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Introduction

PLANETARY NEBULAE are fundamental to understand the chemical evolution in galaxies.
Understanding this stage of stellar evolution enables us to understand how the galaxy

changes and evolves. The galaxy is experiencing a chemical evolution caused by the life
and death of stars. During their lives, nuclear reactions taking place in the interiors of stars
synthesize all the elements we see today. Periods during which mixing takes place bring
these elements to the surface of the star. Towards the end of their lives, stars suffer a series of
not very well understood mass loss episodes, feeding heavy elements back into the interstellar
medium from which future generations of stars will be formed. Without these heavy elements
planets would not have formed and life would never have evolved on Earth.

The end phase of a star’s life is therefore crucial to fully understand the implications of
stellar evolution and the impact upon the chemical evolution of our galaxy. The manner in
which stars die depends on their original mass. In low and intermediate mass stars (∼1-
8 M�) death is preceded by the so-called planetary nebula phase. Our Sun will become a
Planetary Nebula in some 5 billion years. Because by far most stars have masses below 8
M�, the planetary nebula phase must be a very common process in the universe. In this
phase the material is ionized by the hot (∼100 000 K) central star. The ejected material
offers an excellent opportunity to study how low and intermediate mass stars contribute to
the enrichment of the galaxy, how these elements are produced and brought to the surface,
and how the star interacts with the previously ejected material.

As an aside, the name Planetary Nebula was given for the first time by William Herschel
(1738-1822) in the 18th century. He studied thoroughly the nebulous objects of the catalogue
published by Charles Messier in 1784 (now known as the Messier Catalogue). Herschel
believed that most of the nebulous objects in the Messier Catalogue could be resolved into
stars. He was right and we know now that these objects are galaxies. The others he called
Planetary Nebulae because he found them similar to Uranus, the planet he had recently
discovered. It was not until the 1950’s that we learned that PNe represent the latest stages of
evolution of low and intermediate mass stars.
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Figure 1.1–. Hertzsprung-Russel diagram showing the evolution of a low mass star. Different phases
of stellar evolution are indicated together with the main mixing episodes (within squares). The spectral
types (Cox 2000) are given on top. The acronyms correspond to: MS→Main Sequence, RGB→Red
Giant Branch, AGB→Asymptotic Giant Branch, HBB→Hot Bottom Burning, PN→Planetary Nebula.
This plot is courtesy of Sacha Hony.

1.1 Evolution of low and intermediate mass stars
A discussion on the evolution of low and intermediate mass stars can be found in Osterbrock
(1989). Descriptions of the mixing episodes occurring during the evolution of these stars are
given by Renzini & Voli (1981); Iben & Renzini (1983), and more recently by Lattanzio &
Forestini (1999).

1.1.1 From the cradle to the grave

In Fig. 1.1 the evolution of a low mass star in the Hertzsprung-Russel diagram is shown. Stars
spend most of their lives on the Main Sequence (MS) burning hydrogen in their core. When
the hydrogen in the nucleus is exhausted, the helium core contracts and, for stars with masses
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.2.5M�, this core becomes degenerate. Hydrogen fusion starts in a shell around the core
and the star moves to the Red Giant Branch (RGB). The temperature in the core increases
and at some moment becomes high enough to begin helium burning in the core (hydrogen
burning continues in the shell), placing the star on the Horizontal Branch (HB). In stars with
masses .2.5M� helium burning is degenerate (helium-flashes). The helium burning results
in a degenerate carbon and oxygen core. When all the helium in the core is burned the star
moves to the Asymptotic Giant Branch (AGB). This phase is characterised by two burning
shells, one of helium around the nucleus and one of hydrogen further out1. The structure of a
star in the AGB phase is illustrated in Fig. 1.2. During the AGB the star suffers mass loss via
a slow wind (∼10 km/s). At some – not well understood – moment, the star experiences a
much severe mass loss (accompanied by a super-wind) which results in the ejection of most
of the envelope of the star. As a consequence of the mass loss inner parts of the central star are
exposed. These are very hot and eventually the far ultraviolet photons emitted by the central
star are able to ionize the previously ejected envelope. The star becomes a Planetary Nebula
(PN). When the thermonuclear reactions stop, the central star cools down (is no longer able
to ionize the ejected material) and continues to cool as a White Dwarf (WD). The remnants of
PN are returned to the interstellar medium, mix with other material present, waiting to form
a new star.

