e Many symbiotics have been well studied across all wavelengths and the orbital ele-

ments and geometrical parameters of a large number are well known.

This study is based on a rich ultraviolet spectral dataset obtained with the FUSE and
HST/STIS (Hubble Space Telescope/Space Telescope Imaging Spectrograph) observatories
(see Figure 1.3). Observations at orbital phases where the white dwarf is located behind

a portion of the cool wind take advantage of the finite size of the hot component to probe
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different layers of the circumstellar material in absorption. Utilising the high quality of
the FUSE and STIS data (far superior to the JUE datasets; discussed in Chapter 2), it is
possible to obtain high enough signal to noise and spectral resolution to resolve the narrow
phase-dependent wind absorption features that are superimposed on the UV continuum.
This was not possible with IUFE. The multi-phase observations, coupled with the high
spectral resolution of the data, permits the separation of absorption features that are
intrinsic to the system from the interstellar features through a direct analysis of those
features which shift in sympathy with the period of the binary. In addition, material
can be associated with particular regions in the system by inference from the line width
and ionisation level, and also by direct measurement of the radial velocity changes in
the line positions. Spectra taken at opposing quadratures will show the largest velocity
shifts and the observations at minimum phase impose constraints on the inclination angle
and the physical extent of the nebular line-emitting regions. The spectra where cool wind
absorption features are visible present an opportunity to map the atomic level populations
for complex atoms/ions such as Fe II and Ni II, as well as a chance to diagnose the
ionisation structure of the circumstellar material. Analysis of the profile shapes and
variability of these absorption features can provide information on the dynamics and
small-scale structure of the wind. It is also possible to derive information on the large-
scale distribution of the wind, and indeed its velocity profile, by analysing the variation
of the absorption features, in particular the strong neutral hydrogen transitions. This
data can provide spatially resolved observational constraints on the wind throughout the

wind-base and acceleration region - precisely the information required by models.

1.3.2 Relationship to Isolated Giants

Although it is obvious that the presence of a hot, ionising star will certainly perturb
the outer regions of the giant wind to a certain extent, these effects can be minimised by
appropriate choice of stellar system (discussed further in the following chapters). However,
in order to determine if any derived wind properties can be applied to isolated stars it
needs to be quantified by how much the giant is disturbed by the dwarf, both radiatively
and tidally. With this in mind the giant star will also be observed and analysed using the
same methods as one would apply to a normal isolated star. Analysis of the ultraviolet
spectra obtained when the dwarf is eclipsed by the giant makes it possible to view the
giant in much the same terms as one would view an isolated star in the ultraviolet. This is
especially true for those transitions traditionally used for the diagnosis of chromospheric
material (i.e. Mg II 2796 A, 2804 A and C II 2226 A). However, it is in the optical

wavelength region that the atmospheres of giant stars are typically observed. This thesis
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Figure 1.3: Left: Artist’s impression of FUSE in orbit. The background image is the
galaxy M31, as viewed in the ultraviolet by the GALEX satellite. (Graphic courtesy JHU
FUSE Project.) Right: The Hubble Space Telescope in its low-earth orbit 569 km above
the Farths surface. This picture was taken after the second servicing mission in 1997.
(Image courtesy of NASA.)

presents photometric coverage through UBV R filters of the binary system as well as high
resolution optical spectra which enables the properties of the giant star to be analysed.
Photoionisation modelling is also employed in an attempt to test the influence of the WD
radiation on the giant wind and to build a model of the binary to use it as a framework for
deriving intrinsic cool giant wind properties. Finally, the derived wind and atmospheric
parameters are compared to those predicted for isolated stars by the state of the art stellar
atmosphere code, PHOENIX.

1.3.3 Outline of this Thesis

In Chapter 2, the parameters of the chosen binary system are described and the ultraviolet
and optical dataset upon which this work is based.

Chapter 3 deals with the analysis of both the low and high-resolution optical data,
as well as the UVBR photometry. The radiative and tidal effects of the dwarf on the
structure of the giant atmosphere are examined, and the extent to which the giant star is
similar to normal, isolated stars is discussed. The photospheric parameters are determined
and the structure is modelled using the PHOENIX stellar atmosphere code.

Chapter 4 presents the general variations observed in the ultraviolet dataset and de-
velops a working model for the system whereby the influence of the hot component on

the cool circumstellar material of the giant star can be assessed.
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In Chapter 5, an in-depth analysis of the giant wind in absorption is detailed and the
variety of techniques which are used to derive the thermal and dynamic conditions and
physical extent and distribution of the wind are explained.

In chapter 6, the significance of the absorption analysis is explored, and the implica-
tions for the theories of mass-loss from evolved stars are discussed.

Chapter 7summarises the accomplishments of the work and suggest possible directions

that future studies should take in order to further understand the mass-loss problem.



Target Star, Observations and Data

Processing

To most effectively eclipse-map the outflow from the cool star, it is essential that a suitable
binary system is chosen. In this chapter the attributes that such a system must have are
outlined and the parameters of the chosen binary star are described. Information on the
multi-wavelength observations and also details of the techniques that will be utilised in
order are also presented. The chapter finishes with a discussion on how the results and
conclusions drawn will have the potential to further our understanding of the conditions

and physical mechanisms at work in extended giant atmospheres.

2.1 The Choice of Binary System

To successfully use the binary technique to study mass-loss, it is necessary to choose a
suitable system that fulfils a number of criteria. These criteria are discussed below.

In order to measure the absorption that diagnoses the cool material in the circumstellar
environment of the red giant, there must be sufficiently high signal to noise (S/N) in the
ultraviolet continuum. In order to provide a sufficient number of ultraviolet photons, the

target system must be located relatively close-by, and should be free of large amounts

19
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of obscuring dust, both intrinsic to the system, and also along the line of sight. The
choice of an S-type symbiotic, where the primary has not yet lost enough mass to enable
the formation of a cool, dusty circumstellar shell, ensures that the system will be free
of extinction caused by dust associated by the system. In any case, observations of an
S-type symbiotic star is preferred to that of a dusty D-type system. D-type symbiotics
contain a more evolved mira-like primary which has evolved onto the AGB, where the
wind dynamics are different from those of normal red giants, and the orbital periods tend
to be longer. The less evolved S-type primaries most likely contain a giant star on the
first ascent of the red giant branch, where dust does not appreciably contribute to the
wind acceleration!. Choice of a system which is both close to earth, and also out of the
plane of the galaxy, reduces the attenuation due to dust along the line of sight.

The orbital period of the system must not be large in comparison to the lifetimes of
the observing instruments, or indeed to the duration of the observing cycles. Choosing a
system with a relatively short orbital period ensures the acquisition of a dataset with a
more complete phase-coverage. Many binary systems, including D-type symbiotics, have
orbital periods on the timescale of decades. For such long-period binaries, the lifetime
of the observatory and/or its instruments will place constraints on the completeness of
the orbital phase coverage. The choice of a binary with an orbital period of one to
two years makes it possible to test the stability of the system by making observations
at similar phases, but different orbital epochs. These repeat observations enable any
events unrelated to orbital phase to be identified. In addition, the process of obtaining
observing time with observatories with one year observing cycles is greatly complicated
if the observing program extends over a large number of proposing cycles.

The system must also be as stable as possible, permitting the distinction to be made
between those variations that are due to orbital phase and those that are due to phase-

independent effects. Many symbiotics and other binaries are extremely active objects.

Locating the position of a star on the giant branch is not usually a trivial matter. Generally if an
isolated giant is chemically peculiar it can be described as being in the thermally pulsating AGB phase
(e.g. Iben & Renzini, 1983). Also if a low-mass M star has a luminosity greater than ~ Lgor, = 10>° L,
then it is almost certainly on the AGB (Lattanzio, 1991; Scalo, 1976). A low-mass M star is almost
certainly on the AGB if it has a circumstellar shell (i.e. as observed with sub-millimetre telescopes)
because the integrated mass-loss on the first giant branch is insufficient to produce a thick shell (e.g.
Drake, 1986, and references within). For late K and M stars with luminosities < 1035 L., the timescale
for evolution up the FGB is typically 7-8 times that of the timescale for AGB evolution (Lattanzio, 1991).
So, even without information on the presence of a circumstellar shell, it is apparent that most chemically
normal K and M giants in this luminosity range are on the first ascent of the giant branch. As noted by
Judge & Stencel (1991) “...this corresponds to the assumption that stars later than M5 IIT are mostly on
the AGB (T.r5 < 3,500 K), and earlier spectral types are mostly on the FGB.’
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Often the secondary components are heavy accretors of the primary’s wind, with nuclear
detonation periodically occurring on the star’s surface. These outbursts are typically ob-
served as large increases in fluxes across all wavelength regions, accompanied by decreases
in the fluxes of the high-ionisation emission lines (this is attributed to a shrouding on the
hot gas close to the dwarf). Because the primary goal of this work is to observe a giant
wind which is as undisturbed as possible, it is apparent that the choice of a quiescent,
non-outbursting system is desirable.

The orbital parameters of the binary must be well known. In order to transform
results derived at orbital phases into spatially-resolved information on the giant’s wind,
it is necessary to know the orbital elements. The orbits of many S-type symbiotics are
well-understood.

In order to minimise the effects of the hot star radiation field on the giant wind, the
luminosity ratio of the hot to cool star should be as low as possible. Those systems
where the hot component is of comparable luminosity to the cool component have giant
winds which are greatly modified by the ionising companion. Indeed, in some cases, the
photoionised portion of the cool wind can almost engulf the primary component.

The analysis of variable absorption lines is greatly complicated if the features are
blended with absorption features that are of interstellar origin. Although it is theoretically
possible to remove these features using the uneclipsed observations as templates, the
analysis is greatly simplified if the radial velocity of the binary system is well separated
from that of the intervening interstellar clouds.

Finally, the inclination of the orbital plane of the binary must be high enough so as the
two component stars are observed to eclipse. Taking all these considerations into account,
the prime candidate for such an ultraviolet monitoring program is the S-type symbiotic

binary, EG Andromedae.

2.2 EG Andromedae

The quiescent symbiotic star EG And (HD 4174, SAO 36618) is well documented in the
literature (e.g. Munari, 1993; Oliversen et al., 1985; Skopal et al., 1991, 2004; Smith,
1980; Stencel, 1984; Tomov, 1995; Vogel, 1993; Vogel et al., 1992; Wilson & Vaccaro,
1997) and is considered a prototype for stable, non-dusty symbiotic stars. Indeed it was
observed extensively with IUE where the ultraviolet eclipse effect was used to study the
dimensions and wind of the giant star (Vogel, 1991; Vogel et al., 1992). The object is one
of the closest and brightest symbiotic systems and consists of a hot, low luminosity white

dwarf (Muerset et al., 1991) with an M2.4 giant primary which is on the first ascent of
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Parameter Value Reference
RG temperature ~ 3,700 K KP02
WD temperature ~ 75,000 K  MNSV91

RG Luminosity ~ 950 @ VNMO92
WD Luminosity ~ 16 o VNMO92
Period 482.6 days FJHS00
Separation ~ 4.2 Rrg VNM9I2
RG Radius ~ 75¢ VNM92
Inclination > 700 VNM92
Vimag ~ 7.1 B0O
Orbit circular WV9IT7
E(B-V) 0.05 MNSV9I1

Table 2.1: EG And Parameters. References - KP02- Keyes & Preblich (2004); MNSV91- Muerset
et al. (1991); VNM92- Vogel et al. (1992); FJHS00- Fekel et al. (2000); BOO- Belczynski et al. (2000);
WV97- Wilson & Vaccaro (1997).

the red giant branch (Kenyon & Fernandez-Castro, 1987; Keyes & Preblich, 2004). The
optical spectrum of the giant is very similar to that of isolated M3 spectral standards (see
Chapter 3) and far-infrared data from /RAS show fluxes very similar to normal isolated
red giants (Kenyon et al., 1986). Due to the low-luminosity of the dwarf, the giant’s
atmosphere is not greatly affected by the presence of the ionising companion. In fact
radio measurements confirm that the ionised region around the dwarf is relatively small
and does not dominate the cool wind (Schmid, 2003; Seaquist & Taylor, 1990).

The ultraviolet continuum is known to undergo periodic variations although the sys-
tem has never been observed to undergo outburst. This periodic variation is attributed to
the ultraviolet source being eclipsed by the atmosphere of the primary component (Vogel,
1991) and has been observed extensively over several orbital epochs by IUFE. Fekel et al.
(2000) have determined an accurate orbit for the system based on radial velocity mea-
surements of molecular lines originating in the giant’s photosphere. System parameters
are detailed in table 2.1.

The high systemic radial velocity (-95 km s™! relative to heliocentric) permits the
wind absorption features to be easily distinguished from interstellar absorption features
(~ =30 km s~! relative to heliocentric), thereby removing the complications that arise
when systemic features are merged with interstellar features.

It is also worth noting that the red giant is a member of a binary system, in which
mass-transfer between the components has possibly taken place at some stage of the
binary evolution. Since both objects formed from common interstellar material at the
same time, it follows that the white dwarf component must have been the more massive
of the two and evolved more rapidly than its companion. It is thus not inconceivable that

large amounts of heavily processed material could have been transferred from the more
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Figure 2.1: A model of the spectrum of a typical symbiotic star showing the contribution
of the different components to the spectrum. The dotted lines display the individual
contributions of the white dwarf (black), the photoionised nebula (blue) and the red giant
component (red). The summed spectrum from all the components is displayed with the

solid black line. The units of flux are arbitrary.

evolved star to its companion during its evolution from red giant to white dwarf. If this
was the case then the surface abundances of the red giant would certainly be abnormal
and the star could not be taken to be representative of isolated giants. However, it is
thought that the material lost by the more evolved star has mostly dissipated into the
interstellar medium by the time that the binary reaches the symbiotic phase, and that
the cool wind and red giant surface remain relatively uncontaminated. From the analysis
of ultraviolet emission line fluxes of a sample of symbiotic stars, Nussbaumer et al. (1988)
found that the abundances of the material surrounding the giant are typical of those found
in the photospheres of isolated giants. In addition, photospheric abundances of EG And
are found to be normal in this study (see Chapter 3).

Reviewing the attributes of the system, most especially noting the low interstellar
extinction, the absence of circumstellar dust (Kenyon et al., 1986; van Buren et al., 1994),
the low dwarf luminosity and the proximity of the binary, it is apparent that EG And is

an ideal candidate for an ultraviolet wind analysis.
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2.3 The Ultraviolet Observing Program

The ultraviolet observing program was designed to cover orbital phases both in and out
of eclipse, as well as to test the stability of the system and the repeatability of obser-
vations over orbital time-scales. The timing of the observations was designed to include
unabsorbed phases (i.e. inferior conjunction and quadrature) as well as phases close to
total eclipse, and also, a series of ingress and egress observations, where the strengths of
the wind absorption features increase and decrease respectively.

A key point of this work is that the uneclipsed spectra provide a template for com-
parison with the absorbed spectra as well as providing diagnostics of the hot component
and the material close to it. Comparison of the uneclipsed with the absorbed data allows
the diagnosis of the absorbing material, namely the giant wind. Analysis is simplified by
using the uneclipsed spectra as they enable the study of the ratios of spectra to analyse
the variations, removing the need to model the unabsorbed continuum, emission and in-
terstellar absorption. The observations where the dwarf is occulted provide restrictions
on the geometry of the system and on the location and size of the line emitting regions.
In addition, diagnostics can be obtained from the chromospheric emission features which
are not blended with emission components from the photoionised region of the wind at
eclipse. We have obtained 20 ultraviolet observations of the system between January 2000
and December 2003. These include phases when the dwarf was eclipsed, uneclipsed and
at various different stages of ingress and egress. Phase ¢ =0.0 is defined as the point at
where the dwarf is at superior conjunction, and is completely eclipsed by the giant, ie.
ultraviolet minimum. See Figure 2.2 for a schematic diagram showing the positions of the
dwarf star at the time of the ultraviolet observations.

The combined FUSE and STIS echelle wavelength coverage (905 A - 3100 A) provides
access to the transitions of many important atomic and molecular species, including those
of the low-ionisation species expected to be present in the giant wind and those diagnosing

the hotter gas associated with the dwarf.

2.4 FUSE

The FUSFE satellite was launched on June 24, 1999 into a circular 768 km orbit. The
Johns Hopkins University in Baltimore, Maryland, who developed FUSE for NASA, are
responsible for the operation of the observatory. It is funded by NASA with additional
support from the French and Canadian space agencies, but through the Guest Investigator

program observing time is made available through a competitive peer-reviewed proposal



2.4 FUSE 25

T T T T T
o $=0.00 FUSE observations 7
o H5T observations —
~F
G
-~ s @ |
® =3 o]
o = —
- & &
. i
e |
E 8 |
= G
o <o = $=0.85 8] ¢=0.75—
g J
o]
1= -
P
T e iy
7 <o _|
= [l
< I J
O o i
o i
< —
S+
I L i
| observer )
| I I I I | 1 1 1 1 | ]
—500 0 500

Offset from primary (Ry)

Figure 2.2: View of EG And perpendicular to the orbital plane. Points correspond
to the dwarf position for the FUSE and HST observations. Observer’s view is from the

bottom and the scale is in units of solar radii. Also see Table 2.2.

process to investigators worldwide.

FUSE offers a reasonably high resolving power of A\/AX ~ 15,000 — 20,000 and is
the only current observatory covering the spectral region 905-1187 A. Indeed, since the
failure of the electronics on STIS in August 2004 FUSE is the only instrument presently
providing high resolution spectra in the ultraviolet region of the spectrum. The instrument
and operations have been fully described by Moos et al. (2000) and Sahnow et al. (2000).

The far-ultraviolet wavelength region covered by FUSE is a crucially important spec-
tral region, especially for diagnosing the differing material in symbiotic systems. The
wavelength band contains many important resonance transitions of low-ionisation species,
in addition to containing transitions diagnosing the hotter gas in these systems. Some of
the strongest lines in symbiotics are CIII 977, CIIT* 1176, OVI 1032, 1038, PV 1117, 1128,
SIV 1062, 1072, 1073, SVI 933, 944 (A). The O VI 1032 1036 A features are extremely
useful for diagnosis of the hot, ionised material. The presence of these strong (A~ 4x10%
s71) resonance lines of an abundant element in a highly ionised state (ionisation potential
=138.1 eV) permits analysis of the highly ionised material closest to the dwarf. In ad-

dition to covering diagnostically important transitions, observations in the FUV directly
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probe the continuum of the hot component. The contribution from the cool giant and
nebular recombination continua at frequencies this high are essentially negligible. The
importance of observing symbiotic systems at these low wavelengths is made apparent by
the model spectrum of a typical symbiotic star displayed in Figure 2.1, where the WD
spectrum is visible only at very blue wavelengths.

The FUSE instrument itself consists of four co-aligned prime-focus telescopes and
Rowland-circle spectrographs; see Figure 2.3 for a schematic diagram. Each optical path
(or channel) consists of a mirror, a Focal Plane Assembly, a diffraction grating and a
section of a FUV detector. This arrangement means that the instrument has eight seg-
ments (four optical channels and four detector segments) where four channels cover the
wavelength range 1000-1080A and two each over the ranges 900-1000 A and 1080-1180
A

Gratings (4)

o3

s
~Facal-plane
assemblies (4)

LiF-coated >
mirorf2 LiF-coated
mirror #1

SiC-coated -

mirror #2 .

SiC-coated

mirror #1

Figure 2.3: Schematic diagram of FUSE. Each side has a SiC and LiF-coated telescope
mirror. Light from these mirrors is reflected and dispersed by a grating with the same type
of coating. A 2-d image of the dispersed spectrum is then recorded on two micro-channel

detectors.

