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1
Introduction

1.1 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 optical astronomers in the early 20th century.

In recent years, the research of ’dust’ has become firmly recognized and dust is now ac-
cepted as a ubiquitous feature of the cosmos, impinging directly or indirectly on most fields
of astronomy. Dust has many vital functions which range from being the dominant heating
mechanism of gas through the ejection of photoelectrons in molecular clouds, the dominant
opacity source controlling the spectral appearance of many objects, and to being responsible
for regulating mass loss of old stars. In addition, the study of dust and its composition is
crucial in determining the true degree of extinction in galaxies and the effect that this has on
the determination of intrinsic properties such as luminosity which is essential when deriving
masses either of single objects or of entire galaxies. On an even greater scale, recent Hubble
deep field images reveal early galaxies which are very dusty in appearance. This dust is inter-
wovenwith the star-formation and likely affects the structure and evolution of such objects
in the early Universe. Dust is also inseparably entwined with the formation and evolution
of stars and planetary systems in the solar neighbourhood. In such environments ice man-
tles form on the dust surfaces and it is now believed that these ice mantles are the dominant
reservoirs of biogenic elements in molecular clouds. Moreover, in the outer parts of budding
planetary systems, these ice grains are the progenitors of cometary bodies which then later
deliver volatiles to inner Earth-like planets. Thus, though dust only constitutes on average
�1% by mass of the interstellar medium, understanding its rˆole in the origin and evolution
of stars and galaxies is of paramount importance.

1.2 Peering into the darkness

1.2.1 Laboratory infrared spectroscopy

Due to the high visible and UV extinction of stars embedded in molecular clouds, IR spec-
troscopy is in fact the only viable way to study the composition of interstellar ices. Spec-
troscopy is the study of the interactions of radiated energy and matter. In this case, the ra-
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Figure 1.1— Characteristic vibrational frequency range of various molecular groups made up out of the abundant
elements H, C, N, and O [from Allamandola 1984]

diated energy is from the protostar and the material is present in a surrounding cold cocoon,
containing the ices among others. The absorption of the protostar photons by the constituents
of the cocoon are at well defined frequencies (vibrations) corresponding to the masses of
the vibrating atoms, the molecular geometry, and the forces binding the atoms in their equi-
librium positions. To a first approximation, the vibrations of a diatomic molecule can be
represented by a quantum-mechanical harmonic oscillator. Only those modes which exhibit
a change in the dipole moment during the vibration give rise to absorption by the IR photons.
The vibrations are generally due to (a)symmetric stretching or bending of the bonds between
two of the constituent atoms. Spectral features can be characterised 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 order to identify
the molecule (Fig. 1.1).

The interpretation and assignment of carriers to the absorption bands seen in IR spectra are
intimately coupled with laboratory experiments of astrophysically relevant ice analogs. In
the laboratory, the photochemical and thermal evolution of ice mantles is simulated by con-
densing mixtures of gases onto a solid substrate (T � 12K), situated in a vacuum chamber
which can then be exposed to UV photons or heated within the set-up. The production and
study of interstellar ice analogs are performed in a vacuum set-up by deposition of gas mix-
tures. The grain surface is represented by a CsI window mounted in a metal holder which can
be rotated without breaking the vacuum. The deposition of the gas mixtures must be slow
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Figure 1.2— ISO-SWS spectrum of the deeply embedded massive protostar W33A highlighting the multitude of
absorption features that are primarily attributed to interstellar ices.

in order to avoid significant warm-up of the sample due to the heat of condensation. Once
the deposition is complete the substrate is rotated 90o and the sample analysedinsitu using
a Fourier Transform Infrared Spectrometer. The ice sample is then subjected to a gradual
warm-up with spectra taken at selected temperature intervals. In comparison with interstellar
conditions the most important, but necessary, difference is in the time-scales it takes to accrete
species from the gas-phase and also for the subsequent warm-up of the ice mantles. However,
these times-scales are still much larger than the relevant atomic or molecular time-scales.
Extensive laboratory studies have shown that the detailed peak position and profile of these
ice absorption bands provide not only information on the absorbing molecule but, because of
molecular interaction, also on the immediate molecular environment. Molecules trapped in
an ice matrix lose their ability to rotate and the lines which make up the rotational branches
collapse into one broad pure vibrational band. Additionally, ices produced in the laboratory
and in molecular clouds are amorphous (i.e. no large scale structure) and each molecule
can reside in a range of sites which differ in their interaction with neighbouring molecules.
This is reflected in shifts of the vibrational frequency from one site to another. Apart from
broadening, a vibrational band can also shift in position as a consequence of the interaction
of the vibrating molecule and its surroundings. The greater the interaction with neighbouring
species, the greater the possible shift. Thus, in order to understand interstellar ices spectra, it
is necessary to study the spectroscopic properties of molecular mixtures and not simply add
absorption spectra of pure/binary mixtures.

