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1
Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are known on earth as a large family of tarry
materials naturally present in for example coal and crude oil. In addition, they are also formed
in the combustion of all sorts of carbonaceous fuels and hence are found in auto exhaust,
cigarette smoke, candle soot and (for the less qualified cooks) in burned hamburgers. PAHs
are regularly placed under the media spotlight for the persistent detrimental effect of their
carcinogenic properties on the environment, due to their long-term stability.

To date, PAHs are the largest known molecules in space, and ubiquitously present with
high abundances. Intimately interwoven with dust, they are formed in the outflows of evolved
and dying stars. They play a vital role in the interstellar (IS) chemistry and the heating of the
ISM; and can be used to probe environmental conditions within astronomical objects.

The research described in this thesis concerns the study of the infrared spectral character-
istics of PAHs. In this introduction, the life cycle of stars, dust and gas is briefly discussed
(Sect. 1.1). Subsequently, we focus on the molecular structure of PAHs and their relatives
(Sect. 1.2), and the way we can observe them, i.e. by IR spectroscopy (Sect. 1.3). Section 1.4
fully discusses the link between the Unidentified Infrared (UIR) bands and the PAHs. The rel-
evance of PAHs and the remaining questions are highlighted in Sect. 1.5. Finally, we outline
the content of this thesis.

1.1 Life cycle of stars, dust and gas

In a truly cosmic life cycle (see Fig. 1.1), stars are born from the remnants of earlier gen-
erations of stars. Their lives are a continuous fight against gravity, a fight which starts by
interstellar clouds which – under the influence of gravity – gather, grow in size and become
dense “molecular” clouds. As (parts of) these clouds further collapse, the temperature in the
inner parts increases, until the temperature is high enough to ignite hydrogen fusion in the
core. At that moment, a star is born.

The radiation fields and stellar winds of the newly born stars effect the surrounding molec-
ular gas. The larger masses involved in massive star formation cause the processes to be more
violent and disruptive and to occur on much shorter time scales. Particularly important is the
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Figure 1.1 — The life cycle of stars, gas and dust in the interstellar/circumstellar medium. Illustration
by Steven Simpson (Verschuur 1992), Sky & Telescope Magazine.

creation of emission nebulae known as H II regions, i.e. regions of ionised gas, primarily
hydrogen. The stars that create them, of spectral type O and B, are the most massive, hot and
luminous stars, with effective temperatures in the range of about 10 000 to 50 000 K.

Once a star is born, the energy produced by these nuclear processes balance the gravi-
tational force and a stable configuration results. During stellar evolution, different nuclear
reactions occur in the star inducing changes in its chemical composition. Low-mass stars
convert elements upto C, O and N. Nuclear burning in high-mass stars progresses through the
production of heavy elements up to those in the mass range around iron and hence these stars
are more enriched in heavy elements as are low-mass stars.

These heavy elements are then returned to the Inter Stellar Medium (ISM) through dif-
ferent processes. Low- and intermediate-mass stars will eventually go through a phase called
the Asymptotic Giant Branch (AGB). At this moment, the outer layers are loosely bound to
the core of the star and the core material (C and O) is brought up to the stellar surface (the
so-called dredge-ups). Starting at the AGB phase, the star sheds a major part of its envelope
by means of a hefty, dust-driven wind. High-mass stars return their material to the ISM in
two ways : (i) during their life-time, they exhibit strong winds expelling considerable parts of
their mass, (ii) they end their life’s by a violent explosion, called supernova (SN). Due to their
much shorter life-time, massive stars are the the dominant contributors to the abundances of
metals in our Galaxy and other galaxies.

