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1 Introduction

1.1 The late stages of stellar evolution

The evolution of low- and intermediate-mass stars (between
roughly 1 M� and 8 M�) has been studied for many years,
but still is only partially understood. Nevertheless, a ba-
sic framework giving a qualitative description of the main
events in this evolution is well established (e.g. Chiosi et al.
1992). The details of the early stages of the evolution will
not be repeated here, since they are of little consequence
for this discussion. The late stages of the evolution should
however be recapitulated briefly. First, the asymptotic giant
branch (AGB) stage must be mentioned in which the star
loses large amounts of mass and eventually sheds most of
its envelope. During the later stages of the AGB evolution
thestar will experience a series of thermal pulses (which are
collectively referred to as the third dredge up) in which pro-
cessed material from the interior of the star is mixed into the
surface layers. At the end of the AGB evolution there is not
much more left of the star than a degenerate carbon-oxygen
core surrounded by a very extended, low-mass envelope. At
this time the heavy mass loss decreases by several orders of
magnitude and subsequently the stellar temperature starts
to increase rapidly, causing the star to move to the left in the
Hertzsprung-Russell (HR) diagram. This phase is called the
post-AGB phase. Depending on the phase of the thermal
pulse cycle, the dominant energy source at this point will
either be hydrogen shell burning or helium shell burning.
This dichotomy will profoundly influence the subsequent
evolution the star in two ways. First, the evolutionary speed
is predicted to be higher for hydrogen burning central stars
than for helium burning stars. Second, helium burning cen-
tral stars may experience a final thermal pulse (or helium
flash) during their post-AGB evolution. These flashes are
quite rare, but have been observed (see Sect. 1.1.4). During
the post-AGB evolution the star will become hot enough
to ionize the shell of material that was expelled during the
AGB phase, causing it to be observable as a planetary neb-

ula (PN). Not all low-mass stars necessarily go through the
PN phase: if the movement to the left in the HR diagram
is very slow, the AGB shell will have dispersed into the in-
terstellar medium long before the central star is hot enough
to ionize this shell. Eventually all nuclear processes will
cease in the interior of the star, the nebular material will
dissolve into the interstellar medium and the central star
will become a white dwarf.

As already mentioned, this schematic description of the
evolution is well established. However, many details still
need to be filled in, both from an observational as well as
from a theoretical point of view. A host of observationally
defined classes of objects exists for which it is clear that
they must be post-AGB objects. However, for many of
these it is not fully understood how they connect with other
classes or where they exactly fit into theoretical predictions
of post-AGB evolution. The discussion in Sion (1996) can
serve as an illustration of the complexity of this problem.
The theoretical predictions give a well-ordered description
with basically only two free parameters: the initial mass
(or core mass) of the central star and the dichotomy of
hydrogen burning versus helium burning central stars. On
the other hand, the observations, when taken at face value,
show a much wider variety of objects and thus suggest the
presence of more free parameters. One such free parameter
will undoubtedly be the binary nature of certain central
stars. This yields two additional free parameters: the initial
mass of the companion star and the separation between
the two. Especially for close binaries mass transfer will
occur, giving rise to a very complex evolution. It is not
clear whether all diversity in observed post-AGB objects
can be explained in this way and this is still one of the major
fields of post-AGB research.

Several quantitative predictions for the post-AGB evo-
lution of low- and intermediate-mass stars exist (e.g.
Schönberner 1979, 1983; Bl¨ocker & Schönberner 1991;
Blöcker 1995a,b; Vassiliadis & Wood 1993, 1994). All of
these are hampered by the fact that various gaps in the
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knowledge of the underlying physics exist. A few of the
most important problems are listed:

– The database of nuclear reaction rates is far from com-
plete. Some reaction rates have to be extrapolated from
higher energy experimental data. For some reactions no
experimental data exists at all. In such cases one has to
resort to more approximate methods, or omit the data
completely if the particular reaction is thought to be of
lesser importance. The recent progress is described in
Chiosi et al. (1992).