1.2.2 Composition of interstellar ices

The launch of theInfrared Space Observatory (ISO) provided a revolution in our understand-
ing of the chemical makeup of star-forming regions. Free from the hindrance of atmospheric
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Figure 1.3— Laboratory fits (solid lines) to the13CO2 band along different lines of sight toward massive proto-
stars(histogram data) illustrating the variation in profile as a function of temperature [Boogert et al. 2000].

absorptions, theShort Wavelength Spectrometer (SWS) on boardISO was particularly suited
to delve deeper into the realms of star formation. The 2–20�m spectrum of the massive pro-
tostar W 33A in Fig. 1.2 illustrates the wealth of absorption features present in such regions.
Broad absorption features at 3.1, 4.23, 4.67, 6.0, 6.85, 7.6, 10�m appear superimposed on
the IR continua of many sources obscured by large amounts of dust. Except for the latter, all
of these absorption features are attributed to simple molecules in an ice matrix. Among the
molecules identified areH2O, CO,CO2, CH4, andCH3OH (shown in Table 1; c.f., Ehren-
freund & Schutte 2000). Studies of the diffuse ISM, on the other hand, display a different
wealth of absorption features in the mid-IR range. In particular, a feature at 3.4�m is ubiq-
uitous along all lines of sight but is not observed in dense molecular clouds (Pendleton et al.
1994). This feature is widely attributed to carbon-rich material, which may be hydrogentated
amorphous carbon (HAC), with accompanying weak transitions at 6.8�m and 7.3�m (Chiar
et al 2000; Pendleton & Allamandola 2001). IR spectroscopic studies have played a crucial
rôle in establishing that the properties of interstellar dust in the diffuse ISM differ from those
of dust in dense molecular clouds.

Through the use and clear understanding of the principles of laboratory spectroscopy, studies
of interstellar ices have shown amongst others that solid CO is not well mixed in with theH 2O

but rather is part of an independent ice component. Also, the effect of thermal processing
on ices was seen and understood for the first time in theISO-SWS spectra. The systematic
evolution of the profile of solid CO2 ice with temperature is seen in Fig. 1.3, highlighting the
importance of thermal processing on interstellar ices and clearly illustrating the symbiotic
relationship between IR spectroscopy and laboratory spectroscopy.
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Table 1.1— Relative abundances of molecules detected towards different lines of sight. Abundances are nor-
malised to H2O for interstellar ices and cometary volatiles. Abundances for the Orion hot core are normalised to
CO. Dashes indicate a current lack of information [adopted from Ehrenfreund & Charnley 2000].

W 33A Elias 29 Elias 16 Hale-Bopp Orion
Species high-mass low-mass field-star comet hot core
H2O 100 100 100 100 >100
CO 9 5.6 25 20 1000
CO2 14 22 15 6-20 2-10
CH4 2 <1.6 — 0.6 —
CH3OH 22 <4 <3.4 2 2
H2CO 1.7-7 — — 1 0.1-1
HCOOH 0.4-2 <0.08 — 0.06 0.008
OCS 0.3 <9.2 <6 0.5 0.5
NH3 <15 — — 0.7-1.8 8
OCN� 3 — — — —
C2H6 — <0.24 <0.4 0.3 —
HCN < 3 — — 0.25 4
HNC — — — 0.04 0.02
HNCO — — — 0.06-0.1 0.06
C2H2 — — — 0.1 3-10
CH3CN — — — 0.02 0.2
HCOOCH3 — — — 0.06 0.1
HC3N — — — 0.02 0.04
NH2CHO — — — 0.01 0.002
H2S — — — 1.5 1
H2CS — — — 0.02 0.01
SO — — — 0.2-0.8 0.5
SO2 — — — 0.1 0.6
References 1,2 3,4 5,6 7,8,9 10,11

References: (1)Gibb et al. 2000, (2)Keane et al. 2001, (3)Boogert et al. 2000, (4)Ehrenfeund &
Schutte 2000, (5)Whittet et al. 1998, (6)Schutte 1999, (7)Crovisier & Brocklee-Morvan 1999,
(8)Mumma et al. 1993, (9)Rodgers 1998, (10)van Dishoeck & Blake 1998, (11)Irvine et al. 1999

1.3 The life cycle of dust

The life cycle of dust is illustrated in Fig 1.4. Formed in the cool atmospheres of old stars,
dust is gently ejected into the diffuse (atomic) ISM by winds associated with these objects.
Alternatively, some stars (massive starsM < 10M�) end their lives in an extravagant super-
nova explosion, which flings dust rich in metals into the ISM. In the diffuse ISM, this so called
stardust can grow through accretion and coagulation, is processed by intense ultraviolet (UV)
fields and impinging energetic particles, and is destroyed by strong shocks (e.g. supernova
shocks). As many of these diffuse clouds meet and coalesce, a dense self-gravitating molec-
ular cloud is formed. The route to a self gravitating cloud can take up to tens of millions of
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Figure 1.4— A schematic overview of the way in which dust is cycled through the Galaxy (Hubble Space Tele-
scope images, accredited to NASA and STScI).
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years and in the intervening time the dust experiences strong chemical changes. Local varia-
tions in the physical conditions of a molecular cloud gives rise to dense cores which provide
strong shielding from radiation. This facilitates the formation of ice mantles on the grain sur-
faces. The grain mantle grows by accretion of gas-phase species and as a consequence of this
grain mantles may be arranged in layered oronion structures. Grains can also in grow in size
by coagulation as a result of low-velocity grain-grain collisions. In general, the collision rate,
and hence the rate of growth, increases with cloud density. Under the influence of gravity,
a dense condensation turns into a new star surrounded by a disk of dusty material in which
planetesimals, cometesimals, and eventually planets agglomerate. Some, perhaps most, of
thestardust and the ice mantles may be retained in a largely-unaltered form. Eventually, the
new star moves into the main sequence, and evolves further 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.