These stellar ejecta eventually conglomerate in diffuse clouds; these clouds will then
eventually start to contract and form the next generation of stars. This time, the stars will
have a elemental composition determined by the previous stellar population. Around low-
mass stars, planets may form, made of the ashes of stars that have long gone.
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This life cycle of the stars is closely interlinked with chemical evolution of the elements
they inject into the ISM. Much of the heavy elements are injected in the form of small solid
dust particles. Such dust particles are formed in the expanding cooling outflows of evolved
or dying stars. The relative importance of the different types of objects is not well known. As
explained above, the surface composition of the AGB star changes during its evolution due
to dredge-up events. Oxygen-rich giants with abundances of O larger than of C will typically
form all kinds of silicates and oxides (“sand”), while carbon-rich giants – with C/O > 1 –
will produce carbonaceous dust (“soot”). Besides these dust particles, the ejecta are also
replete with many molecules : small ones such as CO, H2O, C2H2, ... and much larger ones
such as acetylenic chain derivatives (e.g. HC7N, HC9N, C4H, ...). Supernova ejecta are also
known to form dust but the amount of dust is unknown (Lucy et al. 1989, 1991; Amari et al.
1992; Anders & Zinner 1993; Wooden et al. 1993; Dalgarno et al. 1997). SNe also contain
molecules (SiO, CO, H2, e.g. Meikle et al. 1989; Liu & Dalgarno 1994; Dalgarno et al. 1997;
Reynoso & Goss 2002).

Through stellar winds or explosions, these stellar masses/envelopes are ejected into the
ISM. Here, the nature of the dust grains and molecules undergo dramatic changes. Molecular
bonds are constantly broken and reformed by the ubiquitous UV photons in the diffuse ISM
and ion-molecule reactions. Here applies the survival of the fittest : only the most stable and
strongest species will survive. Similarly, dust grains can grow by coagulation and accretion,
and heavier elements produced by stars can be incorporated. Also, the dust grains are pro-
cessed by highly energetic irradiation, highly energetic particles and strong shocks – mainly
due to massive stars – destroying the particle partly or completely.

The dust and molecules may gather in clouds which grow in size and coalesce forming
dense molecular clouds. The inner part of these clouds are shielded from the aggressive
attacks of the energetic photons, and shocks present in the ISM and are very cold. This
facilitates the formation of ice mantles on the grain surfaces. The grain mantles grow by
accretion of gas-phase species or by coagulation. UV irradiation gives rise to rich chemistry
and more complex molecules can form.

Subsequently, these clouds collapse and a protostar is formed. Due the high temperature
the ice mantles are evaporated and the formed molecules released. This phase is characterised
by a rich gas-phase chemistry that involves complex and large molecules. Eventually, a star
is born. In case of a massive star, the temperature increases tremendously and strong shocks
occur inducing the destruction of all dust grains and molecules and hence leaving a dust
cavity around the new born star.

1.2 MAHs, PAHs and their relatives

As a byproduct of dust formation, PAHs are formed. Before going into detail about the
astronomical observations and characteristics of PAHs, we first focus on their structure.

The ability of carbon atoms to have four bonds allows them to form complex structures.
Carbon atoms can be configured in a planar hexagonal ring – a benzene ring – where each
carbon atom is bounded to 3 neigbouring atoms by σ bonds. These bonds are localised.
The fourth electron of each carbon atom forms a delocalised π bond with similar electrons
from neighbouring carbon atoms. This configuration is called aromatic. This benzene ring
can be used as a basis for larger molecules consisting out of several of these rings formed
together and therefore called polycyclic. If these molecules only exist out of hydrogen and
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Figure 1.2 — Different structures of carbon based species.

carbon they are called Polycyclic Aromatic Hydrocarbons (PAHs). Hence, PAHs are a large
family of different molecules with a similar structure. In this way, benzene can be dubbed as
Monycyclic Aromatic Hydrocarbon (MAH). Hydrocarbons that are not aromatic are called
aliphatic. By ordering PAH molecules in different parallel layers, PAH platelets (i.e. graphite)
are formed while PAH clusters are formed by sticking PAHs in a ordered way both parallel
and disordered. Amorphous carbon is then a random combination of PAH platelets and PAH
clusters. All these different forms of carbon based species are shown in Fig. 1.2.

1.3 Infrared spectroscopy of PAHs and dust

IR spectroscopy is a powerful tool to study the characteristics of molecules and dust grains
present in space.

The dust absorbs a large fraction of the UV radiation and re-emits the absorbed energy in
the IR and sub-mm with the peak of the dust emission depending on the temperature of the
dust grains. The compact H II regions (i.e. H II regions with sizes < 0.5 pc and densities >
5 103) studied in this thesis are all associated with relatively hot dust; therefore they are IR
bright (see Fig. 1.3). Moreover, we can directly observe the dust in the IR.