Four of the channels have employed silicon carbide (SiC) coatings, providing reflec-
tivity in the wavelength range ~905-1000 A, while the other four have lithium fluoride

(LiF) coatings for maximum sensitivity above 1000A.. Dispersed light is focused onto two
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photon-counting microchannel plate detectors. Point sources can be observed through
three different apertures (LWRS, 30”x30”, MDRS, 4”x20"and HIRS, 1.25”x20”) and
with two different photon recording modes, time-tagged (TTAG) and histogram (HIST).
The standard aperture for most observations is LWRS and the data is usually recorded
using the TTAG mode in which the position and arrival time of each photon is recorded.
Non-standard apertures are only used in cases where the highest possible spectral resolu-
tion is required. The accumulated photon counting mode (HIST) is used for very bright
targets where the memory arrays of the photon counting devices are in danger of being
filled before the data can be relayed to earth.

2.4.1 Data Processing and Instrumental Effects

The effects of spacecraft motion are corrected with the CalFUSE pipeline which places
the data on a heliocentric velocity scale, screens the data for low quality or unreliable
data and performs a background subtraction. For information on the FUSFE pipeline see
http://fuse.pha.jhu.edu/analysis/calfuse.html.

Special care was taken when analysing the FUSFE data in order to account for some
of the instrumental effects that affect FUSE. For example, due to a flexing of the optical
bench over orbital timescales some channels become misaligned during exposures, leading
to the loss of the target for all or part of an exposure in one or more channels. This was
corrected by scaling the fluxes for each channel over each orbit to the corresponding flux
level observed in the LiF1 channel, which was the guide channel for each observation of
EG And.

Another artifact in the data that had to be corrected for is the “worm”, which mainly
affects the LiF1b channel. This effect is due to a shadowing by the QE wires at locations
over the detectors and can attenuate up to 50% of the flux in the affected wavelength
regions. See Figure 2.4 for an example of FUSE data of EG And and for a single orbit.
The illustrations also show how the worm affects the data. For a full description of all

the instrumental effects see the FUSE instrument and data handbook?.

2.5 EG And FUSFE Data

We have obtained thirteen FUSE observations of EG And (see table 2.2). All data were
acquired with the target in the large aperture (LWRS; 30”x30”) in TTAG photon col-

lecting mode over a time period of 3 FUSF cycles. The data were reduced and calibrated

2http:/ /fuse.pha.jhu.edu/analysis/dhbook.html
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Figure 2.4: FUSE spectra of EG And for each of the 8 channels over a single orbit.
Note the effect of the worm on the flux level over the wavelength region of 1140-1180 A
in the LiflB spectrum (third panel down). Compare this to the Lif2a spectrum of the
same wavelength region which is not affected by the worm (fifth panel down). These

observations were obtained on the final orbit of a 5 orbit observing sequence (Observation
number C169019).
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with CalF'USE version 3.0.8 (Dixon & Sahnow, 2003). Interstellar absorption lines in the
8 different channels were compared to interstellar features in the STIS data in order to
correct for small wavelength offsets due to target drift in the aperture. For most obser-
vations the data from each channel were shifted and co-added to increase the signal to
noise ratio (S/N). However, for those observations where the target was known to drift
completely out of the aperture in some channels, the data from each channel were anal-
ysed separately. Exposure times were calculated in order to reach continuum S/N ratios
of at least 15 per resolution element for the co-added spectra at wavelength ~1050 A.
The thirteen FFUSFE spectra provide good orbital-phase coverage, covering phases from
close to total eclipse, to partially absorbed spectra, to spectra of the white dwarf unob-
scured by the giant material. The dataset also contains three observations of the system
at very similar phases over 3 separate epochs. These spectra in particular can be used
to determine the stability of the system and whether observations taken over different
phases can be compared. In addition, three observations at partial eclipse were taken
over a time-period of four days, making it possible to study the small-scale distribution

of the giant wind.

2.6 HST/STIS

The HST is a multi-instrument observatory containing a 2.4 m reflecting telescope, in
orbit at 569 km. The spacecraft contains a number of instruments capable of detecting
images and spectra over a wide wavelength region. However, the data for this observing
program was obtained using the Space Telescope Imaging Spectrograph (STIS), which
was added to HST in the second servicing mission in 1997.

The echelle gratings of STIS provide a window on a wavelength region spanning 1150-
3100 A. The bandpass encompasses the transitions of many important atomic and molec-
ular species including neutral and low-ionisation states of H, C, N, O, Si, P, Fe, Ni, Mg,
Mn as well as CO and H,O. Transitions probing high temperature gas such as C3*, Si**,
N4+, S3* and He™ are also present along with a range of forbidden and semi-forbidden
lines which provide valuable nebular diagnostics.

The echelle gratings disperse light in two directions; each spectral order, covering
a few A, is dispersed perpendicular to the wavelength dispersion direction. With this
type of grating a large wavelength range can be covered in only one observation and
adjacent echelle orders have ~ 10% overlap in wavelength. Light dispersed by the echelle
gratings is collected by one of the the MAMA photon counting devices. There are two
MAMA detectors, the STIS/FUV-MAMA provides coverage from 1150 to 1700 A and
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Figure 2.5: Top: A schematic view of the optical design of HST. Bottom: A simplified
schematic showing the major mechanisms and detectors of STIS. A medium-resolution

echelle mode light path is also shown. (Both graphics courtesy of STScl.)

the STIS/NUV-MAMA provides coverage from 1650 to 3100 A. A thorough description
of the STIS design is provided by Woodgate et al. (1998).

2.7 EG And STIS Data

The seven HST observations (see Table 2.2) were carried out with the medium resolution
echelle gratings (E140M and E230M) of the STIS through the 0.2" x 0.06" aperture at the
1425 A, 1978 A and 2707 A central wavelength settings. This resulted in a resolving power
of R ~ 30,000 — 45,000 (Av ~ 6 — 10 km s™') over the wavelength range ~ 1150 — 3100

A. The observations were designed to provide sufficient exposure time to achieve a S/N
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Date Telescope  Exp. time (Ks)  ¢uwv
5 Jan 2000 FUSE 11.0 1.79
6 Aug 2000 FUSE 9.1 2.24
24 Nov 2000 FUSE 5.5 2.47
3 Sep 2001 FUSE 11.1 3.05
14 Sep 2001 FUSE 7.5 3.07
28 Sep 2001 FUSE 9.6 3.10
23 Oct 2001 FUSE 5.6 3.16
23 Aug 2002 FUSE 10.9 3.79
28 Aug 2002 STIS 4.6 3.80
16 Oct 2002 STIS 4.6 3.90
20 Oct 2002 FUSE 8.6 3.91
22 Oct 2002 FUSE 6.7 3.91
23 Oct 2002 FUSE 6.7 3.91
22 Dec 2002 STIS 7.1 4.04
18 Jan 2003 STIS 6.5 4.09
22 Jan 2003 FUSE 3.4 4.10
6 Feb 2003 STIS 7.6 4.13
16 Feb 2003 STIS 7.3 4.15
31 Jul 2003 STIS 4.5 4.50
01 Dec 2003 FUSE 8.9 4.75

Table 2.2: EG And FUSE and STIS observations. Ephemeris from Fekel et al. (2000). See

Figure 2.2 for a graphical representation.

ratio of at least 15 in the continuum at the central wavelength of the E140M setting.
This typically resulted in a combined total of 2 orbits worth of exposure time for all
three settings for the unabsorbed phases and a total of 3 orbits for the absorbed phases.
The data were reduced within the IRAF environment using the standard Space Telescope
Science Institute (STScl) reduction package and routines.

For target acquisition purposes two five second exposures were made using the G430L
grating. The spectra are of low resolution (R~500) with a wavelength coverage of ~
2900 — 5700 A. The non-standard G430L data reduction is described in a later section of
this chapter.

The STIS observations of EG And cover two uneclipsed phases, one at almost total
eclipse, and four at phases of partial eclipse. The first STIS observation which was taken
at phase ¢=3.80 was taken only five days after one of the FUSF observations. These nearly
contemporaneous observations provide the opportunity to test the variability of features
on short time-scales, as well as making it possible to compare diagnostically important
line-profiles over the combined wavelength region (i.e. the resonance lines of O VI, N V
and CIV).
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2.8 Optical Observations

In order to make full use of any wind information derived from the ultraviolet data, it is
necessary to have a detailed knowledge of the giant star parameters, and of how the object
relates to isolated objects. Cool giant photospheres are typically studied in the optical and
infrared wavelength regions where they emit the majority of their photons, where stellar
atmosphere models are used to constrain the parameters. Both high and low resolution
optical spectra were obtained with different instruments, over varying timescales, in order
to study the EG And red giant component.

The optical dataset consists of low resolution spectra obtained with HST and the FAST
spectrograph on Mount Whipple, as well as high resolution echelle observations obtained
with the 3.5 M telescope at Apache Point Observatory (APO) and the 1 M RITTER
telescope. Note that all optical spectra were analysed within the framework of air rest

wavelengths. The ultraviolet data were analysed with respect to vacuum wavelengths.

2.8.1 Low Resolution Data

A low resolution spectrum of EG And was obtained using the FAST spectrograph mounted
on the 1.5 m telescope at the Fred L. Whipple Observatory on Mount Hopkins in Arizona
on 3 Jan 1995. These data cover the spectral range 3800 — 7500 A at a resolution of ~ 3
A. The spectrum was calibrated using FAST spectra of several Hayes & Latham (1975)
flux standards.

In addition to the echelle data, we also analyse spectra obtained using the long-slit
G430L apertures. These low-resolution data span the optical wavelength region of the
spectrum where the cooler giant star dominates the spectrum (see Figure 2.1). The acqui-
sition of these data make it possible to monitor the giant star, whose spectral variations
can be compared to the variations observed in the ultraviolet data. Due to the brightness
of EG And it was possible to make use of the HST/STIS target acquisition/peakup data.
While these data are usually only used for acquisition purposes, the large flux count made
it possible to obtain useful spectra. These data provide spectra within the wavelength
range of ~ 3200 — 5800 A at a resolution similar to the FAST data.

Since this data is not usually useful for analysis (for dimmer targets), there is no
standard reduction procedure. In this case each G430M raw image file was modified to
allow CalSTIS to treat it as a G430L image and the header keywords were altered in order
for the pipeline to write-out the spectrum. The fluxes were then scaled in order to match
the E230M 2707 echelle spectra at the ultraviolet wavelength overlap region and scaled

against the B and V band contemporaneous photometry at the long wavelength end of
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the spectrum.

2.8.2 High Resolution Data

The APO spectra were obtained on July 31 1999 (corresponding to an orbital phase of
¢ =0.47), having a spectral resolution of R ~40,000. Using a prism as a cross-disperser,
the APO echelle covers all wavelengths from 3500 to 10400 A spread over 100 orders. On
the same night a comparison spectrum was obtained of the high velocity M2 III spectral
standard HD 148349 using the same instrumental setup. The telescope and its instrument
are fully described by York (1995).

The Ritter Observatory is located on the campus of The University of Toledo. The
RITTER data were acquired using an echelle spectrograph on the 1 metre telescope,
resulting in 9 echelle orders for each observation, covering the wavelength region around
Ha at a maximum spectral resolution of R ~ 60,000. In all, thirteen observations were
made of EG And between 1993 and 1995 with orbital phases spanning ¢=0.04 to ¢=0.83
(see Figure 3.5 for details).

2.8.3 Photometric Data

In addition to the optical spectra, regular UBVR photometry of the binary was obtained
between June 2001 and January 2005. The coverage ranged from nightly to weekly,
although there are also large gaps in the coverage (few months) during periods when the
target was obscured by the sun. The filter images were obtained using the automated 1 M
Berkeley Katzman Automatic Imaging Telescope (KAIT), located at the Lick observatory
in California. Due to the brightness of the target, short exposures were required, with
exposure times for the UBV and R bands being 60, 7, 1 and 0.5 seconds respectively.
Due to the uncrowded field around EG And it was possible to analyse the images
using standard aperture photometry methods®. The data received basic processing on
site and these images were then further analysed with the APPHOT package in the IRAF
(Image Reduction and Analysis Facility) environment, using the standard star HD 4143

as a comparison.

3See documentation at http://iraf.noao.edu/docs/photom.html



The Giant Photosphere: Observations and
Modelling

This chapter deals with the analysis and modelling of the red giant photosphere, using
techniques similar to those that are applied to isolated giant stars. In addition to pro-
viding a test of how affected the giant is by the dwarf companion, this analysis provides
information on the red giant parameters and evolutionary history. This information makes
it possible to quantify the relationship of the giant star in the EG And binary to normal
red giants, as well as to define the inner boundary conditions for the stellar wind at the
photosphere.

The low and high resolution optical spectra are presented and discussed and the
PHOENIX modelling of these data is described. Also presented are the data obtained
from the UBVR photometric monitoring of the system and discuss the emission lines
which originate in the layers above the photosphere. These features are used to diagnose
chromosphere and wind conditions for isolated cool stars and provide another means of

testing the strength of the link between symbiotic giants and normal red giants.

34
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3.1 Optical Data and Analysis

3.1.1 Low Resolution Data
3.1.1.1 FAST data

Analysis of the low resolution optical spectrum of EG And obtained with the FAST
spectrograph shows that the spectrum of the giant is not dramatically altered by the
presence of the white dwarf. Displayed in Figure 3.1 is a combined spectrum of EG And
composed of the FAST data and uneclipsed FUSE and STIS spectra. Overplotted in
red is a spectrum generated using the average spectra of a number of M3 III spectral
standards, which were presented by Fluks et al. (1994) in their survey of bright giants.
Both spectra are dominated by strong molecular band absorption (mainly TiO and VO)
and the similarity between the spectra in the optical region is readily apparent. To a first
approximation at least, this implies that the metallicity of EG And is similar to normal M
giants and that the white dwarf radiation does not drastically alter the giant’s atmospheric
structure. At wavelengths shortward of ~4000 A, the extra emitting components in the
symbiotic spectrum become apparent, with the recombination continua, the white dwarf
continuum and the ultraviolet emission lines (originating in the photoionised portion of
the giant wind) betraying the binary nature of the system. It is also interesting to note
the large difference in the luminosities of the giant (optical flux) and dwarf (ultraviolet

flux) for this system.

3.1.1.2 STIS/G430L data

The STIS data were obtained with the G430L grating on board HST and provided op-
tical spectra that were contemporaneous to the high-resolution ultraviolet data and are
presented in Figure 3.2. This dataset provided an opportunity to test to what extent
the eclipse and variations in the hot star affect the giant’s atmosphere. The variations in
the ultraviolet echelle are presented in Figure 3.3 (see Table 2.2 for observation details).
The high resolution ultraviolet data is binned (for clarity) and appended to the optical
data. The spectra are subtracted from the reference STIS quadrature (¢=0.80) spectrum
to enable the variations to be clearly identified.

The upper five panels in Figure 3.3 display the spectra that were taken at varying
degrees of eclipse relative to the August 2002 quadrature spectrum. Note how the ultra-
violet continuum is attenuated by varying degrees in all spectra and that the vast majority
of the emission features (associated with photoionised material close to the dwarf) are

partially eclipsed. The continuum flux in the wavelength region that diagnoses the giant
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Figure 3.1: A multi-wavelength spectrum of EG And stretching from the FUSE wave-
length region into the optical. The optical region is dominated by the spectrum of the
late-type giant. The overplotted data (red) is an averaged spectrum composed of obser-
vations of a number of M3 III spectral standards. The close match to the symbiotic giant
spectrum suggests that the giant component is relatively undisturbed by the presence of

the WD. Note high giant/dwarf luminosity ratio of the stellar components.

(A = 4000 A) however, does not vary smoothly around the eclipse. The most striking
aspects of the changes in this spectral region are the large variations in the fluxes of the
continua (however, it must be remembered that the giant is much more luminous than
the dwarf, so the relative changes are much less than the displayed data might initially
suggest). These variations are unrelated to the eclipse and are consistent with periodic
pulsations of the giant that are observed in the photometric data (see section 3.3). Upon
closer analysis, it is clear that the shape of the continuum (defined by the blended molec-
ular absorption bands) is also changing, with features such as individual molecular bands
changing in strength. These spectral features are primarily sensitive to the metallicity
and the temperature of the photosphere. It is therefore apparent that we are observing
temperature variations at the photospheric level. A least-squares fitting procedure was
applied in order to compare each spectrum with the set of spectral standards published by
Fluks et al. (1994) in an effort to quantify the extent of the photospheric variations. It was
found that the spectral type varies around the eclipse by ~ +2 sub-spectral types. This
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Figure 3.2: Displayed are the low-resolution optical STIS spectra of EG And that were

obtained with the G430L grating. The data are contemporaneous with the ultraviolet

echelle data and allow the behaviour of the giant to be monitored.
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Figure 3.3: To facilitate viewing of the variations in the G430L spectra, the difference
between each spectrum and the August 2002 spectrum are displayed. 'The ultraviolet
echelle data is binned and appended to the optical data to view the changes over the

combined wavelength range.
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corresponds to a temperature fluctuation of ~50 K. It is possible that the temperature
changes are related to pulsations (would then also be seen in isolated giants), however,
it is most likely that these variations are, at least partially, due to heating by the dwarf

radiation field.

3.1.1.3 Anomalous July 2003 STIS Spectrum

It can be seen that the STIS spectrum obtained in July 2003 (¢=0.50) displays different
characteristics to the other spectra. The July data show flux increases in the contin-
uum (right across the combined ultraviolet and optical wavelength region) relative to
the quadrature spectrum. Large increases in the intensities of the nebular emission lines
(especially, the hydrogen Balmer recombination lines and the collisionally excited Mg 1T
resonance doublet) are also prominent. In fact, the only features that are weaker than
those in the reference spectrum are the emission cores of the high-ionisation C IV and
Si IV resonance lines. The large differences that are observed between these two datasets
are surprising since both were obtained when the dwarf was out of eclipse and these effects
cannot be explained by the eclipse. Since the flux increases occur right across the spec-
trum, they must be related to the dwarf, to the nebular region where the low-ionisation
emission originates and indeed, also to the giant itself.

A modelling of the continuum variation shows that these changes can be explained
by an increase in the density of the material close to the dwarf. This increased density
(as a result of a temporary increase in the mass-loss rate of the giant) leads to increased
accretion onto the dwarf and also to an increase in the emission line fluxes in the vicinity of
the white dwarf. A comparison between the optical region of the spectrum and the other
displayed spectra show that the increase in the optical flux in the July 2003 spectrum
is consistent with the magnitude of the optical flux variations that are occurring in the
other spectra. These optical variations are not related to the circumstellar material, but
to changes in the atmosphere of the giant (such as pulsational activity). These variations
that are observed in the July 2003 STIS data are discussed further in Chapter 6.

3.1.2 High Resolution Data
3.1.2.1 APO Data

The APO echelle data cover the complete wavelength region from 3,500 A to 10,400 A at
high resolution. A study of this dataset permits a more in-depth analysis and modelling
of the photosphere. However, even prior to a full modelling process, the extent to which

the EG And giant is similar to isolated giants can be viewed by a direct comparison of
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the EG And APO spectrum with the spectrum taken of HD 148349, which was observed
on the same night, and with the same instrument. Displayed in Figure 3.3 are sections of
the echelle data of EG And (black) and HD 148349 (blue).