1.4 Star-formation

Star-formation is now generally perceived to follow two distinct routes mainly determined
by the mass of dense cores in the natal molecular cloud:- low-mass and high-mass star-
formation. The scenario of low-mass star-formation is both quantitatively and qualitatively
better understood than the high-mass star-formation route. The working hypothesis for low-
mass star-formation is as follows (Shu et al. 1987). Regions within a molecular cloud con-
dense into dense cores due to the slow leaking of the supporting magnetic field through am-
bipolar diffusion. When the contraction becomes sufficiently centrally concentrated, the core
starts to collapse from theinside out. Due to rotation, a disk begins to form around the grow-
ing protostar and a strong outflow, perpendicular to the disk, is generated. Eventually as the
outflow begins to dominate, bipolar jets expand outwards and shocks the surrounding natal
material. In these shocks temperatures are raised and grains destroyed resulting in molecular
species being released into the gas-phase. Eventually, a significant fraction of the surround-
ing molecular envelope is blown away and it is at this stage that the newly formed young star
finally becomes optically visible. This schematic picture of low-mass star-formation is borne
out by a wealth of observational studies.

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. The reduced time-scales imply that the vast majority of physical processes are in-
timately coupled and hence modeling such scenarios becomes extremely difficult. How-
ever, recently observations of high-mass protostars have allowed a global view of the various
stages to be developed. Figure 1.5 schematically depicts the geometry of 3 supposed (main)
stages of evolution of high-mass star-forming regions. ”Stage 1” represents a central proto-
star, with in-fall of material from the molecular envelope and also strong shocks generated
from the bipolar outflows. When observed in the sub-millimeter a rich shock induced chem-
istry is seen, in particular sulphur bearing compounds. The corresponding IR spectrum re-
veals a wealth of strong solid-state ice absorption features of the cold natal molecular cloud.
When the in-fall and outflows abate, a hot core phase is reached in which the evaporation of
ice-mantles gives rise to a gas-phase chemistry that involves complex and large molecules
(”Stage 2”). Hot cores are small, dense, hot, and heavily extincted clumps of gas in regions
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of (massive) star-formation. As a result of the thermal evaporation of the ices, the mid-IR
spectrum is dominated by gas-phase absorption lines. As the surrounding material becomes
ionized by far-UV photons from the protostar a stage known as a photo-dissociation region
(PDR) is reached (”Stage 3” ). The sub-millimeter spectrum is rich in radicals and ions of car-
bon species. The IR spectrum also reflects the importance of photons as the incident starlight
is absorbed by large carbon molecules (polycyclic aromatic hydrocarbons or PAHS) which
fluoresce in the near- and mid-IR. This schematic evolutionary picture should be viewed with
some caution as true distinction between the different classes is difficult and the different
physical processes requires further observational studies with sufficient angular resolution.

1.5 Chemistry in star-forming regions

It is now generally accepted that interstellar molecules are formed from simpler constituents
by a variety of two body chemical reactions in situ in interstellar clouds. The primary reac-
tions can be broken into three distinct classes:- bond formation, bond destruction, and bond
rearrangement processes. Simple gas-phase schemes have been postulated to account for a
large fraction of the observational evidence and are very successful in this. The main chemi-
cal characteristics of gas-phase chemistry are large unsaturated and mostly ionized molecular
species. Crucial to the success of gas-phase chemistry are ion-molecule (bond rearrangement)
reactions which occur very rapidly, even at low (10 K) temperatures, as a strong polarization-
induced potential helps to overcome any activation barrier. Ions with large dipole moments
have large reaction rates and this facilitates even larger molecules to be formed. Neutral-
neutral reactions can also be of importance, and because of the low temperature should pos-
sess no barrier against reaction. Energetic UV and optical radiation is absorbed by the edge
of the cloud and the only ionization present is from cosmic rays which can photo-dissociate
molecules (bond destruction). In general, cosmic ray ionization is important for hydrogen and
helium atoms and in particular for hydrogen molecules when considering molecular clouds.
Gas-phase chemistry can account for the abundances of many but not all detected molecules
(e.g., Terzieva & Herbst 1998). A well known example is molecular hydrogen (H 2) which
can only be formed through chemical reactions occurring on grain surfaces (Hollenbach &
Salpeter 1970). Furthermore, the detections of large abundances ofH 2O andCH3OH exceed
what is predicted by even the most optimistic gas-phase chemistry and hence an alternative
formation pathway has to be considered, namely grain surface chemistry.

