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Introduction

S
pace is vast and barren, however, not quite empty. Scattered
around are the stars we see at night. Existing across time spans
of millions to billions of years, they are tied up in a cycle of life

and death. Similar to biological ecosystems on Earth, little is wasted.
In this Galactic life cycle, stars are born from large condensations
of material strung together by self-gravity. These are the molecular
clouds, which collapse and fragment under the might of their own
weight. The forming star is often surrounded by a disk, which supplies
the means to get rid of excess rotation while it grows and provides the
place for planets to form. When after a few million years the star
reaches adulthood, it will live a long and relatively quiescent life. Its
death though, can be quite the opposite. Past its prime, the star starts
pulsating, expelling its outer layers. For the most massive stars, the
star will make a final mark and leave the Galactic stage in a violent
supernova explosion. Both events enrich the interstellar medium with
gas and dust. This gas and dust will take part in a new cycle of
Galactic life. However, this pristine dust undergoes changes as it
moves through the different stages. Alterations depend on the route
it takes and the different environments it encounters. There are two
forms of dust; one rich in oxygen and the other rich in carbon. The
former are the silicates, similar to micron-sized grains of sand, found
on beaches around the globe. The latter are similar to soot and can
be found in combustion products from fossil fuels. One particular
variant of carbon-rich dust are the microscopic building blocks knows
as polycyclic aromatic hydrocarbons, or PAHs for short. These are
chicken wire shaped molecules and form the transition region from
dust to gas. The story of dust is told by mid-infrared spectroscopy -
the study of the interaction between light and matter using a prism or
diffraction grating to obtain a spectrum. At mid-infrared wavelengths
the different incarnations of dust have vibrational transitions, which
show up as emission or absorption features in the spectra. Studying
the variations, both in strength and profile shape, of these features
unravels the intricate details of the Galactic life cycle. A cartoon
depicting the Galactic life cycle is shown on the next page (Fig. 1).
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Old stars expelling their outer 
layers, enriching the interstellar 
medium with gas and dust, includ-
ing polycyclic aromatic hydrocar-

bons formed in the ejecta

Diffuse clouds gather into 
large molecular clouds

Collapse and fragmentation of 
the molecular cloud, resulting 

in dense proto-stellar cores

At the end of their life massive 
stars inject gas and dust into the 
interstellar medium through 
supernovea, introducing shocks

Low and intermediate mass stars 
form disks where planets can form A long lived main sequency 

star with a planetary system

In the interstellar medium gas and 
dust is exposed to shocks and the 
interstellar radiation field, shattering 
and gas-phase reactions alter the dust 
and polycyclic aromatic hydrocarbons

Figure 1 – Cartoon of the Galactic life cycle. After Steven Simpson (Verschuur 1992), Sky &
Telescope Magazine.

This thesis focuses on two main aspects. First, aided by laboratory and in silico -
via computer simulation - experiments, the details of PAHs and the mid-infrared
emission they produce are studied. This provides new insights in how such
complex molecules form and the roles they fulfil in the Galactic life cycle. Second,
utilising PAH spectroscopy, we gain insights in the formation and evolution of the
morphology of the circumstellar environment of intermediate mass young stellar
objects, the so called Herbig Ae/Be stars.

Polycyclic Aromatic Hydrocarbons - PAHs

Carbon

The first molecule detected in space was the simple methylidyne radical (CHx),
back in 1937 (Swings & Rosenfeld 1937). This opened up the field of astrochem-
istry: the study of the abundance and reactions of chemical elements and molecules in
space, and their interaction with radiation. Methylidyne is a carbon bearing molecule.
Carbon is the sixth most abundant element in the Universe because of its synthesis
in the fundamental triple alpha reaction that fuels stars. Carbon atoms can have
four bonds, giving them the ability to form complex structures. A particularly sta-
ble carbon complex is benzene, where the carbon is arranged in a hexagonal ring,
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peri-condensed cata-condensed other carbon related species

benzene (C6H6) pyrene (C16H10) fullerene (C60) carbon chain (C6H14)

naphthalene (C8H10) chrysene (C18H12) nanotube (Cxx) diamond (Cxx)

coronene (C24H12) 2,3;12,13;15,16-tribenzoterrylene (C42H22) graphite (Cxx) methylcyclohexane (C7H14)
fragment

Figure 2 – Chemical structure of benzene, some cata- and peri-condensed PAHs and other
forms of carbon and PAH-related species.

with each atom bounded to three neighbouring atoms by a localised (σ) bond.
The fourth remaining electron of each carbon forms a de-localised (π) bond with
similar electrons of neighbouring carbon atoms. See Fig. 2 for the chemical struc-
ture of benzene. This configuration of extended de-localised π-bonds is generally
called aromatic and can be used as the basis for even larger, chicken wire shaped,
molecules consisting of several rings, so called polycyclic aromatic hydrocarbons
molecules, or PAHs for short. Two typical classes of PAH structures exist. First,
the more centrally condensed, compact PAHs. These are called peri-condensed.
Second, the more open structured, irregular PAHs, called cata-condensed. In Fig.
2 a few examples are shown. The structure is directly tied to the stability of the
PAH molecule. The most stable PAHs are amongst the peri-condensed, since
this structure allows for complete electron de-localisation throughout the entire
molecule between all adjacent carbon atoms.

On Earth PAHs are known as a large family of tarry materials and have
many applications. They are present in for example, coal and crude oil and are
commonly found in the combustion products of fossil fuels, like soot, making
them ecologically relevant. PAHs can have both carcinogenic and medicinal
properties, which provide a pharmaceutical interest. More recently, the field of
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nanotechnology turned to these type of molecules, e.g. graphene, buckyballs and
nanotubes, finding uses for them in solar cells and computer memory. Contrary
to what their relation with soot might suggest, PAHs can be very colourful as they
fluoresce when by excited visible and ultraviolet light. Other forms of carbon
are non-aromatic aliphatic hydrocarbons, carbon chains, diamond and graphite,
see Fig. 2 for some specific examples and their chemical structure. These are
generally much less stable and therefore, less prevalent in space.

The Unidentified Infrared bands

In the mid-1970’s and early 1980’s, mid-infrared observations became widely
available through NASA’s Kuiper Airborne Observatory and the joint US, UK
and the Netherlands’ Infrared Astronomical Satellite (IRAS). This ran parallel with
steadily improving ground-based telescopes, dedicated to infrared astronomy. A
new era opened up with the launch of ESA’s Infrared Space Observatory (ISO)
in the mid-1990’s as ISO provided the first full spectroscopic coverage of the
mid-infrared. Studies of a variety of astronomical objects and regions revealed a
diversity of spectral features. One such spectrum is presented in Fig. 3, obtained
by today’s state of the art mid-infrared space observatory; NASA’s Spitzer space
telescope. Most of the observed features could be identified with molecular
absorption and/or emission bands. However, the emission features located at 3.3,
6.2, ‘7.7’, 8.6, 11.2 and 12.7 μm, which always appear together and accompanied
by broad emission plateaus with up to 30% of the total infrared emission, could
not be explained. Because of this lack of a proper identification, these bands were
called the unidentified infrared bands, UIR for short.