The similarity between both datasets is remarkable over the complete spectral range
covered, including wavelength regions around molecular bands (top panel of Figure 3.4
for example), for weak lines from neutral species such as Fe I and Ti I (examples in all
panels) and in regions around broadened features such as the Ca II lines in the near-
infrared spectral region (third panel from the top). These Ca II lines are sensitive to both
the atmospheric pressure (surface gravity) and also to the metallicity. The only large
differences between the two spectra are in those regions where EG And displays strong
nebular emission lines, such as illustrated in the wavelength region around the hydrogen
Balmer line shown in the second panel of Figure 3.3. This emission is due to the binary
nature of EG And it is not a photospheric feature. Both stars, therefore, possess very
similar photospheric parameters (including metallicity) and since both are high-velocity
objects with similar abundances, they most likely belong to the same stellar population.

HD 148349 is a bright (V magnitude~5.27), high-velocity (+99 km s~!) M2 III spec-
tral standard. Dumm & Schild (1998) list the star as having a radius of R=83 R, a
Terr=3,720 K, and a mass of M=2 M, with optical magnitude of 5.45 magnitudes (with
a variability of 0.11 magnitudes). The star is also known to belong to the old disk popu-
lation (Mennessier et al., 2001), to which EG And also belongs (Wallerstein, 1981), and
which agrees with the stellar parameters derived here (section 3.2.1). From a direct view-
ing of the spectra, it appears that the EG And giant possesses similar parameters. It is
also worth noting that a rotational broadening of the narrow absorption lines in the APO

L If the system is

EG And data imply a photospheric rotational velocity of ~7.5 km s~
assumed to be tidally locked and co-rotating (the timescale for this process to occur is
short for symbiotics and all can be assumed to co-rotate), then the implied radius of the
giant is ~70 Ry, consistent with that derived from the eclipse geometry (Vogel et al.,
1992).

From this spectral comparison, it can be inferred that the atmospheric structure
remains relatively unperturbed by the ionising companion. It seems likely that any
wind/chromospheric conditions derived from the ultraviolet data can be extrapolated
to isolated stars as long as the effect of the dwarf radiation on the wind (which is further

away from the photosphere) is understood.
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Figure 3.4: Sections of the high-resolution APO echelle data are plotted in black. Over-
plotted in blue is the spectrum of the M2 III spectral standard HD 148349.
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3.1.2.2 RITTER Data

The high-resolution RITTER spectra sample a time-span of 2 years, spread over 12 ob-
servations, however the spectra which provide coverage of the region near the hydrogen o
Balmer feature were all observed within 10 weeks of one another. While the wavelength
coverage is very much less than that provided by the APO observation, the repeat RIT-
TER observations provide an opportunity to test for any possible changes occurring in
the photosphere, which may or may not be related to orbital phase. It is found that all
the repeat spectra are very similar, implying that the photosphere is not undergoing large
variations. Example spectra are plotted in Figure 3.4, where the wavelength region close
to the hydrogen Balmer feature is displayed. These spectra were observed between 24"
September 1993 and 2" September 1993, which correspond to the egress orbital phases
»=0.04 to »=0.18. A series of spectra are plotted (in red, and in temporal order) along
with the spectrum obtained closest to eclipse (in black) which is plotted in each panel
in order to facilitate easy comparison. Although hydrogen Balmer itself (originating in
an ionised section of the red giant wind, near the dwarf) undergoes large changes, the
photospheric features stay remarkably constant right throughout egress. Even though
the spectral regions covered by the RITTER echelle are not as sensitive to very small
temperature changes (that some molecular band strengths diagnose), the fact that the
photospheric spectra remain constant over this timescale shows that the structure of the

atmosphere is relatively stable throughout the orbital phase space.

3.2 Photospheric Modelling

The derivation of photospheric parameters is an iterative process. Traditionally, stellar
atmospheres are defined by four main parameters: temperature, surface gravity (g), mi-
croturbulance and metallicity (7). All of these parameters are interdependent. Thus,
it is necessary to iterate on each parameter to find a self-consistent solution. A discus-
sion of the process is treated in Gray (1976). Typically spectral diagnostics that depend
strongly on one parameter are chosen to constrain the parameters for the first iteration
and a solution can then be found quickly. For cool, extended atmospheres that contain
molecules, however, the situation is more complex than it is for hotter stars. In addition
to the complications that the presence of molecules introduces into the computational
modelling, the molecular features from a large number of blended transitions mutilate the
underlying continuum and make identifying the original continuum an uncertain process.
Since the strengths of the weak lines are used to obtain stellar parameters, the uncertainty

that the molecular opacity introduces to the continuum determination is propagated into
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Figure 3.5: High-resolution RITTER data of EG And at a number of different phases.
The data (red) are overplotted on the first RITTER spectrum (black) in each panel to
facilitate the viewing of spectral changes. While the Hydrogen Balmer profile (formed in
the photoionised region of the outer giant wind) is observed to vary, the narrow absorption
features (formed in the giant photosphere) remain constant (the far-reaches of the red giant
wind (close to the dwarf) are heavily influenced by the dwarf radiation, the atmosphere
of the giant appears relatively unperturbed). The data in black were obtained at phase
¢=0.04, while the data in red cover phases ¢p=0.05 to $=0.83 (top to bottom).
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the parameter determination. When one considers the large number of molecular fea-
tures and the inherent problems that arise due to the lineblends, it is possible to realise
that the stellar parameters cannot be obtained as accurately as they can for hotter stars.
However, by taking advantage of the latest codes and computational power, it is possi-
ble, using spectral synthesis techniques as often as is possible, to determine the stellar
parameters.

The initial estimates of the stellar parameters were obtained by using a chi-squared
procedure to fit the low-resolution FAST spectrum to a set of Kurucz models (Kurucz,
1993) in a grid that coarsely covered effective temperature, surface gravity and metallicity.
The closest fitting Kurucz model atmosphere (T.;;=3750 K, log(g)=1, Z=-0.5) was then
used in conjunction with the latest version of the spectral synthesis and analysis code
MOOG (Sneden, 1973) to further analyse the spectrum using atomic data of Kurucz &
Bell (1995). The MOOG analysis primarily consisted of using the equivalent widths of
Fe I and Ti I absorption features to refine the stellar parameters. Most of the lines that
were measured were situated at the long wavelength end of the echelle data near the
strong Ca II lines at ~8,500A. This region is remarkably free from telluric lines and at
these wavelengths the continuum is least affected by molecular absorption (Munari &
Tomasella, 1999).

Unfortunately, the photosphere is too cool for any Fe II absorption features to be
measured; thus precluding the use of the traditional method of applying the Fe I/Fe 11
equilibrium method to constrain the surface gravity. However, the Fe T and Ti T lines
could be utilised to refine the effective temperature by requiring that no trend between
the derived abundance and the line’s excitation potential was present. The microturbulent
velocity was then estimated by requiring that the abundance was independent of equiv-
alent width. Although there was scatter in the derived abundances of iron and titanium
(0 ~0.3) due to a combination of continuum placement error, atomic data errors and line
blending, the metallicity was consistently located in the range from Z= -0.6 to -0.3.

In an effort to determine the inner boundary conditions for the wind, and indeed
to further understand the giant’s structure, a further analysis of the APO spectrum was
undertaken using the latest stellar atmosphere code that is suitable for cool star modelling.
The eventual aim of the modelling was the construction of a static model atmosphere
using the PHOENIX stellar atmosphere code. PHOENIX, which is fully described by
Brott & Hauschildt (2005, and references within), is a general-purpose state-of-the-art
stellar and planetary atmosphere code which offers many advantages over other model
atmosphere codes when it comes to modelling cool stars. The code treats dust as well as

a large number of molecular and atomic species, and also deviates from the LTE (Local
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Thermodynamic Equilibrium) assumption for a number of important species.

3.2.1 The PHOENIX Model

Using the information derived on the stellar parameters from the high resolution spectral
analysis, a grid of static PHOENIX model atmospheres were generated and provided by
Peter Hauschildt (private communication). The models covered a range of photospheric
temperatures, surface gravities and metallicities (AT=100 K, A(log ¢)=0.5 and AZ=0.2)
and a spectrum for each model was generated using a microturbulent broadening param-

eter of 2 km s7!

, with a wavelength coverage of 4,000-9,000 A. These synthetic spectra
were compared to selected wavelength regions of the APO spectrum of EG And and,
using a chi-squared procedure, the best fit parameters were determined to be log(g)=1.0
and T.;r=3,600 K, with a metallicity of Z=-0.4 (uncertainties of the order of the grid
spacing). The stellar radius implied by the model is 64 R, consistent with the radii

determined observationally, within the uncertainties.

3.3 Photometry

The UBV R photometry spans 3 orbital cycles and provides coverage on weekly and
sometimes daily timescales. This provides an opportunity to monitor the behaviour of the
giant itself over these timescales, as well as the recombining material that contributes to
the U-band. It is the giant’s spectrum that completely dominates the optical wavelength
region (emission lines contribute only ~0.1% of the B- and V-band flux), but the hydrogen
recombination region emits radiation within the detection range of the U-filter. This
recombining material is located relatively close to the dwarf, in the outer region of the
giant wind, and means that it is possible to monitor the hot material also, albeit indirectly.
The UBVR KAIT photometry (differential magnitudes; Mag[standard]-Mag[Eg And]) is
presented in Figure 3.6 (black), along with data published by Skopal et al. (2004) (red)
for comparison.

From analysis of the data, it emerges that the strongest photometric effect is due to an
ellipsoidal distortion of the giant, as previously found by Wilson & Vaccaro (1997). The
variation is smooth over phase-space, is present in all filters, and has a period of ~240
days, which is half of the orbital period. The magnitude of the variations is consistent
with the giant being tidally distorted on the ~7-8% level. This is not expected to alter
the internal structure of the star significantly (Hauschildt, private communication).

Superimposed on the ellipsoidal variation, are smaller variations displaying a period

of ~28 days. These variations occur in all filters and are ~0.1 in the R band magnitudes
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EG And UBVR Photometry (Skopal (red) + KAIT (black) data)

?
.

ﬂ:i.

.
W

—-1.5
L
A w

.J T T T ‘
¥

fa "
l-r.
adig .y

7.2

gi}%%%%}HH}HH}HHMH7}1111}1111}7
L M | ] i
OO.:, " g E} i.-*':llllv‘m' ! ,:
o [L.a" =l"|.. |. ‘, O ...l.r.. \-}.. 4
o - .f . r Lo ""i‘:_fa'; .
ie] o M — = —
5 i . - . ]
= R RRE R RN R R R NS S S S S N IS U N
gﬂ &~ " L] j ':. L] i
= i ]

‘T\ T

\AL\\\‘\\\‘:3\‘\\\‘\\\‘44‘\\\\‘\\\\‘\4

n *-' €
o
%,
Al
[

—1.5 74

1 2 3 4 5 —-0.5 0 0.5
UV Phase Reduced UV Phase

Figure 3.6: Differential magnitudes of EG And for (from top to bottom) UVBR. The
left panel contains the KAIT data plotted against UV phase with the Skopal data plotted

in red. The right panel contains the same data, but phase-wrapped.

(see Figure 3.7). These variations are consistent with radial pulsations of the photosphere,
where the surface is distorted by ~2-3%. Since all stars later than K0 are known to pulsate
(Koen & Laney, 2000; Percy et al., 2001; Percy & Parkes, 1998) and the amplitudes
increase with spectral type, this observation is not unexpected for an M giant.

The U-magnitude, on the other hand, might be expected to display different charac-
teristics since a significant contribution of the light will originate in the hydrogen recombi-
nation region close to the WD. Indeed, although the ellipsoidal and pulsational variations
are observed in the U-band, the behaviour is much more erratic and the source undergo
changes in brightness (see Figure 3.7) of up to ~0.17 magnitudes. These ‘flares’ are unre-
lated to orbital phase, but do seem to have a similar period to the pulsational variations

that occur in all bands. This is discussed further in chapter 6.
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Figure 3.7: Plots of the residual data after the subtraction of a fit to the ellipsoidal
variation (period of 240 days; half of the orbital cycle).

3.4 Mg II h and k Lines

The uneclipsed ultraviolet spectra provide an opportunity to view the chromospheric
emission lines as they would be observed in isolated stars. The collisionally excited Mg
IT resonance doublet is a well recognised tracer of cool winds. The fact that Mg™ is the
predominant ionisation stage of magnesium in cool star chromospheres, in combination
with the high probability of radiative decay of the transition (~2.5x10% s7') makes it a

prime diagnostic for determining the terminal velocities of such winds in isolated stars
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(Dupree & Reimers, 1987). The Mg II resonance doublet in the eclipsed spectrum is
mainly chromospheric in origin and the profile at this phase is the least contaminated
by any component from the ionised section of the wind. The position of the dwarf at
this orbital phase (almost directly behind the giant) also means that any blue-shifted
absorption component superimposed on the chromospheric emission will not be affected
by the hot star, and will diagnose the unaffected cool outflow from the giant. Standard
measurement of the velocity location of the absorption profile (Dupree & Reimers, 1987)

results in a terminal wind velocity for the giant of ~ 75 km s™! (see Figure 3.8).
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Figure 3.8: Mg II resonance line at 2804 A plotted in the rest frame of EG And. The Mg
IT resonance doublet is commonly used to diagnose the terminal velocities of cool winds.
The derived value for the terminal velocity of the giant in EG And of 75 km s~ is marked

on the plot.

3.5 Conclusions

Analysis of high and low-resolution optical spectra shows that the atmospheric structure
of the giant star is not severely perturbed, either radiatively or tidally, by the presence of
the binary companion. It emerges that, although the photosphere is heated slightly and
the atmosphere is elliptically distorted on the 7-8% level, these effects are minimal. The
photospheric spectrum remains similar to that of isolated stars and the atmosphere can
be modelled as a normal giant. The photometry shows pulsational activity of the giant,

which is typical of similarly evolved stars, as well as relatively large periodic variations in
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the U-band. The ultraviolet emission line (i.e. C II 2326 A and Mg IT) fluxes at eclipse
approximate those seen in isolated stars. The evidence shows that the giant atmosphere
is only slightly disturbed by the presence of the dwarf and that it can be used as a proxy

for analysing the circumstellar conditions of red giants in general.



Modelling the UV Spectral Variations

Presented in this chapter is an overview of the complete ultraviolet dataset and a dis-
cussion of the spectral variations that are observed in the data. The data consist of a
multi-component continuum, nebular emission lines and broad wind lines, all of which
enable the diagnosis of both the hot gas and the low-excitation absorbing material. All
these spectral components undergo dramatic variations, most of which are due to the
eclipse of the dwarf star by the cool giant. I will provide an overview of these variations
and attempt to place them in the context of a model that permits the separate compo-
nents of the system to be disentangled. I will pay particular attention to the hot ionised
material and in doing so, evaluate the effects of the white dwarf radiation on the red giant
and its outflow. The variations of the spectral features in the ultraviolet can be divided
into those related to the eclipse and those that are unrelated to the orbit of the binary

components.

4.1 The Ultraviolet Observations: The Eclipse Effect

The ultraviolet continuum and emission lines are both modulated by the periodic eclipse
of the hot material by the red giant and its extended atmosphere. In those spectra

obtained outside of eclipse, the ultraviolet region is dominated by the continuum of the

20
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dwarf. Superimposed on this continuum are emission and absorption features from high-
ionisation species and narrow interstellar absorption lines. The continuum is observed
to rise towards blue wavelengths into the FUSFE range where it is severely attenuated by
interstellar absorption approaching the Lyman limit. The narrow interstellar absorption
lines originate from species such as H I, Hy, CII, NI, N II, O I, Si II, P II, Ar T and
Fe II and are consistent with a warm (~500 K) absorbing cloud with a radial velocity of
~ —30 km s~!. In addition, emission and P-Cygni features from species such as C III,
N III, O IV, P V, Si IV, and O VI originating from material in the photoionised portion of
the giant wind and/or the hot gas close to the dwarf are all prominent in the FUSE data
outside of eclipse. In the ultraviolet wavelength region covered by STIS, the white dwarf
continuum falls off to red wavelengths where the hydrogen recombination continuum also
contributes. Permitted and semi-forbidden emission lines from ions such as He II, C II,
CIL CIV, NI, NIV, NV,O1 O1IIL O II, O IV, Mg II, Si IV and Fe II are all
prominent.

These features are all affected by the eclipse, during which the broad components
of the high ionisation lines completely disappear. During eclipsed phases (¢ < 0.16) the
continuum shape is defined by the damped wings of the hydrogen Lyman series transitions
as the dwart is obscured by large amounts of neutral material in the giant’s wind. The large
increases observed in the hydrogen column densities are accompanied by the appearance
of a host of narrow absorption lines from neutral or lowly ionised species. The strength
of these features vary in tandem with the strength of the neutral hydrogen lines.

Presented in Figure 4.1 and 4.2 are plots of quadrature and eclipsed spectra taken with
FUSFE and STIS respectively. The fluxes are plotted on a log scale to facilitate display
of the strong emission lines. Note especially the eclipse of the ultraviolet continuum and
the high, ionisation lines (i.e. He II 1640 A), whereas lines of species of lower ionisation
(i.e. Mg IT 2800 A) are less affected by the eclipse. The increasing strength of the eclipsed
continuum towards red wavelengths is also apparent from the STIS spectrum. At red
wavelengths the contribution of the dwarf to the continuum decreases and the dominant
contributors are the nebular recombination continuum and the continuum of the red giant
itself, explaining why the eclipsed continuum is less affected at red wavelengths.

In order to provide an overview of the complete ultraviolet dataset, graphical rep-
resentations of the variations in the FUSE and STIS data were generated, which are
presented in Figures 4.3 and 4.4 respectively. The top panel of Figure 4.4 shows the full
STIS echelle dataset, the middle panel shows only the E140M data, while the lower panel
shows the region of the E140M spectrum close to the He II 1640 A feature. The flux

levels are represented by colour intensities and are displayed on a log scale. The data are
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Figure 4.1: FUSE spectra of EG And at quadrature (black) and near eclipse (red).
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phase-wrapped and the flux levels are linearly interpolated through those orbital phases
where no data is present. The dramatic effects of the eclipse on the ultraviolet data are
very apparent in these diagrams. The attenuation of the continuum is observed to con-
tinue from mid-eclipse out to phase ¢ ~0.16, with the attenuation being stronger close to
the H I Lyman transitions. The different effects of the eclipse on different emission lines
can be illustrated by examining the lower panel on Figure 4.4. The broad, He IT 1640
emission feature originates in material close to the dwarf component, hence the eclipse
of this feature is almost complete. In contrast, the O III 1660, 1666 doublet is much less
affected by the eclipse of the hot component. This feature originates in an ionised part
of the outer wind of the giant which is much more geometrically extended than the He II
emitting zone, and therefore much less eclipsed. The appearance of the narrow wind ab-
sorption features on the continuum during partially eclipsed phases is also illustrated in
this diagram. The majority of these absorption lines in this wavelength region originate
from excited levels of the Fe™ ion.

The variations which are caused by the eclipse, in particular the appearance of the
narrow red giant wind absorption features, will be dealt with fully in Chapter 5. For the
remainder of this chapter, those features in the ultraviolet data whose behaviour cannot
be explained by the eclipse effect will be analysed. Particular attention is paid to the hot
gas close to the dwarf and an attempt is made to quantify the effect of the dwarf radiation

on the cool wind and to develop a model for the binary.

4.2 Non-Eclipse Related Variations

As discussed above, the general behaviour of the ultraviolet spectral variations can be
explained in terms of the eclipse of both the white dwarf and a large portion of the
photoionised region of the giant wind by the atmosphere of the giant itself. However,
there are also other variations that appear unrelated to the orbital phase. In addition
to the variations that are unrelated to orbital phase that were observed in the July 2003
STIS spectrum (that were discussed in the previous chapter), the most striking variations
are those of the individual resonance line profiles of the high-ionisation species diagnosing
material close to the dwarf star.