In addition, the infrared holds the spectroscopic fingerprints of the dust components and
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Figure 1.3 — The infrared spectrum of a typical compact H II region obtained with the spectrometers
on board the Infrared Space Observatory (ISO). The bulk of emission is emitted by dust grains in
thermal equilibrium with the radiation field. Other dust components are absorption by silicate grains
at 9.7 µm and the Unidentified InfraRed (UIR) bands at 3.3, 6.2, 7.7, 8.6, 11.2 and 12.7 µm. The
spectrum also exhibits a large number of recombination lines of hydrogen and fine-structure lines.

the molecules. Indeed, in the mid-infrared, the emission is due to vibrationally excited
molecules and dust. This allows us to identify the different materials since each of them
has its own set of wavelengths at which they emit. Vibrational modes involving a change in
bond lengths are called stretching modes. Those involving mainly a change in bond angle are
called bending modes. As an example, we illustrate in Fig. 1.4 the main vibrational modes of
a PAH molecule.

1.4 The UIR bands and PAHs 1

The UIR bands

The infrared spectra of a wide variety of objects with associated dust and gas – including
H II regions, Post-AGB stars, PNe, YSOs, the diffuse ISM and galaxies – are dominated
by emission bands at 3.3, 6.2, 7.7, 8.6, 11.2 and 12.7 µm (see Fig. 1.5, cf. Gillett et al.
1973; Geballe et al. 1985; Cohen et al. 1986; Cox & Kessler 1999). Often, these bands
are accompanied by broad emission plateaus underneath them. Since the carriers of these
bands remained unknown for almost a decade, these bands are referred to as the Unidentified
InfraRed (UIR) emission bands.

Its carriers

In the early ’80, it was recognised that the UIR bands coincide with C-H and C-C vibrational
modes characteristic of aromatic materials (Duley & Williams 1981). While the vibrational
spectrum of any (almost) exclusively aromatic material can provide a good fit to the observed

1See Allamandola et al. (1989b); Puget & Léger (1989); Tielens et al. (1999) for extended overviews.
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UIR bands, they are generally attributed to small PAH molecules rather than soot, Hydro-
genated Amorphous Carbon (HAC) or Quenched Carbon Composites (QCC) dust grains.
The main argument for this is the detection of the UIR bands in reflection nebulae far from
an illuminating star and the independence of the color temperature with the distance from the
star, indicating that the carriers of the UIR bands can be heated to very high temperatures in
such cold environments upon absorption of a single FUV photon (Sellgren 1984). Classical
grains are not hot enough to emit at mid-infrared wavelengths in these environments, hence
the carrier of the UIR bands are attributed to small species containing ∼ 50 carbon atoms
(Sellgren 1984). This point has now been reinforced by ISO (Infrared Space Observatory)
observations revealing that the mid-infrared spectra of the diffuse ISM is dominated by these
IR emission features (Mattila et al. 1996; Boulanger et al. 1998a; Boulanger 1999; Boulanger
et al. 2000). A second argument is that an absorbed photon does not remain localised long
enough in a single aromatic unit of (or loosely bound to) a solid grain so that the emission
of this grain can mimic that of a single PAH molecule (Tielens 1993). Finally, larger aro-
matic species do not simultaneously give rise to a high feature to continuum ratio and a high
aromatic to aliphatic ratio (I3.3/I3.4) as observed in space (Tielens et al. 1999).

Excitation mechanism of PAHs

The absorption of a FUV photon by a PAH molecule induces a transition to an upper elec-
tronic state. The excited molecule then makes rapid isoenergetic transitions to the ground
electronic state leaving most of the initial excitation energy in the form of vibrational energy.
Subsequentely, this highly vibrationaly excited molecule cools down, mainly by IR emission
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Figure 1.5 — The IR spectrum of a massive star forming regions. The UIR bands are clearly present
(the atomic emission lines are removed).

in the C-C and C-H vibrational modes. In this way, the PAH molecules leave behind their
signature in the form of the UIR bands.

Theoretical and experimental spectroscopy of PAHs

The interpretation of the UIR bands and their carriers is heavily based upon theoretical and
experimental spectroscopy of PAHs and their relatives. Comparison of astronomical spectra
with laboratory spectroscopy and theoretical calculations of the vibrational modes of well
characterised materials allows to determine the specific carrier or to constrain the possible
candidate carriers of the emission band under consideration as well as to determine the cause
of the observed spectral variations.