1.1.2 Nucleosynthesis

We shall briefly explain here the reactions by which stars burn hydrogen and helium, but for
a detailed description on these reactions we recommend the reader to look in Clayton (1983).

Stars can burn hydrogen in their cores either via the so-called pp-chain (proton-proton
chain) and CNO-cycle. The result of both reactions is the conversion of hydrogen into helium.
In the CNO-cycle, carbon, oxygen and nitrogen act as catalysts for hydrogen to produce
helium. The CNO-cycle has a strong dependence on temperature. Since the temperature in
the core of stars increases with mass, for stars with masses .1.2M� the hydrogen fusion is
dominated by the pp-chain, and for stars with masses higher than that by the CNO-cycle.
The helium burning occurs via the triple-alpha reaction where 12C is produced. Some 12C
and 4He can fuse and produce 16O. During the asymptotic giant branch some reactions in
the helium burning shell may occur in which neutrons are released. These neutrons may be
captured by heavy species and in this way the so-called s-process elements are formed.

1.1.3 Mixing episodes during the evolution

In the course of evolution, stars experience a series of mixing episodes in which nucleo-
synthesized material from the inner regions of the star is mixed to the surface. These pro-
cesses are indicated in Fig. 1.1 and are summarized here:

• First dredge-up. At the base of the Red Giant Branch, the convective envelope extends
deep to regions where partial hydrogen burning via the CN cycle has taken place. The
surface abundance of 4He is enhanced and that of H depleted. Since 12C has been
converted partly into 13C and 14N, the surface abundance of 12C is depleted and that
of 13C and 14N increased. 16O remains almost unaffected.

1During this phase the helium and hydrogen shell are not always active.
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• Second dredge-up. This occurs early in the asymptotic giant branch phase for stars
with original masses larger than 3-5M� (the limit depends on the composition). In
these stars as the helium burning core moves to the shell the hydrogen burning shell is
extinguished. This allows the envelope to penetrate into the helium core. Consequently,
4He and 14N are dredged-up to the surface, their abundances increase at the expense of
12C, 13C and 16O.

• Third dredge-up (see Fig. 1.2). This takes place during the asymptotic giant branch
and consists of several mixing episodes. The helium shell is thermally unstable and
eventually produces huge amounts of energy. These helium shell flashes are also known
as thermal pulses (TP). The release of this energy produces a flash-driven convection
zone (see Fig. 1.2) and the 12C produced in the helium burning shell is mixed with that
of the helium inter-shell. Following the pulse, the star expands and cools. Due to this
cooling the hydrogen burning shell is extinguished. This allows the inward penetration
of the convective envelope into regions where 12C has been mixed with the ashes of the
hydrogen burning shell (helium). Therefore, the surface abundances of 4He and 12C
increase.

• Hot bottom burning (see Fig. 1.2). This process is experienced by asymptotic giant
branch stars with masses larger than 4-4.5 M�. In these stars the convective envelope
penetrates into the hydrogen burning shell, and the CN-cycle actually occurs at the
base of the convective envelope. 12C is converted into 13C and then into 14N. If the
temperatures are high enough the ON-cycle is activated causing the destruction of 16O
to produce 14N.

