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Summary in English

THe world we live in is a world of molecules. The air your breath, the pages you are
reading, the chair you are sitting in, all of our world is constructed of molecules. Un-

derstanding that our world is composed of atoms which combine to form even more complex
molecules seems now obvious, but how did humans discover what the constituents of their
world are? How did they probe the chemistry of their surroundings and of the Universe?

The molecular Universe
For centuries up to the 1600s, alchemy played a strong part in the scientific thinking. Al-
chemists were the medieval forerunners of today’s chemists until Boyle began to promote his
atomic theory, which is the foundation for our modern understanding of matter. He explained
that because air can be compressed, there must be space between the atoms in the air. As
liquids and solids cannot be compressed much, their atoms must be closer together than the
atoms of air. This first discovery hinted at what our surroundings are made of. But how could
we probe what was not reachable? How could we understand what are the constituents of the
Universe?

The answer came in 1666 by Isaac Newton. He admitted sunlight into a dark room
through a small hole in his closed window. Then, he made the light pass through a trian-
gular glass prism, before being projected on a wall, on the other side of the room. The glass
prism separates the Sun’s rays in several colored rays by changing their direction. The phe-
nomena is called “refraction”. Fig. 1 illustrates this experiment. The left panel represents
what this experiment might have been like in 1666. In the right panel the experiment is de-
tailed. The different colors obtained by diffraction with the prism, mean that the wavelength
of the rays are different (right panel, a).

In the early 1800s, Fraunhofer, repeating Newton’s experiments, observed some dark
lines in the Sun’s spectra (fig. 1, right panel, b). Kirchhoff, fifty years later, found that each
dark line, named “spectral line” was actually the signature of a chemical specie and each atom
or molecule has a spectroscopic signature. The discovery of spectroscopy gave scientists the
ability to determine the chemical composition of a remote astronomical object by identifying
the spectral lines in its spectrum (fig. 1, right panel, c).

The signatures of chemical species in a spectrum can be seen in emission or in absorption.
If the species are in a warm gas, they will move a lot, vibrate, and rotate. These species, in
a high energetic state, can emit a photon and reach a lower energetic state. This is called
emission. If the light from an object travels through a cold cloud of gas, the chemical species
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Figure 1–. Left panel: drawing showing the experiment performed by Newton. Right panel: detail of
the experiment. a) light crossing the prism changes itswavelength, and thus its color. The light from
the Sun is broken into a continuous rainbow-colored band called a spectrum. b) Spectra from the Sun
presenting some dark lines which are the signatures of different chemical species. c) The spectra of
the Sun is now represented as an intensity versus awavelength. The dips observed in the spectra are
situated at the samewavelengths as the dark lines. These signatures are due to the absorption of the
light by certain chemical species.

inside the cloud can absorb a photon and be excited. This is called absorption. These two
processes are represented fig 2.

In 1968, the first radio lines from interstellar water (H�O) and ammonia (NH�) molecules
were discovered, by the Nobel price winner – for the invention of the laser – Charles H.
Townes of the University of California at Berkeley. In 1970, another Nobel price winner –
for the discovery of the cosmic background radiation – Arno Penzias and his team detected
carbon monoxide (CO) in space for the first time. Molecular hydrogen, the most abundant
molecule in space, does not emit at radio or millimeter wavelengths, and therefore could
not be detected. Because it seems that CO and H� molecules co-exist in interstellar objects
with approximately the same abundance ratio, CO has become the standard tracer for the
invisible H� which constitutes most of the molecular mass. Observations of CO revealed that
molecular gas in space was much more extensive than ever suspected.