It was originally anticipated that the wavelength coverage of FFUSFE, combined with the
comprehensive orbital coverage and the high quality of the observations, would permit
the identification of white dwarf photospheric features and establish the system as a
double-lined spectroscopic binary. However, the only direct observation of the hot star is

the ultraviolet continuum which is consistent with a dwarf star with an effective colour
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temperature of ~75,000 K. The broad components of high-ionisation emission lines from
species such as He II, C IV, N IV, N V and S V appear to originate in gas close to
the dwarf, however eclipse effects, self-absorption and line blanketing preclude reliable
radial velocity measurements and no dwarf photospheric features have been identified.
However, analysis of these broad line profiles places this material in very close proximity
to the dwarf. I will firstly discuss these resonance profiles that appear in P-Cygni form
and the broad lines which have no absorbing component. This is followed by a discussion

of the extent and location of this material in the binary.

4.2.1 Broad P-Cygni Features

A number of permitted, high-ionisation transitions are present in the form of broad emis-
sion, P-Cygni or inverse P-Cygni profiles. In some cases, these profiles are blended with
a narrow emission component from the nebular region while in others, they are mutilated
by interstellar absorption at the blue end of the profile.

The O VI resonance transitions(1032, 1036 A) represent the highest ionisation transi-
tions in the spectrum and are present as optically thick wind profiles. They are observed
to vary between a P-Cygni form, typical of fast (~1000 km s™!) expanding winds and
broad red-shifted absorption profiles typically observed in objects with in-falling material
present. The variations are phase-independent and trace instabilities in the region de-
duced to be close to the white dwarf, as will be explained later in this chapter. See Figure
4.5 for a plot of the O VI profiles at four uneclipsed phases. Also shown are velocity plots
of the P V 1117 A resonance feature at the same orbital phases. Although P** has a lower
ionisation energy than O*? it is apparent that both lines diagnose the same mass-motions,
with profiles switching from P-Cygni form to inverse P-Cygni form in tandem.

From the [UFE observations of EG And, no definitive identification of the N V 1238,
1242 A emission features was possible, raising the possibility that one of the component
stars had an anomalous abundance (Sion & Ready, 1992). However,it is apparent from
our STIS spectra that N V emission is present. The profiles are complicated due to self
absorption and also due to the fact that the widths of the features (~1,000 km s™') are
greater than the separation of the doublet. This results in mutilated and overlapping
profiles that give the impression of weak emission and an anomalous doublet intensity
ratio. The feature disappears during eclipse, which is as expected for gas close to the
dwarf.

The C IV 1548, 1550 A emission feature is the strongest in the ultraviolet spectrum.
It is composed of at least two components, a broad base (full width at zero intensity

(FWZI) of the convolved doublet ~1400 km s~') which disappears around eclipse, and a
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Figure 4.5: Plots of the O VI (left panel) and P V (right panel) resonance line profiles
(from uneclipsed phases) in velocity space in the EG And rest frame. The O VI profiles are
reconstructed from clean regions (free of narrow absorption lines) from each component of
the optically thick doublet, while the P V profile is the 1117 A feature. These variations
are not related to orbital phase, and the profiles are observed to switch between P-Cygni
and inverse P-Cygni form. Although the profiles reach different extents in velocity space,
it is apparent that they vary in tandem. These profiles trace clumpy, dense material
located close to the dwarf star. The narrow emission component of the P V profile which
is located at the rest velocity line is a nebular emission component superimposed on the

wind profile.

narrower central component which is affected by self absorption. The intra-doublet ratio
of the narrow line core deviates from the optically thin 2:1 ratio to give ratios varying
from between 1.5 and 1.8, depending on phase. The form of the profile is similar to those
of the higher ionisation lines described above, except that the broad profile has a strong
nebular emission line core superimposed on it. The C IV profile and its variations are
similar in form to other high-ionisation permitted resonance transitions such as S IV and
Si IV. A detailed modelling of such resonance line profiles is complicated by the multi-
component structure and in many cases self and interstellar absorption. However, it is

readily apparent that there are two distinct emitting regions. One in fast-moving gas
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close to the dwarf and one which is further away from the dwarf, in an ionised region of

the outer red giant wind.

4.2.2 Broad Emission Lines

The He II 1640 A line (formed by recombining Het?) also traces the hotter gas in the
system. The emission feature can be decomposed into two Gaussian profiles (see Figure
4.6). The broader component is observed to disappear completely during eclipse, while the
emission core is also greatly reduced at phase ¢=0.04. The profile is greatly affected by
a number of narrow Fe IT absorption lines during phases of partial eclipse. This explains
the asymmetric profiles observed with IUE where self-absorption was suggested in order
to explain the profile (Sion & Ready, 1992). Due to the high energy of the lower level of
the transition (40.8 eV), self-absorption would require large amounts of hot material to
be passing intermittently along the line of sight, complicating the model of the system.
The S V line at 1502 A (lower level is 15.8eV above ground) and the N IV line at 1718
A (lower level is 16.2 eV above ground) appear to originate in a similar emitting region
to He I1. They are of similar width (full width at half maximum (FWHM) ~300 km s™1),
vary in the same way and produce radial velocity measurements that vary with phase in
the opposite sense to those features associated with the giant. I find that the amplitudes
of the radial velocity shifts for lines of the broad components of these permitted lines of
He II, SV and N IV are consistent with a dwarf 3 to 4 times less massive than the giant.
The lower level of these lines are well above ground, removing complications introduced
by self-absorption, and although the profiles are heavily mutilated at eclipsed phases, it
is noted that the radial velocities of all three broad components behave similarly. See
Figure 4.7 for a plot of the variation of the radial velocities of the broad component
of the He II 1640 A line and the narrow (~17 km s~') O 1] 1641 A line with orbital
phase. The semi-forbidden O I line shares an upper level with the permitted O I triplet
at A 1302A, all of whose transition probabilities are a factor of ~ 10 times higher.
Therefore, extremely high optical depths must exist in the line-formation region for an
appreciable number of photons to be allowed to escape from the emitting region via the
semi-forbidden transition. It is therefore unsurprising that the measured radial velocities
for this line match the predicted radial velocity curve for material associated with the

giant atmosphere where densities of neutral material are high.
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Figure 4.6: Plots of the He II 1640 recombination line at three orbital phases. In the
top panel note that the profile is composed of a wide base and a narrower core com-
ponent. Also note the much narrower O I] 1641 A emission line. From radial velocity
measurements and photoionisation modelling (described later in this chapter) I find that
the broad He II component is located close to the dwarf. In the partially eclipsed spectrum
displayed in panel 2 the overlying wind absorption from Fe II is apparent. Overplotted
(dashed line) with an offset is an Fe II absorption model, thermally excited to a chromo-
spheric temperature of 8000 K. The bottom panel displays the extent to which the He I
emitting regions have been eclipsed at ¢=0.04. The emitting region is therefore close to
the dwarf and is located along the axis between both components. The dashed vertical

lines correspond to the rest wavelengths of the lines in the red giant rest frame.
4.2.3 Origin of the High Velocity Features

The observed profiles of the high-ionisation lines can best be understood in terms of the
photoionisation and accretion of the red giant wind close to the hot component. The
extent of the wind in velocity space depends on the ionisation energy of the species; i.e.
the higher ionisation transitions trace higher velocity gas closer to the dwarf. This is illus-

trated in Figure 4.8 where the profiles were reconstructed with splined fits to both compo-
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Figure 4.7: Measured radial velocities from fits to the broad component of the He II
1640 A line (asterisks) and to the 1641 O I] (squares) line. Overplotted are the expected
radial velocity curves for material associated with the red giant (dashed) and dwarf (solid)
assuming a giant to dwarf mass-ratio of 3.5 and using the orbital elements derived by Fekel
et al. (2000) for the giant.

nents of the doublets in order to exclude self absorption effects and overlying/underlying
absorption /emission. A simple photoionisation argument places the higher ionisation ma-
terial closer to the dwarf, which is where the highest velocities are expected for accreting
material. This matches what is observed in the data, and also what is suggested from the
radial velocity variations of the unabsorbed broad emission features.

The fact that profiles are observed to switch between P-Cygni and inverse P-Cygni
form rules out the existence of a smooth outflow from the hot star. Indeed, for such
variations to occur, the material must be reasonably dense and clumpy, suggesting erratic
accretion of the cool wind. High densities of this material are also suggested by the
absence of broad semi-forbidden line profiles. Unlike some symbiotic objects such as AG
Peg (e.g. Nussbaumer et al., 1995), the broad components in EG And are only observed
in the permitted lines. The high ionisation semi-forbidden lines exist only as narrow line
cores (~30 Km s7!), with no hint of a broad component (see Figure 4.9). Analysis of the
Si IV and O IV permitted and resonance multiplets at ~1400A (Keenan et al., 2002) in
particular suggest that the semi-forbidden lines are collisionally suppressed.

Further evidence for the broad line profiles being due to material being accreted onto
the white dwarf comes from the short-timescale variation of the profiles in the FUSE
spectra. When the uneclipsed FUSFE spectra are split into their individual orbital expo-
sures, it emerges that in two of the datasets, the resonance profiles of O VI and S VI are

observed to shift dramatically over FUSE orbital timescales (~90 minutes). Displayed
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Figure 4.8: Profiles of FUSE and S'TIS observations of the P V, N 'V and O VI resonance
transitions. Individual profiles of the N V and O VI doublets are complicated by overlying
narrow absorption and emission features from other species. The profiles shown here are
reconstructed from both members of the doublet using regions free of the narrow features.
The FUSE and STIS observations took place within 5 days of each other. P™ has a lower
ionisation energy that the other species - note the extent of its profile compared to the

other two features.

in Figure 4.10 are plots of the regions around the O VI doublet for two observations.
The spectra plotted in red were observed one FUSE orbital period later than the data
plotted in black. Note that the narrow absorption lines (of interstellar origin) remain
static while the broad O VI absorption features shift by up to ~ 250 Km s~!. The rapid
variation of these features is consistent with dense, clumpy material being accreted onto
the dwarf component over a very small physical extent. A similar phenomenon is observed
in ¢ Aurigae (binary period ~972 days), where the C IV resonance profiles change over a
time-span of ~10 hours (Philip Bennett, private communication).

There is also evidence for an asymmetry in the distribution of hot material around the
dwarf. During the phases around eclipse when the broad lines disappear it is apparent
that they are modulated asymmetrically around the mid-point of the eclipse. The broad
wings of lines such as He II, C IV and Si IV take longer to recover during egress than they
do to disappear on ingress. This highlights the asymmetry of the highly ionised region
around the dwarf, where the ionising photons can penetrate further into the less dense
material in its wake, than they can into the denser wind material that it is moving into.

The asymmetry is thus a line of sight effect where we are viewing the wake of the hot
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Figure 4.9: Plots of the Si IV 1393 and S IV] 1416 velocity profiles observed with STIS
at phase ¢=0.50. The left panel shows the permitted resonance line at X 1393.76A, while
the semi-forbidden line at 1416.90A is plotted in the right. Both lines are plotted in the
rest frame of EG And. The high density broad line region emits only in the permitted

lines.

component more clearly during ingress phases. Again, for this effect to be noticeable,
the source of the high-velocity emission must be located close to the dwarf, otherwise the

total eclipse and orbital asymmetry of these features would not be so pronounced.

4.3 Nebular Emission

The narrow emission features which originate in the outer region of the red giant, but
further from the dwarf than the broad emission features, are now discussed. As pre-
sented in Figure 4.1, there are a large number of both strong and weak nebular emission
lines characteristic of symbiotic stars in this dataset. These are largely semi-forbidden
transitions, although many resonance features also posses a narrow nebular component.
A radial velocity analysis of the emission lines places them in an extended portion of
the red giant wind. Typical linewidths (FWHM) are 30 — 50 km s™!, consistent with a
formation region past the initial acceleration region of the expanding wind. This is also
in agreement with the picture presented by the photoionisation models of Proga et al.

(1998), where a significant red giant wind cross-section is required in order to reproduce
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Figure 4.10: Sections of FUSE spectra around the O VI 1032, 1036 doublet. Within each
panel the spectra plotted in red were observed one FUSE orbital period (~90 minutes)
later than the data plotted in black. Note that while the narrow interstellar absorption
features remains constant, the broad O VI profiles vary dramatically over this very short
time-span. The dashed vertical lines correspond to the rest wavelengths of the O VI lines

in the stellar rest frame.

the observed nebular line strengths in EG And. In addition to undergoing velocity shifts
with orbital phase, most of the lines are also strongly modulated by the eclipse, revealing
the importance of the white dwarf illumination to their formation.

There are a large number of transitions useful for deriving electron density diagnostics
for nebular conditions within the ultraviolet wavelength region (e.g. Czyzak et al., 1986;
Feibelman & Aller, 1987). Applying these diagnostics to a range of lines from different

species and ionisation energies, a nebular density on the order of ~10° cm=3

is consistently
derived for uneclipsed phases. Densities are observed to reduce by a factor of ~2-3 during

eclipse, confirming that a large proportion of the core of the ionised nebula is obscured
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(see Figure 4.11). This places the emitting region along and close to the binary axis.
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Figure 4.11: The variations observed in the nebular densities against orbital phase. The
densities shown here are derived using the flux intensities of the [O III] \2321 / (O I1I]
A1660 + O III] \1666) flux intensity ratios. Diagnostics from other ions produce similar

eclipse effects.

4.3.1 C III Emission in the FUSE data

In theory it is possible to derive the electron temperatures and densities in the C*2
emitting regions by applying diagnostic ratios to the many C III lines throughout our data,
including the resonance line at 977 A and the multiplet at 1176 A. However at all phases
the intra-multiplet ratios that are observed for C IIT A 1176 are far from the optically
thin values (see Figure 4.11). In addition to the ratios being changed by optical depth
effects, profile modelling suggests that an additional absorption component is present.
Since the energies of the lower levels are ~6.5 eV above ground, it is conceivable that the
levels are populated collisionally in the outer wind. Indeed, the presence of a component
that absorbs away from the continuum at maximum ultraviolet phase categorically places
at least some of the C IIT outside the binary orbit. In addition to the multiplet ratios
being anomalous, the resonance feature (977 A) is affected by self-absorption and also
interstellar C III and H, absorption, therefore I do not use the C III transition in the

FUSE regions as nebular diagnostics.
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Figure 4.12: The 1175 A C III multiplet as observed with FUSE at phases ¢ = 0.79
(top) and ¢ = 0.05 (bottom). Also plotted (dashed and with an offset for clarity) is a
quiet solar spectrum of the same multiplet, shifted to the rest frame of EG And. The solar

spectrum displays the components of the multiplet close to their optically thin ratios.
4.3.2 O III Recombination lines

It is noted that upwards of 15 permitted O III emission lines originating from levels
significantly above ground are present in the FUSE spectra. To my knowledge, these
transitions have only previously been reported for laboratory generated collisional plas-
mas. The transitions have upper levels with energies typically ~ 35-50 eV and must
trace the recombining O3 gas in the photoionised portion of the giant’s wind. Lines are
identified using the line-list published by Petersson (1982).

4.4 Modelling the System

These observations provide the most complete set of ultraviolet eclipse observations of any
symbiotic system. Indeed the sampling of the eclipse and the high resolution and S/N of
the data enable the study a red giant chromosphere and wind in absorption over a range
of differing impact parameters from the photosphere. While it can be deduced from the

optical dataset that the atmosphere remains relatively undisturbed by the presence of the
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ionising companion, it needs to be clarified by how much the wind s affected, and whether
the highly variable behaviour of the broad, hot material can be separated from the cool
outflow from the giant. For example, if the wind conditions are found to be dominated by
the ultraviolet radiation field it would be difficult to draw general conclusions as regards
isolated giants based on this type of analysis.

In general terms, we can claim to have a good understanding of the significant spectral
variations, which can be explained in terms of the eclipse of the hot component by the
photosphere and extended atmosphere and wind of the giant component. I have discussed,
however, variations unrelated to orbital phase, such as the behaviour of the profiles of
certain high-ionisation features such as the the O VI resonance lines. However, from the
analysis of the P-Cygni profiles and the radial velocity analysis of the unabsorbed broad
lines, we can conclude that this material is located very close to the dwarf star. These
features most likely diagnose dense, clumpy material accreting onto the white dwarf. It
follows that this material can be readily separated from the material in the well-behaved
cool wind outflow from the red giant.

Indeed, further evidence for this material being confined to a small region around
the dwarf comes from examining how close the gas must be to the dwarf in order to be
gravitationally accelerated to the observed velocities. Assuming a white dwarf mass of 0.6
M (Vogel et al., 1992) and a gravitationally accelerated velocity of 300 km s~ (FWHM
of broad He II 1640 component), it emerges that the material must be closer than 3 R
from the dwarf’s surface, which is less than 1% of the orbital separation. Using a velocity
of 1000 km s~ (observed in higher ionisation lines such as the O VI resonance profiles),
the distance from the dwarf is calculated at being less than a solar radius.

To illustrate that this material is located in a small volume (relative to the system
dimensions), sections of two FUSE spectra taken at identical orbital phases (¢ =0.79)
but at different orbital epochs are displayed in Figure 4.13. It is apparent that both
spectra are almost identical with the exceptions of the regions around the high-ionisation,
high-velocity lines. These lines are due to Si IV, P V and S IV and are observed to switch
from P-Cygni to inverse P-Cygni form. Despite these dramatic changes, the continuum
and cool wind features are unaffected. This plot also illustrates the repeatability of the
observations of the red giant wind over several epochs.

Further evidence that the giant wind is relatively unperturbed by the white dwarf
radiation field lies in the observed ionisation and excitation structure of the different lines
of sight through the wind. The ionisation level remains constant throughout the wind
acceleration region and is symmetric about eclipse. These observed absorption profiles

are much cleaner and simpler to analyse than those obtained from studies of many other
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Figure 4.13: Sections of uneclipsed FUSE spectra of EG And taken at almost identical
orbital phases (black - p=1.79; red - $=3.79), but two orbital epochs apart. The spectra
are almost identical except for the high-ionisation transitions. This is due to material
close to the giant which undergoes variations unrelated to orbital phase. In general the
material not located very close to the hot component remains stable over the different

observed orbital cycles.

eclipsing binaries. In many other cases, the absorption profiles are blended with the spec-
trum of the background secondary component. Often, the secondary component displays
re-emission of scattered photons which fill in the absorption profile and make a full 3-D
radiative transfer analysis necessary (Baade et al., 1996, and references within). How-
ever, due to the low luminosity of the dwarf, the entirely different spectral characteristics
of the stellar components and the relatively low excitation of the wind, the majority of
the absorption lines for this dataset can be treated successfully with a pure absorption

analysis.

4.4.1 Photoionisation Modelling

The fact that the dwarf is much less luminous than the giant (a factor of ~60) explains

why the white dwarf photons seem to ionise only a small region of the cool wind. However,
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in order to analyse this in a quantitative way, the CLOUDY" photoionisation code was
used to model the effects of the dwarf radiation on the wind. Using the stellar parameters
described in Table 2.1 and a wind velocity law found for EG And by Vogel (1991) (char-
acterised by a steep acceleration ~2.5 Rprs above the photosphere and hereafter called
the Vogel wind law, this is discussed further in chapter 6) I have modelled the structure
and conditions in the red giant wind along the binary axis between the two stars. Some
of the findings are presented in Figures 4.14 and 4.15.

