
Chapter 6

Summary and future prospects

I n this thesis the infrared emission associated with interstellar PAH molecules
was studied by combining sensitive space-based IR spectroscopy at modest
spectral and spatial resolution, ground-based imaging and spectroscopy on

10 meter class telescopes and a state-of-the-art database of IR spectroscopy of
PAHs and PAH-like species. This was done in three parts, addressing the overall
question: “What is the composition of the interstellar PAH family and how do
PAHs trace and influence their environment?” In the first part two regions in the
interstellar PAH emission spectra were investigated that, to date, had not received
much attention. Generally, PAH studies heavily rely on the spectroscopic charac-
teristics between 3 – 15 µm. The first two chapters of this thesis set out to explore
the potential of the emission between 5 – 6 and 15 – 20 µm. The questions that
were sought out to address include: “Do these wavelength regions tell something new
about interstellar PAHs? If yes, what? And how does that fit in with the existing picture
of interstellar PAHs?” In the second part of this thesis the morphological aspects of
Herbig Ae/Be stars were studied using state-of-the-art ground- and space-based
observatories such as Spitzer and the VLT. Questions that were addressed here
include: “What is the circumstellar morphology of Herbig Ae/Be stars and how does it
evolve? How does the composition of the astronomical PAH family evolve during the star
and planet formation process and how can those be used as probes?” In the third and
final part the NASA Ames PAH IR Spectroscopic Database is described and its
importance for the upcoming far-IR data is emphasised.

6.1 Summary

What follows is a chapter-by-chapter summary of this thesis and its main conclu-
sions.



154 Summary and future prospects

Part I : Polycyclic Aromatic Hydrocarbons

Chapter 1: The 5.25 and 5.7 µm PAH emission features – Here, the
focus was on two minor PAH features located at 5.25 and 5.7 µm. High quality
ISO-SWS spectra of four sources are analysed and tied in with results from the
study of laboratory and synthetic spectra. It is shown that blends of combina-
tion, di!erence and overtone bands, involving mostly C-H modes, are responsible
for the emission in this wavelength region. In profile shape the 5.25 µm feature
resembles those of the 3.4, 6.2 and 11.2 µm bands. The structure of the 5.7 µm
profile seems related to hydrogen adjacency class; PAHs with duo and trio hy-
drogens produce emission that cluster on the blue side, whereas PAHs with solo
hydrogens produce emission on the red side of this feature. Therefore, the 5.7
µm feature may provide, next to the 10 – 15 µm region, an independent probe
of the molecular edge structure. Furthermore, quartet hydrogen adjacency can
be excluded as they systematically produce emission at positions not observed in
the astronomical spectra. This implies that interstellar PAHs are mostly large and
compact.

Chapter 2: The 15 – 20 µm PAH emission features: probes of in-
dividual PAHs – Spitzer routinely reports features between 15 – 20 µm, com-
monly ascribed to PAHs and PAH-like species. Utilising the NASA Ames PAH
IR Spectroscopic Database, this chapter sets out to obtain a better understanding
of this wavelength region. While in astronomical spectra often the region is dom-
inated by distinct features at 15.8, 16.4, 17.4, 17.8 and 18.9 µm, perched on a broad
band around ‘17’µm, in a few occasions the range is spanned by a featureless plat-
eau. It is shown that the astronomical bands do not correlate with each other, nor
with the shorter wavelength mid-IR PAH features. A notable exception is the 16.4
µm feature, which seems connected to the mid-infrared features both in strength
and ABC band classification. Several sets of species were defined, grouped on
common molecular characteristic such as structure, composition, charge or size.
It is shown that none of these sets of PAH molecules produce systematically
emission between 15 – 20 µm. Only the group of PAHs with pendent rings con-
sistently bring forth a band around 16.4 µm. However, the band at 13.5 µm, due
to the quartet hydrogens o! the pendent ring, does not match the observations in
strength. The independence of the features and the ‘simple’ astronomical spectra
suggests only a few specific large PAHs are dominating the emission between 15 –
20 µm.
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Summarising, the first two chapters of this thesis show that the largely uncharted 5 – 6
and 15 – 20 µm wavelength regions provide additional insight into the interstellar PAH
family. The results complement and extend the existing picture of interstellar PAHs: they
are generally large, compact and distinct, i.e., only a handful of species seems to dominate
the population.

Part II : PAHs in regions of star and planet formation

Chapter 3: Characteristics of IR emission features in Herbig Ae
stars – Here, two Herbig Ae stars were studied that have PAH emission domin-
ating their Spitzer spectrum. The ‘7.7’ µm PAH band is of particular interest as it
shows considerable variation in band shape between the two sources. These vari-
ations parallel those seen in the ISO-SWS spectra of three other Herbig Ae stars
with a well-known morphology. From this it is argued that two distinct, spa-
tially separated, PAH families are present in the sources HD 36917 and HD 97048.
Neither of the two components could be associated with a disk. Therefore, the
emission must be originating from the circumstellar envelope and surrounding
cloud. This shows that PAHs in subsequent, linked, stages of star formation are
di!erent from those in the general ISM. Although there are known examples of al-
terations of the PAH family taking place in the circumstellar disk, e.g., HD 100546,
this suggests that such changes can already occur before the PAHs reach the disk.