The UIR spectrum is observed in regions where the material is too cold to
be emitting thermally at mid-infrared wavelengths. This implies that the carrier
must be excited by the absorption of a single ultraviolet or visible photon, i.e., the
carriers are free-floating gas-phase molecules. Furthermore, the strong correlation
between the amount of available carbon and the UIR emission intensity, suggests
that the carriers are carbon-rich, i.e., organic molecules. Finally, the UIR features
even appear in the most harsh regions of the interstellar medium, indicating that
the carriers must also be highly stable. And so after almost a decade, it was
realised that very small dust grains consisting of about 20 – 100 carbon atoms
are the most likely candidates for the carriers of these bands. The observed UIR
wavelengths coincide with the typical resonances found in aromatic hydrocarbon
molecules. Moreover, upon the absorption of a single photon, aromatic molecules
may easily attain the temperature required to emit at such short wavelengths.
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Figure 3 – Mid-infrared spectrum of the reflection nebula NGC 7023 observed by NASA’s
Spitzer space telescope, illustrating the richness and dominance of the UIR
bands. The hatched areas are the distinct UIR bands, the shaded area are UIR
plateaus. Spectrum taken from Sellgren et al. (2007).

For example, Fig. 4 demonstrates the good agreement between the mid-infrared
spectrum obtained from carbon based car exhaust with the astronomical spectrum
of the Orion Bar. Therefore the carrier of the UIR bands is thought to be a family
of related aromatic species, the PAHs. This proposition is known as the “PAH
hypothesis” (Leger & Puget 1984; Allamandola et al. 1985).

Over the last one-and-a-half decade, advances in all fields related to the subject
have undoubtedly established that PAHs are the carriers of the previously dubbed
UIR bands. Furthermore, they have been linked to the diffuse interstellar bands
- ultraviolet, visible and infrared absorption features seen towards astronomical
objects in our galaxy - and they seem to be related to the extended red emission -
a broad emission feature in the visible spectra from dusty astronomical environ-
ments irradiated by UV photons -, and perhaps even the recently discovered blue
luminescence - extended ultraviolet/visible emission first detected in the spec-
trum of the ‘Red Rectangle’ (see e.g. Tielens & Snow 1995; Ruiterkamp et al. 2002;
Peeters et al. 2004; Ruiterkamp et al. 2005; Vijh et al. 2005; Cox & Spaans 2006;
Rhee et al. 2007). To date, PAH and PAH-like molecules are the largest and most

xiii



Figure 4 – Mid-infrared spectrum of soot, ob-
tained from car exhaust, compared to the as-
tronomical spectrum of the Orion Bar. Figure
adapted from Allamandola et al. (1985).
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complex molecules known in space (e.g. fullerenes; Kroto & Jura 1992; Ehren-
freund & Foing 1997; Sellgren et al. 2009). Ten to twenty percent of the cosmic
carbon is locked up in PAHs and they are more abundant than all other known
interstellar polyatomic molecules combined. They have been found in meteorites
and extraterrestrial interplanetary dust particles and represent the single largest
source of accessible carbon available in the early solar system. They have even
been suggested to be instrumental to the formation and evolution of life on Earth;
known as the “PAH-world hypothesis” (Ehrenfreund et al. 2006). Such claims are
backed-up by the discovery of Tholins – PAH and PAH related species – in the
atmosphere of Saturn’s moon Titan, which is considered comparable to pre-biotic
Earth.

The spectrum

In mid-infrared spectra, the prominent PAH emission features lie around 3.3,
6.2, ‘7.7’, 8.6, 11.2, 12.7 and 16.4 μm. These coincide with the characteristic
wavelengths for the stretching and bending vibrations of aromatic hydrocarbon
materials. Table 1 summarises the infrared features with specific modes in PAH
molecules. Besides these well-known features, there are many more subtle and
weaker ones. Such features can appear at 3.4, 3.5, 5.25, 5.7, 6.0, 6.9, 7.5, 10.5, 11.0,

xiv



13.5, 14.1, 15.8, 17.4, 17.8 and 18.9 μm and vary in relative importance from source
to source.

The main PAH features show strong variations in profile shape and relative
strength. Detailed studies of the PAH bands show that their profiles differ con-
siderably between different regions of the sky, Fig. 5, but are found to correlate to
a large extent with the nature of the source (Peeters et al. 2002a; van Diedenhoven
et al. 2004; Hony et al. 2001). For instance, the PAH bands in massive star-forming
regions all resemble each-other, as do the PAH spectra of galaxies. There is a larger
spread found in the spectra of sources that are currently producing or processing
dust; e.g., planetary nebulae and young stars with disks. All these observed vari-
ations reflect the way in which the collection of PAH molecules reacts to the local
physical conditions. This emphasises that the emission originates from a family
of related PAHs, where the local conditions determine the exact composition of
this ensemble.

Laboratory research, joined in by in silico calculations of synthetic spectra,
have paved the way for a better understanding of the molecular properties of the
emitting PAHs. The variations in the astronomical band profiles and relative band
intensities can now be fully appreciated. So have studies disclosed the influence
of nitrogen inclusion at different loci in the PAH ring, the effect of ionisation and
the nature of the emission between 11 – 20 μm. Nitrogen substitution influences
the peak position of the 6.2 μm band (Hudgins et al. 2005). The 6.2 μm band is
blue shifted more and more the deeper the nitrogen substitution in the carbon
skeleton. The effect of ionisation on the frequencies of the vibrational resonances
is small. More striking is the impact on the relative intensity of the modes. This is
the clearest in the 5 – 10 μm region, where the resonances are very weak in neutral
PAHs but significantly stronger in charged PAHs. PAH charge is set by the balance
between photoelectrically ejected electrons and the recombination of an electron
with a PAH. This is determined by the ratio of the ultraviolet field - usually in
terms of G0; the average strength of the interstellar radiation field (Habing 1968)
- and the electron density. The ratio of the intensities in the 11.2 and 6.2 μm
bands is then a measure for the ionisation balance. Variations in relative band
intensities between 11 – 15 μm have been linked to the molecular edge structure
of PAH molecules. The emission at 11.2, 12.7 and 13.5 μm has been attributed
to the out-of-plane bending modes of peripheral solo, trio and quartet adjacent
hydrogen atoms, respectively. The PAH emission beyond 15 μm is, unlike the
mid-infrared bands, more molecule specific. The mid-infrared bands between 3
– 15 μm overlap because they originate in vibrations that are tied to the chemical
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Table 1 – Peak positions and associated modes of the IR PAH emission features.

Band (μm) Mode(s)
3.3 aromatic C-H stretching
3.4 aliphatic C-H stretching in methyl groups

C-H stretching in hydrogenated PAHs
hot band of the aromatic C-C stretch

3.5 hot band of the aromatic C-C stretch
5.25 combination of C-H bend and C-C stretch
5.7 combination of C-H bend and C-C stretch
6.0 C-O stretch (?)
6.2 aromatic C-C stretching
6.7 (?)
6.9 aliphatic C-H bending
7.5 (?)
7.6 C-C stretching and C-H in-plane bending
7.8 C-C stretching and C-H in-plane bending
8.6 C-H in-plane bending
10.5 C-H out-of-plane bending (?)
11.0 C-H out-of-plane bending, solo, cation
11.2 C-H out-of-plane bending, solo, neutral
12.7 C-H out-of plane bending, trio, cation (?)
13.5 C-H out-of-plane bending, quartet
14.1 C-H out-of-plane bending, quartet
15.8 in-plane + out-of-plane C-C-C bending in large PAHs (?)
16.4 in-plane + out-of-plane C-C-C bending in pendent ring (?)
17.4 in-plane + out-of-plane C-C-C bending in large PAHs (?)
17.8 in-plane + out-of-plane C-C-C bending in large PAHs (?)
18.9 C-C-C bending in fullerene (?)