One of the early pivotal results of the laboratory and theoretical studies on PAHs reported
over the last decade is the remarkable effect ionisation has on the infrared spectra (Szczepan-
ski & Vala 1993a; Joblin et al. 1994, 1995; Langhoff 1996; Kim et al. 2001; Hudgins &
Allamandola 1999a, and ref. therein). While PAH characteristic frequencies are only mod-
estly affected by ionisation, the influence on intensity is striking - particularly in the 5 to 10
µm region (see Fig. 1.6). The bands in this region grow from the smallest features in neutral
PAH spectra to become the dominant bands in ionised PAH spectra. Hence, the UIR spectrum
arises from both charged and neutral PAHs.

As a result of these laboratory and theoretical studies on PAHs, it also became clear
that a distribution of different charge states (both positive and negative) of PAHs is present
in a wide variety of astrophysical environments. The charge of a PAH molecule is set by
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Figure 1.6 — The absorption spectrum of a mixture of neutral PAHs (a) compared to the spectrum
of the same PAHs in their positive state (b). This comparison shows that, for PAH spectra, ionisation
has a much greater influence on relative intensities than on peak frequencies, with the features in the 6
to 10 µm region substantially enhanced with respect to the rest of the spectrum (Figure adapted from
Allamandola et al. 1999b).

the balance between photoelectrically ejected electrons and the PAH-electron recombination
rate and is therefore determined by the ratio of the illuminating UV radiation field and the
electron density, G0/ne. For example, in regions of low G0/ne, the PAH charge is dominated
by neutral and anionic PAHs while in regions of high G0/ne the PAH charge is dominated by
multiple ionised PAHs (Bakes et al. 2001). As mentioned above, the charge state of a PAH
molecule highly influences the apparent vibrational infrared spectrum.

Laboratory measurements of a collection of different PAHs also reinforced the presence
of a family of PAHs in astronomical environments rather then one specific PAH molecule
(Desert et al. 1990; Schutte et al. 1993; Verstraete et al. 2001; Pech et al. 2001).

Formation and evolution

Since in many objects the IR emission originates in material recently ejected from a star,
PAHs probably are the extension of the grain size distribution of circumstellar carbon grains
into the molecular domain and as such may shed light on the detailed formation mechanism
of carbon stardust which likely is comparable to terrestrial soot formation in flames. Indeed,
PAHs are the building blocks of soot particles due to their high stability and their similar
structure (see Allamandola et al. 1989b; Frenklach & Feigelson 1989; Tielens 1990, 1997a;
Tielens & Charnley 1997; Cherchneff et al. 2000, for extended overviews).
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Most of the carbon in the outflow from C-rich AGB stars is tied up in CO and C2H2. Since
CO is so stable, acetylene and its radical derivatives are likely to be the dominant precursor
molecules from which PAHs and soot are formed. This occurs through two distinct steps :
(i) the formation of the first ring out of actylene and (ii) the growth of additional rings by
repeated radical formation by abstraction of a H-atom and addition of hydrocarbons; a PAH
molecule is formed. These PAHs can grow and coagulate to form PAH clusters, PAH platelets
and eventually amorphous carbon particles. In this soot formation process, the most difficult
step is the formation of the first aromatic ring.

This formation route does not apply to H-poor environments. Here, the formation pro-
cess is based on 3 different stages : (i) the formation of small linear C-chain radicals, (ii)
the subsequent formation of monocyclic ring molecules. These flexible chains can isomerise
to rings upon C addition, (iii) eventually this isomerisation leads to the formation of planar,
carbon hexagon structures. In contrast to the above discussed formation process, the absence
of hydrogen leads to dangling bonds at the peripheries. Incorporating pentagons and curling
reduces the dangling bonds which can lead to the formation of fullerene molecules (Curl &
Smalley 1988; Kroto 1988). Larger species may also grow through cluster-cluster reactions.

