
English Summary

STARS are born, live and die similarly to any human being in the Universe. This thesis deals
with the final stages of evolution (life) experienced by stars like our Sun prior to their

death, the so-called Planetary Nebula phase. In 5 billion years our Sun also will experience
this phase and will become a Planetary Nebula: a shell of gas, which is the remnant of what
was once the envelope of the star. This material slowly coasts away from the star and will
eventually merge with other material in space. Stars form in this collected material and,
in this way, these stellar ejecta are one of the basic constituents from which new stars and
perhaps planets will be formed. Our body contains elements once produced in stars!! The
research carried out in this thesis is aimed to better understand the chemical composition of
such remnants, specifically which elements occur and in which ratio with respect to each
other. Let me guide you through this fascinating phase of stellar evolution...

Life cycle of stars

The birth

Stars are the building blocks of galaxies. Our Sun (Fig. 1) is located in the arm of a spiral
galaxy (the Milky Way) very much like the one pictured in Fig. 1. Although there are several
hundred billion stars in a galaxy they occupy a negligible volume of space compared to their
vast distances. This space is called the interstellar medium. It is mostly empty, but one can
also find clouds of dense6 gas called molecular regions. It is in these places where new stars
are born. This dense gas consists mainly of hydrogen (that’s why stars consist mostly ∼ 90%
of hydrogen), but it also contains some molecules and microscopic grains that astronomers
call dust. This dense gas tends to remain together due to the force of gravity. The more gas
is accumulated, the stronger the force of gravity and more gas is attracted. This cumulative
process leads to an increase in density especially in the core. The increase in density results
in an increase in temperature. At some moment the temperature in the core is so high that
thermonuclear reactions (the engine of the star) are activated and the star begins to shine or,
in other words, is born!

Initially, the main thermonuclear reaction that takes place in the star is the fusion of four
atoms of hydrogen to produce one of helium. The resultant helium atom has less mass than
the four hydrogen atoms together. What happens to the rest of the mass? It is transformed
into energy and makes its way to the surface causing the star to shine.

6Such dense gas is still less dense than the best vacuum achievable on Earth!
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Figure 1–. Our Sun (left) is just one of the hundred billions of stars that form the Milky Way, a spiral
galaxy that might look like the external galaxy NGC 628 (right). Photo credits: Sun → SOHO/EIT
(ESA & NASA). NGC 628 → Gemini Observatory-GMOS Team.

The life

There are several similarities between the life of a star and our own. From the moment we
are born, our body starts to change. We grow, get bigger, the colour of our hair might change,
and eventually we will even lose hair in a dramatic way. These changes are different for each
individual. There are people taller than others, some are blond some are brownish, some
people lose more hair than others etc... In the case of stars it is the mass which governs their
evolution (aging). The thermonuclear reactions play the role of the heart in our lives and
keep the star shining (living). The difference is that thermonuclear reactions can keep stars
shining for millions and millions of years. For instance, the Sun is 5 billion years old and
will live another 5 billion more!! The life time of the stars correlates with their mass, higher
masses mean shorter life (they age faster). In the course of their evolution (or of their life)
the stars will experiment physical changes. They will increase in size. Our Sun will become
so big that it will engulf the orbit of the Earth. They will then become brighter, colder and
will even start to lose mass as they become older. At some moment they will die, but before
doing so they will give us the most magnificent spectacle of their glorious life (see cover and
back-cover figures).