Interstellar grains provide the surface for accreted species to meet and react (Allen & Robin-
son 1977; Tielens & Hagen 1982; d’Hendecourt et al. 1985; Brown 1990; Hasegawa et al.
1992; Ruffle & Herbst 2000). Therefore, surface chemistry is governed by the rate at which
gas-phase species are accreted (accretion rate), and by the rate at which species travel across
the surface (migration rate). The time-scale at which all gas-phase atoms/molecules accrete
onto the grain (� 109=n yr) is smaller than the average cloud lifetime (� 107 yr) and for an
individual grain this roughly equates to one accretion event a day. An accreted species will
be adsorbed to the surface by a van der Waals bond (physical adsorption) and the time that
a species spends on the grain surface is governed by the energy with which it is bound. The
temperature of a dust grain in a molecular cloud is on average 10 K and species which are
loosely bound to the surface (mainly H and H2) 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.
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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 O, C, and N,
can migrate via thermal hopping as the energy barrier between adjacent sites is roughly one
third of the binding energy. As a consequence of the low mass of atomic H, quantum tun-
neling is the most efficient means for scanning the surface. The surface chemical network
then consists of reactions of mobile species (H, O, C, and N) with each other and other non-
mobile species. Reactions between mobile species and radicals (unpaired electrons present)
are activationless and always occur upon a “collision” . Hydrogen can also tunnel through
activation barriers and hydrogenation reactions involving for example CO are also possible.
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 and oxidation. This
results in molecular species in which all the bonds are saturated. Indeed, the fundamental
signature of surface chemistry is the formation of saturated complex species, a characteristic
that can not be produced via gas-phase chemistry. Finally, thermal processing of grain sur-
face species occurs when the protostar begins to warm-up its surroundings and heat the grain
mantles (Tielens & Whittet 1997). Heating evaporates the icy mantle constituents and the
saturated complex species then drive the hot core gas-phase chemistry, illustrating the active
interplay between the gas and grains in the ISM.

1.6 Chemical evolution/Thermal processing in star-forming regions

Interstellar ices play an important rôle in the chemical inventory of molecular clouds (see
Langer et al. 2001 for an indepth review). They are an important reservoir of molecular
species containing, for example, 10% of the elemental O in the form of solid H 2O - compara-
ble in abundance to the most abundant (heavy) gas- phase species, CO. Various other species
(CO,CO2, CH3OH, CH4, H2CO, HCOOH, OCS) are present at low levels. The radiative en-
ergy of newly formed protostars warms surrounding grains sufficiently to lead to outgassing
or complete evaporation. Studies have revealed clear variations in a range of ice absorption
profiles which can be attributed to thermal processing (see Sect. 1.2.2, Fig. 1.3) of the ice.
Recent ISO results show segregation of ices according to temperature zones in the vicinity
of protostars (Ehrenfreund et al. 1998). Figure 1.6 shows a schematic drawing of the ice
segregation process in the line-of-sight toward massive protostars. All pure and trapped ices
sublimate at specific temperatures (Tielens & Whittet 1997). Apolar or hydrogen-poor ices
are formed far away from the protostar and are composed of volatile (low evaporation temper-
atures, <20 K) molecules, such as CO, O2, and N2 (Ehrenfreund et al. 1997). Hydrogen-rich
ices (polar ices), dominated by H2O ice, are formed when H is abundant in the interstellar
gas and are the major ice species above �50 K. Thermal processing of the ices also influ-
ences the gas-to-solid state ratio. Figure 1.7 shows that as the temperature increases toward
different line of sight, the solid CO ice feature decreases as the corresponding gas-phase lines
grow intensity as the CO is released in to the gas-phase. The region close to the protostar
is dominated by strong shocks and high temperatures. Under such conditions ices are usu-
ally desorbed from grains. In particular, the infrared spectra of high-mass YSO’s reveal a
rich grain-surface chemistry which drives the chemistry of “hot cores” leading to large abun-
dances of saturated complex gas phase molecules (Charnley et al. 1992; Caselli et al. 1993).
Observations and models of hot cores around massive protostars have under-pinned the key
rôle of ice mantles in the chemical evolution of such regions. The chemical composition
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Figure 1.7— ISO-SWS spectra in
the region of the CO2 �3 and CO
1-0 vibrational bands toward embed-
ded young stellar objects. CO2 ex-
ists mostly in the form of ice at
4.27�m. NGC 7538 IRS1 shows ab-
sorption due to solid CO. The sources
W3 IRS5 and AFGL 4176 show high
temperature dust and gas in the line
of sight and therefore strong abun-
dances of gaseous CO and only
small amounts of CO ice (from van
Dishoeck 1998).

of massive star-forming environments can thus be used as a “chemical” clock to time the
formation of the star.

The chemical evolution of interstellar ices is also of interest because these ices may well be
the building blocks of comets in the solar system (see Irvine et al. 2001 for an indepth review).
There is in fact reasonable agreement in the global chemical composition of interstellar ices
and at least some comets. Since comets are thought to have delivered much of the volatile
inventory (H2O and organics) to the earth and other inner planets, there may be an indirect
connection between the composition of interstellar ices, prebiotic material, and the origin of
life. Table 1 also compares the ice abundances observed toward high and low mass embedded
protostars, with the ice composition of comets. Though there are some discrepancies between
the composition of cometary and interstellar ices (e.g. OCS), in general there is a global
agreement indicating that cometary ices are a mixture of original interstellar material and
material processed in the solar nebula.