The universe has now been extensively studied with spectroscopic methods. More than a
hundred molecules have been discovered in space. These molecules represent excellent tools
to understand the physical and chemical characteristics of a the studied medium. Even the
simplest molecule emits a wonderfully intricate spectrum, which depends on the structure of
the molecule, and also on the local temperature. The energy states of molecules are quantized,
which means that the energy of a molecule does not increase continuously, but can only attain
a few allowed values, corresponding to different possible energy states. These energy states
are the spectroscopic signatures of a molecule. A diatomic molecule, as the simplest example,
is constituted by two atoms linked by strong attractive electrical forces. This molecule has
several degrees of freedom: it can rotate, when the two atoms are turning around one axis,
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Figure 2–. Schematic
representation of the
emission and absorp-
tion processes. The
signatures of chemical
species can be seen
in emission when the
ambient temperature is
high enough, and can
be seen in absorption if
they are along the line
of sight toward an object
emitting light.

and vibrate, when the two atoms oscillate toward and away from each other, as if they are
linked by a string. These are schematically indicated in figure 3.

Figure 3–. Schematic representation of
a diatomic molecule. The molecule can
rotate around the three axes X, Y and Z,
and can vibrate back and forth along the
line that separates the two atoms.
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Now a molecule, which is vibrating rapidly, can emit an amount of energy in the form of
light, leaving the molecule vibrating more slowly afterwards. Because a molecule can only
vibrate with very specific values of the energy – the vibrational energy levels – a molecule
can also only emit light with very specific energies. The emitted spectrum of a molecule
consists therefore of discrete bands (see Fig. 2). Now a cold molecule can absorb light and
become more excited. Again, this can occur at very specific energies. Moreover, these are
the same energies that a warm molecule will emit at (see Fig. 2).

Figure 4–. The infrared absorption
spectrum of HCl can be analyzed to gain
information about both rotation and vi-
bration of the molecule.
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Thus, every molecule possesses a “fingerprint” made by emission or absorption between
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all the different energy levels that it can take. Fig. 4 presents the spectrum of the diatomic
molecule HCl. The molecule absorbs only photons with a certain frequency/energy. The
absorption lines shown involve transitions to the first excited vibrational state of HCl, and, at
the same time, involve changes in the rotational state. Therefore, by analysing the spectrum
of an astronomical object, the emission and absorption lines can be used as tools to determine
the chemical composition of the object and the physical conditions of the molecule.

The formation of molecules in space

The interstellar medium is made of gas and dust. These dust grains are formed in the outflows
from certain types of stars very much like soot is made in the cooling gasses of candles. Dust
grains are usually rich in carbon – like soot – or in oxygen, silicon, iron and magnesium
–like sand . These dust grains are important components of the interstellar medium. In
particular, they provide surfaces for many chemical reactions. Chemistry as a result of the
interplay between gas and dust is a relatively new concept. It is now recognised that gas
phase chemistry alone cannot explain the high observed abundances of certain molecules.
To enhance the efficiency with which molecules can be formed in the ISM, chemistry on
dust grain surfaces appeared to be the other alternative. Hence, dust grains and gas live in
symbiosis in the interstellar medium and together build most molecules.

Gas phase chemistry

At the low temperatures prevailing in the interstellar medium, gas phase chemistry is domi-
nated by reactions between ions and neutral species. This leads to the formation of predom-
inantly ionic molecules, or molecules with unsaturated bonds. However, many species, even
very simple ones, cannot form efficiently through these routes. Their presence in molecular
clouds betrays therefore that gas phase chemistry is an efficient chemical pathway.

Grain surface chemistry

Interstellar grain surfaces provide a “meeting” place where atoms can meet and mate. For-
mation of molecules on grain surfaces is an efficient process. Interstellar dust grains act as
catalysts in the interstellar medium, allowing the atoms adsorbed on the surface to move
along this surface, meet each other and react. A schematic representation of a dust grain that
accretes H atoms and allows them to interact is presented in Fig. 5.

The role of molecules in space

Molecules in space play an important role in the star formation process. In the Universe,
molecules act as natural temperature regulators. They can cool gas to lower temperatures
and thereby allow gravity to overcome thermal forces and clouds to collapse to new stars and
planets.