As PAHs are closely related to dust, their evolution is very similar to that of dust. Formed
mainly in the outflow of evolved stars, they are ejected by their dust-driven winds in the
ISM. As the dust grains, they undergo dramatic changes. On one hand, the PAHs can grow
by coagulation and accretion and even become part of dust grains themselves, and heavier
elements as for example nitrogen, produced by stars can be incorporated. On the other hand,
PAHs are processed and destroyed partly or completely by highly energetic radiation, highly
energetic particles and strong shocks. However, PAHs are very stable and can survive their
stay in the ISM; only the small ones (∼ 20–30 C-atoms) are completely destroyed (Allain
et al. 1996).

In dense molecular clouds, PAHs get frozen into the ice mantles on the grain surfaces. UV
irradiation and the infall of cosmic rays give rise to rich surface chemistry and more complex
molecules can form. For example, a hydrogen atom on the periphery of a PAH molecule can
be replaced by different functional groups as e.g. methyl (Bernstein et al. 1999; Muñoz Caro
et al. 2001; Bernstein et al. 2002).

When a protostar is formed, these newly processed PAH molecules are released into the
gas-phase. However, they are less stable than the pure PAHs and hence are easily photo-
destoyed by UV photons. Furthermore, in the near vicinity of a newly born star, all PAHs are
destroyed due to the highly energetic UV radiation of the star.

PAH abundances

Fig. 1.7 shows the infrared emission spectrum of interstellar dust heated by the interstellar
radiation field (Reach & Boulanger 1998). Different components can be distinguished : the
UIR bands and their underlying plateaus, the 25 and 60 µm cirrus and the far-infrared emis-
sion. Each of these spectral components is carried by a different size species/particle (Draine
& Anderson 1985; Puget et al. 1985; Desert et al. 1990). The UIR bands are carried by PAHs,
their underlying plateaus by PAH-clusters (Bregman et al. 1989; Buss et al. 1990), the 25 µm
cirrus by very small grains (Low et al. 1984; Puget et al. 1985; Boulanger et al. 1996b), the
60 µm cirrus by small grains (Low et al. 1984) and the far-infrared emission (λ > 100
µm by classical grains (Boggess et al. 1992; Boulanger et al. 1996a). The abundance of C,
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Figure 1.7 — The infrared emission spectrum of interstellar dust heated by the interstellar radiation
field. The far-infrared spectrum is from COBE/FIRAS, and the mid-infrared spectrum is from ISO-
CAM. Points with error bars are from COBE/DIRBE broad-band observations and the Arome balloon
experiment. The brightness here corresponds to an interstellar gas column density of 1020 cm−2. The
continuous thin curve is a model consisting of three dust components (PAHs and PAHs-clusters, (very)
small grains and big grains), whose individual contributions are also shown. [Taken from Reach &
Boulanger (1998)].

Table 1.1 — Abundance of the carriers of the different IR emission components [taken from Tielens
et al. (1999)].

carrier IR emission component size faC
Å ppm

PAHs UIR bands 4-10 b 14
PAH-clusters plateaus 10-20 8
very small grains 25 µm cirrus 20-30 7
small grains 60 µm cirrus 50 16
classical grains λ > 100 µm ≥ 100 35 c

(a) Abundance of C locked up in these species in parts per million; (b) Size corresponds to
disk rather than sphere; (c) The abundance of C locked up in dust grains is very uncertain.
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FC locked up in the carriers of these different IR emission components are given in Table 1.1
(Reach & Boulanger 1998; Tielens et al. 1999; Boulanger 1999). Very similar fractions of the
carbon are locked up in PAH clusters which carry the plateau emission underlying the UIR
bands and in the very smal grains which are responsible for the 25 µm cirrus. The abun-
dance of PAHs and small grains responsible for the fluctuation part of the 60 µm cirrus are
slightly larger. Finally, the fraction of the elemental carbon locked up in larger dust grains is
very unclear because the cosmic abundance of C is uncertain. Adopting B star C-abundances
leaves about 35 ppm for classical dust grains. This small fraction of the carbon available for
the interstellar grains responsible for visible extinction provides problems for all current dust
models.

1.5 Why do we study PAHs?

Every molecule has a niche and each niche has its molecule. As is unequivocally evident
from infrared observations, the niche for PAHs is the whole universe. Hence, it may not
come as a surprise that PAHs play a crucial role in several astrophysical processes.