– The physics of turbulent layers is still only partially un-
derstood. The convection cells present in these layers
are expected to move beyond the unstable layer (a pro-
cess called overshooting),but no complete theory exists
to describe this. Usually overshooting is modeled us-
ing heuristic fudge factors. A more detailed discussion
can be found in Chiosi et al. (1992). Closely related is
also the topic of hot bottom burning (e.g. Bl¨ocker &
Schönberner 1991; Herwig et al. 1997), which could
explain the fact that almost all observed carbon stars
have a low mass (1 M� to 3 M�).

– Rotation of stars is rarely incorporated in the modeling.
One attempt to do this can be found in Endal & Sofia
(1981). It is well known that magnetic fields are very
effective in slowing down the surface of an F or G type
star (stars with an initial mass between 0.8 M� and
1.6 M�). Endal & Sofia argue that dynamic friction is
not sufficient to transport angular momentum from the
inside of the star to the surface. Hence the star will
establish itself as a differentially rotating gas sphere. It
is to be expected that shearing processes will influence
the stability and the turbulent motions in the interior of
the star. This in turn will also influence the mixing of
nuclear species. The stability criteria and the physics of
turbulent motion in a (differentially) rotating medium
are still far from fully understood. This explains why so
few attempts to model this have been made. However,
one should not infer from this that the effects of rotation
are negligible.

– Mass loss processes play an important role, especially
during the AGB stage of the evolution and beyond.
However, the physics of the mass loss is still only par-
tially understood. Since the observational determina-
tion of mass loss rates (especially for the post-AGB
stages) is also very difficult (e.g. Oudmaijer & Bakker
1994; Oudmaijer et al. 1995), one still has to resort to
heuristic mass loss laws (e.g. Bl¨ocker 1995a).

Until recently one had to mention the incompleteness of
the atomic data needed to calculate the radiative transport
in the interior of the star. This influences the temperature
and density structure, and the stability in the interior of the
star as well. The situation has greatly improved since the
start of the opacity project (Seaton 1987) and this problem
can now be considered to be of lesser importance.

Hence, many questions regarding the evolutionary path
in the HR diagram, the evolutionary speed and the mass

loss history of post-AGB objects still remain unanswered.
An obvious way to improve this situation is to test the
predictions against observations, but such tests are always
fraught with great difficulty. Nevertheless, there are several
areas where attempts have been made to test evolutionary
predictions or which show promise for doing this. We will
discuss four of these areas here.

1.1.1 Nebular abundances

The first test concerns the abundance patterns found in
planetary nebulae. During certain periods in the AGB and
post-AGB evolution of a star, a large fraction of the enve-
lope becomes convective and material that has undergone
nuclear reactions is mixed into the surface layers (dredge-
up). Later on these surface layers are shed into the nebula
and the nebula can thus become a probe for the nuclear
reactions that took place in the interior of the star. The
models predict certain abundance patterns. These predic-
tions are however hampered by all four problems listed
in the previous section. Thus, in principle, abundance mea-
surements could be a good way to assess the viabilityof the
various assumptions adopted in the modeling. In practice
however one is greatly hampered by problems in measur-
ing the abundances and interpreting the results. First of all,
certain elements will be depleted in dust grains. The physi-
cal processes of dust formation and dust destruction are far
from fully understood. One can expect that infrared obser-
vations (e.g. with the infrared space observatory,ISO) will
give a major impulse to this field since they will allow direct
observation of the dust emission. Second, abundance gradi-
ents within nebulae may exist, but such gradients can only
be observed directly for larger nebulae through spatially re-
solved spectroscopy. Furthermore, assumptions regarding
the physics in the nebula are needed to translate observed
line strengths into abundances. The method showing most
promise for accurate results isphoto-ionization modeling.
However, there still are major uncertainties in this field
as well. One of these, the lack of accurate atomic data,
is now being tackled through the opacity project and the
situation is improving rapidly. Another problem is that an
accurate description of the stellar spectrum is needed for
photo-ionization modeling. This can only be provided by
non-LTE model atmospheres which include wind- and line-
blanketing. In this field the situation is also rapidly improv-
ing and good models are becoming increasingly available
(e.g. Sellmaier et al. 1996). One major uncertainty is that
these models have hardly been tested at wavelengths short-
ward of the HeII Lyman edge (228̊A).

