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Summary in English

The light from stars

TO the naked eye, the night sky is adorned with thousands of stars, each appearing as a
sparkling point of light. In fact, about 1000 or 2000 stars are visible to the naked eye,

producing patterns which we call constellations. Too faint to be seen unaided, but revealed by
the telescopes of astronomers, there are millions more. Stars are not spread uniformly across
the Universe, but they are grouped together forminggalaxies. A typical galaxy, like our own
Milky Way, contains thousands of millions of stars.

Like our Sun, stars are huge balls of hot gas, held together by their own gravity. Some
of these stars are larger than our Sun, some smaller; some are brighter, some dimmer. Stars
are seen in a variety of colors, from the red star Aldebaran in the constellation of Taurus,
to the brilliant white Vega in the constellation of Lyra, to the blue stars of the Pleiades.
Color is a characteristic of the light. Light, which due to its electric and magnetic properties
is calledelectromagnetic radiation, can be thought of as a combination of waves, and the
distance between the crests of the waves is called the light’s wavelength. The color of the
light depends on the wavelength. The wavelength of the visible light is extremely small; for
instance, red light has a wavelength of approximately 700 nanometers, while blue light has
an approximate wavelength of 400 nanometers (1 nanometer is equal to 0.000 000 001 m).
The colors of the rainbow fall between these wavelengths.

However, the visible light is just a tiny portion of the whole electromagnetic radiation.
Over the years, radiation in many other wavelength ranges, invisible to our eyes, has been
discovered. Figure 1 shows a sketch of the fullelectromagnetic spectrum, which covers
the electromagnetic radiation at all wavelengths. At wavelengths shorter than those of visi-
ble light, ultraviolet radiation extends from about 400 nanometers down to 10 nanometers.
Wavelengths between approximately 0.01 and 10 nanometers correspond toX-rays, beyond
which is the domain ofgamma rays. At wavelengths slightly longer than visible light,in-
frared radiation covers the range from about 700 nanometers to 1 millimeter. From roughly
1 millimeter to 10 centimeters is the range ofmicrowaves, after which is the domain ofradio
waves.

All objects emit electromagnetic radiation over a wide range of wavelengths, but there
is always a particular range at which the emission of radiation is strongest. The dominant
wavelength of the emitted radiation depends upon the temperature. Thus, the colors of the
stars are related to their temperature. Consider for instance, a piece of metal placed in a fire
and left to heat up. When the metal is first removed from the fire, it may be so hot that it
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Figure 2–. (a) When a beam of white light passes through a glass prism, the light is broken into a
continuous rainbow-colored band called a spectrum. (b) If the source of white light is viewed through
a cool gas of, for instance, hydrogen, dark spectral lines appear in the resulting continuous spectrum.
These dark lines, calledabsorption lines, are due to the absorption of light at certain wavelengths by
hydrogen, and combined form the spectrum of hydrogen. If, on the other hand, the gas of hydrogen is
viewed against a cold, dark background, the resulting spectrum is formed by bright spectral lines, called
emission lines. These emission lines are formed in the intervening gas and occur at the same wavelength
as the absorption lines. (c) Astronomers can learn about the physical conditions in a celestial object by
studying its spectrum. In practice, spectra are displayed as plots of intensity of light versus wavelength.
Note that the absorption lines in (b) appear as dips in the intensity-versus-wavelength curve. Emission
lines would appear as peaks instead of dips.

Later on, astronomers were able to explain how a star’s spectrum is affected by the star’s
surface temperature, and realized that the OBAFGKM sequence is actually a sequence in
temperature. The hottest stars are O stars, with temperatures in excess of 30 000◦C. M stars
are the coolest; their surface temperatures are around 3000◦C. Our Sun, classified as a G star,
has a temperature of around 5800◦C.