The top three panels of Figure 4.14 show the effect of the ultraviolet radiation field
on the conditions in the outer regions of the red giant wind. The dwarf is located at the
left hand side of each panel while the surface of the giant is located on the right. It can
be noticed that the wind is heated to a temperature above 20,000K close to the dwarf
and drops as the radiation moves into denser material. Note that the hydrogen ionisation
boundary is located approximately 0.7 Rrg from the dwarf’s surface. It is at a distance of
~1.4 Rpg that the electron temperature (due solely to the dwarf photoionisation) drops
below 4,000K and the calculation is stopped. Beyond this point, the influence of the
ultraviolet radiation is minimal. Although, the ionised region does not extend very far
into the giant wind, it must be remembered that this calculation was carried out along the
binary axis where the wind is densest. For instance, the ultraviolet photons that escape
in the opposite direction will ionise a much larger region due to the lower density of
material. One can also see from Figure 4.14 the ionisation structure of hydrogen, oxygen
and iron along the binary axis. For these plots, the black, red, orange, magenta, green
and blue lines correspond to different stages of ionisation with black being neutral and
blue corresponding to material that has lost five electrons.

Presented in Figure 4.15 are the contribution functions for a number of emission lines
along the binary axis. It can be seen that the high ionisation material associated with
O VI and N V resonance lines is located extremely close to the dwarf. The He II and
C IV emission features also have a component located close to the dwarf, in addition to a
component positioned further into the giant wind. This can explain the two-component
profiles which are observed in the spectra for these transitions. For the majority of the
nebular emission lines, most of the emitting material is located close to the hydrogen
ionisation boundary where the electron density is highest. This is due to a trade-off be-
tween the decreasing wind density as one moves further from the giant and the decreasing
number of free electrons (due to photoionisation) as one moves further from the dwarf.

The photoionisation model accounts for the relative emission line strengths observed in

LCLOUDY is a large-scale spectral synthesis code designed to simulate fully physical conditions within

an astronomical plasma and then predict the emitted spectrum (Ferland et al., 1998).
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the data and, since it places the origin of most of the nebular emission lines at the regions
of highest electron density which is along the binary axis, accounts for the variations in
the line intensities around eclipse. The disappearance of the high-ionisation features at

eclipse is also explained by the placement of this gas very close to the dwarf surface.

4.4.2 Hydrodynamical Models

An aspect in which the cool material is definitely expected to be affected by the presence
of the dwarf is through the redistribution of the wind material by the motion of the
secondary. This redistribution is apparent in the asymmetry of the continuum fluxes and
line strengths around eclipse, and whilst only a relatively minor effect, it must nevertheless
be taken into account in any realistic wind model. Walder & Folini (2000) have published
hydrodynamical models of symbiotic binary systems where the effects of the motion of
the dwarf on the structure of the cool wind are examined. Plotted in Figure 4.16 is a view
of the density distribution and velocity field (viewed perpendicular to the orbital plane)
that the model predicts for a system with binary parameters similar to EG And. The
extent of the predicted mechanical disturbance of the outflow is large, with an increase in
density of the material in front of the dwarf in a type of snow-plough effect. There is a
corresponding decrease in density in the wake of the dwarf and at distances further from
the dwarf, the outflow is greatly disturbed. However, it must be noted that the material
that is diagnosed by the phase-dependent absorption lines is located in the region at the
centre of the plot, within the binary orbit, where the wind is accelerated. The fall-off in
the density with distance is large and those regions in which the wind outflow is severely
distorted are too tenuous to be viewed in absorption and, in any case, are beyond the
point of initial wind acceleration and are of limited interest in terms of understanding the
wind acceleration.

Plotted in Figure 4.17 is a close-up of the same model, but showing the locations of
the dwarf (green) and the giant (red). It appears that, apart from the material directly
in front of the dwarf, the wind within the binary orbit is relatively unaffected by the
motion of the secondary component. This explains why the distribution of wind material
in the data is not dramatically different between ingress and egress phases. Indeed, the
slight asymmetry that is observed can be explained in terms of the gas being swept
up in front of the dwarf. The observation of ionised material (i.e. C III 1176 A) that
is exterior to the binary orbit can be understood in light of this model as well. Since
ionising photons will escape from the dwarf relatively unhindered in directions where the
densities are lowest, this ionised material will be disturbed and wrapped around the giant,

resulting in a circumbinary region of low-density ionised gas. This is the possible source
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Figure 4.14: Results of a CLOUDY photoionisation modelling along the binary axis of

both stars. The calculation is stopped when the electron temperature goes below 4,000K.
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Figure 4.15: Contribution functions of selected emission lines derived from the same

photoionisation model as described in Figure 4.14.
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Figure 4.16: Hydrodynamical model published by Walder & Folini (2000) for a binary
system with similar systemic parameters to EG And. Although the outflow is severely
disturbed at large distances into the wind, the density is very low and this material is not
diagnosed in the absorption lines of EG And. The region of interest (within the binary

separation) appears relatively undisturbed.

of the C III 1176 absorbing component. Overall, although the wind outflow appears to be
severely disrupted at large distances from the giant, the hydrodynamical models support
the observational evidence that shows that the inner wind is relatively undisturbed.

I conclude this chapter by pointing out that, although it is possible to study cool winds
through radio and ultraviolet observations of other binary systems, this dataset is unique
in that it provides detailed thermal and dynamic information on the base of the wind
where the the wind acceleration processes occur and, crucially, the material is relatively
unperturbed by the hot star radiation. A detailed analysis and modelling of the wind is

presented in the following chapters.
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Figure 4.17: A close-up of the model shown in Figure 4.16, displayed are the locations
of the dwarf (green) and the giant (red).



The Red Giant Wind in Absorption

In contrast to the hot material associated with the dwarf star, the giant’s chromosphere
and lower wind, which is viewed in absorption, appears remarkably stable and is rela-
tively unperturbed by the presence of its hot companion. In this chapter, an absorption
analysis of this cool wind material is presented, with diagnostics obtained along differ-
ent lines of sight to the hot companion as it moves behind this cool gas. By modelling
the phase dependent absorption, it is possible to directly diagnose the conditions and
physical structure of the material escaping from the star at different impact parameters
above the photosphere. The different techniques used to model the absorption and the
atomic data that is used in the analysis is described. It is then discussed how this study
provides detailed information on the ionisation and excitation conditions, as well as the
large and small scale structure of the outflow. As the impact parameter from the white
dwarf to the stellar photosphere increases it follows that the ultraviolet radiation field
will, at some point, dominate the conditions in the outflow. In an attempt to pin-point
where this transition occurs, the absorption line variations are interpreted in terms of a
photoionisation model for each line of sight. This provides a framework from which the
line strength variations can be interpreted and from which the impact parameter at which

the wind becomes significantly affected by the white dwarf can be found.

74



5.1 Analysis of the Wind Absorption 75

5.1 Analysis of the Wind Absorption

Analysis of the absorption features superimposed on the white dwarf continuum provides
a direct view of the material along that line of sight. However, in order to derive accurate
information on the conditions within this material, it is necessary to perform a quantitative
analysis of the absorption features. In general, the quantities that are derived from
absorption lines are the number of absorbers, N, along the line of sight, and b, the
Doppler broadening parameter. In this study, a combination of profile fitting, apparent
optical depth (AOD) and curve of growth (COG) techniques are used to determine these
parametersl .

As noted in Chapter 2, the process of determining the shape of the underlying contin-
uum is greatly aided by the presence of the uneclipsed data. Unlike most situations where
the continuum must be fitted, or where a stellar model for the secondary must be assumed,
the acquisition of spectra of the dwarf when it is out of eclipse makes it possible to analyse
the profile of the difference between the spectra. Plotted in Figure 5.1 are examples of
how the spectra can be normalised by using the ratios of eclipsed FUSE spectra to an
uneclipsed FUSE spectrum. The ratios are shown over the wavelength region 1146-1153A
for 3 differing degrees of eclipse. Taking ratios of eclipsed to uneclipsed spectra makes
use of the unabsorbed spectra to remove the unchanging features (such as interstellar
absorption lines) and displays only the variations in emission and/or absorption.

For those features that are unblended, it is possible to obtain accurate column densi-
ties as long as the atomic data is reliable and there are not heavily saturated unresolved
components along the line of sight. Although the analysis did provide evidence for some
saturated components at some phases, the tests that were carried out showed that the
derived column densities are not altered dramatically by the moderately saturated line
structure. This is supported by Jenkins (1986) who finds that the analysis of ensembles
of moderately saturated blended lines is not compromised by assuming a one-component
profile. In most cases, uncertainties introduced by atomic data errors and blending prob-
lems are minimised by fitting a range of lines simultaneously using the COG technique
and /or profile fitting (more commonly used). Although the accuracy of the column den-
sities vary from spectrum to spectrum, uncertainties of the narrow absorption columns
are typically +25%.

In the case of the H I profiles, the absorbing column is so strong that the lines are
all on the damped section of the COG. This removes the complications associated with

saturation and the well-defined broad damping wings enable a very accurate determination

LA discussion of these techniques and their application to the data in this study is contained in

Appendix A.
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Figure 5.1: Plots of the ratios of an uneclipsed FUSE spectrum to eclipsed FUSE spectra
for 3 different degrees of eclipse. This plot basically removes the unchanging features (such
as interstellar absorption lines) and displays only the spectral variations. The spectra are
observed at increasing degree of eclipse from top to bottom. Note how the wind absorption
lines strengthen and the continuum decreases with respect to the template quadrature
spectrum. Most of the absorption features at these wavelengths originate from excited
states of Fe™, P*, O and Ni".

of the absorbing column. It is well-known, however, that the H I transitions in the FUSE
wavelength region suffer from large uncertainties in atomic data. This is usually a major

obstacle for measuring distributions of neutral material through H T absorption techniques.
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However, this is not a significant problem in this dataset as the columns are so high that
the blue wavelength wing of the Lyman « profile attenuates the long wavelength range of
the FUSFE region, enabling the column to be measured with this transition.

An important factor that must be accounted for when analysing the absorption columns
is that, unlike interstellar absorbing material, the gas is thermally excited to chromo-
spheric temperatures, which leads to a large number of absorption features originating
from levels well above ground. Since such a detailed absorption analysis of this type of
excited gas at ultraviolet wavelengths is not a common procedure, it was necessary to de-
velop specific software tools that incorporate the latest atomic datasets in order to model
the observations.

The analysis procedures treat the lower ionisation stages of 19 different elements
and assume thermodynamic equilibrium (LT)2 The thermal and dynamic conditions of
the gas, the instrumental broadening factors of the telescope, in addition to the well-
understood physics of spectral line formation, are all taken into account in the analysis.
Thousands of UV lines originating from different lower energy levels are accounted for
and a variety of different fitting techniques are used to determine the physical conditions
in the gas. For example over 2,700 lines of Fe™, spanning a range of lower energy levels
and transition probabilities are included in the EG And analysis.

All partially eclipsed spectra were analysed in this way and the vast majority of absorp-
tion features (~90%) were identified and well-reproduced. Reproducing the absorption
in the FUSE data proved much more difficult than that in the STIS region (mostly due
to atomic data uncertainties). However, for wavelengths greater than ~ 1000A, the data
could still be fitted reliably. Displayed in Figure 5.2 is a fit (red) to an absorbed region of
FUSE spectrum (black). Also plotted (but offset for clarity) is the template uneclipsed
spectrum. Most of the absorption features are due to Fe II, Ni IT and P II, while the
Lyman « profile is attenuating the continuum. Presented in Appendix B is a fit to a com-
plete set of FUSE and STIS spectra for data observed close to orbital phase ¢=0.10. The
complete linelist for the narrow lines that are modelled (line core below 85% of the con-
tinuum after convolution with the instrumental resolution) can be retrieved electronically
from http://www.tcd.ie/Physics/Astrophysics/data/fuse/EGAndlinelistUV.dat.

A time-series of all of the FUSE and STIS spectra are presented in Figures 5.3 and
5.4. Also plotted are the derived H T fits, superimposed on a fit to the continuum of

2 Although this approximation is not usually valid for strong transitions in the relatively tenuous layers
above the photosphere, it is found that the TE excitation model matches the data extremely well for the
vast majority of the transitions. While the ionisation temperatures that are determined do not match the
implied corresponding excitation temperature, it is found that the majority of level populations remain

approximately Boltzmann.
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Figure 5.2: The top panel shows two FUSE spectra of EG And. The uneclipsed spectrum
was taken at quadrature and is an unobscured view of the dwarf where the absorption
lines are all interstellar (flux is offset by +3x10" for clarity). The absorbed spectrum
was taken part-way during eclipse (phi=0.10) and a fit is overplotted (red). The fit was
generated by placing absorbing material in the line of sight to the uneclipsed spectrum.
The second panel shows the Fe II contribution to the fit while the bottom panel shows the
H I contribution along with a number of other species (in this wavelength region mostly
N I, P IT and Ni II. Note that the blue wing of Lyman « defines the continuum shape.

The Fe II model was generated using atomic data from Raassen & Uylings

the reference quadrature continuum (red). The continuum level is observed to fluctuate
and these variations are apparent in these plots as offsets in the continuum level. The
fluctuations are plain to see in the unabsorbed spectra but are also observable in the
eclipsed data as continuum mis-matches between the attenuated reference spectra and
the data. In addition to displaying the spectral variations, these plots, therefore, show
that an additional scaling of the reference continuum must be applied in order to fit the
absorption profiles.

Since the atoms and ions in the wind often have significant electron populations in
many excited levels, it follows that the success of the modelling process is heavily re-

liant on having accurate atomic data. For example, in order to determine the excitation
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Figure 5.3: Plots of the complete FUSFE dataset for EG And. Overplotted are the H T
absorption models superimposed on a fit to the continuum of the template spectrum (red).
The plotting of the template spectrum highlights the variations in the continuum that

are unrelated to phase. The data are binned for clarity.
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Figure 5.4: Plots of the complete STIS ultraviolet dataset for EG And, similar to Figure
5.3.

temperature of the gas and also in order to apply excitation corrections to derived col-
umn densities, models of the atomic (or ionic) structure of the absorbing species must be

assumed. Of even more importance, is the use of accurate transition probabilities.

5.1.0.1 Atomic Data

Absorption lines originating from lower levels with excited states up to ~5 eV above
ground are generally not observed in FUSE or STIS spectra. This lack of empirical
constraint, combined with the fact that laboratory measurements of transitions in the
ultraviolet are extremely difficult to carry out, mean that atomic data (particularly tran-
sition probabilities) in this region of the spectrum (especially in the FUSE region) can
be very uncertain for many transitions. The choice of which atomic data source to use

is therefore an important input into the analysis. After a literature search to determine
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which dataset best describes other published spectra, combined with an iterative proce-
dure to see which dataset best matches the EG And spectra, it was decided to use the
calculations provided by Raassen et al. (1998); Raassen & Uylings (1998a,b) for the Fe™,
Co™, Cr™ and Ti** ions. The data published by Kurucz & Bell (1995) was used for the
remaining atoms/ions.

Although the accuracy of the H I column densities derived from FUSE data is usually
limited by the quality of atomic data for those transitions in this wavelength region,
the results obtained in this study are not affected. This is due to the strength of the
H T absorption profiles which are on the damped portion of the curve of growth where
the short-wavelength damping wing of the Lyman a absorption line attenuates the long-
wavelength end of the FUSE spectra. It is thus possible to measure the H I column using
Lyman «, even with the FUSFE data.

It is also worth noting that due to the high quality of the spectra and also to the
fact that such highly excited, low-ionisation material is rarely observed in the ultraviolet,
it is possible to test the veracity of different sets of wavelengths and theoretical atomic
oscillator strengths. For example the Fe II lines in the FUSE data were fit using the
atomic data published by both Kurucz & Bell (1995) and also from Raassen & Uylings
(1998b) and it was found that the Raassen & Uylings data provided a better match to

the observed spectrum.

5.2 Wind lIonisation and Overall Structure

In all 12 spectra where ¢ < 0.16, the line of sight to the dwarf passes through a significant
column of cool wind material, resulting in a host of narrow (~12 km s™!) absorption
features superimposed on the dwarf spectrum. As the dwarf moves closer to eclipse, the
absorption lines grow stronger and the dwarf continuum shape is redefined by attenuation
due to the large amounts of neutral hydrogen present in the wind (Vogel, 1991). In both
of the spectra with ¢ <0.06, the continuum is obliterated and what remains is a low
level of flux (~10~* erg s™' em~2 A~' ) and nebular and chromospheric emission lines of
reduced intensity.

In contrast to the complex ionisation structure observed in similar eclipsing systems,
such as the ¢ Aurigae binaries (e.g. Baade et al., 1996) where the line of sight to the
secondary passes through a complex ionisation structure, it is found that the ionisation
structure along each line of sight is relatively straight-forward . With one exception, the
ionisation level remains constant for all absorbed spectra. The wind is predominantly

neutral in hydrogen, carbon, oxygen and nitrogen and is mainly singly ionised in the
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heavier common elements such as magnesium, silicon, sulphur, nickel and iron. Identified
wind absorption features include H I, C I, C I, N I, N II, O I, Mg II, Al 11, Si II, P II,
Ar I, Ti II, Ti 111, Mn II, Fe 1T and Ni II. The majority of the lines are from singly ionised
states of complex iron-group elements such as Mn™, Fet and Nit and originate from
either ground levels, or from lower levels up to ~5 eV above ground. Most species exist in
only one ionisation stage (i.e. iron is present only as Fe') and the ionisation is symmetric
around eclipse. The wavelength coverage provided by FUSE covers the transitions of
many ionisation stages for many species ensuring that any changes in ionisation will be
noted (i.e. covers strong transitions from lower levels of Fe®, Fe™ and Fe™). The one
exception where changes in ionisation are observed occurs in the FUSE spectrum taken
at ¢ =0.16, where the Fe absorption is split between Fe™ and Fe*2. In this spectrum, the
linewidth also decreases significantly compared to the other absorbed spectra (from ~12
km s7! to ~7 km s7!) and it can be deduced that a significant amount of hydrogen in the
line of sight is ionised at this phase. The observation at this phase probes the line of sight
through the wind which is further from the giant photosphere, at an impact parameter of
~3.7T Rra-

In contrast to the symmetry of the ionisation structure around the primary, we observe
an asymmetry in the density of material that is apparent from both the continuum level
variations and also from the strengths of the narrow absorption lines. Plotted in Figure
5.5 are the variations of the continuum flux at a line-free region of the continuum at
~1160A. For absorbed spectra, the continuum flux at this wavelength is defined by the
strength of the damped blue wing of the Lyman « transition of hydrogen. The observed
fluxes, therefore, diagnose an asymmetry in the column densities of neutral material
around eclipse. This can be ascribed to the mechanical redistribution of the giant wind
by the motion of the dwarf star and can be understood in terms of the snow-plough effect

discussed in chapter 4.

5.2.1 Molecular Lines

The FUSE wavelength range contains a large number of strong molecular hydrogen tran-
sitions from a range of energy levels. Indeed, these spectra include a number of Hy lines
of interstellar origin. Our observations, therefore, are extremely sensitive to the presence
of Hy in the wind acceleration region at a distance of ~ 2.2 - 3.7 Rgg. No Hs lines (or
CO or H5O lines in the STIS data) at the rest velocity of the binary are detected at any
phase, setting tight constraints on the molecular content of the wind at these distances
above the limb. The upper limit of molecular hydrogen is found to be n(Hy)/n(H) < 108

throughout the wind acceleration region.



5.3 Wind Temperature

and Excitation

83

Bx107"3 ] (o3 O NI
e] .
A A
o~ O — °
o o o< °
T4x107"H 4 1 4x107F E
(2] (2]
'TE o ‘?E o
o o
& o & o
2 AN & A A
<L °<C
o o
e ° = ©
- A - N
9 2x107"% 4 9 2x107% N
5 5
o A o A
(@] [ ]
[e] © © [ )
(@] °
o]
ol N S ol 8%, Leviiiin Leviiiii Liviiien
-0.4 -0.2 0.0 0.2 0.4 0.0 0.1 0.2 0.3 0.4

Orbital Phase

Figure 5.5: Plot of the continuum flux at a line free region (at ~1160 A) against orbital
phase is displayed in the left panel. The right panel shows the same data plotted against
the reduced phase. Iriangular points represent STIS data and crosses represent FUSE
data in both plots.
egress data for the panel on the right.