Chapter 4: Characteristics of mid-IR emission features in four
Herbig Ae/Be stars – Combining observations from ground-based and space
observatories, the (large scale) morphology of four Herbig Ae/Be stars was in-
vestigated. Analysis of the spectra and images segregates the emission scales into
two classes. In the first the spectral characteristics are in-line with Herbig A stars.
In the second, the spectral characteristics resemble those from reflection nebulae.
For the source TY CrA a geometry is proposed in which a large inner gap in a
circumtertiary disk is cleared by a fourth companion.

Summarising, high spatial resolution IR imaging and spectroscopy does indeed allow one
to pin down the circumstellar morphology of Herbig Ae/Be stars. In particular, PAHs
provide a very convenient tracer of star and planet forming regions associated with this
type of stars: PAHs, set aglow by the stellar UV radiation, trace the upper layer of the
disk and illuminate the nearby envelope and surrounding cloud material.
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Part III : The future

Chapter 5: The NASA Ames PAH IR Spectroscopic Database –
Here, the content of the NASA Ames PAH IR Spectroscopic Database and the
methods and tools developed to analyse and interpret these data was discussed.
A detailed description of an emission model including the full temperature cas-
cade was given and the potential that the database holds to study astronomical
IR spectra was demonstrated. Specifically for the upcoming far-IR data expected
from Herschel and other far-IR observatories. The database will be made avail-
able to the community at large end 2009 through a website that o!ers many of the
developed methods and tools.

Summarising, the work done at NASA’s Ames Research center will continue to contribute
to the understanding of the astronomical PAH emission bands. The database shows great
potential for analysing existing and forthcoming mid- and far-IR data.

6.2 Future prospects

Now routinely, the PAH distribution is traced and PAH band ratios are used as
probes of many di!erent objects and emission regions. Examples include: photo-
dissociation regions, galaxies, starburst regions, ultra luminous infrared galaxies,
the di!use interstellar medium, molecular clouds, young stellar objects and even
the early Universe. Key to interpreting and understanding the information con-
tained in the astronomical PAH emission spectra have been the laboratory and in
silico spectral studies. It is clear that there remains much important information
to be mined from the spectroscopic details. It is the subtle di!erences that will
help to constrain the members of the astronomical PAH family. Knowledge of
their spectroscopic transitions and molecular diversity deepens our understand-
ing of the evolutionary processes associated with the formation of galaxies, stars,
planets and perhaps even life itself.

A synergy between the astronomers, laboratory chemists and theoretical chem-
ists at the facilities at NASA’s Ames Research Center has resulted in a collection
of PAH spectra unrivalled in the world: The NASA Ames PAH IR Spectroscopic
Database. Now the growth of CPU power over the last two decades has enabled
in silico calculations to compute spectra of increasingly larger and more complex
PAH molecules. With the number of computational spectra rapidly expanding,
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new ways of dealing with these large amounts of data are necessary. The ultimate
goal would be to fit the astronomical spectra directly using the database of spectra.

The line of ground-breaking mid-infrared astronomical research initiated by
NASA’s Kuiper Airborne Observatory (KAO), the Infrared Astronomical Satel-
lite (IRAS) and greatly expanded with ESA’s Infrared Space Observatory (ISO),
has been picked up by NASA’s Spitzer space telescope and ESO’s ground-based
facilities in Chile. In the near future, this pioneering work will be extended into
the far-infrared and beyond by ESA’s Herschel satellite, NASA’s stratospheric ob-
servatory for infrared astronomy (SOFIA), ESO’s Atacama large millimetre array
(Alma) and the Dutch initiative of the low frequency array (LOFAR). The near to
mid-IR will be covered by NASA’s James Webb space telescope. Questions that
these observatories hopefully will help to settle include: “Is it possible to identify
individual PAH molecules in the far-IR and, with respect to this, is there a (small)
family of grand PAHs dominating the interstellar PAH emission?” Also: “what
is the nature of the plateaus, are they due to PAH clusters or the blends from
many PAHs with common, overlapping bands?” With the next generation of
observatories, like the thirty meter telescope (TMT), on the drawing board, prom-
ising unprecedented spatial resolution, the alterations PAHs undergo from their
journey from molecular cloud to disks will be exposed and help shed light on the
star and planet formation process in a multitude of objects spanning the Universe.

Observations of the PAH bands are not only impacting current observations, but they will
also have a fundamental impact on astronomy for the foreseeable future, spanning many
wavelength regimes.