The most important problem in determining abun-
dances is the difference that can be found between the
results derived from collisionally excited lines and from
recombination lines (e.g. Liu et al. 1995). These differ-
ences can be very large, even more than a factor of ten!
Until recently it was often assumed that these differences
were caused by fluctuations in the electron temperature
of the nebular plasma. Photo-ionization models however
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do not predict sizeable fluctuations, which is in disagree-
ment with this assumption. This problem is often called
the t2-problem. Recent observations of the planetary neb-
ula NGC 6153 have shown that temperature fluctuations
may be present in this nebula, but that the strength of this
effect is insufficient to account for the very large discrep-
ancy between the abundances from collisionally excited
and recombination lines that was found (Liu 1997). Hence
the origin of this discrepancy is still unclear. Since the
t2-problem has an important impact on abundance determi-
nations, further investigation of this problem is also needed.
Infrared observations withISO may prove to be of value,
since the accurate measurement of certain infrared fine-
structure lines can shed a new light on the t2-problem (e.g.
Dinerstein 1983; Zuckerman 1986). Various studies search-
ing for patterns in observed nebular abundances have been
published.Some report correlations,others do not (e.g. Pot-
tasch 1990; Pottasch 1993). These results are still widely
debated and one possible cause for these mixed results
is that the uncertainty in the determination of abundances
might be underestimated, causing possible correlations to
be swamped by observational error. This might especially
be the case when results from various authors, using differ-
ent methods, are combined, which is often done to obtain
larger sample sizes. A better understanding of the uncer-
tainties involved in abundance determinations is one of the
necessary elements to make the search for abundance pat-
terns a fruitful one.

1.1.2 The Hertzsprung-Ru ssell diagram

A second test for theoretical models of post-AGB evolution
concerns the determination of the distributionof post-AGB
objects in the HR diagram. Several predictions for the evo-
lution of effective temperature and luminosity as a func-
tion of time exist. The speed with which hydrogen burning
post-AGB stars increase their temperature is determined
by the mass loss rate and the relation between the effective
temperature and the envelope mass of the central star (the
Menv–Teff relation; see e.g. Bl¨ocker 1995b; van Hoof et al.
1997). TheMenv–Teff relation is usually parameterized by
the core mass, but actually depends on the complete evolu-
tionary history of the star. This is why modern evolutionary
calculations start on the zero age main sequence and cal-
culate the evolution completely through to the white dwarf
stage (Blöcker & Schönberner 1991; Bl¨ocker 1995a,b; Vas-
siliadis & Wood 1993, 1994).

Several attempts have been made to plot observed PN in
the HR diagram but until now no trustworthy conclusions
could be drawn from this (e.g. Sch¨onberner 1981; Ratag et
al. 1990). The reasons for this are mainly of observational
origin. The most important and most notorious problem is
the determination of the distances to the nebulae. Accurate
distances are only known for a handful of objects. Since the
uncertainty in the distance enters quadratically into the lu-
minosity, it is very hard to determine a reliable luminosity.
A secondary problem is that it is not trivial to determine

the bolometric luminosity of the central star. Especially
for carbon rich nebulae, significant amounts of radiation
are absorbed by the dust and re-emitted in the infrared.
Usually photometry obtained with the infrared astronom-
ical satellite (IRAS) is sufficient to get a good estimate of
the total infrared luminosity. Furthermore, central stars of
PN can be very hot and emit a significant fraction of their
total luminosity at extreme ultraviolet wavelengths. This
radiation is partially or completely absorbed by the nebula
and re-emitted at all wavelengths: ultraviolet, optical and
infrared. The most accurate way of combining all observa-
tions into a value for the bolometric luminosity is probably
through photo-ionizationmodeling using atmosphere mod-
els. The assumed mass loss rate and the velocity structure
in the wind are important for determining an accurate ultra-
violet continuum of the model atmosphere (e.g. Sellmaier
et al. 1996 and references therein). This is because the wind
influences both the continuum level and the line blocking
process. Once again we see the problem of determining the
mass loss entering the discussion.