Furthermore, complex molecules, such as amino acids, are the “alphabet” characters
of body proteins, which are the building blocks of life on earth. Searching for complex
molecules like amino acids, or sub-structures of amino acids in the interstellar medium is of
great interest to understand the origin of life on earth and possibly elsewhere.
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Figure 5–. H atoms interacting with an interstellar dust grain. The surface of the grain is uneven, and
the atoms travel on it, can recombine or be released into the gas phase.

Star formation

Stars are born in dense regions inside molecular clouds, which are clouds of gas and dust be-
tween stars. These molecular clouds, as the name suggests, consist of molecular gas (mainly
molecular hydrogen) and a small quantity of dust. In these clouds, condensation of the mate-
rial creates some dark cores (Fig 6,a). These cores can collapse on themselves. It is from these
molecular cloud cores that new stars (including our own Sun) and planets are born (Fig 6,b).
Due to rotation, the newly formed star will be surrounded by a disk. Generally, there is also
a strong outflow perpendicular to the disk. During this phase of star formation, material from
the original molecular cloud is still feeding the very young star (Fig 6,c). After some time,
almost no material is falling inwards to the protostar anymore. The outflow loses its strength,
and the disk remains (Fig 6,d). During this final stage, the disk settles and planetary systems
can form (Fig 6,e and f).

The stellar nurseries, that molecular clouds are, can collapse on themselves because of the
presence of molecules. When a cloud collapses under its own gravity, its internal temperature
and pressure increase, and the cloud tends to re-expand. To allow the clouds to collapse, and
therefore to form a star, the gas needs to be cooled down. Molecules, because of their ability
to rotate and vibrate, are very efficient in getting rid of this surplus of energy. Once the cloud
is cooler, it can collapse further until a protostellar object is created.

One famous image of stellar nurseries is the Eagle nebula. This cloud, shown in figure
7, resembles an imaginary sea serpent’s head and is a column of cool molecular hydrogen
gas and dust that is an incubator for new stars. The stars are embedded inside finger-like
protrusions extending from the top of the nebula. Each ‘fingertip’ is somewhat larger than
our own Solar system.

In the nearby Universe, molecular clouds can collapse and form stars because molecules
are made from heavy elements – called metals in astronomy – and have a very efficient
cooling effect. These metals have been synthesised in the past by stars during their life and,
upon their death, were released into the interstellar medium. We know that our Universe
increased its metal content during its life. After the Big Bang, 13.7 billions years ago, the
Universe only contained light elements such as hydrogen and some deuterium and lithium.
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Figure 6–. Stages during low mass star formation with their chemical signatures. From van Dishoeck
& Blake 1998. (a) Dark cloud cores (b) Collapse begins (c) Phase of high accretion and supersonic
outflow in deeply embedded protostars (d) T Tauri star (e) planetary system (Figure by MR Hogerheijde,
after Shu et al 1987).

The formation of the first objects in the Universe occurred a few 100 million years after the
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Figure 7–. Image showing a closeup of the Ea-
gle nebula. This cloud, mainly composed of
molecular hydrogen and dust, is a star nursery.
The globules at the tips of finger-like structures
are embryonic stars.

Big Bang. How did these first objects form? The only coolant available at that time was
H� . This molecule must therefore have been responsible for the birth of the first stellar
objects, and thereby shaped the structures of our Universe. Once this molecule was abundant
enough in the Universe, the first objects cooled and therefore collapsed. The first stars were
born, and synthesised during their life heavier elements. These elements, once released by
the stars into the surrounding medium could combine to form complex molecules, which are
better coolants than H�, and allowed star formation to continue more rapidly. In this way, the
presence of H� in the Universe initiated the formation of the first stars after the Big Bang.

Creation of life?