1.2 Planetary Nebulae

1.2.1 PNe and the chemical enrichment of the ISM

Stars are formed in molecular clouds of star forming regions such as the one pictured in
Fig. 1.3 (top). Molecular clouds consist mostly of hydrogen but they also contain molecules
and dust. At some moment, parts of these dense clouds start to collapse. Gravity does the
rest. As more material is accumulated the force of the gravity increases and therefore more
material is attracted. This cumulative process involves an increase in temperature in the inner
regions. The temperature rises until at some moment it is able to ignite nuclear reactions and
it is then that we can say that a star is born. Regardless of the mass, stars spend most of their
life burning hydrogen in the core to produce helium (like our Sun, Fig. 1.3 bottom-left). As
the star evolves further thermonuclear reactions take place in the interior of stars. Via these
reactions, stars produce helium and metals. These are brought to the surface in a series of
dredge-up events that take place at different stages in stellar evolution. In the latest stages
of evolution the star experiences mass loss episodes. By the ejection of the outer layers the
planetary nebula returns gas to the interstellar medium that has been enriched with metals
from which new generations of stars will be formed (Fig. 1.3, bottom-right). In this way, by
the ejection of the outer layers PNe contribute to the enrichment of the ISM.
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Figure 1.2–. Onion shell-like structure of an AGB star. See text for details. Plot based on Lattanzio
& Forestini (1999) (their Fig. 1).

1.2.2 Importance of PNe

The planetary nebula phase offers for the first time in the life of a star the possibility to reliably
check the results of the nuclear processes that have taken place in the interior of the star.
The potential of studying the composition of the ejected material is enormous. Quantitative
information on the contribution of low and intermediate mass stars to the interstellar medium
can be obtained. With the aid of evolutionary models the nucleosynthetic history of the star
can be reconstructed to learn the detailed history and characteristics of the progenitor star
from which it evolved (Fig. 1.3, bottom-left). Furthermore the composition of the molecular
cloud from which the progenitor star was formed (Fig. 1.3, top) can be inferred. In this
way, by studying the PN phase we become archeo-astronomers; digging through layers of
accumulated historical dirt to uncover the full glory of past physical processes. However, all
of this requires the derivation of accurate abundances of the ejected material in the PN phase.

1.2.3 Neutral material around PNe

As we have seen, the FUV flux emitted by the hot central star will ionize the gas around
it. The sphere where hydrogen is ionized is called Strömgren sphere. Outside this sphere,
neutral hydrogen, molecules and ions of species that requires radiation hν < 13.6 eV to be
ionized, may exist. These regions are very important because it seems that the amount of
neutral material associated with young PNe is much larger than the ionized material. Neutral
regions that are governed by the radiation of the central star are called photo-dissociation
regions (PDRs). Emission from these regions includes species such as O0, C+, Si+, CO and
H2. Besides far-ultraviolet radiation, shocks might also dominate the heating of these neu-
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Figure 1.3–. Life cycle of low and intermediate mass stars. Photo credits: Eagle nebula (top)→
Jeff Hester and Paul Scowen, NASA, STScI. Sun (bottom-left)→ SOHO/EIT (ESA & NASA). PN
NGC6751 (bottom-right)→NASA, the Hubble Heritage Team (STScI/AURA).

tral regions. We saw that during the AGB phase the star loses mass via slow winds. In the
planetary nebula phase, the star develops a much faster wind (∼1000 km/s). This faster wind
catches up with the slow AGB wind shaping the nebula. Interaction between the winds pro-
duces shocks that compress and heat the nebula. Within the Strömgren sphere far-ultraviolet
flux from the central star dominates the heating. In the neutral regions around the PNe, this is
not so clear and whether either process (dynamical heating or radiation heating) is dominant
is still in debate. The cooling in these regions is controlled by far-infrared atomic lines. The
development of photo-dissociation and shock codes in the last years (which predict the emis-
sion of such cooling lines) has allowed a better understanding of the physical properties of
neutral envelopes around PNe and in particular to derive masses of the surrounding material.

1.2.4 PNe in a general context

In this section we provide some general information concerning PNe. An excellent review
on this issue can be found in Pottasch (2001).