1.7 In a dusty galaxy far, far away........

1.7.1 Overview

Originally classified as “ fuzzy” nebulae, the most startling find of the early observational
studies were that some of these nebulae were in fact spiral or whirlpool like in form. Optical
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Figure 1.8— The spiral galaxy
M 51, also known as the Whirlpool
galaxy, magnificently illustrating
vast dust lanes. The smaller galaxy,
at the top, is further away and partly
behind one of the outer spiral arms
of M 51 and it has been suggested
that it is the cause of the spiral
structure seen in M 51.

images clearly revealed the presence of obscuring material in external galaxies by the exis-
tence of dark lanes stretching through many of the objects observed. Figure 1.8 dramatically
highlights the existence of vast dust lanes that weave their way between stars in the spiral
arms. Star formation is occurring within these dust lanes which contain the same mixture of
gas, dust, and complex molecules found in the Milky Way. With the advent of infrared space
telescopes (IRAS, & ISO), a new class of galaxies were discovered by IRAS which radiate
most of their energy in the (far)infrared, more than at all other wavelengths combined. A
class of objects that have recently attracted close attention are the most luminous of the in-
frared galaxies, namely ultra luminous infrared galaxies (ULIRGS), which accounted for a
significant fraction of star formation in the local universe (see Sanders & Mirabel 1996 for
an indepth review). To account for the extreme intensity of the emitted infrared radiation
(L � 1012 L�) scenarios such as interacting mergers or active galactic nuclei (AGN) activity
are the best suited. The interaction/collision of the galaxies NGC 4038 and NGC 4039, more
commonly known as the Antenna galaxies, is a beautiful illustration of a merger system with
spectacular star formation being triggered. In Fig 1.9 the optical (top) and IR images (bottom)
are jointly shown of this merger system. The optical image shows the entire merger system
revealing the whimsical tails created by tidal interaction. The IR image, on the other hand, is
of the central interaction region, indicated by the box in the optical image, where the bright
patches attest to the “fi reworks display” of newly formed stars. This region between the two
interacting nuclei accounts for roughly half of the entire luminosity through re-radiation by
the dust. Star formation in galaxies, as in our own Galaxy, enriches and controls the den-
sity and energy balance of the interstellar medium. Hence, knowledge of the dust content
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Figure 1.9— The top portion is an opti-
cal image of the hostile merger system the
Antenna galaxies. Beneath, an ISOCAM
15�m image shows the interaction region,
indicated by the box in the optical image.

of galaxies is important in order to keep the books balanced in terms of the energy flow of
galaxies by accounting both for what is emitted and what is absorbed.

1.7.2 Dust studies of extra-galatic systems

The spectral energy distribution (SED) of a galaxy can tell much about the galaxy’s stellar
evolutionary history. However, dust affects the SED in a complicated fashion. The effects
of dust on a galaxy’s SED are determined by the physical properties and spatial distribution
of the dust. However, to date knowledge of dust in galaxies other than the Milky Way and
the Magellanic clouds is very limited. The extinction curve is the dominant physical prop-
erty and generally this is the easiest to determine observationally. Extinction curves for stars
in our own Galaxy, and the Small and Large Magellanic clouds (SMC & LMC) have been
determined. In general, the curves have a common shape, but there are significant variations.
Traditionally, UV studies (and optical) have been used to investigate the extinction. Partic-
ularly useful is the 2175 Å which has been shown to vary greatly in strength in our Galaxy
(Cardelli et al. 1989), the LMC (Fitzpatrick 1985), and is notably absent in the SMC (Prèvot
et al. 1984). These studies all probe the diffuse dust and the outer parts of the molecular
clouds. To explore the spectral dependence of extinction in dense regions it is necessary to
observe in the IR part of the spectrum. Spectral absorption features in this region provide a
great deal of information on the composition and nature of dust. An important diagnostic is
the depth of the 9.7�m silicate feature and the extinction derived from it. Previous ground-
based studies were limited in their spectral coverage around this absorption band. ISO on
the other hand, provided continuous wavelength coverage allowing accurate continua to be
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Figure 1.10— The mid-IR spectrum of the galaxy NGC 4418 compared with typical spectra of normal, starburst
and seyfert galaxies. The characteristic PAH emission bands, denoted by the dashed lines, are decidedly lacking in
NGC 4418 (Spoon et al. 2001).

determined. The presence of a trough at 9.7�m, in the spectra of galaxies, has often been in-
terpreted as a gap between PAH emission bands (Helou et al. 2000) rather than an indication
of silicates in absorption, resulting in the determination of moderate-to-low extinctions. If,
on the other hand, ISO spectra are combined with 12-100�m IRAS fluxes an accurate picture
of the continuum arises and the existence of silicate absorption is more easily verified. This
approach reveals that a moderate/strong silicate absorption band is present in a significant
fraction of galaxies observed by ISO (Spoon et al. in prep.).