Filled datapoints represent ingress data and open symbols define
The observed asymmetry between ingress and

egress datapoints diagnoses the asymmetry in the distribution around the giant.

5.3 Wind Temperature and Excitation

In the case of species such as Fe II and Ni II, which have a large number of lines, it
is apparent that there are absorption features arising from transitions from lower levels
ranging from ground to levels ~5 eV above ground. This, therefore, makes it possible to
calculate the level populations and examine the excitation structure. In all of the absorbed
spectra, the Fell level populations can be explained by a simple collisional excitation
model. By comparing the excitation diagrams with model ions populated collisionally, it
is possible to derive a temperature and total column density. We find that for the range
of impact parameters observed (~ 2.2 - 3.7 Rgg), the wind temperature is consistently
located within the range ~6,000 - 8,000 K throughout eclipse (see Figure 5.6).

The level populations are found to be consistent with a simple local thermodynamic
equilibrium (LTE) approximation. (i.e. all Fe absorption in the above mentioned impact
parameter range is in the form of Fet, with only lines from levels <5 eV present. The

drop-off in the populations of the statistically weighted energy levels is linear.
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Figure 5.6: By measuring the apparent absorbing column for a range of lines coming
from different lower levels, it is possible to examine the excitation structure in the gas.
Here is an excitation diagram of Fe II derived from one of the STIS spectra. The solid
line corresponds to a total Fell column of 7x10'% ecm™2 and a temperature of 7,500 K.
The lower and higher dashed lines correspond to the same column but to a temperature
of 6,500 K and 8,500 K respectively.

5.4 Modelling the Column Density Variations

In order to fully understand the variations of the column densities, in particular the brief
appearance of Fe III profiles in the spectrum, and also the sharp disappearance of all
narrow wind features at phases ¢ >0.16, the photoionisation model discussed in Chapter
4 was extended to model the full range of sightlines. Again, a wind following the Vogel
acceleration law and spherical, constant mass-loss was assumed. A mass-loss rate of
7.5x107® times solar was inputted into the model (along with other binary parameters
that were listed in Table 2.1), and the ionisation structure along the lines of sight for 50
orbital phases were calculated using CLOUDY,, similar as to what was carried out along
the binary axis and detailed in Chapter 4. This information was then used to create
models of the variation of the column densities of different species with the orbital phase.

The resultant integrated columns match the observed changes well and the sharp
peak in the Fe IIT column density is accounted for. This can be understood when one
imagines the variation of the density profiles that the ultraviolet photons must ‘see’ at

different orbital phases in one dimension. At relatively eclipsed phases (say ¢ < 0.10),
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the photons ‘see’ a large amount of wind material along the sightline. The photons are
rapidly exhausted and the Fe?T zone is extremely narrow and lies close to the dwarf
where the cool wind density is relatively low. At this phase the Fe IIT column densities
are undetectable and the vast majority of material along the line of sight is unaffected by
the ultraviolet radiation field.

At a less eclipsed phase (say ¢ ~0.16), the density profile along the line of sight is
much shallower and the photons can propagate further and ionise further along the line of
sight. The models still predict a narrow Fe?* zone, however this zone is much further from
the dwarf than at ¢ ~0.10 and occurs closer to the giant where the giant wind density
is higher than it is for more eclipsed phases. Since the density within the Fe?T region is
higher, the column is now detectable. This explains the temporary appearance of Fe III
lines at phase ¢=0.16.

At even less eclipsed phases (say ¢ ~0.20), the density of the giant material between
the dwarf and the observer is much less and the ultraviolet photons propagate much
further, and ionise the full sightline (at least interior to the binary orbit). The models
predict that the ionisation level does not fall below Fe*™ (which is undetectable in the
ultraviolet wavelength range) and explain the disappearance of both Fe IT and Fe IIT
features at these phases.

The results of the modelling of the iron column densities are presented in Figure 5.7.
The predicted column density variations of Fe’ (black), Fe!™ (red), Fe?T (green) and Fe3*
(blue) are plotted. The measured data points are overplotted in the corresponding colours,
where the size of the datapoints represent the size of the uncertainties. Upper limits are
also plotted. The model was calculated assuming a Vogel wind acceleration. The velocity
law used did not significantly affect the results as long as the wind acceleration was delayed
(i.e. either a Vogel acceleration or else a high order §-law wind). This is discussed further
in chapter 7.

It must be noted that the photoionisation calculations are stopped once the electron
temperature drops below 4,000K along each line of sight, therefore these models only
treat the material in the region of the wind which is affected to some degree by the dwarf
radiation. Therefore, the column densities which match the model at the less eclipsed
phases, but not at more eclipsed phases, must diagnose the ‘extra’ intervening material
which is not accounted for in the photoionisation model; i.e. the radiatively undisturbed
parts of the wind. The Fe II columns are significantly higher than predicted by the
model at more eclipsed phases so it follows that the extra material is singly ionised iron.
The models show that for phases where ¢ <0.15, the majority of the material along the
sightline will not be significantly radiatively affected by the dwarf.
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Figure 5.7: Models of the column density variations of Fe I (black), Fe II (red), Fe
III (green) and Fe IV (blue) assuming a Vogel wind acceleration. Overplotted are the
column densities derived from the data. There are no transitions diagnosing the Fe**
column densities. Note that material which is not affected by the dwarf radiation is not
included in the column densities, therefore the sections of the line of sight which are
unaffected by the dwarf radiation does not contribute to the columns. This accounts for
the discrepancy between the model and the datapoints for more eclipsed phases. See text
for further details.

5.5 Large-Scale Wind Structure

The fact that the wind is directly viewed in absorption and that the change with impact
parameters can be measured means that it is possible to measure the overall distribution
of the circumstellar material. Once the ionisation structure is known, the distribution
can be derived from the variations of any absorption features. Due to the H I profiles
being so well-defined, the most reliable transition with which to study the large-scale
structure is Lyman «. Displayed in Figure 5.8 are the variations of the neutral hydrogen
column densities with orbital phase. The datapoints in red were derived from fits to IUFE

data. While the black datapoints (with uncertainties less than the size of the points)
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Figure 5.8: Column densities of neutral hydrogen as a function of orbital phase. The
red datapoints are derived from fits to low resolution IUFE data. The black datapoints are
derived from FUSE and STIS data where the uncertainties are of the order of the size
of the datapoints. There is evidence for an asymmetry in the material around the giant,
which is most likely due to a mechanical redistribution of the material by the motion of
the dwarf.

were derived from the FUSE and STIS data. This distribution provides a measure of
the neutral material that is located above the limb of the giant photosphere. A method
of inferring the shape of the wind acceleration profile from this data is discussed in the

following chapter.

5.6 Small-Scale Wind Structure

In addition to providing information on the large-scale wind distribution, the shapes of the
wind absorption profiles also provide clues as to the small-scale wind structure. The lower
spectral resolution of FUSFE precludes the detection of structure within the narrow far-
ultraviolet profiles. However, the fact that there are no major changes observed in the line
shapes over daily time-scales places an upper-limit on the short time-scale variability of
the wind structure (see Figure 5.9 (lower panel); also note the variation of the continuum

and absorption line profiles with phase).
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An analysis of the STIS echelle data, however, unveils a definite structure to the wind
absorption profiles. This is clearly evidenced by viewing Figure 5.9 (top panel). The
majority of the components are located very close to the radial velocity of the system.
However, some of the weaker components lie up to 30 km s~ either side of the line centre

in velocity space. These absorption profiles are further discussed in the following chapter.
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Figure 5.9: Example plots of the variation of the narrow wind line profiles from STIS
(top panel; where the dashed lines correspond to the line centres at the EG And rest
velocity) and FUSE (lower panel) spectra. Note the structure that is resolved in the
STIS profiles. 'This structure remains unresolved in the lower resolution FUSE spectra,
however the relative constancy of the profiles observed over a 3-day-time period (lower

three spectra) place upper limits on the variability and unevenness of the outflow.



Implications for Stellar Mass-Loss

In this chapter the significance of the results that were derived from the wind analysis are
discussed. Both the extent of the regions displaying chromospheric conditions and also
the actual physical conditions in the lower wind itself (derived from both absorption and
emission line analysis) are discussed in light of model predictions, and also of what exists
in the literature. Information from the absorption lines is used to constrain the possible
wind acceleration profiles and also infer information on the small scale structure of the
wind. Finally, the implications that these results hold for the mass-loss theory of evolved

stars are discussed.

6.1 Physical Conditions

The viewing of the circumstellar material in absorption provides us with a direct method
of measuring the wind conditions. It is found that, within the error-bars, the excita-
tion temperature of the wind as measured with the Fe IT populations remains isothermal
(~8,000 K). According to the PHOENIX model which was run for the EG And stellar
parameters (see Chapter 3; Figure 3.6), the temperature rise above the photosphere is
extremely sharp. In fact, the model displays a temperature rise from ~3,600 K in the

photosphere to ~8,000 K over a distance of ~0.5 Rs. This implies that chromospheric

90
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conditions exist directly above the photosphere and that the temperature remains ap-
proximately constant up to a distance of at least ~3.2 Rgg. It should also be noted
that the temperature derived from the ionisation level within the wind does not match
the excitation temperature. The ionisation level is higher than would be expected in a
gas at ~8,000 K which is in thermal equilibrium. However, this is expected for material
above the photosphere, as it is apparent that the LTE approximation does not apply for
these type of conditions, even though the level populations of complex ions (such as Fe™)
appear to be Boltzmann.

It is also directly observable from the spectra that the chromosphere extends out to
at least ~3.2 Rrq, and possibly beyond. Although the material viewed in absorption at
the larger impact parameters (¢ ~0.16) is certainly affected by the dwarf radiation, the
two dimensional photoionisation modelling shows that the majority of the gas along the
line of sight for ¢ < 0.16 is unaffected. Whilst the photons will ionise wind material along
a fraction of the line of sight, they are exhausted when reaching the denser regions of
the wind and the majority of the sight line remains unaffected. Therefore, it follows that
the conditions that are derived are intrinsic chromospheric conditions. In addition to the
information that is obtained from the absorption lines, details on the chromosphere can

be obtained by examining the eclipsed ultraviolet spectra.

6.1.1 The Extended Chromosphere in Emission

As noted by Stencel & Sahade (1980) and in subsequent papers, the IUE spectrum of EG
And during eclipse consists of strong narrow emission lines arising from a wide range of
excitation energies, with no indication of continuum above the sensitivity limit of IUFE
(~1x107" erg em™2 s=' A=1). As discussed in chapter 4, the emission from the broad,
high-ionisation components disappears during eclipse, and the narrow cores (~ 30 — 50
kms™!) of the strong emission lines are reduced, typically by a factor of ~3. Much of this
residual emission originates in the photoionised section of the wind located between the
two stars.

However, there is also a chromospheric component to the emission lines of the rela-
tively low-ionisation and low-excitation lines. This is especially apparent for a number of
low-excitation Fe IT and Ni IT emission lines at the near-ultraviolet red wavelength end of
the STIS data. These lines have upper energy levels that can be collisionally populated
at chromospheric temperatures (i.e. <10,000 K) and, in contrast to most transitions from

the same species, they appear in emission at all orbital phases, including at complete
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eclipse’. Those transitions that lie within the FUSE and STIS E140M bandpasses (cor-
responding to A < 1730A) must have upper energy levels of at least 7.2 eV, and higher if
they are not resonance transitions. These energies are too high for the levels to be popu-
lated collisionally at chromospheric temperatures. This explains why the chromospheric
emission lines are only observed towards red wavelengths where the upper levels can be as
low as ~4 eV above ground. The upper levels can certainly be populated in other ways.
However, previous studies of red giant chromospheres have found that Fe IT chromospheric
emission is primarily collisionally excited (Judge & Jordan, 1991), in agreement with our
observations. The collisionally excited model for the chromosphere and lower wind is also

consistent with the excitation structure derived from our absorption data.

6.2 Large-Scale Structure

If the ionisation structure along the individual lines of sight are understood, it is then
possible to derive information on the large-scale structure of the wind by analysing changes
in the absorbing columns with phase. Since the column densities of neutral hydrogen are
subject to least uncertainty, the variations of these profiles can be used to reconstruct the

velocity profile of the wind.

6.2.1 Wind Acceleration

By tracking the variation of the profiles of neutral hydrogen absorption features at differ-
ent phases it is possible to map the spatial extent and distribution of the wind. However,
finding the run of the velocity profile using the absorption column densities is a mathe-
matically complicated inverse problem that requires the density profile along the sightline
to be reconstructed. Knill et al. (1993) discuss this particular problem of reconstructing
the density profile of a stellar wind in a binary system and have developed a mathematical

technique for doing so. The equation to be inverted is:

* dr
NH(b) = a/b mrv(r>, (61)

where b is the impact parameter of the two components, a is a constant defined by the

mass loss parameters of the system, r is the distance from the giant and v(r) is the

velocity, i.e. the variable to be determined.

!These features are not used to obtain column densities in partially eclipsed phases. The profiles are
complex, with radiative transfer calculations required to model them, which are in contrast to the lines

at bluer wavelengths where a pure absorption analysis is possible.
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As outlined by Knill et al. (1993), the continuity equation (6.1) is an integral equation
of Fredholm’s type, but it can be brought to Abel’s type by means of suitable trans-
formations. Using this method, it is then possible to invert the equation by an explicit
diagonalisation of the Abel operator. The analysis assumes a neutral, spherical wind and
a circular orbit. In practise, the observed column densities are parametrised by a poly-
nomial and the velocity field is then obtained from the inverted Abel’s operator. The
technique is implemented by Knill et al. (1993) who fitted column densities derived from
low-resolution IUE data of EG And, and concluded that the onset of the wind acceleration
is swift, but does not occur until a distance of ~2.5 Rrg from the limb of the giant. This
result is similar to that derived by Vogel (1991) using empirical methods on the same
H I data. However, no information on the ionisation structure of the wind (apart from
the fact that large amounts of neutral hydrogen are present) could be obtained from the
IUFE data, and the limitations of the instrument meant that there were large uncertainties
in the column densities. This inversion was applied to the H I column densities derived
from the FUSE and STIS spectra and the resultant fit and derived velocity profile are
presented in Figure 6.1.

Plotted in the panel on the left of Figure 6.1 are the H T column density datapoints
(which were measured on egress?) plotted against impact parameter. Overplotted is a
parametrised fit. The sudden drop in H T column at b ~ 3.5Rgrg corresponds to the
distance above the limb of the giant where its wind becomes fully ionised and the majority
of hydrogen in the line of sight is no longer visible in the H I lines (see the description of
the photoionisation modelling of the sightlines in chapter 5).

Although the resultant velocity profile appears to be incompatible with the over-
plotted (-laws, it is instructive to examine the robustness of the inversion to uncertainties
in the H T columns at crucial impact parameters. For example, although the derived
wind acceleration is extremely steep between impact parameters ~2.0 and 3.7 Rgrq, the
column density datapoints are only accurately known at impact parameters corresponding
to the interval ~2.1 and 3.2 Rrg. The column densities of the most absorbed spectra
are uncertain due to almost complete attenuation of the continua, whilst the H T columns
derived from the least eclipsed spectra become uncertain due to partial ionisation of the
sightline. Therefore, much of the inverted velocity profile is extrapolated and, since the
inversion is unstable, it is desirable to test the stability against errors where the columns
are known to possibly be unreliable.

In order to test the stability of the inversion to errors in the column densities, and also

2The ingress datapoints were excluded since the wind is known to be asymmetric. However, since the

asymmetry is small, their inclusion does not alter the derived wind profile beyond the original error-bars.
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Observed and modelled N(HI) for EG And wind velocity derived from EG And data
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Figure 6.1: Left: Model of the HI column density falloff as a function of distance from
the giant primary in EG And overplotted against the H I columns derived from FUSE
and STIS egress data. Note the deviation of the model from the datapoints at b ~3.5Rgrq
corresponding to the distance where the hydrogen is ionised by the white dwarf. Right:
Plot of the run of the velocity profile of the giant derived from the model shown on the
left using an inversion technique. Note the deviation of the velocity profile from (3 laws,

commonly used to parameterise the wind profile in late giants.

to an absence of data at crucial impact parameters, a numerical forward modelling analysis
was carried out. In the analysis, a grid of points (100x100) are assigned densities based on
an input velocity law and assuming constant and symmetric mass-loss and continuity of
mass. The densities along the lines of sight were then integrated to derive column densities
at different impact parameters which were used to reproduce the observable information
derived from the ultraviolet data. Noise was added to these column densities, which were
irregularly sampled, and they were inverted in order to test the robustness of the process.
The results (using the EG And binary parameters) show that, although the inversion
reproduces the shape of the velocity profile within the first few stellar radii, the shape of
the acceleration past ~3 stellar radii 1s not well-defined if the impact parameter is poorly
sampled, or if there are large errors at crucial impact parameters. Since the H T datapoints
that are derived only sample the initial wind acceleration region, it must be realised that
the derivation of the Vogel law requires an extrapolation to impact parameters where no
H I data can be obtained for EG And.

The fact that similar results will be obtained for winds of a high f-law number and

wind with a Vogel type wind can be understood by examining the density profiles of the
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winds with different acceleration profiles. Plotted in Figure 6.2 are the wind densities
against distance above the photosphere for a range of different wind acceleration models.
The dashed lines correspond to different (-laws whilst the red line displays the density
profile of a wind with a Vogel type acceleration. The blue line also corresponds to a Vogel
wind acceleration, but with a mass-loss rate an order of magnitude less than the other
models. It is apparent that if the mass-loss rate is poorly constrained (typically only
known to orders of magnitude), and if the densities at impact parameters less than ~2
stellar radii and greater than ~3 stellar radii are poorly constrained, then the data will
not be able to differentiate between a high -law wind and a Vogel wind. What is easily
distinguishable, though, is whether or not the wind is accelerated steeply just above the
photosphere (i.e. a low [-law model, typically used to parametrise hot, luminous stars
and sometimes cool giants). The shape of the density profile (and also column density
profile) is radically different from the ‘slow’ wind models.

However, despite the uncertainties that are involved in deriving the shape of the ac-
celeration profile past ~3 stellar radii, the knowledge of the ionisation structure of the
wind, combined with the high quality of the spectra, lead us to believe that the derived
steep wind acceleration at ~3 stellar radii (the Vogel law) is probably not an artifact of
the technique. The observation of a very similar wind in the eclipsing symbiotic star SY
Mus (albeit derived using the same H I technique) would, again, argue for the existence
of this wind acceleration profile in evolved giants. For the EG And case, the errors on
the H T columns are sufficiently small to constrain the shape of the function to be in-
verted, although it would require more ultraviolet observations within the phase range
(~0.10-0.15) in order to definitively tell if the Vogel wind law is real.