The PN phase lasts only 10 000 years, an insignificant amount of time when compared to
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their whole life (1-10 billion years). The vast majority of PNe are located within 10 degrees
of the galactic plane. They are seen both in the galactic center (older population) and in the
galactic plane (younger population). Spectroscopically the central stars of PNe are classified
as O, Of, Wolf-Rayet [WR], sub-dwarf O, and O VI stars. PNe are divided morphologically
in two groups, elliptical and bipolar. The cause of this difference in shape among Planetary
Nebulae is still a matter of debate (Balick 1987; Frank et al. 1993). Peimbert (1978) intro-
duces a classification of PNe (type I, II, III, and IV) according to their chemical composition
and morphology. The first group are helium (He/H>0.14) and nitrogen rich. Type II are of
intermediate population I. Type III PNe have velocities >60 km/s and do not belong to the
halo. Finally, Type IV are PNe from the halo (lower abundances than the others). According
to this classification most nebulae belong to Type II. This classification has experienced some
changes in the years. In Peimbert & Torres-Peimbert (1987) PNe of Type I are re-defined as
nebulae with He/H>0.125 or log(N/O) > −0.3. PNe are also divided according to their
carbon over oxygen (C/O) ratio. If C/O> 1 the nebula is carbon-rich and if it is < 1, oxygen-
rich.

1.3 Physics in PNe

1.3.1 The spectrum

The first observation of a PN using a spectrograph was made by William Huggins (1824-
1910) in 1864. The spectrum he observed showed only one line. Later on, improvements
in spectrographs were to resolve that line into three lines. One corresponded to hydrogen
but the other two remained unknown and it was thought that these two lines originated from
a new element, nebulium. The identification of both lines came much later (∼1930), they
were from [O III]. Nowadays, spectrographs show us that the spectrum of PNe is dominated
by strong forbidden lines of metals and recombination lines of hydrogen and helium. As an
example, the infrared spectrum (ISO-SWS) of the bright PN NGC 7027 is shown in Fig. 1.4.
The spectrum is very rich in all kind of features. High stages of ionization for several ions are
reached. Recombination lines of hydrogen and helium and H2 lines have also been measured
(most of them cannot be seen because of the scale). Noticeable as well are the broad PAH
features seen in different parts of the spectrum.

Recombination lines of hydrogen and helium originate from the recombination of an
electron to a certain level of the atom and from there, they cascade down to the lower levels
emitting photons. The strong forbidden lines observed in PNe can be explained by under-
standing the physical conditions existing in PNe. A five ground level configuration for O III

and Ne V is shown in Fig. 1.5 (left). Typical temperatures in PNe are about ∼10 000 K, or in
other units ∼0.9 eV. These temperatures refer to the kinetic energy of the free electrons in the
gas. Fig. 1.5 shows that the energy levels in these ions are such that at the nebular tempera-
tures there are many electrons that (by collisions with the ion) are able to excite the lowest
energy levels. Once excited, the electrons can be de-excited either collisionally (no radiative
emission) or by a spontaneous transition (emission of a photon). The latter depends on the
density and therefore there is a density at which the probability of both processes is equal.
This density is called the critical density. In PNe the density is usually lower than the critical
density favouring radiative decay, and that’s why the forbidden lines are so strong. They are
easily excited and then they de-excite radiatively. The recombination process in metals can
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also occur. Since this process occurs less often the recombination lines are very weak and
difficult to measure.

1.3.2 Electron density and temperature, and abundances

Line ratios in PNe are very useful to determine the physical properties of the gas. We
encourage the reader to have a look at Osterbrock (1989) for a complete description of the
processes which are described next.

To derive the temperature, line ratios that differ by several electron volts are needed so
that the relative population of the levels depends on the temperature. This is illustrated in
Fig. 1.5 for the O III. In the level configuration diagram the wavelengths of several lines are
indicated. For instance, a ratio between any of the optical lines with any of the infrared lines
will be temperature dependent. The ratio [I(4959Å)+I(5007Å)]/I(4363) is also temperature
dependent and has been used extensively in the past because they are strong lines that can
be easily measured in the optical spectrum. In the top-right panel in Fig. 1.5 the theoretical
ratio of the 5007 Å and 52 µm lines is represented at different temperatures. Therefore by
measuring the intensities of both lines in the nebula its temperature can be inferred.
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Figure 1.5–. Ground level configurations for O III and Ne V (left). On the right, different line ratios
are shown as temperature (top) or the density (bottom) indicators. See Sect. 1.3 for details.