We mention a few processes here. As described above, PAHs are the building blocks in
the carbon condensation route (Frenklach & Feigelson 1989; Tielens 1990, 1997a; Tielens
& Charnley 1997; Cherchneff et al. 2000). PAHs also dominate the heating and cooling of
the ambient ISM via photoelectric ejection (Verstraete et al. 1990; Bakes & Tielens 1994),
infrared emission and gas-grain collisional cooling (Aannestad & Kenyon 1979; Dwek 1986).
In addition, PAHs influence the charge balance and in this way – through their influence on
the equilibrium state of chemical reations – the gas-phase abundancies in interstellar clouds
(Lepp & Dalgarno 1988; Bakes & Tielens 1998). Due to their large surface areas, PAHs also
affect the on-going surface chemistry and so play a significant role in IS chemistry (Tielens
& Allamandola 1987).

In addition, PAHs are mentioned as possible carriers of the Diffuse Interstellar Bands
(DIBs; these are absorption bands observed in the UV and visible part of the spectrum along
many lines of sight Leger & Dhendecourt 1985; van der Zwet & Allamandola 1985; Crawford
et al. 1985; Salama et al. 1996). The PAHs may also be involved in the 2175Å feature (Joblin
et al. 1992) which dominates the interstellar UV extinction curve (Fitzpatrick 1986).

PAHs are generally accepted to trace star formation. This is nicely illustrated in Fig 1.8
of the molecular ridge of the star formation complex NGC 6334. The PAHs emission clearly
show very extended filamentary structure over the whole starforming complex, some ∼15 pc
in size. van den Ancker et al. (2000a) distinguish shocked gas and PDRs through the presence
of the PAH features. Furthermore, extra-galactic studies use the PAH features, in combina-
tion with the emission lines, qualitatively and quantitatively as diagnostics for the ultimate
physical processes powering galactic nuclei (Genzel et al. 1998; Lutz et al. 1998; Rigopoulou
et al. 1999; Clavel et al. 2000; Helou et al. 2000; Tran et al. 2001). For example, these au-
thors conclude, in this way, that ULIRGs are mainly powered by starbursts. Consequentely,
the strength of the PAH bands can also probe evolutionary effects. In addition, PAHs also can
serve as tracers of elemental evolution in external galaxies.

Obviously, this is heavily based on the precise knowledge of the UIR bands and the PAH
families present in astronomical environments. Although the presence of PAHs in space is
generally accepted, presently, the specific molecular identification of the carriers remains
elusive. Consequentely, the ultimate goal is the identification of the individual molecules of
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Figure 1.8 — Infrared image of the molecular ridge of NGC 6334. The white color represents star
forming regions, the grey filamentary structure represents PAH molecules and dark regions symbolises
dark clouds. [Taken from Burton et al. (2000)].

the PAH family. Furthermore, if we want to use PAHs and their emission bands as tools for
probing the universe, for example the starburst contribution to extra-galactic spectra, then we
have to understand how the local environment and/or the history influence the composition
of this PAH family; and vice-versa, how the PAH molecules influence the local physical and
chemical processes.

1.6 In this thesis

The research described in this thesis addresses the questions mentioned above : the composi-
tion and evolution of PAHs in space.

In this thesis, we apply the combination of astronomical observations with theoretical
and experimental work on PAHs. We make use of all four instruments on board ISO in one
way or another, though the work presented here is mainly based on the Short Wavelength
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Spectrometer (SWS). These data are supplemented with high spatial resolution ground-based
data.

1.6.1 The Infrared Space Observatory

The Infrared Space Observatory (ISO, Kessler et al. 1996) was launched in November 1995
and had an operational lifetime of over 28 months. ISO carried four instruments providing
spectroscopy and imaging between 2.3 and 193 µm; the Short Wavelength Spectrometer
(SWS, de Graauw et al. 1996), Long Wavelength Spectrometer (LWS, Clegg et al. 1996),
a camera (ISOCAM, Cesarsky et al. 1996) and an imaging photo-polarimeter (ISOPHOT,
Lemke et al. 1996).