How was life created? Which are the chemical processes responsible for life in our Universe?
Which molecules are necessary to build life? Amino acids are the building blocks of proteins,
and proteins are the building blocks of DNA, and DNA is the building block of life as we
know it. Therefore, scientists first concentrated on studying how amino acids arrived on
Earth. In the 50s, Stanley Miller took molecules which were believed to represent the major
components of the early Earth’s atmosphere and put them into a closed system. Then, he ran
a continuous electric current through the system, to simulate lightning storms believed to be
common on the early Earth. The result of this experiment presented some organic compounds
such as amino acids. Miller proved that amino acids,which are essential to cellular life, could
be made easily under the conditions that scientists believed to be present on the early Earth.
At that point, the “book of life” seemed to have been read. However, in 1969, a meteorite
fell over Murchison, Australia. While only 100 kilograms were recovered, analysis of the
meteorite showed a rich composition of amino acids. The Scientists therefore reconsidered
the question of life forming in an early Earth atmosphere, and started to search for amino
acids in space. Indeed, if meteorites can contain such a complex mixture of molecules, it is
quite possible that the building blocks of life were assembled elsewere and then transported to
the Earth (and other planets!) by meteorites and comets. In support of this idea is the richness
of complex molecules present during the first phases of star formation. This phase of stellar
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formation is called a Hot Core phase. The amino acids and complex molecules responsible
for the creation of life may well have been synthesised during this chemically rich phase

Observation of molecular Hydrogen and complex molecules
Observation of molecular hydrogen in several different environments in the Universe, re-
vealed that this molecule possess an incredible aptitude to adapt to a wide range of physical
conditions. Molecular hydrogen has been detected in a multitude of astrophysical objects.
Figures 8 and 9 present four of these objects. These images show the detection of H� emis-
sion in two different kinds of stars at their birth and at their death. Figure 8 presents the H�

emission in newly born stars. The top picture is an observation of H� emission in the outflows
of a newly born low mass star. In the bottom picture, the H� emission in the jets of a newly
formed massive star resembles a butterfly structure.

Figure 8–. H� emission around two newly born objects. Top: low mass star in formation, L1634,
presenting collimated H� outflows. Bottom: massive star in formation, IRC2, Orion KL nebula. H� jets
are less collimated.

In the final evolutionary stages of low mass (Fig. 9, bottom left) and high-mass (Fig. 9,
bottom right) stars, H� emission is also detected. Low mass star “death” shows a beautiful
ring-like structure of gas. This phase of stellar evolution is called a planetary nebula. In these
objects, the central star emits a strong UV flux which dissociates H�. In the outer regions,
as in the external part of the ring of gas, H� can form because the gas in the inner region
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absorbs the stellar radiation. High mass star “death” is more violent, and leads to a so called
“supernovae explosion”. In this phase of the evolution of the star, the material is ejected very
violently, and the molecules do not survive. Molecular hydrogen which is dissociated during
the explosion, reforms in a later phase, when it is shielded from the very intense radiation of
the star.

Figure 9–. H� emission around dying stars. The left image shows a planetary nebula, the helix nebula,
which is the last stage of a low mass star’s life. The H� is excited in the star’s ejecta. The right image
shows H� excited in the supernova remants IC443. A massive star exploded a long time ago, and the
ejecta or remnants of the explosion are still producing H� emission.

These observations show that molecular hydrogen forms on dust grain surfaces under a
wide range of physical conditions. This molecule exists in the presence of strong irradiation,
survives slow shocks, and if destroyed in fast shocks, reforms quickly in the post-shock gas.
In dying stars environments, H� forms on grain surfaces when it is shielded enough from
the radiation of the star. In view of these observations, there are several key questions in
astronomy:How do H� molecules form on dust grain surfaces efficiently for a wide range of
physical conditions? How did H� molecules form in the early Universe, where dust grains
are lacking? What impact does H� formation have on the formation of the first stars in the
Universe?