Another problem for determining the distributionof ob-
jects in the HR diagram is an accurate determination of the
effective temperature of the central star. This is also a noto-
rious problem surrounded by much discussion. Again it is
probably true that the best way to determine this parameter
is through photo-ionization modeling. Hence the problems
surrounding the choice of the model atmosphere also per-
tain here. The central star temperature is best constrained by
emission lines of the highest ionization stages in the plasma.
An additional problem for the temperature determination is
that for high temperature stars these high ionization stages
have no emission lines in the optical regime. However,
some of these stages do have infrared fine-structure lines,
which can be observed withISO. The situation is compli-
cated further by the fact that the interaction of the central
star wind with the nebula may dump mechanical energy in
the plasma, raising the level of excitation. It seems reason-
able however to expect that withISOprogress will be made
in this field.

If in some future these problems would be solved to
such a degree that comparison with theoretical predictions
becomes meaningful, then two problems still remain in
translating the calculated evolutionary tracks into a density
of objects in the HR diagram. These are the distribution of
initial masses of the progenitor stars (usually called the ini-
tial mass function) and the rate of evolution of the central
star towards higher temperatures which is directly con-
trolled by the mass loss. Observing the distribution of PN
in the HR diagram may prove fruitful in constraining these
two problems.

1.1.3 The shaping of planetary nebulae

To construct a good photo-ionization model of a nebula,
detailed knowledge of the three-dimensional density struc-
ture is necessary. The processes involved in shaping the
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nebula are still only partially understood, although much
progress has been made in the last couple of years. The
shape and density structure of PN is determined by the
AGB mass loss history and the hydrodynamic interaction
of the fast post-AGB wind with these ejecta (e.g. Mellema
1993; Frank et al. 1993; Sch¨onberner et al. 1997). Hence it
is clear that the AGB and post-AGB mass loss history are of
prime importance to understand the evolution and shaping
of PN. The AGB mass loss history can best be traced in
very young post-AGB stars, before the fast post-AGB wind
alters the structure of the nebula. The best way to observe
these young objects, which have not ionized their envelope
yet, is through mid-infrared imaging of the dust emission.
Attempts are now being made to model these observations
in order to understand the three-dimensional structure bet-
ter. First results indicate that the AGB mass loss is axially
symmetric (Meixner et al. 1997). The observations of these
objects should then be combined with theoretical work, in
order to obtain a deeper insight into the mass loss history.
Since knowledge of the current mass loss and the mass loss
history plays an important role in many other fields of PN
research as well, one can expect that the study of post-AGB
stars and young PN may have an important impact on the
whole field. However, only few genuine post-AGB stars
and young PN are known to date and enlargement of this
sample is certainly desirable.

1.1.4 Direct observation of central star
evolution

For the highest mass central stars of planetary nebulae
the expected quiescent evolutionary speed is so high that
changes can be observable on timescales of several years to
several decades. This phenomenon can be observed in the
planetary nebula NGC 7027 where a steady decline in the
6 cm radio flux has been observed over the past couple of
decades (Masson1989; Zijlstra, private communication).
This is either caused by an increase in the effective tem-
perature of the central star, a decrease in the luminosity or
a combination of both. This gives very direct information
on the evolution of the central star and is in principle one
of the most powerful methods for testing evolutionary pre-
dictions. Unfortunately this method is only applicable to a
very small sample of the most massive central stars. The
sample could be made larger by high accuracy radio flux
monitoring of other nebulae. An accurate distance deter-
mination would also be necessary however to get a good
estimate for the luminosity.

