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English Summary

The Dusty Universe

ONCE hailed as “Vacancies in space”, the dark patches in the Milky Way are testimony
to the presence of dust which frustrated early optical astronomers. In the late Eighteen

Century Willem Herschel first coined the phrase “holes in heaven” when he viewed dark
markings surrounded by numerous stars. One of the most picturesque of these dark nebulae
is a cloud toward the constellation Ophiuchus, shown in Figure 1, where it is now known that
high concentrations of dust and molecular gas absorb practically all the visible light emitted
from background stars. These dark nebulae are commonly referred to as Barnard objects
after E.E. Barnard who discovered and cataloged many of these objects around 1900. The
quest to understand the nature of these dark markings resulted in two main theories being
postulated. Firstly, Herschel suggested that clusters of stars would pull nearby stars toward
them which would then leave voids in their wake. Alternatively, it was hypothesized that
these dark patches consisted of real matter. A.C. Ranyard was the first to seriously suggest
that light from stars was being cut out by obscuring matter. The latter theory was eventu-
ally adopted after R. Trumpler produced quantitative proof that the light of distant stars was
dimmed by the passage through the obscuring material. H.N. Russel was the first to suggest
that the dark patches were composed of fine dust. By assuming that these patches were held
together by gravity, Russel went on to calculate the amount of mass, and also explain the
relationship between the dark nebulae and bright nebulae. By invoking the concept of dust,
Russel managed to distinguish that starlight in some nebulae bounced off the dust produc-
ing reflection nebulae. While in others, starlight was absorbed by the dust and heated the
surrounding gas resulting inemission nebulae. These views hold true for today. Once the
concept of dust was accepted, it soon became regarded merely as a nuisance, most notably
making faint star clusters appear farther away than they otherwise were.

In recent years though, the research of ’dust’ has become firmly recognized and dust is now
accepted as a ubiquitous feature of the cosmos, impinging directly or indirectly on most
fields of astronomy. Dust has many rˆoles in the Galaxy, such as being the dominant heating
mechanism of molecular clouds to regulating the loss of material from old stars. Dust is also
inseparably entwined with the formation and evolution of stars and planetary systems. It is
clear that a fundamental understanding of the nature and the composition of dust, in a wide
range of objects, will lead to a greater understanding of the galaxy and beyond.
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Figure 1— What used to be
considered a hole in the sky is
now known to astronomers as a
dark molecular cloud. One of
the most notable of these dark
absorption nebulae is a cloud
toward the constellation Ophi-
uchus known as Barnard 68,
pictured above. A high con-
centration of dust and molec-
ular gas absorb practically all
the visible light emitted from
background stars [VLT ANTU
& FORS1, ESO].

The lifecycle of dust

The pervasive nature of dust is clearly reflected in its lifecycle (see Chapter 1, Fig. 1.4).
Formed in the cool atmospheres of old stars, dust seedlings, rich in carbon, billow out on
the winds of these aging soot stacks into the medium between the stars (interstellar medium,
ISM). In some instances, stars are so massive that they end their lives with a violent explo-
sion, known as a supernova, which catapults dust rich in metals into the ISM. In the ISM, this
stardust can grow through accretion of smaller pieces of dust and by dust particles sticking
to each other (coagulation) forming dust grains. Its nature can be altered by intense ultravi-
olet (UV) radiation and by energetic particles hitting the dust particle. In addition, the dust
can be destroyed by strong shocks (e.g. supernova shocks). The dust starts to clump into
ever growing clouds and as many of these clouds meet and merge, a dense stable molecular
cloud is formed. The route to a stable cloud can take up to tens of millions of years and in
the intervening time the dust experiences strong chemical changes. Local variations in the
physical conditions of a molecular clouds give rise to dense cores. These cores are so dense
that radiation cannot penetrate which causes the temperature to drop and a layer of ice then
forms on the surface of dust grains. Under the influence of gravity, a dense core turns into a
new star surrounded by a disk of dusty material in which planetesimals, cometesimals, and
eventually planets agglomerate. With time, the new star matures slowly, and eventually ages
where once again dust is ejected into the ISM via stellar winds, and the cycle begins once
again. The life cycle of dust is therefore intimately bound to the formation and evolution of
stars and the Galaxy.
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Starformation: dusty beginnings