With these instruments, offering unprecedented combinations of wavelength coverage,
sensitivity, and spatial and spectral resolutions in the infrared spectral region, ISO opened
the infrared Universe. Specific for the UIR bands, the complete access to the 2.3–197 µm
wavelength range allowed – for the first time – the study of the PAHs in space in all their
glory. ISO reinforced the ubiquitous nature of the UIR bands (Cox & Kessler 1999) and has
revealed the incredible richness of the UIR spectrum and the widespread variations in the
relative strength and profiles of these features from source to source and within sources (e.g.
Molster et al. 1996; Roelfsema et al. 1996; Verstraete et al. 1996; Tielens et al. 1999; Maillard
et al. 1999; Moutou et al. 1999a,c; Joblin et al. 2000; Van Kerckhoven et al. 2000; Hony
et al. 2001; Van Kerckhoven 2002, this thesis). In addition, observations of the UIR bands
in regions of low UV flux reinforced the proposed heating mechanism of PAHs (Boulanger
et al. 1996b; Mattila et al. 1996; Lemke et al. 1998; Boulanger 1999; Boulanger et al. 2000).

1.6.2 Outline

Chapter 2 presents an ISO spectral catalogue of 43 compact H II regions containing the com-
bined SWS-LWS spectra for each of the sources, the fluxes of the atomic fine-structure lines
and hydrogen recombination lines, and an inventory of the spectra in terms of molecular lines,
dust and ice bands.

In Chapters 3 and 4, we study the profiles and peak position of the main UIR bands
(3.3, 6.2, 7.7, 8.6 and 11.2 µm) in a large sample of sources including reflection nebulae,
H II regions, YSOs, evolved stars and galaxies that show strong unidentified infrared bands.
We investigate the spectral characteristics of the PAHs and their dependence on the local
environment. The IR emission features vary considerably and systematically with source
type. Moreover, the observed pronounced contrast in the spectral variations for the CH modes
versus the CC modes is striking. We conclude that a PAH family is present and is dependent
on the local environment; e.g. pure carbon PAHs are present in C-rich evolved stars while
substituted/complexed pahs dominate in the ISM.

In chapter 5, we present the first detection of UIR emission features at ∼ 6.4 and 7.9
µm in the spectrum of the dusty WC8 Wolf-Rayet star WR 48a. We compare the observed
profiles with those studied in Chapter 3. Based on the H-deficient nature of WC-stars, we
attribute the emission features to large carbonaceous molecules or amorphous carbon dust
grains in the circumstellar environment of WR 48a and confirm the apparent sensitivity of
the UIR bands to physical conditions.

Chapter 6 reports the detection of deuterated PAHs and derives the D/H ratio of the PAH
molecules present in the Orion Bar. The cosmic deuterium to hydrogen (D/H) ratio is of
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key importance from a cosmological and stellar evolution perspective and traces interstellar
chemical evolution. Since the PAH emission features are widespread and probe many differ-
ent types of cosmic environments, observations of deuterated PAHs can provide fundamental,
far reaching new insight and perspective into galactic and extragalactic processes.

In Chapter 7, a set of ISOPHOT spectra from a sample of H II regions in the Large Mag-
ellanic Cloud (LMC) is presented. The LMC spectra have been compared with ISO-SWS
spectra from Galactic H II regions and with the ISOCAM observation towards a quiescent
molecular cloud in the SMC (Reach et al. 2000). In this way, we can assess the influence
of metallicity (direct or indirect) on the UIR bands. The relative strengths of the UIR bands
vary considerably and a segregation between the sources in the different types of environ-
ment (Milky Way – LMC : others – LMC : 30 Dor – SMC) is present. Clearly, the PAHs are
sensitive to the local phusical conditions.

In Chapter 8, we supplement the ISO data on two compact H II regions with high spatial
resolution ground-based observations. We report the discovery of a new broad dust feature
in one of the sources and compare its profile with those studied in Chapter 3. Likely, the
carrier of this new emission band is related to PAH molecules. We examine the spatial varia-
tion of the PAHs and the different dust components and discuss the dependence on the local
conditions. We highlight the possible heating mechanisms of the dust components and find
that the dust is colocated with the ionised gas in the arcs of both H II regions while the PAH
emission originates from the PDR. The carrier of this new dust feature also resides inside the
H II region. Likely, the PAH molecules are destroyed inside the H II region by the energetic
photons.

Finally, we will summarise the main results of this thesis and outline future research.