Another possibility for directly observing the evolu-
tion of the central star is when an explosive phenomenon
like a helium shell flash occurs. Such an event can cur-
rently be observed in Sakurai’s object and possibly also in
the Large Magellanic Cloud (LMC) planetary nebula N66.
Other examples of spectacular changes in planetary neb-
ulae are known, but the sample of objects is very small.
Furthermore, the interpretation of the observations may be

difficult due to the fact that the assumption of a quasi-
equilibrium state of the nebula ateach moment may not be
valid in such rapidly changing objects. Despite these dif-
ficulties, these objects show much promise for deepening
our understanding of the central star evolution.

1.2 The Infrared Space Observatory

The importance of infrared observations for the study of
planetary nebulae has been stated on several occasions in
theprevious discussion.For roughly threedecades emission
line nebulae have been observed in the infrared using vari-
ous groundbased, airborne and satellite-based instruments.
Much of the pioneering work in mid- and far-infrared spec-
troscopy of these objects has been done with balloon flights,
the Lear Jet Observatory, the Kuiper Airborne Observatory
(KAO) and the low resolution spectrometer on board of
IRAS. The four most important reasons for doing infrared
spectroscopy of emission line nebulae like planetary neb-
ulae, but also HII regions and active galactic nuclei are
to

– minimize extinction by interstellar and/or circumstellar
dust,

– observe emission lines of ionization stages that can not
be observed at other wavelengths,

– study the continuum and/or solid state features emitted
by the dust in the nebulae,

– study molecular emission (mainly H2 and CO) from
the photo-dissociation regions (PDR’s) surrounding the
ionized part of the nebulae.

Infrared observations from the ground are always hampered
by atmospheric absorption,mainly due to H2O, but also due
to other well-known greenhouse gases like CO2, O3, N2O,
CO, CH4 and O2. In certain wavelength regions the opacity
of the atmosphere is so high that groundbased and even
airborne observations are completely impossible. This is
the main reason for doing infrared observations from space.
Infrared satellites need to be cooled with liquid helium
since otherwise the emission from the astronomical objects
would be completely swamped by thebackground emission
from the satellite itself. The amount of helium that can be
carried is limited. Hence infrared satellites have a strictly
limited lifetime which is typically much shorter than of
comparable ultraviolet,X-ray or gamma ray missions. This
explains why it is comparatively rare to have an infrared
satellite available for observing.

On 17 November 1995 at 02:20 CET,ISOwas launched
from Kourou in French Guyana. This long awaited event
marked the beginning of a new era in infrared astronomy,
due to the unprecedented capabilities of ISO(Kessler et al.
1996). The payload of the satellite comprises four scien-
tific instruments: the short-wavelength spectrometer (SWS)
described in de Graauw et al. (1996), the long-wavelength
spectrometer (LWS) described in Clegg et al. (1996), a cam-
era (Cesarsky et al. 1996) and a photometer (Lemke et al.
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1996). The most important improvement is that these in-
struments provide a coverage of wavelength regions which
have never been observed before using groundbased or air-
borne instruments. The quality of the observations is also
greatly improved since one is not hampered anymore by
atmospheric absorption lines and bands which are ubiq-
uitously present in the infrared. This not only gives the
opportunity to observe emission lines and especially solid
state features with greater accuracy, but should also, in prin-
ciple, help to achieve a more accurate absolute flux cali-
bration. Furthermore, the instruments give a much wider
wavelength coverage and more sensitivity than could hith-
erto be achieved withKAO. The current best estimate is
that theISO mission will end in April 1998, i.e. after 27
months of scientific observations, which is more than 1.5
times the originally expected lifetime.

1.2.1 The ISO spectrometers

The two grating spectrometers on boardISO provide a
wavelength coverage from 2.38�m to 45.2�m for SWS
and 43�m to 196.9�m for LWS. With these instruments
it is possible to obtain low to medium resolution spectra,
using apertures ranging between 1400�2000 and 2000�3300

for SWS, and a circular aperture of approximately 8000 for
LWS(Swinyard et al. 1996).