One very likely possibility is that the Vogel law is real, but that the characteristic
swift acceleration is an artifact of the binary nature of the system and is not present in
isolated giants. It is expected that the presence of the dwarf will have an effect on the
wind flow when the wind material is close enough to the dwarf so that its gravitational
effect becomes appreciable. Assuming masses of 3.5M and 0.6M for the giant and
dwarf respectively, then the mass ratio is ~5.8 and it is apparent that the wind will not
be significantly gravitationally affected by the dwarf until large impact parameters are
reached. However, it is possible that the wind is gaining an extra impetus from the dwarf
gravitational field at an impact parameter of ~3 stellar radii; which is where the Vogel law
places the steep acceleration. Since this technique relies on observations where the dwarf
is always ‘behind’ the wind from our viewpoint, then this is a real possibility. This would
also explain why no changes in the physical conditions in the wind are diagnosed through

the absorption lines as the wind begins to accelerate. However, any possible binary effect
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Figure 6.2: The predicted densities in the wind plotted against distance above the
photosphere for a range of different wind acceleration models. The dashed lines correspond
to different 3-laws whilst the red line displays the density profile of a wind with a Vogel
type acceleration. The blue line also corresponds to a Vogel wind acceleration, but with a
mass-loss rate an order of magnitude less than the other models. The derived H I column

densities are rather uncertain outside the impact parameter range ~2.1 - 3.2 Rpq.

cannot mimic a slow wind acceleration if the intrinsic acceleration was rapid (i.e. low
order f-law). The effect of the dwarf on the wind would be to speed up the acceleration,
and not to slow it down. In any case, the profiles of the narrow absorption lines preclude
a rapid acceleration from the side of the giant star which is facing away from the dwarf.
The structure of the narrow lines, as observed with STIS, are symmetric about the line
centre, and no preference is observed for components on the red-wavelength side of the
profile. If appreciable amounts of material are being deflected towards the dwarf, or if the
material close to the surface of the giant is being accelerated, either on the side facing the
dwarf, or on the opposite hemisphere, then this would be observable through asymmetric
line profiles. In short, from the resolution of individual components that are symmetric
about the line centre we infer that the wind has the same initial velocity profile both on

the side facing the dwarf and also the opposing side.
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6.2.2 Photoionisation Models

Using the same photoionisation methods as were described in section 5.4 (see this section
for a full discussion of the modelling), the ionisation along the line of sight to the dwarf
was calculated for a range of orbital phases, and also for a range of wind velocity laws.
50 lines of sight were modelled for 11 different wind acceleration profiles (the Vogel law
and (-laws with §=1,2....9,10) and the column density variations were calculated for each
wind law. The results of the modelling for the Vogel law (top panel) f=1 law (lower
panel) are presented in Figure 6.3 for different species of iron. Models of the column
density variations for both wind laws are plotted for Fe I (black), Fe II (red), Fe III
(green) and Fe IV (blue). The corresponding measured column densities (and upper
limits) are overplotted in the same colours for each species of iron. It can be noticed that
the Vogel law model matches the data much better than the g-law model. As discussed
in the previous chapter, the sudden, and brief appearance of Fe III lines is explained
by the Vogel model, whilst the =1 model predicts a completely different behaviour of
the Fe III lines. This is due to the necessity for large amounts of wind material to be
located at distances of a few stellar radii above the photospheric surface. If the density
of circumstellar material falls off too quickly, then the ionising photons will ionise all
the material along the line of sight (in the region of the star) and the Fe II columns
will disappear even at small phases; such as is predicted by the f=1 model. The Vogel
law results in a slower acceleration, and hence a corresponding increase in the density of
material above the photosphere, thus altering the absorption column variations.

While increasing the mass-loss rate will result in the f=1 wind having more material
throughout the lower wind region, the mass-loss rate would have to be unrealistically
large. For these models a mass-loss rate of 7.5x1078Myyr~! was used, which is an upper-
limit to the EG And mass-loss parameter. Therefore, the star is most likely losing less
material, thus making the =1 law column densities deviate further from the observed
values. When f-laws of 5 and higher are used, then the results are very similar to those
predicted by the Vogel model. Therefore, this analysis places constraints on the location
of the wind acceleration, but not on its shape. It should be noted that if a lower mass-loss
rate than 7.5x1078 M yr—! is used, then larger values of 3 are required to match the data.
This is a confirmation of the slow wind acceleration that is independent of the H T column

densities and, indeed, the Abel inversion.
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Figure 6.3: Models of the column density variations of Fe I (black), Fe II (red), Fe
III (green) and Fe IV (blue), similar to that presented in Figure 5.8. The upper panel
assumes a Vogel wind acceleration whereas the lower panel assumes a =1 wind model
and the same mass-loss rate (7.5x1078My). Note that material which is not affected
by the dwarf radiation is not included in the column densities, therefore the sections of
the line of sight which are unaffected by the dwarf radiation does not contribute to the

columns. This accounts for discrepancies at more eclipsed phases.



6.3 Small-Scale Structure 99

6.2.3 [ Laws

As noted by Harper et al. (2005), the use of the f-law velocity model for isolated gi-
ants may well be misdirecting our interpretation of the diagnostics of the outflows from
evolved stars. The use of this wind acceleration law has its origins in its proven ability
to describe the radiatively driven winds of hot, luminous stars and also out of mathe-
matical convenience. However, for evolved giants, the wind is known not to be driven by
radiative processes and in these times of high computational power there is no reason to
rely on this restrictive parametrisation. Indeed, it is likely that the a priori assumption
of a f-law wind in studies of isolated giants is reinforcing the suggestion that winds from
single stars behave in this way. In all studies of evolved binaries where the wind can be
sampled with pseudo-spatial resolution, the wind acceleration profiles are found to behave
very differently from low (-law models. Studies of the ultraviolet eclipses of { Aurigae
and VV Cepheid binaries indicate a ‘slow’ wind acceleration, where the material escapes
very slowly out to distances of a few stellar radii before the acceleration steepens. This
type of acceleration can be consistent with a very high f-law (i.e. (=8), but which is
in complete contrast to hot, luminous stars where the wind accelerates rapidly above the
photosphere and where low order 3-laws successfully predict the wind properties. Indeed,
as described in the previous chapter, by using the Abel inversion, it is found that the
wind of the giant may well be sharply accelerated at a distance far above the photosphere
and completely at odds with any sort of S-law. While the effects of the secondary star
on the wind acceleration are not well understood, the evidence from this dataset shows
that the ‘slow’ acceleration is not an artifact of binarity, although the characteristic Vogel

acceleration possibly is.

6.3 Small-Scale Structure

The profiles of the absorption features show that the wind material is not escaping in a
smooth outflow, but in a rather clumpy and time-variable form. This type of structure
has been observed before in the winds of supergiant stars (Bennett, private communica-
tion; Griffin, 2005), but still cannot be satisfactorily explained. Griffin (2005) found that
the lower chromospheres of several ( Aurigae systems are composed of structures (small
relative to the outflow size) whose movements in velocity space can be tracked for several
days, or even weeks. The structure of individual clouds that are resolved in our STIS
data, while not variable over HST orbital time-scales (~90 minutes), cannot be tracked
from observation to observation (closest spacing is 8 days), which suggests that the cloud

sizes are smaller than observed in the supergiants. It is apparent in the case of EG And
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that new clouds of gas are viewed in absorption during each observation. Indeed, this is
all consistent with calculations carried out by Freytag (1999) whose results suggest that a
supergiant star such as Betelgeuse could have a few hundred cells on its photospheric sur-
face, and that the number of cells will increase (and their sizes correspondingly decrease)
as one examines stars with smaller radii.

By estimating the local pressure scale heights of the upper atmospheres of EG And and
typical supergiant stars, it emerges that the characteristic scale lengths that are calculated
are comparable to the inferred cloud sizes. Assuming chromospheric temperatures and a
stellar mass of 1.6 times solar, the scale height in EG And is ~0.2R. If typical clouds are
of these dimensions, then the line of sight to the dwarf would pass through different clouds
on time-scales of a few hours; in agreement with the observations. Using the scale heights
calculated for supergiants (using parameters of the stars studied by Griffin (2000)) and
the orbital parameters of long period  Aurigae binaries, it works out that the same cloud
can be viewed on time-scales of days. Again, this is in agreement with the observations.
Support for the flocculi having these dimensions comes from the observation of only two
strong components in the February 16 STIS spectrum. If the clouds were very much
smaller than a solar radius, then the integrated profiles would be much smoother, and no
individual clouds could be resolved in the integrated profile. However, for all of the profiles
observed at more eclipsed phases, the components are all blended and overlapping close
to the line centre and no resolved structure is observed. This implies that enough clouds
are always present in absorption to broaden the profile; thus setting an upper limit on the
cloud sizes. In addition, based on a simple reconstruction of the sightline interior to the
dwarf’s orbit, it is possible to recreate the characteristic structure that is observed in the
line profiles with flocculi with sizes of fractions of a stellar radius. Also, by assuming that
the clouds retain their photospheric densities as they pass along the line of sight, analysis
of the column densities shows that the sizes will be roughly consistent with those derived
above (i.e. a few thousand would cover the stellar photospheric disk). It appears that the
clumpy nature of cool star outflows is ubiquitous and that the characteristic cloud sizes

scale with stellar radius.

6.4 Implications for Wind Driving Mechanisms

The analysis of these data has provided many constraints on the possible processes con-
tributing to the driving of the wind.
EG And is a system with no intrinsic dust, yet it is still observed to be losing mass. It

is therefore obvious that the wind acceleration is unrelated to dust in this object. In fact,
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it is possible that dust does not contribute to the initial wind acceleration in the more
evolved AGB stars either. Judge & Stencel (1991) find that the mass-loss process is most
likely unrelated to the presence of dust (except for the most evolved stars; infrared carbon
stars) and it probably involves a two-stage process. In this scenario, AGB stars lose mass
through the same processes as all other red giant stars, however when a significant dusty
circumstellar shell has formed (typically stars of type M5 and cooler) the mass-loss rate is
increased due to a second, additive mass loss process. This mass-loss enhancement is due
to radiation pressure on the dust that has formed in the outer shell and can explain the
enhanced mass-loss. However, it follows that, even for AGB stars, the initial mass-loss
from the photosphere itself cannot be explained by the presence of dust and that the
wind generation cannot be explained. From analysis of energy momentum fluxes, Judge
& Stencel (1991) conclude that the same mass-loss processes are probably at work in all
evolved cool stars. Therefore, it seems that the same mechanism that drives the wind in
EG And also drives the initial outflows in more heavily evolved stars.

Molecular opacity is suggested as a primary contributor to the wind acceleration by
many authors including van Buren et al. (1994, and references within). FUSE is extremely
sensitive to the presence of molecular hydrogen throughout the wind acceleration region
and it is found that there is no contribution of any molecular opacity to the wind genera-
tion. Photoionisation models show that the white dwarf radiation will not propagate far
into the giant wind and that the derived wind conditions are representative of normal red
giants. Therefore, it emerges that no molecules exist between the photosphere and the
very outer region of the wind where the material is slowed by the ambient medium, and
where dust and molecules can form. Indeed, the study of molecular emission features in
AGB stars most likely diagnose this circumstellar shell and not the inner wind region. It
should be noted that many properties of evolved star winds (such as the terminal veloc-
ity) are derived from molecular emission features and care should be taken when applying
these results to stellar winds when they in fact diagnose a circumstellar shell.

Polarisation measurements have been carried out on EG And to determine whether a
magnetic field is present. The results, however, are inconclusive, and the small observed
polarisation (~0.2%-0.4%); Schulte-Ladbeck et al., 1990) could be due to either scattering,
a magnetic field or some other effect. Although high mass-loss rates and a large magnetic
field are required for Alfvén waves to be an effective wind driver, the observations do not
rule this out and it is possible that magnetic fields do play a role.

Judge & Stencel (1991) conclude that small-scale pulsations probably play a role in
mass-loss. All stars from spectral type KO onwards are known to pulsate, with the am-

plitudes increasing as one examines more evolved stars (Percy & Parkes, 1998). There is
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evidence in this data that photospheric pulsations are probably related to the mass-loss.
It appears that the pulsations can mechanically expel clumps of material from the surface
but the underlying mechanism still remains unknown. The evidence that the mass-loss is
related to pulsations comes from an analysis of the photometric variations in combination
with the ultraviolet spectra. Variations in the photometric and ultraviolet spectra which
are unrelated to phase most likely diagnose variations in the mass-loss. These variations
manifest themselves as increases in the ultraviolet continuum flux (up to a factor of ~2)
and large increases (up to a factor of ~5) in emission line fluxes of low- and medium-
ionisation species. The variations can be explained by periodic increases in the amount of
mass lost from the giant, resulting in increased nebular gas densities and enhanced accre-
tion onto the dwarf. These changes were occasionally present in the IUE data and appear
once in our dataset (the final STIS spectrum which was observed at phase ¢=0.50). In
addition to this, variations are also observed in the far-ultraviolet continuum fluxes which
are unrelated to orbital phase. These variations were also observed with IUE, and are
most notable in our final STIS spectrum. These ultraviolet continuum variations and also
the peaks displayed in the U-band photometry diagnose increased periods of accretion
onto the dwarf surface. From analysis of the nebular emission lines, it emerges that the
nebular densities close to the dwarf during these periods are enhanced. This is most likely
due to periodic increases in the mass-loss of the giant, which can be related to pulsational
activity through the behaviour of the BVR-band photometry. It is possible that we are
seeing evidence of spasmodic ejections of material from the lower chromosphere and that
these are related to atmospheric pulsations, although much work remains to be done in

order to understand these complex processes.



Conclusions and Future Work

Based on a wealth of multiwavelength data, this thesis has presented the most in-depth
analysis of any symbiotic binary system to date. The high resolution dataset is both spec-
trally and temporally extensive. A wavelength range, stretching from the far-ultraviolet
to the near-infrared, is covered at high-resolution and, in temporal terms, covers a num-
ber of orbital phases over different orbital epochs. The spectral dataset is complimented
by regular UBVR photometric monitoring. The observations provide information over a
wide range of timescales.

Multi-wavelength data cover timescales on the order of the orbital period. This permits
the stability of the system to be assessed and a model of the binary to be developed. The
timing of the ultraviolet observations make it possible to study changes over timescales
of months to weeks, while the photometric coverage (and also some ultraviolet spectra)
provide information on the behaviour of the system over nightly timescales. By examining
the individual exposures of the FUSE and STIS data it was even possible to monitor the
behaviour of the wind, ultraviolet continuum, and hot gas over the orbital timescales of
the satellites (~90 minutes). Using all of this information, a model for the binary system
has been developed. It is found that due to the low luminosity of the dwarf star, its
influence on the giant wind is minimal. Based on the optical spectral analysis and the

observed repeatability of the ultraviolet observations it was confirmed that EG And is an
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ideal testbed for studying the wind acceleration region of a red giant star.

The spectral and photometric data were used to construct a model of the system within
which the observed data and variations could be understood. Analysis of the data, within
the framework of this model, allowed the spectral features that diagnose the different
material within the system to be disentangled. Interpretation of the spectra in the context
of this model reveals high-velocity (~1,000 km s7!) and highly ionised material (O°") in
close proximity (~ 1 Rg) to the white dwarf star. The spectral features diagnosing this
material are variable on the timescale of the FUSF orbital period and are observed to
switch between P-Cygni and inverse P-Cygni wind profiles on longer timescales. As one
moves away from the dwarf, the effects of the dwarf radiation diminish and the ionisation
level drops, although the ultraviolet radiation field still dominates the conditions. It is
this ionised portion of the red giant wind from which the narrow, nebular emission lines
(i.e. CIIL, N 111, O III) originate. Photoionisation modelling and a radial velocity analysis
confirm that these nebular features do indeed originate in the outer portion of the wind
and not in circumbinary gas.

As one views the red giant wind closer to the surface of the cool star, the effect of the
dwarf photons rapidly becomes less important as evidenced by the diagnostics derived
from the wind absorption lines and corroborated by the photoionisation models. The
majority of the wind material can then be regarded as being unperturbed by the binary
companion, and any information on this material that is derived can be thought of as
being representative of the intrinsic properties of the wind. As one moves further away
from the dwarf and eventually reaches the photosphere of the giant, it becomes apparent
that the vast majority of ultraviolet photons have been exhausted and that the structure
and conditions at this level in the star are very similar to isolated, cool objects. This
statement is based on both the results of photoionisation modelling, as well as on the
analysis of the optical spectra and on the results of a sophisticated modelling of the
photosphere using the PHOENIX stellar atmosphere code. A further advantage of the
photospheric modelling lies in the derivation of the inner boundary conditions of the wind.
The modelling also facilitates the placement of the giant in the context of other, isolated
giant stars, and to gain an understanding of whether any information obtained in this
study can be extrapolated to other objects and, if so, to what extent.

The most valuable insights, however, have been gained from the analysis and modelling
of the variable wind absorption lines in the ultraviolet FUSE and STIS spectra. Due to the
small size of the secondary star, its ultraviolet radiation acts as a pencil-beam with which
to view the giant wind material in absorption as the dwarf moves behind the primary star

around time of eclipse. Using this phenomenon to analyse the wind provides spatially
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resolved information on the thermal and dynamic conditions in the wind at a number of
heights above the photosphere, right through the upper chromosphere and the base of
the wind acceleration region. These are regions where much still remains unknown for
evolved stars in general.

Although similar studies have been performed on other binary objects, these results
are a vast improvement on what has been achieved with observations of those other
systems. Many of those systems have very long periods and show evidence for a very
complex ionisation structure where the secondary component is most likely having a
major effect on the cool wind conditions along the line of sight. For EG And, the low
luminosity of the dwarf, the high quality multi-wavelength data, and an orbital period
that is conducive to space-based observational monitoring mean that the effects of the
white dwarf can be quantified. In addition, this analysis represents a vast improvement on
previous ultraviolet studies of this object. There are a number of areas of improvement,
but the most important one is that the high sensitivities of the FUSE and STIS detectors
combined with the high spectral resolution of the ultraviolet data allows the profiles of
the narrow wind lines to be observed (and in some cases resolved). This was not possible
with previous ultraviolet observatories such as IUFE.

An analysis of these absorption lines has led to a determination of the thermodynamic
conditions and physical structure of the base of the wind. Using an LTE absorption
line code (in combination with other absorption line techniques) upwards of 90% of the
absorption features have been identified and included in the model. The analysis has
determined that the majority of the wind is neutral in hydrogen, carbon, nitrogen and
oxygen, and is singly ionised for heavier common elements such as magnesium, silicon
and iron. Indeed, lines from excited levels of Fe™ make up ~51% of the absorption
features in the combined FUSFE and STIS ultraviolet wavelength region. By mapping the
populations of the excited levels of the Fe™ ion it was determined that the wind remains
relatively isothermal through the region probed in absorption, an excitation temperature
of ~7,000-8,000 K.

In addition to the information on the excitation and ionisation level of the outflowing
material throughout the base of the wind, the absorption features also provide us with
information on both the small and large scale structure of the outflow. While it is possible
to study the structure of the very outer limits of the winds of extremely evolved giants
(for example using maser emission lines), very little is known about the structure at the
wind base and at distances at which the outflow is accelerated. The observation and
analysis of this region is crucial to the understanding of the mass-loss problem as it is at

these distances where energy is imparted into the material that allows it to escape from
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the star. The analysis of material that is many tens of giant radii away from the surface
(only observable in heavily evolved AGB stars in any case) deals with matter that has
already escaped from the star and is being affected by physical processes that are different
to those that occur at the initial wind acceleration region. i.e. the material at the outer
limits of the wind is being slowed by the ambient medium, but also gaining momentum
from radiation pressure on the newly formed dust grains. These processes are entirely
different to those taking place at the regions where the material is being expelled from
the star and this should not be confused. This should especially be borne in mind in AGB
wind studies which use molecular emission lines and observable dust features to diagnose
the ‘wind’. This circumstellar material is actually a shell far away from the initial wind
region. Indeed, this can explain the discrepancies between many derived evolved star
wind properties in the literature. For example, M-giant terminal wind velocities are often
measured from molecular emission lines and are typically thought to be in the range 5-10
km s~!. However, wind velocities derived from ultraviolet resonance profiles are typically
much higher (75 km s™! from this study). These observations are sampling different
physical regions and care should be taken.

