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Conclusions and future work

THE research carried out in this thesis tries to attain a better understanding of the planetary
nebula phase of stellar evolution. Since planetary nebulae (PNe) enrich the interstellar

medium by the ejection of their envelope, special emphasis has been put on deriving elemen-
tal abundances for a sample of PNe. In particular the questions that we have tried to answer
are: 1) What are the abundances and physical conditions in PNe? 2) What are the nuclear
processes taking place in the interior of the central stars? 3) Which physical processes are
involved in transporting freshly synthesized elements to the stellar surface? 4) What is the
contribution of low mass stars to the chemical enrichment of the galaxy? 5) How does the
star interact with the previously ejected material during the planetary nebula phase?

In this chapter the main conclusions of this thesis are summarized followed by sugges-
tions on how to extend this work using the current and future generations of telescopes.

Accurate abundance determination

The main objective of this thesis has been to derive reliable abundances for a sample of
nearby PNe. This provides information on the amount of material returned to the interstellar
medium by these objects. The objects presented in this thesis are: NGC 7027 (chapter 2),
NGC 2440 (chapter 3), BD+30 3639 and NGC 6543 (chapter 4), and NGC 5315, NGC 6741,
and NGC 7662 (chapter 5).

Previous estimates of PNe abundances using only optical and/or ultraviolet data have to
resort to using large ionization correction factors to correct for unseen stages of ionization.
Predicting unseen stages of ionization is tricky and may lead to large errors in the derived
abundances. We have used spectroscopic data from the Infrared Space Observatory (ISO),
that has flown in the period 1995-1998. In addition, ultraviolet spectral observations from
the International Ultraviolet Explorer (IUE) and optical data have been included in the
analysis. The use of infrared data has particularly improved the abundance determinations.
The reasons for this are three fold. First, many unseen ions emit in the infrared strongly
reducing the need for ionization correction factors. Second, the infrared line intensities are
not sensitive to the adopted temperature or temperature fluctuations in the nebula. Third,
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infrared emission is hardly affected by extinction. The ultraviolet data is essential to derive
the abundance of carbon.

In many cases ionization correction factors were not necessary because all the important
stages of ionization were observed. When needed, ionization correction factors were typically
less than ∼1.2. This improvement shows that the combination of the infrared, ultraviolet and
optical data is a powerful tool to derive abundances. It is important mentioning that the
nebular abundances are often very different from the abundances of surface layers of the
central stars which excite them. This is especially noticeable in nebulae which are excited by
central stars of the Wolf-Rayet type. This still remains a puzzle.

Temperature gradient

Infrared and optical line fluxes combined, provided information on the temperature of the
gas for a different number of ions. In NGC 7027 and NGC 2440 a trend of electron temper-
ature with ionization potential is found. Ions with higher ionization potential show higher
temperatures because they are probably formed closer to the central star. The temperature
in NGC 6543 is constant with ionization potential. This information allows us to constrain
(based on the ionization potential) the temperature of ions whose abundances have been de-
rived using ultraviolet or optical data that are temperature dependent.

Stellar nucleosynthesis in low and intermediate mass stars

The derived abundances of the PNe in our sample, supplemented by comparable data
from the literature analyzed in a similar way, are compared in chapter 5 with Asymptotic
Giant Branch models to give insight in the nuclear reactions and mixing processes that
the progenitor stars must have experienced. These models put especial emphasis on the
processes that are expected to produce the most significant changes in CNO and He surface
abundances, namely the third dredge-up and the hot bottom burning. The former consists of
several mixing episodes in which products of the He burning shell are brought to the surface.
This process is characterised by its efficiency (λ) and by the elemental abundance of the
convective intershell (Xcsh) developed at each thermal pulse. The hot bottom burning takes
place when the convective envelope deeply penetrates into the hydrogen burning shell where
CN-nucleosynthesis is taking place.

The sample separates quite naturally in two different groups The first group show He/H ≤
0.14. The other group presents higher helium content (He/H > 0.14) together with low carbon
and oxygen abundances. This division may point to two different interpretative scenarios.

• PNe with He/H ≤ 0.14. The stellar progenitors must have been stars with solar metal-
licity in the range of masses from 0.9 to 4 M�. The efficiency of hot bottom burning
should not be very large in order to match the nitrogen abundance. The helium content
can be reproduced with the first, and possibly second and third dredge-up. The carbon
abundances can be reproduced using models with variable opacities and efficiencies of
the third dredge-up λ ∼ 0.3 − 0.4. The progenitors of some carbon rich PNe in the
sample that also show traces of carbon enrichment must have been carbon stars which
had experienced the third dredge-up.
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• PNe with He/H > 0.14. The stellar progenitors must have been stars with sub-solar
metallicity (i.e. LMC) with masses of 4− 5M� experiencing both the third dredge-up
and hot bottom burning. A sub-solar metallicity has to be assumed to match the oxygen
abundance. The combination of intermediate mass stars and low metallicity is peculiar
and should be further investigated. In this sense, a study of PNe in other metallicity
environments (such as the LMC or the galactic center) could be very illuminating. We
have solved the problem of the observed N/O–He/H correlation and the C/O–N/O anti-
correlation (Becker & Iben 1980) by assuming a very efficient third dredge-up that
brings material to the surface containing a small amount of primary carbon synthesised
during thermal pulses. Good agreement with the observations are found assuming
λ ∼ 0.9 and Xcsh(12C) ∼ 0.02−0.03. These stars must have experienced a significant
production of 22Ne via α-captures.