Stars: the factories of chemical elements
Only in the first decades of the twentieth century, astronomers figured out how the stars
shine. At the center of the stars, the temperature reaches more than 10 000 000◦C and the
density is more than 100 times the density of water. Under these conditions, small atoms
can combine to form bigger ones, in what are calledthermonuclear reactions. The simplest
thermonuclear reaction consists of the transformation of four hydrogen atoms, the simplest
and most abundant chemical element, into one helium atom. When this reaction takes place,
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matter is lost because the four hydrogen atoms have a combined mass just slightly greater
than the product helium atom. This lost mass is converted into energy, which eventually
makes its way to the star’s surface and escapes as light.

Since basically stars transform mass into energy, the total energy radiated by a star per
unit of time, called the star’s luminosity (L), depends on its mass (M ). Most stars follow
the relationL ∝ M3, in other words, the luminosity is proportional to the third power of the
mass. Thus, stars which are ten times more massive than the Sun are over a thousand times
more luminous.

Since stars have a limited supply of hydrogen, they have also a limited lifetime. The star
will live as long as it has enough fuel to keep its luminosity; this means that the star’s lifetime
is proportional toM/L. Because of the strong dependence of luminosity on the mass, the
period of life of the star also depends sensitively on the mass. Hence, the more massive a star
is, the more rapidly it exhausts its hydrogen supply. For instance , the expected lifetime of a
star ten times more massive than the Sun is about ten million (10 000 000) years, compared to
the ten thousand million (10 000 000 000) years that a star like the Sun lives. Thus,high-mass
stars burn hot, live fast and die young.

Stars spend most of their lifetime “burning” hydrogen to produce helium. This period
in the life of a star is calledmain sequence. Once the supply of hydrogen is exhausted,
the star becomes cooler, larger, and more luminous. Stars like our Sun will eventually eject
their outer layers, creating planetary nebulae, and contract to become a white dwarf; high-
mass stars will die violently by blowing themselves apart in supernova explosions, many
ending as neutron stars. Before a low-mass star “dies”, the temperature in its core becomes
large enough to “burn” helium to produce carbon and oxygen. High-mass stars reach so
much higher temperatures at their center that elements heavier than helium (calledmetals)
begin to burn: carbon burning produces neon and magnesium; neon burning produces more
oxygen and magnesium; oxygen burning produces sulphur, silicon, phosphorous and more
magnesium... So on until iron, which does not burn, is produced. For a star 25 times more
massive than the Sun, the carbon burning occurs for 600 years, the neon burning for one year
and the oxygen burning for only six months. The production of iron from silicon is so violent
that after only one day, most of the silicon is exhausted. The buildup of an inert, iron rich
core signals the beginning of the death of a massive star; a rapid series of cataclysms occur
and the star is torn apart in a few seconds. Additional elements heavier than iron may form
during the explosion as the shock wave heats the stellar material. The freshly synthesized
heavy elements are ejected into space, where they become the raw material for new stars,
planets and life.

Cosmologists believe that the universe was created about 15 thousand million years ago
with the “big bang”, a cosmic explosion that resulted in an expanding cloud of the two lightest
elements: hydrogen and helium. There were few other elements. Massive stars are the
principal factories of heavy elements in the universe. The short lifetime of massive stars
ensures the continuous enrichment of the interstellar medium.

The birth of stars

Most of the interstellar space has very little gas or any other type of matter in it. However,
there are places where the “ashes” from stars accumulate due to their mutual attraction caused
by gravity. Eventually, this attraction creates amolecular cloud – a tenuous cloud of gas com-
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Figure 3–. Molecular clouds are places in our galaxy where the interstellar dust is so thick that it
obscures the stars or bright nebulae behind it. They are places where new stars are likely to form. (Left)
The Horsehead Nebula, located in the Orion molecular cloud complex, is perhaps the most famous
dark nebula. It is located in the Orion molecular cloud complex at a distance of about 1500 light-
years. (Credit: Very Large Telescope, Paranal, Chile). (Right) The dark curly lanes visible in part of
the constellation Ophiuchus belong to the Snake Nebula. The Snake Nebula is a series of dark clouds
which lies about 650 light-years away (Credit: Jean-Charles Cuillandre, CFHT Telescope, Hawaii).

posed mostly of hydrogen but also containing smaller amounts of molecules and microscopic
grains of solid particles that collectively are calleddust.