Enormous cold clouds of gas, that appear as dark blobs that obscure the background
starlight, are scattered about our Galaxy . These cold dark clouds are the birth sites of
stars. Figure 2 gives a schematic overview of the different stages associated with the for-
mation of a low-mass star. The cold temperature of the cloud means that the atomic
and molecular inhabitants move slowly enough to allow denser segments within the cloud
to gravitationally contract into clumps (Fig. 2a). When the density at the centre of a
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Figure 2— Schematic overview of the different stages of the
formation of a low-mass star.

clump exceeds a critical value, it be-
comes unstable and begins to col-
lapse. At the center is the core (pro-
tostar), growing in mass as material
rains inwards (Fig. 2b). This stage
of pure infall remains the only unob-
served stage of starformation. Due to
rotation, a disk begins to form around
the growing protostar and a strong
outflow, perpendicular to the disk, is
generated (Fig. 2c). During this stage,
material is still falling inwards. Even-
tually, the material around the proto-
star is blown away, and only the disk
remains. The new star is now opti-
cally visible. As the star continues
to contract, the disk begins to set-
tle (Fig. 2e) and starts to form solid
bodies or planetesimals out of the
dust. After a million years contrac-
tion stops and the star is fully formed,
and planets may have formed in the
disk (Fig. 2f).

The star-formation scenario sketched
above relates only to low-mass stars.
In contrast, high-mass star-formation,
though resembling somewhat the
low-mass star-formation scenario, is
poorly understood. The main reason

for this is that due to the larger mass, the durations of each physical stage occur on much
shorter time-scales and are more violent. This thesis focuses on determining the nature and
composition of the material in regions of high-mass starformation (similar to the low-mass
stages (a) to (c)), and on understanding the effects that the starformation processes have on
this dusty material.

Peering into the darkness

For extended periods it is not possible to observe the birth of stars at visible wavelengths
as the protostar is hidden by dust layers that slowly rain down onto it. The light (radiation)
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Figure 3— Cartoon illustrating how the atoms of a molecule (in this case CO2) move towards or away from each
other when a photon of a certain energy is absorbed [adopted from Jan Cami private communication].

emitted by the protostar is absorbed by interstellar dust in the surrounding cocoon, and be-
comes heated. The dust re-emits the radiation as infrared (IR) radiation which can easily pass
through the obscuring material and thus reveal the events occurring inside the stellar nursery.
IR spectroscopy is the only viable way to study the composition of the dust in starforming
regions.

Spectroscopy is the study of the interactions of radiated energy and matter. In this case,
the radiated energy is from the protostar and the material is present in a surrounding cold
cocoon, containing amongst others ices. Molecules are detected as absorption features in the
spectra of dense molecular clouds. The absorption of the protostar photons by the molecular
constituents of the cocoon are at well defined frequencies (vibrations). These vibrations
are generally due to (a)symmetric stretching or bending of the bonds between the atoms
of a molecules (Fig. 3). Spectral features can be characterized in terms of the peak of the
maximum, quantifying the strength of absorption, and by the shape of the peak. Since the IR
spectrum of each molecule is unique, it serves as a reliable fingerprint in helping to identify
the absorbing molecule.

The assignments of specific molecules to the absorption bands seen in IR spectra are sup-
ported by laboratory experiments of ice analogs which mimic the interstellar conditions. The
general procedure consists of slowly flowing the gas from which the ice is made into a high
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vacuum chamber. This gas, which can be pure or a mixture of pure substances, is directed
to and condenses on the surface of a cooled substrate. An infrared spectrum is then taken
of the sample. Composition, temperature, and exposure to radiation are all parameters that
can be duplicated varied in the laboratory. Extensive laboratory studies have shown that the
peak position and shape of these ice absorption bands provide information not only on the
absorbing molecule but, because of molecular interaction, also on the immediate molecular
environment.

Frosted dust:- pathway to chemical enrichment

Deep inside molecular clouds, dust grains provide the surface for accreted species to meet
and react (Fig. 4a). As this happens a thin icy layer builds up on the surface and the dust
becomes frosted. This is generally referred to as grain-surface chemistry. For an individual
grain roughly one species a day is accreted from the gas. The temperature of a dust grain in
a molecular cloud is on average 10 K (� -263 celsius) and species which are loosely bound
to the surface, mainly atomic and molecular hydrogen (H & H 2), can conceivably evaporate
within physically meaningful timescales. Heavier species, on the other hand, are firmly bound
to the surface for the lifetime of the cloud, and will only evaporate if the temperature of the
grain is raised. As a consequence of being tightly bound, heavy molecular species are trapped
in their sites and are generally not free to roam the grain surface. Lighter species, such as
oxygen (O) and carbon (C), can migrate by hopping across the surface. Atomic H actually
tunnels across the surface as it is particularly light. Reactions occur when two species collide
and a product is formed if enough energy is present to overcome a barrier against reaction.
Reactions between mobile species and radicals (unpaired electrons present) are activationless
and always occur upon a “collision” . As a consequence of the greater gas-phase abundances
of H and O, and due to their increased mobility on the grain surface, the dominant reactions
are hydrogenation (H-addition) and oxidation (O-addition). This results in molecular species
in which all the bonds are saturated. Thus, the fundamental signature of surface chemistry
is the formation of saturated complex species, a characteristic that can not be produced by
chemical reactions occurring in the gas.