Plateau (μm)

3.2 – 3.6 C-C stretch overtone/combination
6 - 9 many C-C stretch blend and C-H in-plane benda

11 - 14 blend out-of-plane C-Ha

15 - 20 in-plane and out-of-plane C-C-C bending

a Likely in clusters of PAHs.
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Figure 5 – The ABC PAH band classification scheme from Peeters et al. (2002a) and van
Diedenhoven et al. (2004).
6.2 μm feature - Class A profiles have their peak near 6.22 μm, Class B profiles
between 6.24 and 6.28 and Class C profiles near 6.3 μm.
‘7.7’ μm feature - ClassA profiles have a peak near 7.6 μm with the 8.6μm feature
peaking near 8.6 μm, Class B profiles have a peak near 7.8 μm with the 8.6 μm
feature peaking beyond 8.62 μm and Class C profiles have a single peak at about
8.22 μm with evidence of a strongly blended 8.6 μm feature.
11.2 μm feature - Class A profiles have their peak between 11.20 and 11.24 μm
and Class B profiles peak near 11.25 μm.
Besides shifts in peak position, also slight variations in the width of the profiles
have been observed. The classes as defined, often correlate with each other and
with object type.

subgroups, such as C-H and C-C, that make up the PAH molecule. In contrast,
the bands between 15 – 20 μm and longer wavelengths are produced by C-C-C
modes and those are determined by PAH size and geometry. Consequently, the
emission between 15 – 20 μm may hold the promise to identify individual PAH
molecules (Chapter 2).

Lastly, PAH temperature is a very sensitive function of its heat capacity, which
is determined by the size of the molecule. The PAH temperature translates itself
into the observed integrated band strength ratios: conversely, these ratios can be
used to deduce an ‘average’ size of the emitting PAHs. The sharp PAH bands, in
particular the 3.3 μm feature, is emitted by PAHs with between 50 to 100 carbon
atoms. Generally the plateaus, clearly discernible in Fig. 3, are formed by bigger,
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non-planer three dimensional PAH clusters. These PAHs are held together by
weak van der Waals bonds. At 25 μm some excess emission can be ascribed to
PAHs sized up to 105 carbon atoms, which are more like very small grains (VSG;
d � 50 Å).

The fundamentals of PAH spectroscopy are complicated. Laboratory and in
silico studies mostly involve absorption spectroscopy, which implies many aspects
of the emission process have to be considered ad hoc. In interstellar space PAH
molecules are not in thermal equilibrium with the local radiation field. Instead,
PAHs are electronically excited into an upper electronic state upon the absorption
of a single visible or ultraviolet photon, raising the PAH’s temperature as much
as 1000 K. Rapidly the energy is internally converted from the single excited vi-
brational state into several excited vibrational states, bringing the PAH back into
a lower electronic state. The molecule cools down mainly by a radiative cascade
through infrared emission in the C-C and C-H vibrational modes (see Table 1),
decreasing its temperature to ∼10 K on a timescale of seconds. The internal en-
ergy redistribution is a complex mechanism involving the coupling of different
vibrational modes and can occur in several steps involving different timescales.
Related to these are effects like band shifts and anharmonicity, which have to be
taken into account when using the laboratory and in silico data. Furthermore,
currently the in silico spectra only allow for the fundamental modes to be calcu-
lated. However, the calculation of overtone and combination modes, relevant for
the emission between 5 – 6 μm (see Table 1 and Chapter 1), is underway.

Origin and evolution of PAHs

Given the similarity between carbon-rich dust and PAHs, their evolution must be
closely related. PAHs are mainly formed in the outflow of evolved stars and are
introduced into the interstellar medium by dust-driven winds (Fig. 1; Speck &
Barlow 1997; Boersma et al. 2006). PAHs represent the extension of the grain-size
distribution into the molecular domain and are the building blocks for the larger
soot particles, see Fig. 6. The main molecules from which PAHs could be formed
seems to be acetylene (C2H2) and its radical derivatives. The first step in PAH
formation, which is the most difficult one, is the creation of the first aromatic ring.
In additional reactions on the aromatic ring, such as abstraction of hydrogen atoms
and the addition of hydrocarbons, a PAH molecule is formed. For hydrogen poor
environments there is a three-way route. Upon the formation of small, flexible,
linear, carbon chain radicals, mono-cyclic ring molecules are formed through
the addition of carbon atoms. The isomorisation reactions on the carbon chain

xviii



1000 nm1 nm0.1 nm

molecules

molecular 
clusters and 
complexes

nanometer-sized 
particles

macroscopic 
particles

0.1 nm

Figure 6 – Schematic overview of the formation route of macroscopic soot particles from
PAHs. Figure courtesy of D.M. Hudgins.

lead to planar carbon hexagonal structures and the absence of hydrogen results
in dangling bonds. Incorporation of pentagons induces curling, reducing the
number of dangling bonds, possibly creating the ultra stable fullerene molecule
(Fig. 2). Near the stellar photosphere of the evolved stars, the high densities
and temperatures allow for a PAH to grow chemically. Further out in the flow,
PAH growth likely occurs by coagulation and accretion, eventually forming a soot
particle. Heavier elements produced by the star, as for example nitrogen, can be
incorporated into the PAH skeleton during this stage as well.

The smaller sized PAHs are sensitive to the harsh environment of interstellar
space and are therefore likely to have undergone changes when reaching the
interstellar medium (Hony et al. 2000; Peeters et al. 2002a). More illusive remains
whether PAHs undergo any changes when leaving the circumstellar environment
for the planetary nebula phase - the emission nebula formed by the expanding
envelope irradiated by the dying star. The exact nature of the changes that PAHs
undergo in the interstellar medium is still very uncertain; is the old family fully
destroyed and a new one created, or do the PAHs form clusters, with different
characteristics in each stage of the Galactic life cycle (Fig. 1).

PAH processing and reprocessing can occur through several high energy and
low energy processes. Such processes include photo-chemistry induced by high
energetic radiation, interacting with strong shocks, exposure to high energetic
particles and ice-chemistry (e.g., Strazulla et al. 1995; Bernstein et al. 1999). The
destruction of PAH molecules can occur through the absorption of an energetic
photon; where the molecule simply evaporates, collisions with grains rocket thrust
by the photoelectric effect (Purcell 1979) or through chemical sputtering. Shattered
grains can enrich the interstellar PAH family and studies have shown that PAHs
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can also form in cosmic ices (Gudipati & Allamandola 2003).
Eventually PAHs will become part of star forming regions where, when a

newly formed star ignites, the harsh environment may destroy most members
of the PAH family again. At the end of stellar evolution, in the ejecta from the
evolved star, PAHs may form again and Galactic life will have come full circle
(Fig. 1).

PAHs are omnipresent and play an intricate part in the Galactic life cycle
(Fig. 1). Because of their large cross-sections, PAHs can dominate the charge
balance, specially in the case of neutral interstellar gas (Lepp & Dalgarno 1988b;
Lepp et al. 1988). Photoelectric heating couples the energy balance of interstellar
gas with the non-ionising radiation fields of stars, e.g. in Hii regions - large
glowing low-density clouds of gas and plasma associated with star formation
(Fig. 1; Lepp & Dalgarno 1988a; Hollenbach & Tielens 1999). Because a PAH
population also represent the different environments it may have encountered,
they provide the means to probe both the history and physical conditions of a
multitude of environments in the Galaxy and other galaxies.

PAHs and dust in regions of star and planet formation

The formation and evolution of low-mass stars is relatively well understood
(Shu et al. 1987). However, the genesis of intermediate and high-mass stars
remains more elusive. Low-mass proto-stars form from condensations inside
molecular clouds when gravity overwhelms thermal and magnetic supporting
forces. Through successive stages of fragmentation, gravitational collapse, and
disk accretion, accompanied by bipolar outflows, the star reaches the long lived
main sequence, see Fig. 7. A special class of young stellar objects are the Herbig
Ae/Be stars (Herbig 1960). Herbig Ae/Be stars are pre-main sequence stars of
intermediate mass, 2 – 8 solar masses, having spectral class A or B and showing
emission lines; indicative of their youth. It is thought that the formation scheme
for these stars is more or less a scaled-up version of that for low-mass stars.