These cold and dark nebulae are the places where stars are born. Astronomers have
discovered a large number of these star forming clouds scattered across the Milky Way. In
some cases, these clouds appear as dark regions silhouetted against a glowing background
nebulosity, such as the Horsehead Nebula (Figure 3 left). In other cases, they appear as
dark patches that obscure the backgound stars, as the Snake Nebula (Figure 3 right). The
largest molecular clouds are more than a million times as massive as the Sun. They contain
much of the mass of the interstellar medium, are some 150 light-years3 across, and have an
average density of 100 to 300 particles per cubic centimetre and an internal temperature of
only−260 ◦C.

Molecular clouds are not homogeneous but have a clumpy structure. They are not static
either, having internal motions of mass. Sometimes, these motions result into rotations of the
regions where the density is enhanced. Eventually, these regions of enhanced density start to
collapse under their own weight. As the result of this collapse, a very dense core is formed
in the center surrounded by an envelope of material falling inwards. Due to the rotation,
the material falls predominantely along the equator, forming a disk. Most of this mass ends
on the central core, but a fraction of it is ejected, predominantely along the rotation axis,
forming what is called an outflow. The origin of this outflow is not well known. It is thought
to be formed by the interaction of a strong stellar wind (a flow of microscopic particles, for
instance, electrons, protons or neutrons, that escape from the surface of the star that is being
formed) with the material located in the inner regions of the disk. With time, more and more
mass is accumulated in the core. The material located in the central parts of the core is thus

31 light-year is about 63 000 times the distance between the Earth and the Sun
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Figure 4–. These two figures show a schematic representation of the hydrogen atom. The hydrogen
atom consists of a single electron and a single proton. In the simplest model of the hydrogen atom,
electrons circle the proton only in allowed orbits n = 1, 2, 3, 4 and so on. The first four orbits are
shown here. (a) Under normal conditions, the electron is located in the ground state (n = 1). When the
atom absorbs radiation with a wavelength shorter than 91.2 nanometers, the electron will be knocked
completely out of the atom. This process is calledionization. (b) A free proton can capture back an
electron. This process is calledrecombination. The captured electron cascades downwards through
the atom’s levels towards the ground state. These downwards jumps release radiation at many visible
wavelengths. For instance, when an electron jumps from the orbit n=3 down to the orbit n=2, the atom
emits radiation at 656 nanometers.

increasingly compressed and its temperature increases. Eventually, the temperature will be
high enough (over 10 millions degrees) to switch the thermonuclear reactions on.A new star
is born. By the time a low-mass star begins to shine, practically all the surrounding material
has been consumed. However, the amount of time required for a newly born high-mass star
to begin the thermonuclear reactions is about 100 times shorter than for a low-mass star like
our Sun. Therefore, a massive star may begin to shine while it is still surrounded by its dense
envelope of material. At a certain stage, this material is violently disrupted. We are thus
unlikely to directly witness the birth of a massive star, but astronomers can learn about the
way these stars are formed by studying their surroundings.