Interstellar ices play an important rôle in the chemical inventory of molecular clouds. They
serve as a reservoir for a diverse range of molecular species, which include amongst others
water, methanol, and formaldehyde. The radiative energy of newly formed protostars warms
surrounding grains sufficiently to lead to outgassing or complete evaporation of the icy man-
tles. Observational studies have revealed clear variations in a range of ice absorption profiles
which can be attributed to thermal processing of the ice. All pure and trapped ices evapo-
rate at specific temperatures, which can be reconciled with specific zones in the vicinity of
protostars. Far away from the protostar, the low temperature allows volatile species such as
carbon monoxide (CO) to accrete onto the surface. In these regions atomic H is scarce and an
ice layer deficient in H (apolar) forms. Closer to the protostar, ice mantles rich in H (polar)
are formed. These contain, besides water, methanol, ammonia and methane. Such polar ices
generally evaporate around 80 K (� -193 celsius) and can therefore survive in high tempera-
ture regions close to the star. As a consequence of the accretion process, the icy mantles are
arranged in structures that mimicking “onion layers” (Fig. 4b). The region close to the pro-
tostar is dominated by strong shocks and high temperatures. Ultra-violet radiation from the
protostar may also process the ice mantles forming complex organic molecules. Under such
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Figure 4— Evolution of a dust grain in a dense molecular cloud. (a) gas-phase species condense on the surface
of the cold grain and chemical react to form new molecules. (b) depending on the gas-phase atomic H abundance,
polar or apolar ice mantles are formed giving a layered onion effect. (c) as the protostar evolves the grain is heated,
so that the apolar ices evaporates, the polar ice segregates. Ultra-violet radiation from the protostar may also process
the ice mantles forming complex organic molecules [Boogert 1999].

conditions all ices eventually evaporate from the grains. The complete evaporation of the ices
leads to large abundances of saturated complex gas phase molecules in the gas-phase. This
then helps to drive the gas-phase chemistry in regions very close to the star, producing large
organic molecules. Therefore, the pathway to chemical enrichment is intimately dependent
on the interplay between the dust grains and the gas of the ISM, with the dust providing a
platform for complex chemistry.

My research
In this thesis, the rôle of dust in three different realms of starformation (namely dense molec-
ular clouds, hot cores, and external galaxies) is investigated. With the launch of the Infrared
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Space Observatory (ISO) by the European Space Agency in 1995, the complete infrared win-
dow, generally blocked from the ground because of interference by the earth’s atmosphere,
was finally opened for astronomy. Given the high sensitivity, resolution, and wavelength
coverage provided by ISO, it is particulary suited to observations of starforming regions.
This thesis combines three investigative methods (astronomical spectra, laboratory spectra
and modeling) that are crucial in helping to understand starforming regions close to massive
young stars.

The bulk of this thesis work presents the observations of solid state ice bands in the
ISO-SWS 2–8�m spectra toward a sample of embedded high-mass protostars. These re-
vealed for the first time two narrow absorption lines that are attributed to the modes of
a combination of different vibrational bands of solid CO 2 ice. Fits by laboratory ana-
log spectra confirm previous results that the CO2 ice along this line of sight experi-
ences significant thermal processing. A notably enigma that has arisen from this work is
that the interstellar absorption features are best matched by a laboratory mixture rich in
methanol (CH3OH) even though CH3OH is a minor constituent along this line of sight.

Figure 5— A comparison of ISO spectra observed towards
a variety of different objects. The vertical dashed lines facili-
tate comparison between the spectra with well know Galactic
absorption features. The arrows mark the positions of the PAH
emission features [Spoon et al. 2001].