Another consequence of grain surface chemistry, is the very complex chemistry of a star
at the beginning of its life. As described before, stars are born from very hostile environ-
ments. The medium is very cold, and the dust grains are wrapped in icy mantles. When this
inhospitable medium collapses, it creates a protostar, which, in its childhood, starts to heat up
its surroundings. The temperatures are still relatively cold, but are high enough to vaporise
the icy mantles into the gas phase. This makes the protostar rich in complex molecules. This
region of chemical complexity is called a Hot Core region. It seems that the star, by going
through this chemically rich phase, is already preparing the building blocks necessary for life.
In the next steps of the star’s evolution, these species are preciously kept in the outer disk, far
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away from the radiation of the star. These molecules can therefore survive. Once the star is
older, the surrounding disk forms planets. The elements which were preserved all this time,
are finally spread to the entire planetary system through comets and meteorites. By observ-
ing the formation of stars similar to our early Sun, we may be able to recreate the chemical
history of our Solar system. These observations represent a source of information on the
organic reservoir available for life on Earth and elsewhere in the Universe. Observations of
Hot Cores toward massive stars have been performed for decades and show that Hot Core
regions are chemically rich. Low mass protostars, as our early Sun, were thought to be not
luminous enough to heat up their environments and experience such a chemically rich “Hot
Core” phase. In this thesis, we address the following questions:What is the inventory of or-
ganic molecules in hot cores around low-mass protostars? How does this inventory compare
to hot cores around massive protostars? Which physical/chemical processes are at the origin
of this complexity?.

This thesis
This thesis aims to understand how H� molecules form on grain surfaces. To do this, we
develop a kinetic model where the atoms of the gas phase arrive on a surface, stick, travel
and recombine. This model has been compared to laboratory experiments. Thanks to these
laboratory measurements, we can determine the important characteristics of astrophysically
relevant surfaces. Once these grain surface characteristics are determined, we can extend our
model to astrophysical conditions, in order to apply it to a wide range of conditions in the
Universe. We conclude that molecular hydrogen can form on grain surfaces for a very wide
range of temperatures, depending on the bond between the atoms and the surface. Figure 10
presents the calculated H� recombination efficiency on carbon surfaces as a function of the
temperature of the grain surface. At low grain temperatures, the efficiency of H� formation
rises from 0% to 100% between 0 and 10K (0 Kelvin = -273 Celsius), then, between 10-30K,
it stays at a 100% efficiency level, and finally it declines with higher grain temperatures ac-
cording to the grain surface characteristics. We expect H� formation on grains to be possible
until a grain temperature of a few hundred Kelvins.
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Figure 10–.Recombination efficiency of
H� formation on interstellar carbon grains, as
a function of the grain temperature. For tem-
peratures between�10 and� 30K, 100% of
the H atoms on the grain form H�. For higher
grain temperatures, the efficiency decreases
depending on the grain surface characteris-
tics. We show different possible surfaces, 1
and 2. H� recombination efficiency on car-
bon surface follows a line between curves 1
and 2.

In a second study, we make a comparison of two different H� formation processes: the
gas phase and grain surface routes. In our nearby Universe, the most efficient process for
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H� formation is grain surface chemistry. In the early Universe, where dust grains are lacking
because they have not been synthesised yet by stars, the most efficient route is a gas phase
route. In this case, H� forms very inefficiently. In this thesis, we discuss how star formation
in the early Universe is enhanced by efficient formation of H� molecules. We model the
history of H� formation in the Universe. According to our results, H� forms inefficiently in
the gas phase until the Universe was 10%-20% of its current age. Then, H� forms efficiently
on grain surfaces and the star formation rate is boosted.

Finally, we study the chemistry of low-mass protostars. We target a well studied low-
mass star, in an early stage of formation, and observe its molecular emission at millimeter
wavelengths. The spectra present many emission peaks from complex molecules. Figure 11
reports some of these observations. We have therefore shown that low mass stars, like our
Sun, spend part of their childhood in a chemically rich environment.
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Figure 11–.Spectra at�100GHZ from our observations toward the low mass protostar IRAS 16293-
2422, revealing the richness of the chemistry in this object. These detections also prove the existence
of a Hot Core region in low mass protostars.
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