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9
Conclusions and future work

The key questions addressed in this thesis is to determine the characteristics of the IR emis-
sion features and their implications for the composition and evolution of their carriers.

9.1 What did we learn?
PAHs : an interstellar family

The detailed analysis of the UIR bands in astronomical spectra of a wide variety of objects
allows us to extend our knowledge on which molecules or dust grains are responsible for
specific UIR bands or their satellites.

The “traditional” UIR bands

Until quite recently, most of the interstellar emission bands were considered to be more-or-
less invariant in position and profile. A study of 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 reflec-
tion nebulae, H II regions, YSOs, evolved stars and galaxies, reveals however the opposite :
the main IR emission features show pronounced variations in peak position and profile (see
Chapters 3 and 4). Noticeable is the strong contrast in the spectral variations of the CC modes
compared to those for the CH modes. In addition, the observed variations of the different UIR
bands are directly linked with each other and depend on the type of object.

Analogously, laboratory measurements and theoretical calculations of several PAH
molecules exhibit variability. The variation in the peak position of the 3.3 and 11.2 µm band,
measured in the laboratory or quantum-chemically calculated, is much larger than observed
in space. It is clear that only a small subset of the PAHs studied by these means is present in
space. On the other hand, the variation in peak position of the CH modes is likely due to the
presence of a family of PAH molecules each emitting at a slightly different frequency.

We attribute the observed 6.2 µm profile and peak position to the combined effect of
a PAH family and anharmonicity with pure PAHs representing the 6.3 µm component and
substituted/complexed PAHs representing the 6.2 µm component. Also larger PAH related
species like PAH clusters or PAH platelets can be responsible for the latter component.
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The 7.6 µm component is well reproduced by both pure and substituted/complexed PAHs
but the 7.8 µm component remains an enigma. In addition, the exact identification of the
8.22 µm feature remains unknown.

The infrared spectrum of a particular H II region (see Chapter 8) shows – beside the
traditional UIR bands – a new broad emission feature at 8.9 µm. This band is very similar
to the 8.22 µm band seen towards two evolved objects : the band has a similar broad profile
but is clearly redshifted. Probably, this band is due to larger PAH related species like PAH
clusters or PAH platelets.

In Chapter 7, we study the infrared spectra of H II regions in the LMC and SMC. In
these neighbouring galaxies, the metallicity (and hence the carbon abundance) is considerably
lower then in our Milky Way. Comparison with H II regions in our Milky Way shows that the
relative strengths of the UIR bands vary considerably and a segregation between the sources
in the different types of environment (Milky Way – LMC : others – LMC : 30 Dor – SMC) is
present. This effect is caused by the molecular structure of the PAHs : in star forming regions
in the SMC and the LMC, the PAH molecules are compact and have smooth edges while in
star forming regions in the Milky Way, the PAH molecules are less compact and irregular.

“Poor” PAHs

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. As expected in a hydrogen
poor environment, emission due to the CH vibrational modes is not present, neither are PAH
molecules. However, the apparent bands at 6.3 and 7.9 µm resemble the traditional UIR
bands and hence are likely caused by large carbonaceous molecules or amorphous carbon
dust grains in the circumstellar environment of WR 48a.

“Heavy” guys

In Chapter 6, we search for heavy PAHs. In these molecules, one or more hydrogen atoms is
replaced by a deuterium atom without disturbing the PAH structure, the so-called PADs. Due
to the higher mass of D, the CD vibrational modes occur at different frequencies then the CH
ones. At these frequencies, we indeed find very weak emission in the Orion Bar.

Summarising, the interstellar PAHs form a family of compounds whose detailed compo-
sition reflects the local physical conditions.

Formation and evolution of PAHs

As mentioned above, the variations in peak position and profile of the main UIR bands (3.3,
6.2, 7.7, 8.6, 11.2 µm) are directly linked with the type of object (see Chapters 3 and 4). In
particular, ISM-like sources all exhibit very similar UIR bands but quite distinct from those
around evolved stars. These variations between different types of objects give us information
on how PAHs form and evolve.

Around evolved stars, where the PAHs are formed, we find pure large PAHs (Chapter 3).
How they are formed and which specific individual PAHs are formed is however not clear. In
addition, we conclude that they (or similar molecules) can also be formed in H-poor environ-
ments (Chapter 5). Furthermore, the presence of high energetic radiation (as in the LMC and
SMC) forms no objection for the formation of these molecules (Chapter 7). Since PAHs are
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the building blocks in soot formation, these arguments are in a limited way also valid for the
formation of stardust.

In the ISM – where PAHs are processed by high energetic irradiation, highly energetic
particles and strong shocks – we mainly find heterogene PAHs (i.e. where the carbon atom is
replaced by a hetero atom, likely nitrogen) or PAH clusters/platelets (Chapter 3). However,
depending on the metallicity of the region, the PAHs are processed in different ways (Chap-
ter 7). For example, in star forming regions in the LMC, the PAH molecules are compact and
have smooth edges while in star forming regions in the Milky Way, the PAH molecules are
less compact and irregular.