To derive the density, intensity ratios of lines originating from levels close in energy are
needed so that the dependence on temperature is canceled. In that respect the infrared lines
originating from the ground levels are very useful since their dependence on temperature is
negligible. If their radiative transition probabilities (which depend on density) or collisional
de-excitations are different then the ratio depends on the density. This is illustrated in
Fig. 1.5 for Ne V. The ratio of both optical lines (indicated in the figure) or infrared
lines is density dependent. In the bottom-right panel of Fig. 1.5 the theoretical ratio of
the infrared lines is given at different densities, therefore by measuring those lines the
density of the gas can be determined. Note that the density can only be determined between
∼ 104 and ∼ 3×105 cm−3 and that the dependence on the adopted temperature is very small.

Abundances are derived relative to hydrogen. Therefore, to derive the abundance of an
ion (ionic abundance) besides the intensity of an ionic line and the nebular density, the inten-
sity of a hydrogen line together with the H+ density are needed. The forbidden lines are very
useful since they are very strong and their flux can be accurately measured. For hydrogen
the intensity of Hβ is currently used. To derive the total abundance of an element (elemental
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Figure 1.6–. The
Infrared Space Obser-
vatory was operational
between November
1995 and May 1998.
On board this satellite
there were two spec-
trographs, the SWS
and the LWS which
together covered the
spectral range from 2.4
to 196 µm.

abundance) the ionic contributions of the different stages of ionization must be added. In
practice not all the ionization stages of an element are observed and therefore the contribu-
tion of these unseen stages of ionization must be inferred. This is done with the so-called
ionization correction factors. Studies on ionization correction factors based on similarities
with the ionization potential of ions have been done by Peimbert & Torres-Peimbert (1977);
Torres-Peimbert & Peimbert (1977, 1997). Ionization correction factors can also be deduced
from the use of photo-ionization models. This latter method needs a good estimate of the
parameters of the central star (such as the stellar temperature) which are often not known.
Usually the major contribution to the elemental abundance comes from only a few stages of
ionization. Therefore, by measuring these stages the abundances can be fairly well deter-
mined, but of course, the more information on stages of ionization for a certain element, the
more accurate the elemental abundance of that element is derived.

1.4 Studying PNe in the infrared

We saw in the previous sections that deriving abundances in PNe are crucial to understand
not only the PN phase but also the nucleosynthesis history of the progenitor stars. In that
respect, infrared data offers many advantages in comparison to the optical or ultraviolet
data in determining abundances. For that reason, the analysis done in this thesis has been
made using mainly spectroscopic data from the Infrared Space Observatory (ISO). On board
ISO (Fig. 1.6), there were two spectrographs, the Short Wavelength Spectrometer (SWS, de
Graauw et al. 1996) and the Long-Wavelength Spectrometer (LWS, Clegg et al. 1996). Both
instruments covered together the spectral region from 2.4 to 196 µm. Ultraviolet data from