Thespectrometers are ideally suited for observing emis-
sion line nebulae, in particular planetary nebulae. The
medium resolution and the wide wavelength coverage make
it possible to simultaneously observe broad emission fea-
tures from the dust and narrow atomic and molecular emis-
sion lines. The large apertures make it possible to ob-
serve, at least for smaller nebulae, the entire nebula. This
makes these spectra ideally suited for analysis with photo-
ionization, PDR or dust codes which also make predictions
for the emission from the entire nebula. First results from
the various teams already indicate that this mission will
be very fruitful for the study of emission line nebulae. In
particular this is the case for the following topics, many of
which have already been mentioned in previous sections:
thestudy of solid state features, the study of grain formation
and grain destruction, thet2-problem, studying the excita-
tion processes in high excitation nebulae, obtaining accu-
rate central star temperatures, testing model atmospheres,
studying PDR chemistry and so on.

1.3 Outline

The main goal of this thesis is to make a contribution to the
understanding of post-AGB evolution. From the previous
discussion it has become clear that many problems have to
be overcome in order to gain this understanding. It has also
been argued thatISOcan make a contribution in solving at
least some of these problems. But before this can be done,
first another problem needs to be tackled.

One of the basic problems in PN research is that no
reliable and accurate methods are available to determine
even the basic physical parameters of PN. From the pre-
vious discussion it became apparent thatphoto-ionization
modeling of the nebulae is the most promising approach to
improve on this situation.Therefore a new method has been
constructed to determine the physical parameters of PN
using the photo-ionization codeCLOUDY (Ferland 1993).
This photo-ionizationcode was chosen because it is widely
used and has been tested for many different physical condi-
tions. Furthermore, many important infrared emission lines
were already present in the code. CLOUDY also includes a
good dust model and a chemical network for the formation
of molecules. This enables a fairly realistic modeling of
the neutral zone of the nebula. An additional advantage of
CLOUDY is that the code is fast, which is needed for our
method, which is described in Chapter 2. To make the code
more suitable for our purposes, including the modeling of
ISOspectra, an extensive amount of new code was added;
e.g. the code was made more user friendly, the optimizing
mechanism already present was greatly extended, a calcu-
lation of the radio continuum was added, the calculation of
the infrared continuum was improved to include the con-
tribution from cold dust, many infrared emission lines and
several photometric bands were added (most importantly
the IRASand the Johnson infrared bands), and so on. The
extensions to the code are described in detail in an appendix
(Chapter 8).

From the discussion in the previous sections it also
became clear that it is necessary to investigate the funda-
mental problem of assessing the accuracy of the parameters
derived using this method. Only then can one make a well-
founded comparison with theoretical predictions. This is a
problem which is still widely underestimated and deserves
more attention. A first attempt to ascertain the accuracy of
the physical parameters determined with our method is also
described in Chapter 2.

In the course of this work it was found that a precise
value for the angular diameter of the nebula is important
for accurately determiningphysical parameters. The diam-
eter is often determined using a technique called ‘gaussian
deconvolution’. It was found that this method was only
weakly founded in theory. A theoretical investigation was
therefore started to determine accurate conversion factors
for a variety of surface brightness distributions. This work
is described in Chapter 3.

The method for modeling nebulae has been applied
several times, some of which are included in this thesis.
These applications give us some first indications on how
photo-ionization modeling can be helpful in solving the
problems outlined above.

First, the method was used to model the LMC PN
SMP 58 (Chapter 5). In this paper we could tentatively
conclude that the nebulae around LMC [WR] central stars
are more compact than their galactic counterparts, illustrat-
ing how modeling can give clues on radiation driven winds
and the shaping of nebulae.
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Second, the method has been used to model theISO
SWSspectra of NGC 7027 and NGC 6543 (Chapter 6). The
SWSspectrum of NGC 7027 shows evidence for evolution,
or at least variability, of the central star. The preliminary
model is not successful in giving a full explanation of the
observed changes in the spectrum, based on the assump-
tion that they are only caused by an increase in the stellar
temperature. Nevertheless, one can state that models of this
type are needed to gain an understanding of the change in
the physical conditions occuring in the central star. When
this final analysis is combined with an interpretation of
the reported decline of the radio flux (Sect. 1.1.4), this
could result in a unique measurement of the evolutionary
speed of the central star of NGC 7027. Using the model of
NGC 6543, rather stringent upper limits could be placed on
the HeII Lyman continuum emanating from the central star.
This is one of the first times that such a constraint could be
derived for a stellar spectrum.