From an analysis of the absorption profiles, it is found that the small-scale structure
of the wind is clumpy, with the flocculi having scale dimensions of a fraction of a solar
radius. Indeed, variable outflows displaying internal structure have also been observed
from supergiant stars and the dimensions of the clouds seem to scale with stellar radius,
and to be consistent with predicted pressure scale-heights. The observed clumpy nature
of the outflow seems to be a general feature of evolved stellar winds.

The damped wings of the hydrogen transitions define the ultraviolet continuum shape
at absorbed phases and this allows an accurate mapping of the distribution of material
around the giant. This information is used to derive a wind velocity profile contradict-
ing simple analytical models and implies a delayed onset of acceleration. This result is
confirmed by a photoionisation analysis of each sightline where an explanation of the
column density variations of species such as iron require a slow wind acceleration. A
further analysis shows that the wind acceleration is unrelated to the presence of dust or
molecular/atomic opacity. The question is open as to whether the object possesses a sig-
nificant magnetic field, and the possibility of magnetic processes contributing to the wind
acceleration cannot be ruled out. A study of the ultraviolet spectral variations in connec-
tion with the photometric results, however, suggest that it is likely that the expulsion of

material from the star is related to photospheric pulsations.
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7.1 Future Work

An important result of this study is that it shows how suitable symbiotic binary systems
are for obtaining spatially resolved information on the inner regions of red giant winds.
An obvious next step in the study of these winds therefore lies in extending the ultraviolet
analysis to symbiotic systems similar to EG And. This is a project I am currently engaged
in with the same collaborators with whom I worked with on this thesis. Although STIS
is no longer operational, it is still possible to access ultraviolet spectra of high enough
resolution to detect the narrow wind absorption features through FUSE. We have been
awarded a substantial amount of FUSFE observing time to study the far-ultraviolet eclipses
of the symbiotic systems BF Cyg and SY Mus. An ultraviolet analysis of these of objects
will, in theory, extend the study to a wider range of stellar parameters, which in turn
will allow the effects of the different stellar parameters and chromospheric conditions to
be tested. BF Cyg is of spectral type M5 and has a higher mass loss, so absorption
is much stronger for a similar impact parameter. Although BF Cyg has a wider orbit,
due to the larger radius of the primary it is possible to probe a similar range of impact
parameters that were examined with EG And. Initial analysis shows wind conditions
that are remarkably similar to EG And. SY Mus is of similar spectral type to BF Cyg,
however the white dwarf luminosity is much higher and is comparable to the luminosity
of the primary. A differential analysis of these systems will allow the the determination
of the importance of the spectral type on the wind characteristics and also the effect of
the luminosity of the dwarf of the phase-dependent absorption. However, extending the
ultraviolet analysis is not straightforward.

Due to pointing problems with F'USE (see http://fuse.pha.jhu.edu/facts/misstat.html)
it is now difficult to observe targets at low declinations and also to schedule the repeat
observations which are required for this type of study. Another problem lies in finding
eclipsing binaries that are suitable for eclipse-mapping in the ultraviolet. As outlined in
Chapter 2, EG And is the ideal target for ultraviolet eclipse mapping, and it follows that
the other targets are less well suited. Most other systems are known to undergo outburst,
some have less far-ultraviolet photons, and others present observing problems for FUSE
in its restricted visibility mode. It is therefore not possible to study these systems in such
detail as EG And. Nevertheless, it is possible to use the knowledge derived from the EG
And study to maximise the amount of information that can be obtained from observations
of objects that we have already obtained, and also for datasets where the orbital coverage
is limited. For example, some of the partially eclipsed FUSFE spectra of BF Cyg contain
very low levels of flux from which it is difficult to differentiate between a heavily absorbed

continuum and a residual continuum with weak emission features. See Figure 7.1 (left)
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for a section of the uneclipsed spectrum and a section of the heavily absorbed spectrum.
It would certainly be extremely difficult to gain quantitative diagnostic information on
any possible absorbing material from these spectra. However, a comparison to a similarly
absorbed EG And spectrum which has already been modelled immediately clarifies the
situation. Correcting for radial velocity differences, and performing a simple scaling of
the BF Cyg spectrum, it is apparent that the conditions and composition of the material
above the photosphere are similar to those observed in EG And (see Figure 7.1 (right)).
So, even though the giant is cooler and more evolved (giant spectral type M5) the ion-
isation conditions are similar (predominantly neutral in H,C,N,O and singly ionised in
heavier common elements such as Fe. Most significantly there are no molecular hydrogen
features in the lower wind. So although other symbiotic binaries are not as ideally suited
as EG And for this type of study, it is possible to make use of our understanding of EG
And to extend this analysis to systems with both different binary and different red giant
parameters. At present we have obtained ~75% of the FUSE data, although problems
with the satellite are delaying the acquisition of some spectra. All observations are ex-
pected to be completed before the completion of FUSE observing cycle 7 (before April
2007) and the far ultraviolet data will be used in conjunction with archival IUE data,
HST data and PHOENIX modelling of optical data to test for similarities and differences
in the conditions and behaviour of the chromosphere and wind from those observed in
EG And.

Due to the success in building a working model of the binary and in modelling the
absorbing columns in EG And, it would be worthwhile to use this system as a template to
compare with previously observed systems, such as the ( Aurigae binaries. Although these
systems have long periods and the radiation from the secondary appears to complicate
the ionisation structure of the cool wind, it would be worthwhile to similarly analyse
the ultraviolet absorbing columns that are obtained from the complete range of eclipsing
binary studies. Similar to what can be achieved by using EG And as a template from
which to understand otherwise complicated spectra of symbiotics, it would be useful to
compare the spectral variations of all eclipsing systems in the light of the EG And model.
Using this type of differential analysis, it may be possible to test for trends in the wind
conditions with spectral type and to make headway in assessing the effects of binary on
the derived diagnostics. This type of study may also play a role in shedding light on the
wind acceleration problem. Eclipse studies of binaries with evolved giants (where it is
possible to directly examine the wind structure) all point to a ‘slow’ wind acceleration,
i.e. where the bulk of the material only becomes appreciably accelerated at distances of a

few stellar radii from the photosphere. In the case of symbiotic stars, the Abel inversion
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Figure 7.1: Left: Sections of FUSE spectra of BF Cyg. (Black: uneclipsed, Blue:
partially eclipsed) Right: FUSE spectrum of BF Cyg (black) plotted against an eclipsed
spectrum of EG And (blue). Even though the orbital phases are different, it is apparent

that the ionisation structure and composition of both winds are very similar.

technique implies a very steep acceleration at a height above the photosphere of a few
stellar radii. In addition to the results presented in this thesis, Vogel (1991) and Dumm
et al. (1999) both find evidence for this type of wind acceleration in both EG And and
the eclipsing symbiotic SY Mus (see Figure 7.2). However, as I have pointed out in the
previous chapter, the shape of the velocity profile at the onset of the steep acceleration
is subject to uncertainties, and even if it is real, it is very possibly an artifact of binarity.
However, by using an estimate of the mass-loss rate and by modelling the ionisation
conditions along the line of sight, it is possible to confirm the initial shape of the wind
profile. Initial analysis of the sightlines viewed using our FUSFE data of BF Cyg shows
that a slow wind profile is most likely present in this star also. If the spectral resolution
is sufficiently high then this technique is unlikely to be affected by the presence of the
companion star and if an estimate of the mass-loss rate and binary parameters are known,
then other giants in binary systems can be studied in the same way.

Although the study of binary winds provides information that is otherwise impossible
to ascertain, it is also desirable to study isolated stars in order to test the generality of the
derived results. Using the improved understanding gained by the study of the binaries, it
may be possible to analyse normal red giants from a new angle. For example, photometric

monitoring of isolated stars in combination with a spectral monitoring of wind diagnostic
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Figure 7.2: Plot of derived wind laws for the giants in EG And (black) and SY Mus
(blue) using the Abel inversion technique. Overplotted in red are some low-order 3-laws.
Note the similarity of the profiles for both symbiotic giants. Although the delayed onset
of the wind acceleration profile seems to be a real effect, it remains to be seen whether

the sharpness of the velocity increase is an artifact of binarity.

wavelength regions (i.e. the Ca II optical resonance lines) over long timelines (months)
can test for a link between photospheric pulsational activity and mass-loss that this study
suggests is present. In addition, if more information can be derived from isolated giants
then it is possible to extend the parameter space of observable objects to the full range of
spectral types, from KO giants, right through to the highly-evolved, heavily mass-losing
AGB stars.

The computational power now exists to carry out a full 3-dimensional modelling of
red giant atmospheres. Previously, what these models lacked were reliable observational
constraints, such as those that have been derived in this study. Indeed we are presently
working, in collaboration with the PHOENIX group, to model the atmosphere and wind
of EG And using the photospheric parameters (discussed in Chapter 3) and the derived
wind conditions as constraints. In addition to providing a deeper understanding of the EG
And wind, the process will also provide critical tests for the modelling. The modelling of
the inner region of the wind is presently at an advanced stage. Upon reaching the ultimate
aim of having the capability to model giant atmospheres, including their pulsations and
winds, we will have a much more satisfactory insight into the wind problem. To conclude,
it is anticipated that the in-depth analysis of this relatively uncomplicated system will

provide the opportunity to further understand other observations of evolved giants, both
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isolated and those in binaries, and provide the spatially-resolved constraints that are
necessary to develop reliable atmospheric models which can fully predict and describe

stellar mass-loss.
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Absorption Line Spectroscopy

The most important results obtained from this work are derived from an analysis of the
wind absorption features. In this Appendix, an overview of some of the techniques involved
in gaining information on the material which produces these features is presented.

The chief aim of analysing absorption lines is to determine the column density, which
is the number of absorbers, N, of a particular species along the line of sight. From N, ion-
isation conditions, abundances, wind parameters and temperatures can all be calculated.
One method of calculating N is the Curve of Growth (COG) method which depends on

the measured equivalent width of a particular transition.

A.1 Equivalent Widths and the Curve of Growth

The equivalent width (EW) of a line, W, is simply a measure of the relative depression
of the absorption line below the continuum. The integrated area of the absorption line is
the equivalent width.

The EW of a line can be written:

EW = [(1—e™7)dA
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where 7 is the optical depth which involves the column density and the absorption cross-
section. Since the optical depth is proportional to the number of absorbers along the line
of sight times the f-value (f is the oscillator strength of the transition), then the EW is
some function of Nf (i.e. the product of the column density, N, and the oscillator strength
for a particular transition).

For the optically thin case where 7 < 1, then:

e2

EW = [7.d)\ =

Teomee

i.e. for a given oscillator strength the EW increases linearly with the column density.
The breakdown of the linear relationship corresponds to the point where no more radia-
tion can be absorbed at the line centre, i.e. it is not optically thin anymore, it is saturated.
Increasing N only causes a small increase in EW, but as N increases further, the line be-
comes so strong that the wings of the Lorentzian profile (due to the natural broadening
of the line) become important. This corresponds to the damping section. For lines in this
regime, the column density can be calculated using:

mec3E’W§
e2M fy

N(em™2) =

where 7 is the radiation damping constant.

Since both approximations above lead to equations that are dependent only on N,
then the Doppler broadening parameter, b, cannot be found using simple EW relations.
In practise one typically measures EW'’s for lines of different strengths from the same
species (i.e., Fe IT has many hundreds of transitions in the UV). Often, the lines have
strengths such that the profiles fall between the two cases above so that they provide
little information when used alone. In addition, a method that uses the information from
all lines simultaneously, is less likely to suffer from systematic effects.

One method of determining N, the COG technique, makes use of the equivalent widths
of a number of lines, of varying transition strengths, of a particular atom or ion.

The COG describes the behaviour of a line’s equivalent width as the number of ab-
sorbing atoms in the line of sight, N, is increased, or, another way of putting it, is that
it is basically a plot of equivalent width versus abundance. For weak lines, the equiv-
alent width is always proportional to the number of absorbing atoms, this corresponds
to the linear region. However, as the number of atoms along the line of sight (or the
strength of a particular transition) increases, saturation takes hold and the EW does not

increase linearly with abundance, this corresponds to the flat region. This occurs because
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Figure A.1: Curve-of-growth diagram illustrating the regions of validity for each of
the equivalent-width approximation formulae. The numeric solution is in red, and the
approximations are in black. Overplotted are the equivalent widths derived from direct
numerical integration of model molecular hydrogen lines for b = 1, 2, 4, 8, and 16 km s~*.
The solid grey horizontal line at the middle of the graph indicates roughly the boundary
between resolved and unresolved (instrumentally broadened) line profiles for FUSE data,
assuming that the FUSE resolution is R=20,000.

the Doppler core of the Voigt profile (used to describe the line shape) is exhausting the
available photons. If N is increased further though (or if the transition probability is
sufficiently high), the damping wings become important. This then adds appreciably to
the equivalent width of the line and so the EW will grow again as N 2. The total effect
is summarised in the COG in Figure A.1. Note how the number of absorbers cannot be
determined for lines situated on the saturated section of the COG without knowledge of
b, the Doppler broadening parameter.

In the COG analysis the measured EW’s of multiple lines are fit with a single compo-
nent Gaussian curve of growth (Spitzer 1978). The Doppler value, b, and column density,
N, are varied so as to minimise y? between the measured EWs and a model curve of
growth. Plotted in Figure A.2 (left panel) are a range of lines generated, using the ap-
proximation equations described above, for a theoretical atom. A fake atom is chosen so
that lines from the same species, covering a range of transition strengths, can be conve-

niently plotted in order to illustrate the different profiles found on different sections of
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Figure A.2: Left. Absorption lines generated for a theoretical atom to illustrate the
profiles obtained for different sections of the COG - ie. unsaturated, saturated and again
saturated but where the Lorentzian wings dominate. Right. Interstellar HI Lyman o
absorption towards the line of sight to EG And. The line is obviously situated on the
square root region of the COG. Overplotted is a model with Ng;=2.5x10% cm=2.

the COG. The line at ~1052 A is weak, unsaturated and is situated on the linear portion
of the COG. Looking at the longer wavelength lines, the f-values of the transitions are
increased and the lines become saturated. Its obvious that, even though the transitions
are getting stronger, the EW is only increasing very slowly. However, the f-value of the
line ~1035 A has increased so much (or, analogously N has increased sufficiently) that
damping wings have become important and significantly affect the value of the EW. Fig-
ure A.2 (right panel) shows the interstellar H I Lyman « absorption towards the line of
sight to EG And. The line is obviously situated on the square root region of the COG.
Overplotted is a model with N ;=2.5x10%° cm~2 (blue).

For COG fitting for this study, I use specially written IDL procedures to choose un-
blended lines from a particular species, fit the continuum with a straight line and numer-
ically integrate on the flux deficit beneath the assumed continuum to obtain the EW. A
grid of theoretical COGs are then generated using a range of b and N and are fitted to
the COG generated from the data.

One of the problems with this approach is that in many cases an absorption feature
is composed of many unresolved profiles (it is possible to test this using the apparent

optical depth technique; see Section A.3). In this case the single Gaussian component
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approximation breaks down, especially if the components have very different physical
conditions. There are cases, however, where small corrections can be applied to correct
for errors in the COG (Jenkins ,1986). However we chose to use a separate method of

determining N to complement the COG method and to reduce uncertainties.

A.2 Profile Fitting

In the profile fitting approach, each absorption line is represented by the convolution of
a theoretical Voigt absorption profile with the instrumental line spread function (LSF),
usually taken to be a single Gaussian. Figure A.3 shows two theoretical profiles plotted
in black. The profiles are assumed to have been measured with an instrument with
infinite resolution - overplotted (in red) are the same profiles, but after convolution with
a Gaussian corresponding roughly to the LSF of the FUSE instrument (R ~ 15,000 (the
FUSE LSF is not uniquely determined and varies with wavelength). It is apparent from
the figure that although a line may not look saturated by eye, it could still lie in the flat
part of the COG, and an analysis could derive erroneous results.

Profile fitting is especially useful when trying to fit blended lines, which are difficult

to analyse using other techniques. The majority of the absorption features were analysed

Theoretical atom — black:unconvolved, red:convolved with FUSE LSF

0.8

0.6
T
|

x
0.4

b W
1050 1051 1052
Observed Wavelength (&)

Figure A.3: In black are theoretical profiles obtained with an instrument with infinite
resolution; overplotted in red are the same profiles after convolution with a Gaussian
corresponding roughly to the LSF of the FUSE instrument. The convolution with the

instrumental profile can mask line saturation.
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Figure A.4: The top three panels show theoretical absorption line profiles (black line
traces a transition stronger than the red lines), whilst the lower panels show the corre-
sponding AOD profiles. The lines shown on the left display no sign of saturation, while the
differing AOD profiles for the AOD data at middle and on the right do show saturation.
This is diagnosed by the differing strengths of the AOD profiles.

using this technique in this thesis.

A.3 Apparent Optical Depth Technique

If the continuum is well-defined and if the S/N is sufficiently high, and also if the in-
strumental resolution is high in relation to the linewidth, then it is possible to analyse
the apparent optical depth (AOD) along the profile in velocity space. When two lines of
different transition strengths are compared (typically Af differing by factor of ~2) along
the profile in velocity space it is possible to test for saturation, and possibly unresolved
saturated structure in the profile. See Savage & Sembach (1991) for a full discussion.

In profile comparisons where the AOD strengths are different, then there are satu-
ration effects to be accounted for. See Figure A.4 for an example of theoretical profile
comparisons which show saturation and non-saturation.

For all methods of determining N, uncertainties in the oscillator strengths are the
largest source of error. This is especially true for transitions in the UV where experimental
measurements are often impractical. For instance in the FUSE wavelength region f-values
are sometimes uncertain by orders of magnitude and there are still many lines, particularly

in the more eclipsed FUSE spectra, that remain unidentified.



Wind Absorption Fits

This appendix contains example fits to the red giant wind absorption lines. The data are
rebinned for clarity and the wind models were calculated assuming the LTE approximation
and displayed here assuming a one component profile.

The FUSFE data displayed consist of five different observations. The quadrature spec-
trum (black) is unaffected by wind absorption (all narrow absorption is interstellar) and
was observed at phase ¢ = 0.79. This was the reference spectrum from which to mea-
sure the wind absorption features. The data displayed in red, blue and orange (phases
»=0.16, 0.10, 0.07 respectively) were obtained at phases corresponding to increasing de-
grees of eclipse by the giant wind. The absorption features which are present in these
data, but missing from the reference spectrum, are due to red giant wind material. The
spectrum in green was obtained at phase ¢=0.05 (close to total eclipse) where the con-
tinuum is almost completely extinguished by the damped H I features. The panel below
the data shows a fit to the ¢=0.10 spectrum (blue).

The STIS data follows a similar format. The data is black was obtained at phase
¢=0.50, however this is not used as a reference spectrum due to the increase in continuum
and emission line fluxes which are unrelated to phase (discussed in chapters 3, 4 and 6).
The quadrature spectrum (red; ¢$=0.80) was obtained 5 days after the FUSE reference

spectrum and is used as the reference for the STIS data. The blue and orange spectra were

125



126

obtained at two differing degrees of eclipse (¢=0.15 and 0.09 respectively) and, analogous
to the partially eclipsed FUSFE data, diagnose the red giant wind through the multitude of
absorption features. The data displayed in green was obtained at phase ¢=0.04, close to
total eclipse of the dwarf. The panel below the data shows a fit to the $=0.09 spectrum
(orange).

The full linelist can be retrieved electronically from
http://www.tcd.ie/Physics/Astrophysics/data/fuse/EGAndlinelistUV.dat.