H II regions: the nurseries of stars

Stars of spectral type O and B are the most massive, hot and luminous stars. Because mas-
sive stars live so rapidly, they don’t have the time to move far from where they were formed.
As a result, the study of the environment of these stars provide us with direct information
on the birthsites and birthprocess of these massive stars. The surface temperatures of these
stars are typically over 10 000◦C, and thus, they emit vast amounts of ultraviolet radiation
(see Figure 1). The ultraviolet radiation can easily ionize the surrounding hydrogen gas of
the region where they were born. A hydrogen atom is merely formed by a negative elec-
tric charge (electron) orbiting around a positive electric charge (proton). The electric force
strongly binds them together. The electron can only circle the proton in certain allowed or-
bits, which are labeled n = 1, 2, 3, 4 and so on, and its energy is proportional to the radius
of the orbit. The electron “feels” more comfortable in the closest orbit to the proton, called
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ground state (n = 1), where its energy is the smallest. A supply of energy forces the elec-
tron to “jump” to a higher energy level. Ultraviolet radiation from massive stars is energetic
enough to release the electron completely from the atom, breaking its strong binding with
the proton. This process is calledionization (see Figure 4 a). While hydrogen has only one
electron and can therefore only be ionized once, heavier atoms contain many electrons and
can lose these sequentially. Oxygen, for example, can be ionized up to 8 times. However,
the energy required to ionize increases rapidly with the ionization state of the element due to
the increased electric interaction. Thus, for oxygen to lose its first electron takes radiation of
about 91.2 nanometers, but the second electron requires radiation of 35.3 nanometers. Hence,
highly ionized elements indicate the presence of very energetic radiation.

While some hydrogen atoms of the surroundings are being ionized, other hydrogen atoms
are being re-assembled as some of the free protons and electrons manage to get back to-
gether. Just after the re-assembling, the electron is generally circling the proton in an orbit
with a large radius, and its energy is very high. Since the electron “wants” to reach a state
of minimum energy, it begins to jump down from orbit to orbit until it reaches the ground
state. On every jump from orbit to orbit, called transition, the electron emits radiation. The
wavelength of this radiation depends on the exact amount of energy emitted. This process of
re-assembling is calledrecombination (see Figure. 4 b). The vast amount of energy released
by all the recombinations of hydrogen atoms sets the gas aglow. Particularly prominent is the
transition from orbit n = 3 to orbit n = 2, which produces radiation at 656 nanometers in the
red portion of the visible spectrum. Thus, emission nebulae around newborn massive stars
shine with a distinctive reddish color.

Since these nebulae are predominantly formed by ionized hydrogen, they are called
H II regions (the symbol of hydrogen is H; the hydrogen atom which has being ionized is
denominated by the symbol HII , pronounced as “H-two”). The temperature in an HII region
is fixed by the equilibrium between the heating caused by the ionizations and the cooling due
to the recombinations. Typical values are between 5000 and 10 000◦C. Since the ionized gas
is hotter than the material in the surrounding molecular cloud, the HII region expands. This,
coupled with the intense radiation, causes the HII region to eat its way into the surrounding
medium. The expansion of the HII region can begin to compress the material in the ambient
medium, favouring the formation of dense clumps and therefore, triggering the formation of
new stars.

H II regions begin their lives as small (with diameters of roughly 0.1 light-year), dense
(they have an average density of about 10 000 hydrogen atoms per cubic centimetre ) and
bright “hot spots” in a giant molecular cloud. At this stage, they are calledultra-compact H II

regions. We are unlikely to observe these ultra-compact HII regions at visible wavelengths.
The vast amount of visible light emitted by these emission nebulae is absorbed by the dust
in the surrounding molecular cloud, which becomes heated to a few hundred degrees and
re-radiates all the absorbed energy at infrared wavelengths (remember Figure 1). This effect
makes ultra-compact HII regions the brightest and most luminous objects in our Galaxy at
infrared wavelengths and thus, easily observed in this wavelength range.

The new O and B stars continue to power the expansion of the HII regions still farther
into the giant molecular cloud. At some point, either by the destruction of the natal molecular
core or by moving out of it, HII regions begin to be observable at visible wavelengths. At this
stage, the HII regions are not longer compact, but extend more than 15 light-years. A famous
example of an HII region at this late evolutionary stage is the Orion Nebula (see Figure 5).
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Figure 5–. The Orion Nebula is one of the most famous HII regions. It can be seen with the naked eye
as a fuzzy patch just below and to the left of the easily identifiable belt of three stars in the constellation
of Orion. It is at about 1500 light-years from Earth. It contains four bright, massive stars, called the
Trapezium. One of them,θ1 C, provides most of the ultraviolet light that causes the region to glow.
(Credit: Robert Gendler).