1.7.3 Central engine of ultra-luminous IR galaxies

ISO has offered a fresh look at the analysis of dust in different galactic types (see Genzel &
Cesarsky 2001 for an indepth review). Sensitive mid-IR spectra have considerably enhanced
our knowledge of the spectral properties of many galaxies leading to the development of di-
agnostic tools that serve as tracers of star formation (e.g ratio of PAH emission bands to the
continuum). Figure 1.10 highlights the mid-IR spectra of a variety of galaxies, dominanted in
most cases bby PAH emission bands. Most striking are the lack of PAH bands in NGC 4418,
typically tracers of star formation, and the existence of absorption bands reminiscent of fea-
tures observed toward galactic molecular clouds (see Fig 1.2). Since their discovery, the
nature and evolution of ULIRGS has remained unclear. However, ISO is helping to answer
these questions and in particular what drives the immense luminosity - AGN or star forma-
tion activity- in ULIRGS. The line-to-continuum ratio of the 7.7�m PAH emission band used
to distinguish between starburst-dominated and AGN-dominated is based on evidence that a
starburst galaxy presents strong PAH features while an AGN has a strong continuum with
low contrast emission bands (Genzel et al. 1998 and Lutz et al. 1998). In addition, the ratio
between the flux density at 7.7 and 6.0�m has been suggested as a reliable diagnostic of
the degree of star-formation activity (Tran et al. 2001). Generally a source is classified as
starburst-like if the 7.7�m line-to-continuum ratio is > 1 and AGN-like if the 7.7�m line-
to-continuum ratio < 1. However, the recent detection of (strong) absorption bands in the
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6-7�m region (Spoon et al. in prep.) implies that continua deduced must take into account
these bands as well as the silicate feature. Additionally, Spoon et al. report the presence of
a broad 8�m band which, when combined with PAH emission as a signpost of unconcealed
star formation, facilitates the classification of ice galaxy spectra (galaxies showing ice ab-
sorption bands) into three classes of decreasing broad-8�m-feature-emission and increasing
PAH emission. This might in fact represent an evolutionary sequence extending from the
strongly concealed beginnings of star formation (and AGN activity) to the less enshrouded
more advanced stages of star formation (and AGN activity). It is therefore essential to ascer-
tain the nature and amount of dust as the shape of a galactic IR spectral energy distribution
depends exclusively on the dust, and also in order to constrain the physical phenomena and
elucidate the evolutionary status of IR-bright galaxies.

1.8 Aim and outline of this thesis
1.8.1 Aim of this thesis

The life cycle of dust is intimately intertwined with the formation and evolution of stars and
the Galaxy. Dust dominates the heating of clouds by the ejection of photoelectrons, regulates
the mass loss of old stars by radiation pressure, and also serves as the first building block for
the formation of planetesmals. Additionally, since dust absorbs radiation, it is responsible for
the extinction and therefore the spectral behaviour of a diverse range of objects such as proto-
stars, starburst nuclei, along with young galaxies in the early universe. These processes of the
lifecycle are accompanied by concomitant chemical processing of the dusty material by en-
ergetic photons, shocks, and stellar winds. These chemical processes continuously reshuffle
the nature of prebiotic elements and produce a drive towards greater molecular complexity. 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.

In this thesis, the rôle of dust in three realms of star formation is investigated:-(1)dense
molecular clouds (thermal processing); (2) hot cores (complex chemistry); (3) external galax-
ies (star formation tracer). Dust in dense molecular clouds is sufficiently shielded that icy
mantles form on the grain surfaces. Observations of the ice species cannot only be used
to determine column densities but also explore specific interactions and subsequently grain
mantle composition through the analysis of intrinsic profiles. In addition, the sensitivity of
the icy material to the environment is revealed by comparing observations along different
lines-of-sight. These results show segregation of ices according to temperature zones and
highlight the importance of thermal processing around massive protostars. The region close
to the protostar, the hot core, is a harsh environment, where dust ice mantles have evapo-
rated or sputtered back into the gas-phase. This release of molecular species, many of which
formed on grain surfaces, then drives a rich complex chemistry primarily resulting in the for-
mation of complex organic molecules. Finally, the association of interstellar ices in molecular
clouds with star formation can be applied to infrared observations of galaxies. The detection
of (ice) absorption features serve as star formation tracers, helping to elucidate the nature of
the interstellar medium in other galaxies.

1.8.2 Outline

Chapters 2–4 present the observations of solid state ice bands in the ISO-SWS mid-infrared
spectra toward a sample of embedded high-mass protostars. A study of this nature reveals the
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composition of the ices, along with the processes that are acting on the dust in regions close
to young protostars. First, the results on the analysis of the high resolution 2–3�m spectrum
of the young stellar object S 140 IRS1 are presented in Chapter 2. The spectrum reveals two
narrow absorption lines that are attributed to the modes of a combination of different vibra-
tional bands of solid CO2 ice. Fits by laboratory analog spectra confirm previous results that
the CO2 ice along this line of sight experiences significant thermal processing. All the solid-
state CO2 bands observed over the range 2–16�m are simultaneously fitted by a laboratory
mixture rich in CH3OH even though CH3OH is a minor constituent along this line of sight.
Continuing along the lines of thermal processing, Chapter 3 discusses the nature of strong
ice absorption features observed in the 5–8�m range of massive protostars. This region is
dominated by absorption bands at 6.0 and 6.85�m, and is awash with a wide variety of likely
molecular carriers. This is the first high resolution study of these bands. The bulk of the
6.0�m is assigned to amorphous water (H2O) with, in some cases, additional contributions
from formic acid (HCOOH) and formaldehyde (H 2CO). The carrier of the 6.85�m remains
elusive, however a number of previously suggested candidates, such as methanol (CH 3OH),
can at most only account for a small fraction of the band. Comparing the positions and pro-
files of these bands along different sight lines, in combination with laboratory spectra, helps
to disentangle the species contributing to these bands. We show 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
clearly seen toward only one of the embedded protostars, W 33A, are investigated in Chapter
4. These bands are assigned to HCOOH, the formate ion (HCOO�), and/or acetaldehyde
(CH3HCO). The complete 5–8�m region was searched for spectral signatures of the pro-
posed carriers and additional weak features, lying within the stronger absorption bands, and
support for the presence of these molecules was found.