It has long been known that the collapse to a star and surrounding proto-
planetary disk is accompanied by characteristic changes in the spectral energy
distribution - the energy emitted in wavelength intervals, Fig. 8 (Lada 1987).
The disk - believed to be the site of planet formation - reveals itself in polarised
light and as a strong excess in infrared spectra. The disk is a place where dust,
partaking in the Galactic cycle of life, is altered. This evolution likely involves
energetic processing of the dust in the inner disk, including evaporation and con-
densation, and whole scale transport through radial mixing, of the processed dust
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Figure 7 – Cartoon of low-mass star formation. Collapsing stellar cores inside a dark
cloud accrete mass trough a rotating disk (top). Excess angular momentum is
dispersed through the disk and outflow, clearing the stellar envelope (middle-
left). Disk accretion comes to a halt, the stellar envelope is dispersed and
planet formation takes place (T Tauri-phase; middle-right). Through a debris-
disk phase (bottom-left) the construction of the planetary system is finalised
(bottom-right). Figure courtesy of Frieswijk (2008).

xxi



Figure 8 – Cartoon illustrating the characteristic changes in the spectral energy distribution
accompanying the star and planet formation process shown in Fig. 7. Figure
courtesy of Frieswijk (2008).
Class 0 - The spectral energy distribution resembles that of a blackbody at a
typical temperature of 20 Kelvin.
Class I - As the temperature of the dust increases through the accretion process,
the peak of the spectral energy distribution shifts to shorter wavelengths.
Class II - The forming pro-star starts dominating the spectral energy distribution
at near-infrared wavelengths. The infrared excess from the dusty disk is readily
observed.
Class III - In the final stages of the star and planet formation process envelope
and disk are mostly dissipated. The spectral energy distribution resembles that
of a stellar blackbody.

throughout the disk.

Mid-infrared imaging and spectroscopy are powerful tools for studying the
unfolding planet formation process. The mid-infrared spectra of Herbig Ae/Be
stars reveal a wide and varying number of spectral features due to silicates and
PAHs. Both types of dust probe different regions and aspects of the circumstellar
disk. Silicate dust, emitting in thermal equilibrium, probes scales up to 10 – 50
times the Sun-Earth distance. For instance, the radial distribution of crystalline sil-
icates provides information about annealing, mixing and local heating processes.
PAHs, due to their fluorescent nature, allow one to probe the disk on much larger
scales and even beyond. For example, the spatial distribution of PAHs provides
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Figure 9 – The spectral energy distribution for a typical Group I (top) and Group II (bottom)
source. The stellar contribution is shown in grey. Right of the spectral energy
distribution a cartoon shows the geometry of the source and disk. The strong
mid-infrared “bump” around 100 μm is due to the flaring of the disk. The cut-
out areas show the shadowed regions where stellar light is unable to reach the
disk.

strong constraints on the geometry of the disk.

In more detail, based on the size of the infrared excess, a sub-division can
be made between Group I and II sources (Meeus et al. 2001), where in the latter
case the infrared emission is more modest. This difference has been attributed
to differences in disk geometry (Meeus et al. 2001): Group I sources have flaring
disks and Group II sources have more flattened disks with a shadowed region.
PAHs are a good diagnostic for this geometry, as they emit through UV-pumped
fluorescence. Flaring disks subtend a larger solid angle viewed from the star and
are thus able to reprocess more stellar light than flat disks, Fig. 9.

Stars form in large molecular clouds and because, in general, telescope beams
are relatively large, it can be difficult to disentangle the surrounding emission
and the emission coming from the young stellar object. This is especially the
case for very young objects that are still partially embedded in their natal cloud
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(Chapters 3 & 4). But, during the later stages of the pre-main sequence evolution,
after a half to a few million years, the increased stellar winds from the central
object will have removed most of the surrounding molecular cloud material,
leaving only the remnant, passive, accretion disk. This disk will have a typical
radial size of a hundred Sun-Earth distances and a mass ranging from a few
thousands of a percent to fifteen percent of the mass of the Sun (Fig. 7; Habart
et al. 2004; Acke et al. 2004; Waelkens & Waters 1997).

The observed spectra reveal that PAHs undergo considerable processing dur-
ing the early evolution of the young stellar object. Specifically, embedded objects
show a PAH spectrum resembling that of the interstellar medium; similar to class
A profiles in Fig. 5. More isolated Herbig Ae/Be stars show a more processed
spectrum; similar to class B profiles in Fig. 5. These spectral variations imply
considerable chemical changes, likely driven by the strong radiation field in the
young stellar object’s environment (Chapter 3; Sloan et al. 2007; Keller et al. 2008).

With the launch of ESA’s Infrared Space Observatory (Kessler et al. 1996) in
1995, it became possible, for the first time, to study the entire infrared spectrum of
the Herbig Ae/Be stars. Now-a-days, the superior sensitivity of NASA’s Spitzer
space telescope (Werner et al. 2004a) has allowed us to investigate the PAHs and
silicates in more detail than ever before. Further aided by the ground based ob-
servatories of ESO at Paranal and La Silla, more and more of the intricate details
of star and planet formation are revealed.

A very extensive and visionary, early, overview on PAHs in interstellar space is
given by Omont (1986). A recent, thorough overview has been written by Tielens
(2008). An extensive review on Herbig Ae/Be stars is given by Waters & Waelkens
(1998).

This thesis

Now, routinely, the PAH distribution is traced and PAH band profiles and ratios
are used as probes of many different objects and emission regions. The line
of ground-breaking mid-infrared astronomical research initiated by the Kuiper
airborne observatory, infrared astronomical satellite and greatly expanded with
the infrared space observatory mission, has been picked up by NASA’s Spitzer
space telescope and ESO’s ground based facilities in Chile.

Generally, PAH studies heavily rely on the spectroscopic characteristics be-
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tween 3 – 15 μm. This thesis sets out in its first two chapters to explore the
potential of two wavelength regions in the PAH mid-infrared spectra which have
not yet received much attention. Namely, those between 5 – 6 and 15 – 20 μm.
Questions that are addressed 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 PAHs?” This research relies greatly on the spectral data in the NASA
Ames PAH IR Spectroscopic Database, which is discussed in chapter five.

Presented in chapters three and four are two studies utilising the established
spectroscopic characteristics between 3 – 15 μm to infer large scale morphological
aspects of the star and planet formation process in Herbig Ae/Be stars. Questions
that are 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?” This research is only possible because of the availability of imaging and
long slit spectroscopic observations from the observatories mentioned above.

This thesis is outlined in three parts under the common denominator: “PAHs as
astronomical probes”. What follows is a chapter-by-chapter overview.

Part I : Polycyclic Aromatic Hydrocarbons

Chapter 1: The 5.25 and 5.7 μm PAH emission features – Here the
focus is on the two minor PAH features located at 5.25 and 5.7 μm. ISO-SWS
spectra of four sources, which have sufficient quality in this region, are analysed
and tied in with results from the study of laboratory and synthetic spectra.

Chapter 2: The 15 – 20 μm PAH emission features: probes of in-
dividual PAHs? – Reported often as an important constituent of the PAH
emission band family, in Spitzer observations, the 15 – 20 μm wavelength range
warrants a deeper molecular explanation. While the region is often dominated
by distinct features at 15.8, 16.4, 17.4, 17.8 and 18.9 μm, on top of a broader band
around ‘17’ μm, in a few occasions the range is spanned by a featureless plateau.

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 are studied which have PAH emission domi-

xxv



nating their Spitzer spectrum. Special interest goes out for the ‘7.7’μm PAH band,
which shows considerable variation in band shape between these two sources.