CLOUDY has also been used to conduct a parameter
study of the spectral evolution of a typical post-AGB star,
with particular emphasis on the evolution of the infrared
colors (Chapter 4). As was already stated, several assump-
tions have to be made in order to calculate evolutionary
tracks for post-AGB stars. A study of the type presented
here is important for understanding how these assumptions
affect the infrared spectrum of the post-AGB stars. The
results of this study may be helpful for understanding the
observations made in e.g. theIRAScolor-color diagram.
This in turn may lead to an improved understanding of
mass loss processes, hydrodynamic interactions and evo-
lutionary rates of the central star. Eventually it may lead
to better evolutionary calculations. However, we are still
far from this goal and our study should only be viewed
as a small step towards achieving this goal. Another ben-
efit from this study is that it may help in identifying more
efficient search criteria for post-AGB stars and young PN.

The main conclusions and an outlook on future work
will be given in Chapter 7.
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Herwig F., Blöcker T., Sch¨onberner D., El Eid M., 1997, A&A in

press
Kessler M.F., Steinz J.A., Anderegg M.E. et al., 1996, A&A 315,

L27
Lemke D., Klaas U., Abolins J. et al., 1996, A&A 315, L64
Liu X.-W., 1997, in ‘ISO’s View on Stellar Evolution’, in prepa-

ration
Liu X.-W., Storey P.J., Barlow M.J., Clegg R.E.S., 1995, MNRAS

272, 369
Masson C.R., 1989, ApJ 336, 294
Meixner M., Welch W.J., Likkel L., Tafalla M., Campbell M.T.,

1997, in IAU Symp. 180: ‘Planetary Nebulae’, in press
Mellema G., 1993, PhD thesis, University of Leiden
Oudmaijer R.D., Bakker E.J., 1994, MNRAS 271, 615
Oudmaijer R.D., Waters L.B.F.M., van der Veen W.E.C.J., Geballe

T.R., 1995, A&A 299, 69
Pottasch S.R., 1990, in Mennessier M.O., Omont A., eds, ‘From

Miras to Planetary Nebulae: Which Path for Evolution ?’,
Editions Frontières, Gif sur Yvette, p. 306

Pottasch S.R., 1993, in Weinberger R., Acker A., eds, IAU Symp.
155: ‘Planetary Nebulae’, p. 449

Ratag M.A., Pottasch S.R., Waters L.B.F.M., 1990, in Ratag M.A.,
PhD thesis, University of Groningen, Chapter 4

Schönberner D., 1979, A&A 79, 108
Schönberner D., 1981, A&A 103, 119
Schönberner D., 1983, ApJ 272, 708
Schönberner D., Stahlberg J., Steffen M., Kifonidis K., Bl¨ocker

T., in IAU Symp. 180: ‘Planetary Nebulae’, in press
Seaton M.J., 1987, J. Phys. B 20, 6363
Sellmaier F.H., Yamamoto T., Pauldrach A.W.A., Rubin R.H.,

1996, A&A 305, L37
Sion E.M., 1996, in Lundstr¨om I., Stenholm B., eds, ‘Planetary

Nebulas with Wolf-Rayet Type Nuclei’, 1996, Ap&SS 238,
131

Swinyard B.M., Clegg P.E., Ade P.A.R. et al., 1996 A&A 315,
L43

van Hoof P.A.M., Oudmaijer R.D., Waters L.B.F.M., 1997,
MNRAS 289, 371 (Chapter 4)

Vassiliadis E., Wood P.R.,1993, ApJ 413, 641
Vassiliadis E., Wood P.R.,1994, ApJS 92, 125
Zuckerman B., Aller H.A., 1986, ApJ 301, 772