This nebula contains one of the closest stellar nurseries. Four hot, massive O and B stars at
the heart of the Orion Nebula, called the Trapezium, are responsible for the ionizing radiation
that causes the gas to glow. Observations of the Orion Nebula reveal more than 2000 young
low-mass stars.

The study of the HII regions associated to massive stars is fundamental to understand how
these stars are formed, how they evolve, and how they interact with their environment. Back
in time, ultra-compact HII regions provide a way to study the early evolution of massive stars
and the environment in which this occurs.

H II regions in the Galactic context
It is known that we live in a giant galaxy, called the Milky Way, of 100 000 light-years across.
We are situated in the outer regions of the galaxy, at about 28 000 light-years from the center.
Due to this location, we can see the Milky Way in a clear night as a luminous band crossing
the sky. But little can be known about its appearance. However, astronomers have learnt
about the Milky Way by looking at other galaxies. The Milky Way probably resembles the
galaxy shown in Figure 6, called NGC 1232, with its swirl of spiral arms rotating around the
center. Astronomers have been able to identify in the sky what could be the equivalence in the
Milky Way of such spiral arms. Observations of the spiral arms in our galaxy and those from
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Figure 6–. The Milky Way proba-
bly ressembles this beautiful galaxy,
NGC 1232, with its swirl of spiral arms
rotating around the center. The spiral
arms are well defined by bright spots.
Most of these bright spots correspond to
H II regions. (Credit: FORS1, Very Large
Telescope, Paranal, Chile).

others such as NGC 1232 reveal that they aglomerate most of the HII regions, large molecular
clouds and young star clusters. Spiral arms are thus the galactic sites of star formation.

The evolution of galaxies mostly depend on the rate at which stars are formed and on how
many stars of a certain mass are created. This is intimitely related to thechemical evolution
of the galaxy, or in other words, the enrichment of helium and heavy elements over time as
a result of the continuous manufacture and expulsion of these elements by the stars when
they die. Measurements of the abundances of chemical elements provide important clues
on the way this evolution takes place. First, ratios of abundances of heavy elements (for
instance oxygen or iron) relative to hydrogen measure the extent to which hydrogen has been
converted to heavier elements and hence, can tell us how far the enrichment has progressed
in a galaxy. Therefore, such ratios are sensitive to the star formation rate. Second, ratios of
the abundances of two heavy elements provide information about how different the rate of
production of one of the elements is with respect to the other. Such ratios depend basically
on the relative number of stars at each mass. Since abundances measured in a star reveal the
degree of chemical enrichment at the time the star was formed, the evolution in time can be
traced by directly measuring the chemical abundances in stars of different ages.

In contrast with the abundances derived from stars, abundances measured in the galaxy’s
interstellar medium tell us about the level of enrichemt in the present. The most straightfor-
ward way of determining the abundances in the interstellar medium is through the analysis of
H II regions.

Now, the star formation rate varies with position in the galaxy. Closer to the galactic
center, the star formation rate is higher and as a consequence, the gas will be more enriched
in elements freshly synthesized in the interiors of stars than the gas in the outer regions of
the galaxy. Such a galactic gradient in elemental abundances is well know for other galaxies
because abundances can be easily studied as a function of position. However, we are located
within the disk of the Milky Way and large amounts of dust obscure our view. Hence, the
elemental abundance gradient in our own galaxy is much more difficult to measure. Never-
theless, because dust particles absorb the ultraviolet light emitted by young stars, it becomes
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Visible light Infrared

Figure 7–. Visible (left) and infrared (right) images of the Orion constellation. The familiar winter
sky constellation Orion glows spectacularly in the infrared, as seen in this image constructed from data
collected by IRAS–the Infrared Astronomical Satellite (Credit: IPAC).

.

heated and re-radiates all the absorbed energy in the infrared. This is spectacularly illustrated
by Figure 7, where two different views of the winter constellation of Orion (in the visible
and in the infrared) are shown. The infrared image reveals vast regions of interstellar dust
and areas of star formation that are not seen in the visible-light image. Observations in the
infrared can, thus, trace the elemental abundances even in the central regions of our galaxy,
where the obscuration due to dust is larger.