Chapter 4: Characteristics of mid-IR emission features in four
Herbig Ae/Be stars – Combining observations from ground-based and space
observatories, the morphology of four Herbig Ae/Be stars is investigated. Both
spectra and images are analysed for spatially separated emission components.

Part III : The future

Chapter 5: The NASA Ames PAH IR Spectroscopic Database –
This chapter describes the NASA Ames PAH IR Spectroscopic Database; its con-
tent, the methods and tools developed to analyse and interpret these data and the
web-portal set up to make the data and tools available to the scientific community.
The web-portal is planned for release by the end of 2009. In addition, a detailed
description for a model to compute the PAH emission spectrum including the
temperature cascade is described. My contribution lies mainly in the design of
the web-portal and the development of the tools and model.

Chapter 6: Summary and future prospects – Finally, a summary of the
main conclusions are given and future prospects are considered.
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Chapter 1

The 5.25 and 5.7 μm PAH

emission features1

C. Boersma, A.L. Mattioda, C.W. Bauschlicher Jr., E. Peeters, A.G.G.M. Tielens,
L.J. Allamandola

Abstract – Astronomical mid-IR spectra show two minor PAH features at
5.25 and 5.7 μm (1905 and 1754 cm−1) that hitherto have been little studied,
but contain information about the astronomical PAH population that comple-
ments that of the major emission bands. Here we report a study involving
both laboratory and theoretical analysis of the fundamentals of PAH spec-
troscopy that produce features in this region and use these to analyze the
astronomical spectra. The ISO-SWS spectra of fifteen objects showing these
PAH features were considered for this study, however only four (HD 44179;
NGC 7027; Orion Bar, 2 positions) have sufficient signal-to-noise between 5
and 6 μm to allow for an in-depth analysis. All four astronomical spectra
show similar peak positions and profiles. The 5.25 μm feature is peaked and
asymmetric, with a FWHM of about 0.12 ± 0.01 μm (∼40 ± 6.5 cm−1), while the
5.7 μm feature is broader and flatter, with a FWHM of about 0.17± 0.02 μm (50
± 5.6 cm−1). Detailed analysis of the laboratory spectra and quantum chemical
calculations show that the astronomical 5.25 and 5.7 μm bands are a blend of
combination, difference and overtone bands primarily involving CH stretch-
ing and CH in-plane and CH out-of-plane bending fundamental vibrations.
The experimental and computational spectra show that, of all the hydrogen
adjacency classes possible on PAHs, solo and duo hydrogens consistently pro-
duce prominent bands at the observed positions whereas quartet hydrogens
do not. In all, this study supports the picture that astronomical PAHs are large
with compact, regular structures. From the coupling with primarily strong
CH out-of-plane bending modes one might surmise that the 5.25 and 5.7 μm
bands track the neutral PAH population. However, theory suggests the role
of charge in these astronomical bands might also be important.

Originally published in The Astrophysical Journal, vol. 690 , p. 1208 (2009)
1Based on observations with ISO, an ESA project with instruments funded by ESA member states

(especially the PI countries: France, Germany, the Netherlands and the United Kingdom) and with
the participation of ISAS and NASA



4 The 5.25 and 5.7 μm PAH emission features

1.1 Introduction

S ome thirty years of observations, combined with computational and lab-
oratory studies, have shown that the mid-IR astronomical emission fea-
tures, formerly referred to as the Unidentified Infrared (UIR) bands, are

produced by mixtures of highly vibrationally excited Polycyclic Aromatic Hydro-
carbons (PAHs) and closely related species. Detected in many Galactic and extra-
galactic objects, including several with significant redshift (e.g. Yan et al. 2005), the
astronomical infrared emission features present an important and unique probe of
astrochemical and astrophysical conditions across the universe. Recent reviews
and papers of the observational and laboratory work (e.g. Peeters et al. 2004;
Hudgins & Allamandola 2004; van Dishoeck 2004; Sellgren et al. 2007; Smith et al.
2007b; Tielens 2008) and work on theoretical models (e.g. Verstraete et al. 2001;
Bakes et al. 2001; Li & Draine 2001; Pech et al. 2002; Rapacioli et al. 2006; Draine
& Li 2007) can be found elsewhere.

The major features at 3.3, 6.2, ‘7.7’, 8.6 and the complex of bands between 11
and 20 μm have been studied in great detail (e.g. van Kerckhoven et al. 2000;
Hony et al. 2001; Peeters et al. 2002a; van Diedenhoven et al. 2004, and references
therein), and the fundamental spectroscopic information is now available with
which one can analyze the strongest astronomical features. However, there are
several components of the astronomical PAH emission spectra that have been
widely overlooked. Many of these contain valuable, sometimes subtle, informa-
tion which is equally important to that revealed by the more well-known features.
This study focuses on just such features, namely the weak bands that fall between
5 and 6 μm (2000 and 1667 cm−1).

One of the early predictions of the PAH hypothesis was the expectation of a
weak emission feature near 5.25 μm in all objects showing the major PAH bands.
Its detection in 1989 (Allamandola et al.) was an early confirmation of the PAH
hypothesis. Since that time, although evident in many spectra showing the major
PAH features, little has been published on this feature and its companion near 5.7
μm.

The weak 5.25 and 5.7 μm PAH features do not correspond to fundamental
vibrational frequencies (νi, ν j, · · · ), but are produced by overtones (n × νi), com-
binations (νi + ν j), and difference (νi − ν j) bands of these fundamental vibrations
(Allamandola et al. 1989a). For example, the strong CH out-of-plane (CHoop) fun-
damental bending vibration (νoop) for solo hydrogens produces the well known
band at 11.2 μm (893 cm−1). The overtone of this vibration, 2 × νoop, is expected
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to produce a much weaker feature near 5.6 μm (1786 cm−1) and is seen to con-
tribute to the blue side of the broad 5.7 μm interstellar feature. Likewise, νoop

could combine with a CC stretching vibration (νoop±νCC), resulting in other weak
features.

Here we present high quality ISO-SWS (de Graauw et al. 1996) spectra from
four astronomical sources that show these features. The 5.25 and 5.7 μm bands
are analyzed in terms of overtone, combination and difference frequencies using
experimental and theoretical PAH spectra. This chapter is structured as follows.
The astronomical observations are presented in Sect. 1.2, PAH spectroscopy is
described in Sect. 1.3, astrophysical implications are drawn in Sect. 1.4 and a
summary with conclusions is given in Sect. 1.5.

1.2 The astronomical emission features in the 5 – 6 μm region

1.2.1 Observations

A sample of high quality spectra from 15 sources, obtained by the Short Wave-
length Spectrograph (SWS) on board ESA’s Infrared Space Observatory (ISO),
were investigated for PAH band emission in the 5 – 6 μm region. Of this set, the
spectra from four objects have sufficient signal-to-noise in this wavelength range
to permit an in-depth analysis.

The four sources considered here are: HD 44179 (‘Red Rectangle’), NGC 7027,
and two positions on the Orion ionization ridge, H2S1 and D5. HD 44179 is the
central binary star system of a bipolar planetary nebula, with one member being a
post-AGB star. Both stars have a common circumstellar disk (e.g. Waelkens et al.
1996). NGC 7027 is a compact (∼ 1016 cm) carbon-rich Planetary Nebula with a
hot White Dwarf at its center (Latter et al. 2000). The Orion Bar spectra probe the
Photon Dominated Region forming the interface between the bright H2 region
that is ionized by the Trapezium stars, and the Orion Molecular cloud; H2S1 and
D5 are two positions within the bar. Table 1.1 shows the journal of observations
and the available astrometric data.