The end

The way stars end their lives depends on their original mass. Stars with masses ∼8 times
larger than the mass of the Sun7 will suffer a sudden violent explosion that can cause the
disruption of the star. This explosion is what we call Super Nova. Stars with masses similar to
that of our Sun and up to 8 solar masses start to pulsate in the last stages of evolution. At some
moment these pulsations become unstable and the star ejects part of its envelope. The ejected
gas is illuminated by the hot central star giving origin to what we call the Planetary Nebula
phase (see Fig. 2). A few thousand years after the ejection of the envelope the thermonuclear
reactions (the heart) stop. The star cools down and becomes what astronomers call a white

7The mass of the stars is often measured in solar masses. The mass of the Sun is 1.989 × 10
30 kg = 1M�.
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Figure 2–. Two examples of the phase prior to the death of a star with a mass similar to our Sun, the
Planetary Nebula phase. Their technical names are NGC 2392 (left) and NGC 6543 (right), but they are
also known as the Eskimo nebula and the Cat’s Eye nebula respectively. Photo credits: Eskimo nebula
→ NASA, Andrew Fruchter and the ERO Team, STScI. Cat’s eye nebula → J.P. Harrington and K.J.
Borkowski STsCI, NASA.

dwarf. The remnants of both the Super Novae and the Planetary Nebulae are returned then to
the interstellar medium waiting there until new stars are formed.

The Planetary Nebula phase

The discovery of the Planetary Nebulae

The discovery of the Planetary Nebula phase dates back to the 18th century (see Pottasch
2001 for a very nice review on the discovery of Planetary Nebulae). Astronomers knew at
that time about the existence of stars, planets, comets, but also about some objects which had
a nebulous appearance. Telescopes at that time were not able to reveal their nature. Charles
Messier (1730-1817) was a comet seeker and in 1784 he published a catalogue (known as the
Messier Catalogue) in which he compiled a selection of 103 objects including comets and
the nebulous objects. It was William Herschel (1738-1822) who first suggested that most of
the nebulous objects in the Messier Catalogue could be resolved into stars. We know now
that these objects are galaxies. He called the others Planetary Nebulae because he found
them similar in appearance to Uranus, the planet he had recently discovered. It took much
longer to understand that these objects were not related at all to planets but represented the
final stages of stellar evolution. Modern telescopes have revealed that Planetary Nebulae
(see Fig. 3) can be divided morphologically into two groups, spherical and bipolar.

Last stages of stellar evolution

We have seen that the Planetary Nebula phase is the last stage of evolution of stars between
1 and ∼8 solar masses but let us place them a little bit better into context in this section. In
the course of the evolution (prior to the Planetary Nebulae phase) the star starts to lose its
envelope. The surface of the star is always emitting radiation (light). As more mass is lost
more inner parts of the star are exposed. Inner regions of the star are hotter, and therefore
the gas that is being expelled is subject to stronger radiation. At some moment the radiation
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Figure 3–. The spherical nebula (left) M 57 also called the Ring Nebula compared to the bipolar
nebula Mz 3 (right). The causes of this differences in shape among Planetary Nebulae is still a matter
of debate among astronomers. Photo credits: M 57 → Hubble Heritage Team (AURA/STScI/NASA).
Mz 3 → NASA, ESA and The Hubble Heritage Team (STScI/AURA).

is hot enough to light up the ejected envelope; the planetary nebulae phase has started. This
gas that is being light up by the central star is called Planetary Nebula. This phase of stellar
evolution is very short in comparison to the whole life of a star, it lasts only about 10 000
years. The nuclear reactions that have occurred in the interior of the star have resulted in
a core of carbon and oxygen. The core of the star is not sufficiently hot to ignite nuclear
reactions to transform carbon and oxygen into other elements and produce more energy. At
this point the nuclear reactions stop. The star cools down and dies and the ejected envelope
will also fade away since it is no longer illuminated.

Earlier, during the rapid (∼1000 years) transition from the giant branch to the planetary
nebula phase, the central object may drive strong jets in its surroundings. Also, during the
planetary nebula phase, the hot central star develops a fast (∼1000 km/s) stellar wind. These
jets and fast stellar winds sculpt the more or less spherical winds ejected during the giant
branch evolution, shaping the planetary nebula in all its beautiful forms (see Fig. 3). The
interaction of these winds leads to strong shocks which heat and compress the gas. The gas
is of course also heated through the interaction with stellar photons. The relative importance
of these two processes – dynamical heating and radiation heating – is not always obvious for
lines originating in the neutral and molecular gas.