In this thesis

With the launch of theInfrared Space Observatory (ISO) by the European Space Agency in
1995, the complete infrared wavelength range, which is mostly blocked from the ground by
the Earth’s atmosphere, was made accesible for astronomy. The satellite was equiped with
two spectrometers: the Short Wavelength Spectrometer (SWS) and the Long Wavelength
Spectrometer (LWS). Combined, they provided a unique opportunity to measure the spectrum
of celestial objects from 2.5 to 196µm4. ISO gave the astronomical community, for the first
time, a window to peer into molecular clouds and study in all details the whole spectrum of
star forming regions at infrared wavelengths. In particular, it was possible to observe HII

regions in their ealiest stages of evolution – the ultra-compact and compact HII regions.
Figure 8 shows the complete ISO spectrum of a typical compact HII region. On top of

the dust emission, one can see narrow emission lines which correspond to atoms of hydrogen
and heavier elements such as nitrogen, oxygen, neon, sulphur and argon present in the ionized
gas at different ionization stages. Detailed analysis of these lines can be used to determine
the abundance of the respective chemical elements with respect to hydrogen, and the fraction
of the total number of atoms of an element such as oxygen which are ionized by the stellar
ultraviolet radiation to a given ionization stage (which is calleddegree of ionization). This

4Infrared wavelengths are usually measured in micrometers (µm), where 1µm = 1000 nm.
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Figure 8–. Spectrum at infrared wavelengths of a typical compact HII region obtained with the spec-
trometers on board ISO. The ionized gas of the region is characterized by a group of narrow emission
lines of elements such as hydrogen, nitrogen, oxygen, neon, sulphur and argon.

degree of ionization is directly related to the properties of the embedded high-mass star (or
stars). The use of infrared emission lines presents several advantages with respect to the
optical lines. First, they are attenuated much less due to the presence of dust. Second, they
are insensitive to the precise temperature of the emitting gas, and hence provide a direct probe
of the abundances of the elements. Third, the infrared regime is the only wavelength regime
to measure the dominant form of nitrogen in highly ionized HII regions.

The bulk of this thesis research is based on the combined SWS and LWS spectra (such as
that of Figure 8) of a sample of ultra-compact and compact HII regions located at different
distances from the center of our galaxy. The primary goal was to measure the abundances of
the heavy elements relative to hydrogen in these regions and to verify if any variation with the
distance to the center of the galaxy exists. It is found that these abundances decrease as we
move from the center to the outer regions of the Milky Way from about 5/2 to 1/3 times the
metal content in the neighbourhood of our Sun. These gradients provide strong constraints
on theoretical models of the chemical evolution of our Galaxy. As an example, the gradient
of the abundance of neon relative to hydrogen is shown in the left panel of Figure 9. Neon is
produced in stars which are massive enough to burn carbon and it is aprimary product of the
stellar synthesis of elements in the sense that it is created for the first time during the explosion
of the star. Hence, its abundance is directly tied to the history of massive star formation. The
right panel of Figure 9 presents the abundance of nitrogen relative to oxygen (N/O). While
oxygen is a primary product which results from helium burning, the origin of nitrogen is not
clear. It can be produced for the first time from carbon burning in massive stars, or can be
a secondary product in the interior of lower mass stars like our Sun which contain already
some carbon inherited from the interstellar medium out of which they formed. A constant
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Figure 9–. The Galactic gradients of the elemental abundance of neon relative to hydrogen (Ne/H,
left) and the ratio of the elemental abundances of nitrogen and oxygen (N/O,right) – measured from
the sample of HII regions – are plotted as a function of the distance from the galactic center, which is
given in units of kiloparsec (1 kiloparsec = 1000 parsecs = 3260 light-years.)

N/O would indicate that the main source of nitrogen is primary. However, the fact that N/O
is not constant indicates an important secondary production of nitrogen.