Deuterium fractionation of PAHs occurs due to the different zero-point energies of CH
and CD bonds, resulting in slightly more stable CD bonds and so, with time, interstellar PAHs
should become enriched in deuterium. When comparing the strength of the CD vibrational
modes with that of the CH vibrational modes we then can estimate the deuterium enrichment
of the PAHs (Chapter 6). This immediately offers the possibility to study the history of
the environments where these PADs are detected : when those environments are young, we
expect relatively low abundance of PADs while in old environments, the PADs will be more
abundant.

In massive star forming regions, the local physical conditions strongly influence the dis-
tribution of PAHs and dust grains. In particular, the dust grains and PAHs undergo different
processes inducing the presence of dust grains co-located with the ionised gas in the densest
region of the H II regions while the PAH emission originates from the neutral regions in the
surrounding PDR.

9.2 Future work

While in the past, progress in this area was limited by the astronomical observations,
ISO-SWS has relocated the astronomical boundary and the key questions are now
laboratory-oriented. There have been many comparisons between PAH spectra and the
interstellar spectra over the years. Due to the large effort put in theoretical and laboratory
studies of PAHs, the fit has now become striking. Nevertheless, in view of the quality of
the new ISO spectra, important differences become apparent which have the potential of
shedding further light on the interstellar PAH population.

Laboratory and theoretical side

The UIR bands are likely due to free gas-phase PAHs. To date, most laboratory studies of
PAHs are done in matrices and only one study measures isolated, individual PAH molecules in
the gas-phase. A good understanding of the influence of the matrix-isolation technique on the
PAH emission bands is essential to interpret astronomical data with the present quality. Also,
the ISO studies suggest that the interstellar PAH family contains very large molecules likely
present in different charge states. Laboratory measurements and/or theoretical calculations
of these molecules will certainly aid in the interpretation of the astronomical spectra.

In particular, the interstellar position of the 6.2 µm band coincides with the position
of the 6.2 µm band in nitrogen substituted PAHs. However substituted/complexed PAHs,
metallocenes or PAH clusters likely cause a similar effect on the peak position compared to
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pure PAHs, i.e. a blueshift of the peak position towards 6.2 µm. Hence, to make a firm
identification, further theoretical and experimental work is needed on these molecules.

The ISO spectra also revealed the weak points in the identification of the UIR bands
with PAH molecules. For example, the PAHs measured in the lab or theoretically calculated
can not account for the 7.8 µm emission and exhibit only weak emission at 8.6 µm. Other
features as the 8.2 and 8.9 µm bands, are likely related to PAH molecules but are probably
not caused by them. Here, theoretical and experimental work on PAH related species likely
reveals the global structure of their carrier.

Astronomical side

To solve the mystery on the specific individual members of the PAH family, one can, in
combination with laboratory and theoretical work, look for the electronic transitions (at UV
and visual wavelengths) and the ro-vibrational structure (at submm and mm wavelengths)
of PAHs. Several instruments are or become available to look for the electronic transitions
e.g. William Hershel Telescope on La Palma, UVES on the VLT, COS (to be placed on the
Hubble Telescope). The HIFI instrument on HERSCHEL and ALMA are ideally suited for
the search for ro-vibrational structure associated with low-lying transitions and hence may
a have a significant and unique role in the identification of the PAHs. These ro-vibrational
transitions can also reveal information on the rotational temperature of PAHs which have a
strong impact on current PAH models (Rouan et al. 1992). These studies can then be coupled
with the UIR bands to probe the interrelationship of the spectral characteristics of PAHs.

The suggestion of substituted PAHs or metallocenes as carrier of the 6.2 µm band can
be assessed by studying low metallicity galaxies in this wavelength region. The 6.2 and
7.7 µm features are expected to change with metallicity when due to N-substituted PAHs
or PAHs complexed with metals since both the elemental N/C and Fe/C ratio varies with
metallicity. The spectra of PAHs in low metallicity systems is also of interest for studies of
the IR characteristics of galaxies in the early universe. While ISO-SWS has been able to
probe the IR emission spectra of regions in the Milky Way, SIRTF, SOFIA and NGST, with
their superb sensitivity, will allow us to extend these studies to nearby galaxies including such
low metallicity systems.

Two properties influence the observed PAH spectra : the composition of the PAH family
associated with the source and its ionisation fraction. With high spatial and spectral resolution
IR spectroscopic data we can study the spatial variations of the PAH spectrum within a source
and link the observed variations to both the physical conditions present in the source and the
laboratory study on IR characteristics of PAHs. In this way, we may be able to disentangle
the influence of these two properties, PAH family and charge state. Furthermore, we can link
the PAH characteristics with those of the dust grains. This study can then also be extended
to study the PAH spectra within galaxies. A plethora of 10-meter class telescopes are now
becoming available. These observatories are or will be equipped with near -and mid-infrared
imaging and spectroscopy instruments (e.g. VISIR, VLTI and MIDI on the VLT, Michelle
and T-ReCS on Gemini) which will allow to probe variations in the spectroscopic spectrum
of the PAHs on the smallest scales in order to determine, in detail, the interplay of physical
conditions and PAH characteristics.