Data reduction

The data have been obtained using the AOT 01 full scan mode at various speeds
or the AOT 06 mode, providing spectra with resolving power of 400 to 1600
(λ/Δλ). The data were processed with IA3, the SWS Interactive Analysis package,
using calibration files and procedures equivalent with OLP version 6.0 or 10.1. A
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Source α (2000) δ (2000) TDT Obs. mode Sp. G0 Object Ref.
[h m s] [◦ ′ ′′] (speed) Type [Habing] Type

HD 44179 06 19 58.20 -10 38 15.22 70201801 01 (4) B8V 5 · 106 Post-AGB 1
NGC 7027 21 07 01.70 +42 14 09.10 55800537 06 2 105 K 2 · 105 PN 1
Orion Bar H2S1 05 35 20.31 -05 25 19.99 69501806 01 (4) O6 7 · 103 Hii region 2
Orion Bar D5 05 35 19.81 -05 25 09.98 83101507 01 (2) O6 5 · 104 Hii region 3

(1) Beintema et al. (1996); (2) Verstraete et al. (2001); (3) Peeters et al. (2002a)

Table 1.1 – Journal of observations and available astrometric data.

Source OLP Resolution Continuum points Integration bounds
[μm] μm

HD 44179 10.1 ∼800 5.017;5.494;5.836;5.922 5.160;5.355;5.580;5.830
NGC 7027 6.0/10.11 ∼1600/1000 5.025;5.079;5.832;5.938 5.150;5.375;5.570;5.805
Orion Bar H2S1 10.1 ∼800 5.102;5.415;5.825;5.969 5.170;5.374;5.590;5.820
Orion Bar D5 10.1 ∼400 5.057;5.382;5.472;5.943 5.150;5.380;5.560;5.845

1 The AOT 01 and AOT 06 data have been reduced with OLP version 6.0 and 10.1 respectively. The
AOT 01 data is used in Fig. 1.1 and the better quality AOT 06 data is presented in Fig. 1.2 and used
onwards.

Table 1.2 – Data reduction parameters and connected wavelengths.

detailed account of the reduction can be found in Peeters et al. (2002a). Fig. 1.1
presents the raw extracted 2.38 – 45.2 μm ISO-SWS spectra of the four sources
at their original resolution. These data have not been defringed. The OSIA2

software package was drawn on to further reduce and analyze the data between
5 and 6 μm. Further reduction included bad data removal (e.g., glitches), edge
truncation, splicing and merging of detector bands. Uncertainties were estimated
by comparing the up and down scans, yielding a measure for the noise. For
HD 44179 a difference in absolute flux levels, not in shape, between the up and
down scan was found. The up scan was scaled such that the mean of the up scan
would match the mean of the down scan to compensate this. This can be done
because our interest lies only in the uncertainty in relative flux level, since those
trace the reality of the shape of a feature. When required, the 5 – 6 μm spectra
were binned to a constant resolution of 800 to facilitate one-to-one comparison.
For Orion Bar position D5 this results in oversampling since the original data
were obtained at a resolution of about 400. Table 1.2 presents a subset of the data
reduction parameters and Fig. 1.2 presents the fully reduced 5 – 6 μm ISO-SWS
spectra of the four sources at their original resolution.

2OSIA is a joint development of the SWS consortium. Contributing institutes are SRON, MPE,
KUL and the ESA Astrophysics Division
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Figure 1.1 – Extracted mid-IR spectra from 3 – 14.5 μm of the four sources considered here:
HD 44179, NGC 7027 and the two positions along the Orion Bar. Spectra are
shown at original resolution. For clarity the prominent atomic emission lines,
e.g., at 5.61 ([MgV]), 10.51 ([SIV]) and 12.81 ([NeII]) μm, have been masked
out. The arrows indicate the positions of the subtle 5.25 and 5.7 μm features.

Figure 1.2 – The fully reduced 5 – 6 μm spectra of the four objects considered. The spectra
are presented at original resolution. Also shown are the adopted continua.
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1.2.2 Analysis

The spectra display a wealth of structure, including the familiar PAH bands at
3.3, 6.2, ‘7.7’, 8.6, 11.2 and 12.7 μm with their underlying plateaus and sub-
features. For clarity, several atomic emission lines have been masked out in Fig.
1.1. Detailed analysis of the major features in the spectra have been published
elsewhere (e.g. Hony et al. 2001; Peeters et al. 2002a; van Diedenhoven et al. 2004).
Here we focus on the PAH emission between 5 – 6 μm. As Fig. 1.1 illustrates, the
bands in this region are weak compared to the major features.

To isolate the PAH band profiles a continuum is established for each object.
The continua used apply only to the 5 – 6 μm region. Spline continua were
constructed using connecting points between 5 – 6 μm, straddling the 5.25 and
5.7 μm features. The adopted continua are shown in Fig. 1.2 and the connected
wavelengths are listed in Table 1.2.

Atomic emission lines can also contribute to the emission in this region. For
some of these objects narrow lines at 5.128 (1950 cm−1; HI 6 – 10), 5.510 (1815
cm−1; H2 0→ 0 S(7)) and 5.61 μm (1783 cm−1; [MgIV]) are present. Special care
was taken to remove the 5.61 μm [MgV] line in the spectrum of NGC 7027 where
it is blended with the 5.75 μm PAH feature. The resulting, continuum subtracted
spectra are presented at equal resolution in Fig. 1.3. Two broad bands, centered
roughly at 5.25 and 5.7 μm, are clearly present in all objects and are quite similar
within the uncertainty (systematic + noise). The 5.25 μm band is asymmetric and
sets off near 5.15 μm (1942 cm−1). For both positions along the Orion Bar the
feature seems to start off with a satellite feature, centered at about 5.2 μm (1923
cm−1) and similar to those seen at 6.0 and 11.0 μm for the 6.2 and 11.2 μm bands,
respectively. After a steep rise the profile peaks at 5.25 μm (1905 cm−1) and slowly
declines to reach zero intensity near 5.4 μm (1852 cm−1). This red wing resembles
that seen for the 3.4, 6.2 and 11.2 μm features (Roche et al. 1996). Fitting the
profiles at original resolution with a single Gaussian results in a FWHM of about
∼0.12 ± 0.01 μm (∼42 ± 6.5 cm−1).

The 5.7 μm feature is broader, and starts its rise near 5.55 μm (1802 cm−1),
just beyond the 5.51 μm (1815 cm−1) H2 0 → 0 S(7) line. The profile is unusual
from about 5.65 μm (1770 cm−1) to about 5.75 μm (1739 cm−1), where the feature
seems flat-topped and then drops to the continuum at 5.85 μm (1709 cm−1). Some
spectral structure is visible in on the flat-top, giving the impression of a blended
double-peaked feature. Fitting the profile with a single Gaussian results in a
FWHM of about 0.17 ± 0.02 μm (∼51 ± 5.6 cm−1).