1.4. Studying PNe in the infrared 11

5+Ar

Ar

Nitrogen Carbon Neon Sulfur Argon ChlorineOxygen

O N C Ne S

O

O N

N

C

C

Ne

Ne

Ne

Ne

S

S

Ar

Ar

Ar

Cl

Cl

Cl

Cl

Magnesium Silicon Potassium Aluminium IronCalcium

Mg Si

Mg

Mg

Mg

Mg

Si

Si

Si

Si

K

K

K

K

Al

Al

Al

Ca

Ca

Ca

Ca

Fe

Fe

Fe

Fe

Fe

Fe

X

X

X

X

X

X

X

X

X

X

X

X

X

X X
X

X

X

X

X

X

X

X

X

X

+ + + + + + +

+ + +

2+ 2+ 2+ 2+ 2+ 2+

2+ 2+ 2+

3+ 3+ 3+ 3+ 3+ 3+

3+ 3+ 3+

4+

4+ 4+ 4+ 4+

5+ 5+ 5+ 5+

6+ 6+ 6+ 6+ 6+

7+ 7+ 7+

8+

5+

4+

N

Abundances of individual ions in NGC 6302 ISO infrared lines

X   Optical or Ultraviolet lines

3+

4+

2+

3+

X

4+ X

X

X
X

X

X
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the International Ultraviolet Explorer (IUE) has also been used and to a lesser extent (pub-
lished) optical data. The advantages of using infrared lines to derive abundances over optical
or ultraviolet lines have been discussed by Rubin et al. (1988) and more recently by Beintema
& Pottasch (1999). First and most important, the optical and ultraviolet parts of the spectrum
typically only show lines of a few ionization stages of an element and in order to derive el-
emental abundances, the abundance of unseen stages has to be estimated. These estimates
(which are made using ionization correction factors) are highly uncertain. In the infrared,
species typically show emission lines due to many ionization stages, which greatly reduces
the need for ionization correction factors. This is illustrated in Fig. 1.7 where the circles in-
dicate that the corresponding ion has been observed with ISO and the crosses with optical
or ultraviolet observatories. It is clear that the ISO data is essential in providing information
on many stages of ionization of many elements. Information on carbon and nitrogen comes
mostly from the ultraviolet (especially carbon), and that is why IUE data was included in
this study. Second, the infrared lines originate from levels so close to the ground level (see
Fig. 1.5, left) that they are not sensitive to the temperature. This is very important since it
means that the abundances derived from the infrared lines are not dependent on the adopted
temperature or by temperature fluctuations in the nebula. Third, unlike optical and ultra-
violet lines, infrared lines are hardly affected by extinction, avoiding therefore errors when
correcting the observed lines for this effect.
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1.5 In this thesis
We have shown that the planetary nebula stage is a key phase in stellar evolution. However,
many aspects of this common process in the universe still remain a puzzle. The main
questions in PN evolution that have been tried to answer in this research are: 1) What are
the abundances and physical conditions in PNe? 2) What are the detailed 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?

To answer some of the questions mentioned above accurate abundances are needed.
Chapters 2, 3, and 4 have been focused on obtaining reliable abundances for a few PNe us-
ing mainly infrared data from ISO. In chapter 2 the abundances of the well known bright
nebula NGC 7027 are presented. A comparison of abundances determined from the forbid-
den lines and recombination lines is given. The use of ionization correction factors based
on similarities of ionization potentials is also discussed. Chapter 3 deals with the complex
bipolar or multi-polar (also bright) PN NGC 2440. In chapter 4 we studied BD+30 3639
and NGC 6543. These two PNe have low temperature exciting stars which result (unlike
NGC 7027 and NGC 2440) in spectra dominated by lines of low ionization potential.

The nebular temperatures and densities have been derived for several ions in each nebula.
This can give information on temperature gradients within the nebula since one expects that
ions with different ionization potential may form in different regions of the nebula.

In chapter 5, the abundances of ten PNe derived similarly to the method described in
the first chapters, are compared to asymptotic giant branch models. These models describe
the abundance of low and intermediate mass stars at the PN stage and take into account the
different nuclear reactions and mixing episodes occurring during the evolution. In particular
the parameters of the models are varied until all the observed elemental abundances are
reproduced. This comparison allow us to both, reconstruct the nucleosynthesis history of the
progenitor stars, and constrain the parameters of the models.

In chapter 6 we investigate the fine-structure lines of [Si II] (34.8 µm), [O I] (63.2 and
145.5 µm) and [C II] (157.7 µm) arising from the neutral region in nine PNe observed
with ISO. These lines have been compared with photo-dissociation and shock models to
investigate which mechanism controls the heating of these regions. The comparison with
the photo-dissociation models has been done taking into account the carbon- or oxygen-rich
nature of the nebulae. The comparison allows us to determine the physical properties of
these regions. The pure rotational lines of H2 for three PNe are presented and used to derive
the rotational temperature and column density of the molecular gas. Ionized, atomic and
molecular masses are derived and compared in order to investigate whether the evolution of
the ejected material correlates with the evolution of the planetary nebulae.

The conclusions and main results from this work are summarized in chapter 7 together
with ideas on how to extend the work done in this thesis using observatories currently avail-
able and employing the next generation of telescopes.