Physical processes

Starlight as a source of information

The light received from a star can tell a lot to an astronomer. It can be used not only to
deduce how bright the star is, but also can reveal temperature and composition. Elements
(carbon, nitrogen, neon etc..) are composed of protons, neutrons and electrons. The electrons
are bound to the nucleus by the electromagnetic force. For instance the element carbon is
formed by six protons (positive charge) and six neutrons (neutral charge) that constitute its
nucleus and 6 electrons (negative charge) orbiting it. In this form the atom will be denoted as
C0 (6 positive charges - 6 negative charges =0). These electrons orbit the nucleus at a certain
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Figure 4–. On the left the permitted levels for an electron in an atom and various processes involving
these levels are illustrated. See text for explanation of the different cases. On the right: The star is emit-
ting radiation which after passing through a spectrometer is decomposed into its different components.

distance which can vary depending on the energy of the electron. This distance cannot be
any distance but only certain distances, in other words, the electrons can only have certain
energies and actually they will tend to orbit at the lowest energy levels (closer to the nucleus).
We can relate the energy of an electron to the speed at which it is moving. The more energy
they have, the faster they move.

As an example the possible orbits of an electron in an atom are represented by their
corresponding energy levels in the left panel of Fig. 4; an explanation is given below:

• Case A. When an electron goes from a higher to a lower energy level the excess in
energy is emitted as a photon. This photon is light!!

The photon emitted will have an energy equal to the energy difference of the levels, in
this case E3-E2.

• Case B. A photon hitting the atom or collisions among atoms can excite an orbiting
electron to a higher energy level. If the energy input from the photon or collision is
high enough the electron will move very fast and can escape from the atom; this is
called photo-ionization. The atom will have an electron less and for instance, in the
case of carbon, will be denoted as C+ (6 protons with positive charge - 5 electrons of
negative charge = +1). An element can lose as many electrons as it has (6 in the case of
carbon), but every time one electron is pulled out, the others get more strongly attached
to the atom and therefore the energy of the radiation needed to pull another electron out
increases, in other words, the electron has to move faster to escape the atom. When an
element loses an electron, we say that this element is singly ionized. If it loses another
electron it will be doubly ionized (C2+). In general, ionized atoms (C+, C2+ etc...) are
called ions.

• Case C. Free electrons can get captured again by an atom; this is called recombination.
These electrons recombine to a certain energy level, and from there they can gradually
go to the lowest energy state producing light as in Case A.

There are many elements in a star and they all emit photons. Thus, the starlight that we
see is a combination of all the photons that escape from the star. This combination of photons
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is called radiation and gives the star a colour. The colour of a star is related to its temperature.
For instance, Rigel in the constellation Orion is very blue (and hot) while Betelgeuse is red
(and cool). This concept is easier if we think of a wire that is being heated up. As it gets
hotter (radiation is stronger) the colour of the wire changes from red to yellow and finally
blue. Actually, the wire emits in all colours but the temperature makes it emit more in one
specific colour. We can heat the wire up more and the colour will change but our eye won’t be
able to detect it. In the same way as the wire, the colour of the light of the star is related to its
temperature. Astronomers think of the light as a wave in which the distance between the crests
(that is called wavelength) depends on the energy. Therefore one element will emit photons
at a certain wavelength (or a certain colour). From laboratory measurements we know at what
wavelength the elements emit. These wavelengths are normally very small and are measured
in units such as nanometers (1 nm = 0.000000001 meters). Since the light that we see is a
combination of many wavelengths from different elements, how can we distinguish them?
Sir Isaac Newton (1642-1727) solved this problem for us. He realised that the sunlight when
passing through a glass prism was divided into many colours (those of the rainbow). He
deduced that the light from the Sun was a combination of all those colours. But what is the
prism really doing? The prism is deviating the incoming light according to their wavelength
and therefore it is decomposed into what we call a spectrum. It is important to recall that the
human eye is only sensitive to a small range of wavelengths (colours), that is, the eye can
only detect light from a small portion of the total spectrum. This portion is called the optical
spectrum (the colours of the rainbow). The total spectrum and its subdivisions is shown in
the right panel of Fig. 4. Stars not only emit in the visible but also at other wavelengths
invisible to the human eye (such as infrared, ultraviolet...). For that reason astronomers have
developed instruments that are sensitive not only to the visible but also to those other parts of
the spectrum that the eye cannot see to measure the light from the stars. These instruments
(called spectrometers) are based upon the same principle as the glass prism and decompose
the light into its different colours.