In Chapter 5, we present the first detection of the �3 ro-vibrational band of gas-phase sul-
phur dioxide (SO2) in absorption in the mid-infrared around 7.3�m of a sample of deeply
embedded protostars. This molecule is associated with the inner hot core regions of young
protostars. All sources show remarkably similar SO2 column densities, suggesting perhaps
that the formation route for SO2 has saturated. The origin of the high excitation temperature
and the high abundances of the observed SO2 is discussed.

Chapter 6 turns the attention to star-formation in external galaxies. The ISO mission has
considerably enhanced our knowledge of the mid-IR properties of normal, starburst, Seyfert
and Ultra-luminous galaxies. In Chapter 6a, an analysis of the mid-IR spectrum of the galaxy
NGC 4418 is presented. The spectrum has strong solid state ice absorption bands that are
consistent with features observed toward dense Galactic molecular clouds. The nature of the
central source in NGC 4418 could not be inferred from the mid- to far-IR spectrum alone,
given the absence of any “signpost” , like 6.2�m PAH emission, and fine structure lines. Our
findings of strong absorptions due cold 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. Chapter 6b
presents the analysis of a large sample of galaxies (250) observed by ISO, which resulted in
19 galaxies showing strong evidence for 6.0�m H2O ice absorption, and in a number of cases
absorption at 6.85�m. The complicated interplay of the 6.0 � water ice absorption band and
6.2 � PAH emission feature are modelled, helping to elucidate the presence of ice absorption.
We classify the galaxies according to the strength of the 6.2�m PAH emission band and
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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. Finally, it is suggested 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.

In Chapter 7, a chemical model exploring the rôle of grain surface chemistry in sites of
star-formation is presented. In light of the recent observations of formic acid (HCOOH) and
formaldehyde (H2CO) by ISO (see Chapters 3 & 4), we re-visit the grain surface reactions
that are believed to be responsible for the production of these and other molecules. We have
limited the model to the primary hydrogenation and oxidation reaction schemes. The com-
position of the growing grain mantle is determined on the basis of the relative accretion rates
of the gas-phase molecules (H, O, CO, O2) and the diffusion controlled surfaces reactions.
In particular, reactions of atomic H with CO and O2 are of importance in interstellar grain
surface chemistry. The resulting abundances are then compared with the results of ISO and
the importance of each reaction step is explored.

1.9 Main Conclusions and future directions
1.9.1 Main conclusions

The data and model calculations presented in this thesis offer new insights into the star-
formation process. Here, the overall conclusions are presented.

� The thermal processing of ices by the newly formed protostar is a pervading theme
through most of the chapters presented here. Signatures of thermal processing are de-
tected by comparing the profiles of ice absorption features observed along different
lines of sight. The bulk of the 6.0 �m absorption band, observed toward high-mass
embedded protostars, is well matched by laboratory amorphous water profiles of dif-
fering temperatures. It seems clear, that for some sources there is additional absorption
present in this band. Notably, this extra absorption is not clearly detected in sources that
are best matched by warm H2O ice, suggesting perhaps that the molecules responsible
are volatile. Furthermore, there is an obvious trend in the data which shows that the
shift in the peak position of the 6.85�m absorption band parallels the lack of additional
components contributing to the 6.0 �m feature, and hence may be attributed to thermal
processing. From a comparison with various temperature tracers of the thermal history
of ices, it is also concluded that the components (volatile and robust) of the 6.85 �m
are related through thermal processing. Additionally, two narrow absorption features at
2.7 and 2.77 �m, detected for the first time towards an embedded protostar, are well fit-
ted by heated laboratory spectra of the combination modes of solid CO 2. The profiles
suggest that ”segregated boundary phases of pure CO 2” are formed and thus the ice
in this line of sight must have been subjected to significant heating, in agreement with
previously studied CO2 bands. Thus, heating of dust mantles is an important aspect
of interstellar ices around newly formed stars, with the result that evaporated mantle
species will subsequently enrich the gas and drive a complex hot core chemistry.

� This work has also presented the first detection in the infrared of gas phase SO 2 in
absorption towards a sample of protostars. The SO2 column densities are similar along
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all lines of sight suggesting that the SO2 formation has saturated. The origin of the
high abundance, and high temperature, is uncertain as both are not easily explained by
standard hot core chemistry models. Likewise, indicators of shock induced chemistry
are lacking.