Parallel to the decrease of the relative abundances of metals with respect to hydrogen
with distance, it is found that the degree of ionization of the HII regions increases. This
relation between metallicity and degree of ionization is illustrated in Figure 10. The degree
of ionization depends basically on the “capability” of the star to ionize the atoms of heavy
elements present in the gas to higher ionization stages. When no other considerations are
taken into account, this capability depends only on how hot (massive) the star is.

The cause of this variation in the degree of ionization with the distance from the galactic
center has been controversial for many years. Two lines of thought have been proposed. In
one of them, the change in the degree of ionization is believed to be due to the fact that hotter
O stars are preferentially located in the outer regions, while cooler O stars are located in the
center of the galaxy. In the other line, this change is thought to be merely due to variations in
the metal content of stars. I have addressed the latter type of model. Comparing the observed
spectra with synthetic nebular spectra using state-of-the-art models of O stars, it is confirmed
that a decrease of the metal content in the star (which is the same as that in the surrounding gas
of the HII region from where the star is formed) increases the capability of the star to ionize
the metals in the gas to higher ionization stages. An inmediate consequence of this study is
that, likely, O stars of all types are distributed equally at all distances, and that the observed
increase in the degree of ionization of HII regions with the distance from the galactic center
is merely a consequency of the decrease of metallicity. This is clear from Figure 10. The
overall increase of degree of ionization is due to the decrease of metallicity with distance.
Now, the theoretical calculations show that the scatter in degree of ionization shown by the
data at a given metallicity (distance) is due to the presence of O stars of all temperatures.

Moreover, this result questions the reliability of several techniques used by astronomers
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Figure 10–. Relation between the line-
emission ratio [NeIII ]/[Ne II ] 15.5/12.8
µm and Ne/H. [NeIII ]/[Ne II ] is an indi-
cator of the degree of ionization in HII
regions. Here, the galactic HII regions
are compared to HII regions observed in
the Large Magellanic Cloud (triangles)
and the Small Magellanic Cloud (cir-
cles). The Small and Large Magellanic
Clouds are two small galaxies orbiting
our own galaxy. They can be seen with
the naked eye as two fuzzy clouds in the
southern sky. Their content of metals is
smaller than in any region of the Milky
Way.

in general to infer the spectral type of the ionizing stars in heavily obscured HII regions from
the observed degree of ionization. Such techniques are also used to estimate the age of star
burst regions in galaxies.

The study of the properties of the individual HII regions is interesting by itself. The ion-
ized hydrogen of HII regions emits radiation at radio wavelengths. Since radio waves are not
absorbed by dust, they can go through the molecular clouds and be observed on Earth using
radio telescopes. Radio observations of compact and ultra-compact HII regions have revealed
than the “shape” of the ionized gas show only a small range of morphologies: cometary, shell-
like, core-halo, irregular or multiple peaked and spherical. The exact morphology depends
on many factors: its age, the dynamics of the ionized gas of the region, the dynamics and
density structure of the ambient molecular cloud, and the motion of the HII region relative
to the ambient medium. Because the morphology depends on so many factors, it has been
impossible so far to isolate the primary mechanism that determines the morphology of ultra-
compact and compact HII regions. The case of cometary HII regions is of special interest
since at least 20% of the total number of ultra-compact and compact HII regions observed so
far present this morphology. I have studied in detail the case of G29.96−0.02, a well studied
compact HII with a cometary shape. G29.96−0.02 is embedded in a large molecular cloud
which is located at approximately 20 000 light-years.