In addition, the 5–8�m region of
dense molecular clouds was anal-
ysed. This region, shown for the
dense cloud W 33A in Fig. 5, is
dominated by absorption bands at
6.0 and 6.85�m. However, a wide
variety of possible molecular car-
riers have their vibrational bands
in this region. Comparing the po-
sitions and profiles of these bands
along different sight lines, in com-
bination with laboratory spectra,
helps to disentangle the species
contributing to these bands. The
bulk of the 6.0�m is assigned to
amorphous water (H2O) with, in
some cases, additional contribu-
tions from formic acid (HCOOH)
and formaldehyde (H2CO). The
carrier of the 6.85�m remains elu-
sive, however a number of previ-
ously suggested candidates, such
as methanol (CH3OH), can at most
noew only account for a small frac-
tion of the band. We have shown
for the first time that systematic
variations in both the position and

the profile of the 6.0 and 6.85�m interstellar absorption bands can be directly attributed to
thermal processing of the ices. Weak absorption bands at 7.2 and 7.4�m were clearly de-
tected toward only one of the embedded protostars, W 33A. These bands have been attributed
to HCOOH, the formate ion (HCOO�), and/or acetaldehyde (CH3HCO). A thorough search
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of 5–8�m region for additional spectral signatures of the proposed carriers lends support
to the presence of these molecules in W 33A. The molecular composition of ices in these
sources were compared to models, helping to determine the relative importance of the two
basic processes involved: grain surface chemistry in the cold dark clouds prior to star for-
mation and thermal processing by the newly formed star. It is clear that chemical reactions
occurring on the surfaces of grains leads to the formation of species such as CH 3OH, which
when evaporate from the grain then drives a rich and complex chemistry in regions close to
the newly formed star.

Moving beyond our own Galaxy, ISO allowed astronomers to directly probe, for the first time,
star-formation occurring in other galaxies. In particular our knowledge of the mid-IR spectral
properties of a diverse range of galaxies has been considerably enhanced. A class of objects
that have recently attracted close attention are the most luminous of the infrared galaxies,
namely ultra luminous infrared galaxies (ULIRGS), which accounted for a significant fraction
of star formation in the local universe. The spectral energy distribution (SED) of a galaxy can
reveal much about the galaxy’s stellar evolutionary history. We first analysed the mid-IR
spectrum of the galaxy NGC 4418, shown in Fig. 5, which is rich in features but does not
resemble spectra typical of other galaxies (such as M 82 in Fig. 5). The spectra of normal and
starburst galaxies are generally dominated by strong polycyclic aromatic hydrocarbons (PAH)
emission features. The spectrum of NGC 4418, on the other hand, clearly shows strong 6.0
�m, 6.85�m, along with weak 7.2�m, and 7.7�m absorptions which have not been identified
before in these environments. The bands at 6.0�m and 7.7�m are attributed to H 2O and CH4

ice (dense cloud material), whereas the features at 6.85�m and 7.2�m are characteristic of
hydrogenated amorphous carbon (HAC; diffuse interstellar medium material). These spectral
signatures are very consistent with features observed toward dense Galactic molecular clouds
(Fig. 5). Our findings of strong absorptions due cold to silicates and ices in NGC 4418 led us
to believe that the same absorptions might be present in the mid-IR spectra of other galaxies.
We examined the spectra of a large sample of galaxies (250) observed by ISO, which resulted
in 19 galaxies showing strong evidence for 6.0�m H 2O ice absorption, and in a number of
cases absorption at 6.85�m. This led us to classify the galaxies according to the strength of
the 6.2�m PAH emission band and on the nature of the 7–8�m region, resulting in 3 distinct
classes:- (1) galaxies with a clear 6.0�m feature and little to no 6.2 PAH feature; (2) galaxies
showing a 6.0�m feature which is partly filled in by 6.2�m PAH emission; (3) galaxies
exhibiting a 6.0�m feature largely filled in by 6.2�m PAH emission. We hypothesize, that
this might in fact represent an evolutionary sequence extending from the strongly concealed
beginnings of star formation to the less enshrouded more advanced stages of star formation.

Conclusions
The important conclusion from my thesis work is that dust, and the ices that form on it, play
a cruical rôle in massive starfoming regions. Firstly, in dense molecular clouds, ices serve as
diagnostics for the degree of thermal processing that occurs from the newly formed star. In
the hot core regions, close to the star, the ices are evaporated from the dust grains and drive
a rich chemistry leading to the formation of complex organic molecules. Finally, ices act
as a tracer of the degree of star formation occuring in galaxies beyond our own and help to
elucidate the evolutionary status of IR-bright galaxies.