After emission line removal the bands are integrated in the λ − Fλ domain,
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Figure 1.3 – The 5.25 and 5.7 μm PAH features in HD 44179, NGC 7027 and the Orion
Bar: positions H2S1 and D5. All spectra are presented at λ/Δλ = 800 to aid
comparison. These spectra were produced using the continuum and emission
line corrections described in Sect. 1.2.2. To demonstrate the accessibility of the
5 – 6 μm region using Spitzer, the slightly red shifted average galaxy spectrum
from Smith et al. (2007b) is also presented, see Sect. 1.4 for a discussion.
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Source 3.31 5.25 5.75 6.21 7.61,a 7.81,a 8.61 11.22 12.7
[μm] [μm] [μm] [μm] [μm] [μm] [μm] [μm] [μm]

HD 44179 69/1.4 11/1.5 19/1.3 280/10 121/10 290/10 97 (10 ) 113/10 26/5.4 3

NGC 7027 24/1.7 9.1/3.3 13/7.0 95/10 40/10 63/10 28 (10 ) 130/10 36/6.9 3

Orion Bar H2S1 8.2/1.6 2.9/1.6 4.4/1.7 34/10 32/10 22/10 13 (10 ) 29/10 13/10 2

Orion Bar D5 11/0.55 3.7/3.2 6.1/2.3 12/10 40/10 36/10 24 (10 ) 40/10 17/7.6

(1) Peeters et al. (2002a); (2) van Diedenhoven et al. (2004); (3) Hony et al. (2001)
(a) 7.6 and 7.8 μm bands have been separated using Gaussians

Table 1.3 – The integrated band strengths (10−14 W m−2) of the PAH features between
3 – 13 μm of HD 44179, NGC 7027 and the Orion Bar: positions H2S1 and D5.
Uncertainties are given behind the slash, in percentages.

using a multiple Simpsons’ rule, yielding band strengths in W·m−2. Uncertainties
are calculated from the data. Table 1.3 summarizes these results and compares
them with the band strengths of the dominant PAH bands.

1.3 PAH spectroscopy in the 5 – 6 μm region

1.3.1 Experimental studies

The matrix isolation infrared spectroscopy techniques employed in this study
have been described in detail previously (Hudgins & Allamandola 1995a,b; Hud-
gins & Sandford 1998a) and will be summarized here only briefly.

Matrix isolated PAH samples were prepared by vapor co-deposition of the
species of interest with an overabundance of argon onto a 14 K CsI window sus-
pended in a high-vacuum chamber (p < 10−8 Torr). The samples were vaporized
from heated Pyrex tubes while argon was admitted through an adjacent length
of copper tubing, cooled by liquid nitrogen. The deposition temperatures, which
are dependent on size and structure as well as the sources of the individual PAHs,
are given in the references summarized in Table 1 of Mattioda et al. (2005).

Spectra from 1.7 – 20 μm (6000 to 500 cm−1) were measured on either a Nicolet
740 or a Digi-Lab Excalibur FTS 4000 FTIR spectrometer using a KBr beam splitter
and a liquid nitrogen cooled MCT detector. Each spectrum represents a co-
addition of between 500 and 1024 scans at a resolution of 0.5 cm−1. The number of
scans was chosen to optimize both the signal-to-noise as well as time requirements
for each experiment.

Figure 1.4 shows the 5 to 16.5 μm spectra of several matrix isolated neutral
PAHs. These spectra are typical of all spectra in the Ames collection of neutral
PAH IR spectra and serve to illustrate that all PAHs have weak bands in the 5 to
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Figure 1.4 – Matrix isolated spectra for the CHoop region (10 – 15μm) as well as the overtone
and combination band region (5 – 6 μm) for various neutral PAHs containing
solo, duo, trio and quartet hydrogens. The number of adjacent hydrogen
atoms per ring are indicated in the structure.

6 μm region. For presentation purposes only, some of the data has been baseline
corrected using the Digi-Lab data analysis software package. No further data
reduction was necessary. All numerical values were obtained from the original
(unaltered) data.

1.3.2 Theoretical studies

Previous work (e.g. Bauschlicher & Langhoff 1997; Bauschlicher 2002; Mattioda
et al. 2003; Hudgins et al. 2005; Bauschlicher et al. 2008) have shown that density
functional theory (DFT) calculations performed using the hybrid (Becke 1993)
B3LYP (Stephens et al. 1994) approach in conjunction with the 4-31G basis set
(Frisch et al. 1984) yield scaled harmonic frequencies that are in excellent agree-
ment with results obtained from matrix isolation experiments. In this work, we
expand our previous work by explicitly considering anharmonic effects (funda-
mentals, overtones, combination, and difference bands), which are computed by
doing numerical differentiation along the normal modes (Barone 2005) after the
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geometries are fully optimized and the harmonic frequencies are computed us-
ing analytic second derivatives. All of the DFT calculations are performed using
the Gaussian 03 program system (Frisch et al. 2004). The vibrational modes are
illustrated using Molekel3 (Portmann & Lüthi 2000).

As discussed previously, the DFT results differ systematically from experiment
and hence need to be scaled (Bauschlicher & Langhoff 1997). The scaling factor
depends on the level of theory (the correlation treatment and basis set), and it is
common that CH stretches will have a different scaling factor from the other modes
because of the large anharmonic effects for hydrogen stretching motions. In this
work we use the small 4-31G set that has been used successfully in previously
and the significantly larger and more precise, but also more time consuming,
6-311G** basis set (Frisch et al. 1984). The larger 6-311G** basis set was used
for naphthalene (C10H8) because of its small size. The results from the large
basis set allow us to calibrate the smaller basis set that is required for the larger
molecules. We use the matrix isolation experiments of Hudgins et al. (1994) for the
calibration of neutral naphthalene. While gas-phase data exists, we use the matrix
isolation experiments to allow a direct comparison between our experiments and
our computed values. In addition, it has been shown by e.g. Oomens et al. (2000)
and Allamandola & Hudgins (2003) that there is a very good agreement between
the gas phase and matrix isolation results.

Comparison of the computed fundamental frequencies of neutral naphtha-
lene, using the 6-311G** basis set, shows that a scale factor of 0.998 brings the
computed non-CH stretching modes (i.e., all the bands excluding the CH stretch-
ing modes) into good agreement with experiment. This comparison shows an
average absolute error of 2.6 cm−1 and a maximum absolute error of 9 cm−1 be-
tween experiment and theory. A scale factor of 1.005 brings the computed CH
stretching modes into good agreement (a maximum error of 7 cm−1) with exper-
iment. This accordance with experiment is consistent with recent work by Cane
et al. (2007), who find good agreement between theory and experiment using a
hybrid functional and a large basis set (B971/TZ2P). For the smaller 4-31G basis
set we find a scale factor of 0.976 for the non-CH stretching fundamentals and
1.007 for the CH stretching fundamentals. The maximum absolute error in the
non-CH stretching modes is 19 cm−1, a value greater than that when using the
larger basis set, but still sufficiently small to allow a qualitative understanding
using the small basis set. It is interesting to note that two scale factors are needed
for the 4-31G fundamentals while only one scale factor is needed for the 4-31G

3MOLEKEL 4.3, P. Flükiger, H.P. Lüthi, S. Portmann, J. Weber, Swiss Center for Scientific Comput-
ing, Manno (Switzerland), 2000-2002
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harmonics.

Since the scale factors for the 6-311G** basis set are very close to 1, we do
not use any scaling for the overtone, combination, or difference bands. For the
4-31G basis set, the overtone and combination bands are scaled by 0.976, the
scale factor for the non-CH stretching modes, because the CH stretches are not
involved in the overtone or combination bands of interest. For the difference
bands, the non-CH stretching fundamentals are scaled by 0.976 while the CH
stretching fundamentals are scaled by 1.007. While the level of theory used is
expected to yield accurate band positions for the overtones, combination, and
difference bands, the current version of Gaussian does not determine intensities
for these bands. However, as discussed in Sec. 1.3.3, selection rules allow the
exclusion of some combination and difference bands as possible contributors to
the observed features. In addition to excluding some bands, we speculate on
which allowed bands will be the strongest. In the harmonic approximation, the
second derivative of the dipole moment is responsible for the intensity of the
first overtone, but in the real world, anharmonicity means that the overtones will
have some contributions from the first derivative. This implies that the strongest
overtone, combination, and difference bands will commonly involve the strongest
fundamentals.