G29.96−0.02 was observed with theInfrared Spectrometer And Array Camera (ISAAC)
mounted on theVery Large Telescope (VLT) of the European Southern Observatory (Paranal,
Chile). This spectrometer allows one to get spectra (in the 2.1–2.2µm infrared range) at
multiple positions along one axis of the object. While the spectrum obtained with ISO allows
one to measure “average” physical properties of HII regions, these type of “multiple spectra”
observations can be used to obtain detailed information on how these properties change across
the object. Beside the nebular spectrum at different positions - with contains recombination
lines of hydrogen and helium originated in the ionized gas of the HII region and a molecular
hydrogen line originated in the ambient molecular cloud –, the observations registered the
spectrum of the ionizing star. I show the potential of these type of observations to first,
test the different models aimed at explaining the dynamics, second, to determine physical
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Figure 1–. The electromagnetic radiation extends from the shortest-wavelength gamma rays to the
longest-wavelength radio waves. Visible light forms only a tiny portion.

glows with a bright orange-yellow color. But as the metal cools, the color changes, at first to
bright red, then getting dimmer until eventually becoming black. If we were able to heat it to a
higher temperature, we would see it turn “white hot”, then begin to glow green, and eventually
it would be so hot that it would turn blue, like the inner part of the flame in a candle. The same
effect is observed in the stars. The very dim red stars are cooler objects. Hotter stars have
colors closer to the blue. The total amount of energy radiated by the star also depends upon
the temperature. In summary, as the temperature of a star increases, the dominant wavelength
of the light emitted decreases and the amount of energy radiated increases.

The detailed study of the light from an object is calledspectroscopy. Spectrometers are
instruments which spread the light of the object out into its different wavelengths showing
its spectrum. The simplest spectrometer is a glass prism (see Figure 2). In the late 1600s,
Isaac Newton realized that when the sunlight passes though a glass prism, it is decomposed
into the colors of the rainbow, in other words, the spectrum of the Sun. In the early 1800s,
the German master optician Joseph von Fraunhofer discovered that the solar spectrum con-
tains hundreds of fine dark lines, which became known asspectral lines. Fifty years later,
the German chemist Robert Bunsen and his colleague, the Prussian-born physicist Gustav
Kirchhoff found that each chemical element produces its own characteristic pattern of spec-
tral lines. The dark lines seen in the spectrum of the Sun turn out to be the fingerprints of the
elements (such as hydrogen, helium, magnesium, calcium, iron ...) present in its atmosphere
(see Figure 2).

The discovery that each chemical element produces its own and unique pattern of spectral
lines gave scientists the ability to determine the chemical composition of a remote astronom-
ical object by identifying the spectral lines in its spectrum. When in the 1860s the Italian
astronomer Angelo Secchi discovered that spectral lines are often observed in the spectra of
stars, the field of astronomical spectroscopy was born.

Stars are classified by their spectra. Stellar spectra show a disconcerted variety. Some
spectra show prominent lines of hydrogen; other exhibit many absorption lines of calcium
and iron, or even broad absorption features caused by molecules such as titanium oxide. To
cope with this diversity, the stellar spectra have been grouped in classes, orspectral types,
distinguished by the strength of the spectral lines of the different elements. A letter was
assigned to every spectral type, resulting in the famous OBAFGKM sequence. This sequence
has traditionally been memorized with the mnemonic: “Oh, Be A Fine Girl, K iss Me!”
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properties such as temperature across the object, and third, determine the spectral type of the
ionizing star. It was found that a revision of the current models to explain the formation and
evolution of cometary HII regions was needed.

Concluding ...
Usually, a research study results in more questions than answers, and this thesis is no excep-
tion. Nevertheless, this thesis research has tried to provide a better understanding on how
our own galaxy has been enriched in elements freshly synthesized in the interiors of mas-
sive stars and how these stars evolve and interact with their environment. Many issues are
still open. All evolutionany stages preceding the ultra-compact stage of HII are still a mys-
tery and their posterior evolution is not well understood either. Higher resolution and more
sensitive observations of the ionized gas and ambient molecular gas will be needed to better
constrain models. New facilities that can provide decisive contributions to this understanding
will be available to astronomers during the next decade. Satellites operating at infrared wave-
lengths as the Hershel Space Observatory, the Next Generation Space Telescope (NGST) and
the Space Infrared Telescope Facility (SIRTF), airborne observatories as SOFIA and ground-
based telescopes as the Atacama Large Millimeter Array (ALMA) will be the cornerstone of
the future investigation of massive star formation.