� The detection of absorption features in the 6 –8 �m mid-infrared spectral region of
a sample of galaxies is reported for, in some instances, the first time. By modelling
the interplay of 6.0 �m water absorption and 6.2 �m PAH emission, it is possible to
disentangle to the two components and hence estimate the degree of water absorption.
Nineteen galaxies show strong evidence of 6.0 �m water absorption, with varying de-
grees of intensity for the 6.2 �m PAH emission band. Based on this sample, ice seems
to be strongly present in most ULIRGS, whereas it is weak or absent in the majority of
starbursts and Seyferts. Additionally, several galaxies show a broad continuum feature
near 8.0 �m that is not related to the 7.7 �m PAH emission band. The interplay of PAH
emission and the broad 8.0 �m feature shows strong similarities with Galactic star-
forming molecular clouds. Depending on the strength of the the 7.7 �m PAH emission,
it will be difficult to disentangle contributions from both components to the resulting
7.7 –8.0 �m peak. This may erroneously over-predict the 7.7 �m PAH flux. The 19
galaxies are grouped into 3 classes based on the presence of 6.2 �m PAH emission
and the nature of the 7.7 –8.0 �m feature: PAH emission or absorbed mid-IR contin-
uum, or a combination of the two. This classification might reflect an evolutionary
sequence from strongly obscured beginnings of star-formation (and AGN activity) to a
less enshrouded stage of advanced star-formation (and AGN activity), as the PAHs get
stronger and the broad 8.0 �m feature weakens.

� Simple, accretion limited models of grain surface chemistry can reasonably account
for the observed ice composition towards molecular clouds. The densities at which ice
mantle formation occurred is � 104 –105 cm�3, which from timescales considerations
is also expected to be the onset of the accretion era. The models also show that hy-
drogenation and oxidation reactions are equally important, and that the chemistry is
essentially controlled by a few key reactions. Essentially, kinetic considerations for
reactions occurring on the grain surface are very important in determining the overall
chemistry and a better understanding of these processes are required.

1.9.2 Future directions

The results presented in this thesis highlight a number of avenues that should be explored
by future research studies of star-forming regions. Observationally, in the coming years,
space based missions such as the Herschel Space Observatory (far-infrared) and the Next
Generation Space Telescope (NGST) will provide greater sensitivity and resolving power.
The heterodyne spectrometers (HIFI) on board Herschel will facilitate ultra high resolution
spectroscopic studies of star forming clouds, newly born stars, and old dying stars in the vir-
tually unexplored 80-700�m wavelength range. NGST will enable studies of the very earliest
phases of protostellar collapse in order to characterise the physical conditions in pre-stellar
cores and the initial conditions found during the star-formation process, and subsequently
test theoretical predictions. Furthermore, NGST will be capable of studying the evolution
of material as a function of position in protostellar systems. In the immediate future, the
Space Infrared Telescope Facility (SIRTF) will study the temperature and density structures
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of molecular clouds in order to characterise the physical conditions and chemical compo-
sitions from which protostars are formed. Additionally, SIRTF will be able to conduct a
comprehensive study of the visible and dust-obscured star formation in galaxies, directed at
understanding the physical processes that trigger and regulate the star formation rate. An
understanding of the processing of energy from stars through the gas and dust in the ISM,
combined with UV and visible studies of star formation, will help to place the evolution of
galaxies on a common physical foundation. The sensitivity of spectroscopy in near- and mid-
infrared atmospheric windows from the ground has greatly improved with the advent of large
8 m class telescopes (such as the ESO-VLT). These offer exciting perspectives with which
to probe the constituents of ices in a much wider variety of interstellar environments. At the
expected sensitivity of the new instruments, it is now possible to probe molecular species
down to the 1% abundance level in the ice not only toward high-mass embedded objects, but
also toward the much weaker low-mass star-forming objects. A combination of the available
observational tools will provide definitive insights into the physical processes connecting star
formation to the ISM properties of galaxies.

Laboratory simulations of interstellar ices will play an essential rôle in the quest to under-
stand the interactions of molecules in ice matrices and the subsequent effects on the spectral
signatures. Current laboratory databases need to be expanded as they do not contain suf-
ficiently extensive ranges of ice mixtures and future laboratory studies should also include
new compounds in polar as well as apolar mixtures. Furthermore, precise laboratory simu-
lation studies are necessary to clarify the effects of thermal and energetic processing on the
ices. On a per molecule basis, new surface experiments are designed so that the molecular
constituents, morphology and thickness of the ice samples can be changed as the ice mantles
grow. This enables studies of a wide range of different polar and apolar ices, in both crys-
talline and amorphous phases, from sub-monolayer coverages to a film thickness where the
surface behaviour is substrate independent. This will allow measurements of the probability
of an adsorbate sticking to the ice surface, and build a comprehensive picture about the nature
of the bonding between different ices and adsorbates. Finally, laboratory studies are needed
to confirm the reaction energy barriers and to refine the kinetics of many chemical reactions
that are believed to occur on grain surfaces.

Refinement of theoretical modelling studies of star-forming regions will go hand in hand
with improvements in the two above fields. More accurate determinations of the abundances
of gas phase species will help to better constrain the input parameters for the chemical mod-
els. A complete Monte Carlo approach (though computational heavy) is needed to accurately
model the chemistry occurring on grains. Furthermore, quantum chemical studies of the en-
trance and exist channels of many reactions are necessary in order to evaluate their efficiency
under astronomical conditions.

Future studies of star-formation sites will, in particular, yield a more complete census of the
natal molecular material, give insight into the physical and chemical processing of this mate-
rial, and help elucidate the role of molecules in the evolutionary sequence of star-formation.
Hence, the coming years promise to provide a wealth of new information and as a conse-
quence important inroads into the understanding of the global star-forming process will be
made.