The spectra of planetary nebulae consists thus of the radiation emitted by atoms which
were excited by recombination of electrons and ions or by collisions. Transitions will span
a wide wavelength range from the X-rays all the way to the submillimeter. The analysis in
this thesis has been done using mainly the infrared part of the spectrum because many ions
are emitted in that part of the spectrum. The ultraviolet has also often been used and to a less
degree the optical part of the spectrum.

An example of the spectrum of Planetary Nebula NGC 6302 in a small portion of the
infrared-region is shown in Fig. 5. The x-axis represents the wavelength and the y-axis the
intensity. For instance we see that there is a line (a peak) at ∼ 24 300 nm of Ne4+ (an atom of
neon that has lost 4 electrons). We know then that in this nebula neon is present. The strength
(height) of the line can give us estimates of how much Ne4+ is present.

Photo-dissociation regions around Planetary Nebulae

Most of the hydrogen in a planetary nebula is ionized. The shell in which this happens is
called Strömgren sphere. In practice, this is more complicated because some nebulae are
not spherical as can be seen in Fig. 3. Outside this shell there is still radiation but of lower
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Figure 5–. Spectrum of a Plan-
etary Nebula. The peaks corre-
spond to transitions such as the
one seen in Case A of Fig. 4 for
different elements.

energies that is not able to ionize the hydrogen. These neutral8 regions that are governed
by the radiation from the central star are called photo-dissociation regions. Actually, the
term photo-dissociation regions is more generic since these regions are found in other stellar
environments such as star forming regions. The photo-dissociation regions are very important
because it appears that there is more neutral than ionized material in the nebula. In these
regions elements such as neutral oxygen (O0), and singly ionized carbon and silicon (C+,
Si+) can exist.

Enrichment of the interstellar medium

We have seen that the gas from which the stars are formed consist mostly of hydrogen.
Through the ejection of their envelope, Planetary Nebulae return gas to the interstellar
medium from which future generations of stars will be formed. This gas still contains mostly
hydrogen but it also contains now some other elements, metals! In astronomy metals means
any element except hydrogen and helium (i.e. carbon, nitrogen, oxygen, neon, etc...). Where
do these metals come from?

The metals have been produced in the interiors of stars via the thermonuclear reactions.
Although only the envelope is ejected the stars experience several mixing episodes in the
course of evolution in which material from the interior is brought up to the surface. The
envelope is then contaminated with products (helium and metals) from the thermonuclear
burning that took place in the interior of the star. Therefore the gas that the Planetary
Nebulae return to the interstellar medium has been enriched with metals. This is very
important because it means that future generations of stars that will be formed out of this
enriched gas will have higher abundances9 of metals. Therefore Planetary Nebulae drive the
chemical evolution and spectral appearance of the galaxy. Super Novae also contribute to the
chemical enrichment of the interstellar medium and are more massive but smaller in number.
The nitrogen production in the Milky Way is probably due to Planetary Nebulae, heavier

8They are called neutral because the hydrogen is neutral, but ions that can be ionized by lower energy radiation
than hydrogen, can still be present.

9By abundances we mean the ratios of amounts of elements with respect to each other



162 English Summary

elements such as oxygen iron etc., are probably due to Super Novae.