Understanding the last stages of evolution

In chapter 6 we have investigated the infrared fine-structure lines of [C II], [O I] and [Si II]
in the photo-dissociation regions associated with PNe. This is of great importance for a
proper understanding of the evolution of the ejected material; especially the excitation
conditions under the influence of UV photon from the hot central nucleus and the action
of shocks driven by the fast stellar wind into the slower AGB wind. In order to interpret
the observations, we have compared the measured line intensities in nine PNe with those
predicted by theoretical photo-dissociation and shock models. The comparison with the
photo-dissociation models has been done taking into account the carbon- or oxygen-rich
nature of the nebula. For NGC 7027, Hb 5 and NGC 6302 rotational lines of H2 originating
from the PDRs, have been used to estimate the rotational temperature and column density of
H2. The results indicate that photo-dissociation rather than shocks is the main driving force
responsible for the atomic lines in the PNe that have been studied. This comparison has been
used to derive the density of these regions. Unfortunately the conditions in the nebulae are
such that the lines studied have reached the critical density and are no longer sensitive to this
parameter. To reliably derive the density of these regions other indicators (for instance CO)
should be used. The rotational temperature derived from the pure rotational lines of H2 in the
PNe, NGC 7027, Hb 5 and NGC 6302 is between 500 and 830 K. The rotational temperature
and H2 column density of these regions cannot discriminate between a PDR or shocked gas.

The atomic, ionized and H2 masses have been calculated for several PNe. These mass
estimates have been complemented by molecular masses derived from low J CO observations
(Huggins et al. 1996). The results indicate that for the studied nebulae, the PDR is the main
reservoir of gas surrounding these objects. The relative amount of ionic gas increases as the
nebula ages at the expense of the atomic and molecular mass. Despite the large uncertainties,
there is a clear trend of increasing mass of the envelope with increasing core mass of the
stellar remnant. This supports the notion that higher mass progenitors produce more massive
envelopes and leave more massive stellar cores.

There is a tantalizing relationship between the nucleosynthetic evolution of the progenitor
star and the characteristics of the dust emission features. However, in view of the small
sample and the uncertainty in the position of the nebulae in the HR diagram, it is too early to
draw firm conclusions on this point.
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What we still don’t know...

Some questions have not been answered in this thesis or have arisen as a consequence of this
research. These are:

• How can the difference between nebular abundances and the central star abundances
be explained?

• Why are low metallicity models needed to reproduce the abundances of intermediate
mass stars?

• Is there a relationship between the characteristics of the dust emission features and the
nucleosynthetic history of the progenitor star?

These questions stimulate research lines that should be followed up in the future.

Future work

ISO has provided an excellent opportunity to study in detail the Planetary Nebula phase in our
own Milky Way. It will be very interesting to extend this study to other galaxies (i.e. LMC
and SMC) for two reasons: 1) Distances are better known. This will allow deriving elemental
abundances and ionization gradients as a function of metallicity of the progenitor star. In
particular, because all objects will be at the same distance, the nucleosynthetic enrichment
can be studied as a function of the location in the Hertzsprung-Russel diagram (eg., as a
function of the core mass). 2) The metallicity content differs from that of the Milky Way.
This offers the possibility of comparing the abundances in such environments with our own
galaxy.

The profile and peak position of dust features vary from source to source and this may
be linked to local chemical modification of the carriers. Correlating these variations with the
elemental abundances of the objects can give insight in the carriers of these features. This can
be complemented with a study of these features on PNe in galaxies with different metallicity
composition.

Hard X-ray emission (peaking from 0.5-1.0 keV) has been detected in several nebulae
with Wolf-Rayet central stars. This emission is probably produced by the interaction of the
mass loss from the central star and the nebular material. Studying PNe in X-rays can give
important clues to better understand the chemical evolution of the ejected material.

A large number of observatories currently in use, or available in the near future, are
able to study PNe in other galaxies or in another wavelength regions addressing some of the
questions listed in the previous section.

SIRTF This satellite will be operational from Autumn 2003 and carries a 85 cm mirror. The
Infrared Spectrograph (IRS) on board this satellite will provide spectral coverage in the
range of 5 to 40 µm with a superb sensitivity. This sensitivity will enable the study of
PNe in the LMC, SMC and perhaps in the galactic center. Because of the metallicity
difference, changes can be expected and a comparison of the abundances found in these
environments is a very interesting issue that could be addressed. SIRTF’s resolution
and wavelength coverage is ideal as well to study dust features.
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HERSCHEL The launch of this satellite is scheduled for 2007. It will carry a 3.5 meter
telescope and a high resolution spectrometer (HIFI) covering the range from 150 to
600 µm. This will be ideal to study the rotational lines of CO and other molecules
originating in the photo-dissociation regions associated with PNe.

SOFIA This stratospheric airborne observatory will carry a 2.7 meter telescope and will
be operational early in 2004. On board there is a Mid-IR camera (FORCAST) that
provides imaging from 5-40 µm with an angular resolution of 0.75 ′′/pixel. This will
be extremely useful to locate the emission of the different ions and learn about the
ionization gradient in the nebula.

XMM-Newton This Multi-mirror X-ray satellite was launched in December 1999. The
spectral range covered by the satellite is 0.1 to 12 keV (120-1 nm). The resolution
of the RGS spectrograph is able to resolve narrow recombination lines arising from
the hot X-ray emitting region in PNe. This can give us a better understanding of the
interaction of the mass loss from the central star with the nebular material.
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