Furthermore, Planetary Nebulae are a perfect laboratory to study the results of nuclear
reactions that take place in the stars. This can be done with the aid of models that repro-
duce the nuclear reactions and mixing processes experienced by the stars and can predict the
composition of the envelope at the Planetary Nebula stage. These models depend on several
parameters, such as the original mass of the star (before it loses some of it) or the efficiency
of these mixing episodes. A comparison of the observed abundances in Planetary Nebulae
with those predicted by the models allows to constrain parameters in the models and learn
something about the formation of elements in the stars.

In this thesis

Some of the key questions in planetary nebulae research that we have tried to answer in this
thesis are: 1) What are the detailed nucleosynthetic processes taking place in their interiors?
2) What are the physical processes involved in transporting these freshly synthesized elements
to the stellar surface? 3) What is the contribution of low mass stars to the chemical enrichment
of the interstellar medium of the galaxy? and 4) What are the processes that shape Planetary
Nebulae?

The bulk of this thesis consists of the determination of abundances in the Planetary Neb-
ula phase. For that purpose we have observed a sample of Planetary Nebulae in the infrared
region of the spectrum with the Infrared Space Observatory (ISO). On board this satellite
there were two spectrometers that covered the spectral range from 2.5 to 196 µm10. This
wavelength region cannot be observed from ground observatories (even when these are lo-
cated at high altitudes and dry places) because the molecules in the atmosphere absorb most
of the infrared radiation. Thus, ISO opened a new window to study the Planetary Nebula
phase in the complete region of the infrared spectrum.

The use of the infrared spectrum has many advantages with respect to other spectral
regions. First, the conditions in these old stars are such that many elements emit in the
infrared region. This is very interesting when studying abundances. Second, the infrared
lines are less subject to obscuration due to dust that is between the star and us. Dust
extinguishes more light at small wavelengths, therefore the infrared lines are less attenuated
than optical or ultraviolet light. Third, the lines are not sensitive to changes of temperature
in the nebula.

Chapters 2, 3 and 4 of this thesis are devoted to deriving the temperature and abundances
of several Planetary Nebulae. This has been done using mainly infrared data from ISO, but
also complementing it with lines from the optical and ultraviolet region of the spectrum.
We have derived the temperature of the nebula using several ionized elements. For some
Planetary Nebulae a trend of the temperature and the energy needed to ionize them has been
found. Ions that require higher energies to be produced indicate higher temperatures. This
probably means that these ions are formed close to the central star where there are more
energy photons. Ions that require lower energy to be ionized give lower temperature and
probably are formed farther away from the star. The combination of all these spectral regions
has proved to be a very effective way to derive accurate abundances, because all (or almost

10Infrared wavelengths are usually measured in micrometers (µm), where 1 µm = 0.001 millimeter.
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all) stages of ionization of an element are seen. Accurate abundances for helium, carbon,
nitrogen, oxygen, neon, sulfur and argon have been determined.

In the fifth chapter these abundances have been compared with theoretical models. From
the comparison we have learned the following: 1) In the sample there are three Planetary
Nebulae that show the highest helium and lowest carbon abundance. These objects must
have experienced a process called Hot Bottom Burning that produces helium and destroys
carbon. 2) All the Planetary Nebulae studied are close by (∼ 5 × 1016 km) objects and must
have been formed from a gas of similar composition to that from which our Sun was formed.
Models show that although most Planetary Nebulae agree with that supposition, the observed
oxygen abundance found in three of them (the same three as before) is more compatible
with models that use lower metal content for the gas. This means that probably the gas from
which these three Planetary Nebulae were formed differs in composition from that in which
our Sun was created.

In the sixth chapter we have investigated whether the observed lines of C+, O0 and Si+

found in the neutral regions of a subset of Planetary Nebulae are caused by shocks or by the
radiation from the central star. We have compared these lines with those predicted by shock
and photo-dissociation models. The results show that the formation of these lines is governed
by the radiation of the central star. The ionized and neutral masses have been derived and
compared. This comparison shows that for these nebulae, the photo-dissociation region is
the main reservoir of gas surrounding these objects. However, the importance of the relative
amount of ionic gas increases at the expense of the neutral gas as the nebula ages.
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