Figure 1.5 compares the 5 to 19 μm (2000 to 530 cm−1) spectrum of neutral
naphthalene computed using density functional theory at the B3LYP level to the
spectrum of matrix isolated neutral naphthalene (C10H8) from Hudgins et al.
(1994). This figure demonstrates the excellent agreement between the theoreti-
cally computed and experimentally measured mid-IR spectrum for fundamentals
and the reasonable agreement in the positions of the calculated overtone and com-
bination bands. Note that difference bands only arise from emission processes
and are thus not found in the experimental spectra.

1.3.3 The origin of the PAH bands in the 5 – 6 μm range

The experimental spectra presented in Fig. 1.4 illustrate what has long been
known, PAHs show weak spectral structure in the 5 to 6 μm (2000 to 1667 cm−1)
region. This structure has been attributed to overtones and combination bands
based on spectroscopic studies of small aromatic molecules (Young et al. 1951).
This work is summarized below, followed by a detailed analysis of the PAH
vibrations that produce bands in the 5 to 6 μm region for large PAHs, species
comparable in size to the astronomical PAHs.
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Figure 1.5 – Comparison between the B3LYP-level calculated and experimentally obtained
spectra of naphthalene from 5 to 19 μm, showing their outstanding agreement
for fundamentals. The agreement for the overtone and combination bands is
reasonable. *Note that the theoretical results for the overtone and combination
bands have no calculated intensities. Therefore, the bands were derived from
fundamentals with an intensity >10 km/mole and given the same intensity to
allow for comparison with the experimental frequencies.



1.3. PAH spectroscopy in the 5 – 6 μm region 15

Young et al. (1951) present some examples of the distinctive band patterns in
the 5 to 6 μm region produced by different substituted benzenes. The different
substitution patterns force different H adjacencies and this has been found to
determine the characteristic band patterns in this region. This behavior strongly
suggests that fundamental vibrations associated with hydrogen are the primary
carriers of this spectroscopic structure, but these different substitution patterns
could also induce IR activity in transitions involving CC vibrations. The central
role of hydrogen in producing these features is confirmed when one compares the
5 to 6 μm region of the spectra of normal PAHs (CxHy) with the same region in
the spectra of fully deuterated PAHs (PADs; CxDy). The absence of any activity
in the 5 to 6 μm region of the deuterated PAH spectra shows that hydrogen is
essential in producing these features. The band patterns in the 5 to 6 μm region
reflect hydrogen adjacency because, as discussed below, they involve strong CH
vibrations whose fundamental frequencies are determined by their adjacency
class.

Experimental

The 5 to 6 μm region of the astronomical emission spectrum was initially thought
to be dominated by simple combinations and overtones of the fundamental CHoop

modes (Bellamy 1960). Thus our analysis begins by separating out the contribu-
tions of the CHoop modes. The CHoop region, which falls between 10.5 and 15 μm,
includes contributions of the solo (non-adjacent hydrogens), duo (doubly adjacent
hydrogens), trio (triply adjacent hydrogens) and quartet (quadruply adjacent hy-
drogens) hydrogens present on a PAH (e.g. Hudgins & Allamandola 1999). Each
of these type of vibrations falls within specific wavelength regions. Given the
segregation of the CHoop vibrations in PAH spectra one would expect combina-
tion modes arising from these fundamental vibrations to be similarly grouped
(i.e. quartets furthest to the red and solos furthest to the blue), if the various
CHoop modes combined with the same vibrational modes. To better understand
this region, we have analyzed the spectra of over 35 neutral PAHs of various sizes
and structures and have found that this is not necessarily the case. While several
features between 5 and 6 μm appear to be the result of solo, duo, trio and quartet
hydrogens, their order does not follow that observed in the CHoop region.

The CHoop spectra of several matrix isolated PAHs are shown in conjunction
with their respective overtone and combination regions in Fig. 1.4. As one can
easily see, the CHoop region varies considerably with respect to the various PAH
structures, reflecting the variability in the solo, duo trio and quartet hydrogens
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from one PAH to the next. Likewise there is considerable variability in the over-
tone and combination region (5.1 to 5.8 μm region). Close inspection of Fig.
1.4 reveals that molecules b, c, and e contain a large set of bands spanning the
full wavelength region, while molecules a and d have a pronounced break in
the overtone and combination bands between the 5.25 and 5.7 μm regions. The
major structural difference in these PAHs is the presence of quartet hydrogens
in molecules b, c, and e. The presence of quartet hydrogens in a PAH molecule
produces a complex of bands spanning the entire 5 to 6 μm region, making them
unsuitable as responsible for the astronomical 5.25 and 5.7 μm features.

Ignoring, for the moment, the fundamental vibrational modes as carrier of the
overtone and combination bands, several additional interesting trends appear in
the 5 to 6 μm region which can be linked to the PAH structure. The PAH spectra
presented in Fig. 1.6 will assist in identifying these trends. The positions of the
astronomical 5.25 and 5.7 μm have been indicated by the shaded areas, with on
both sides an uncertainty of ∼10 cm−1 to account for cold absorption versus hot
emission (Joblin et al. 1995). The first trend to note is that all the matrix-isolated
PAHs in Fig. 1.6, along with all the PAHs investigated by this lab to-date, exhibit
bands in the 5.25 and 5.7 μm regions. The quartet containing PAHs, in addition
to exhibiting bands in undesirable positions, also tend to have bands to the blue
and red of the positions occupied by the 5.25 and 5.7 μm astronomical features.
For instance, in Fig. 1.6a the bands extend further to the blue of the 5.25 μm area
than the bands visible in the PAHs shown in panels e, f, g and h of Fig. 1.6, which
contain only solo, duo and trio hydrogens. Furthermore, quartets that are part of
a ‘bay’ region in PAHs, such as found in panels c or d of Fig. 1.6, tend to produce
bands at wavelengths shorter than those of less hindered quartets, such as shown
in panels a and b of Fig. 1.6. Typically the bay region quartets result in a band
around 5.128 μm (1950 cm−1) versus the 5.14 μm (1940 cm−1) position of the less
hindered quartet. Thus PAHs containing quartet hydrogens will exhibit bands
outside the area occupied by the 5.25 and 5.7 μm astronomical features.

Additional analysis reveals that PAHs with duo hydrogens tend to exhibit a
band around 5.19 μm (1925 cm−1), see panel e in Fig. 1.6. The presence of trio
hydrogens, in addition to duos, tends to produce another feature to the blue of the
duo band around ∼5.18 μm (1930 cm−1). This is clearly illustrated in the spectra
shown in panels e, f, g and h of Fig. 1.6, where the trios, labeled as 3, in panel f,
g and h of Fig. 1.6 produce a band further to the blue of the duo band, labeled
as 2, in panel e of Fig. 1.6. However, in the absence of duo hydrogens, the trios
produce a single feature near the position of the lone duo hydrogens. Finally
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Figure 1.6 – Matrix isolated spectra of (a) naphthalene, (b) pentacene, (c) chrysene, (d)
large, uncondensed PAH containing solo, due, trio and quartet hydrogens, (e)
coronene, (f) benzo[g,h,i]perylene, (g) large PAH containing only duo and trio
hydrogens and (h) large PAH containing duo, trio and solo hydrogens. Bands
identified as involving quartet hydrogens are labeled with a 4, trio hydrogens
a 3, and duos a 2. The shaded areas show the band positions of the 5.25 and
5.7 μm astronomical features.
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the presence of hydrogen trios also tends to produce a feature just to the red of
the 5.25 μm band area (∼5.39 μm or 1855 cm−1). This feature is readily observed
(labeled with a 3) in the matrix isolated spectrum shown in panel f, as well as
in the spectra shown in panels g and h of Fig. 1.6. Although all of the PAHs
with trio hydrogens exhibited this feature, the intensity of this band depends on
the specific PAH structure. Thus, PAHs containing only duo and trio hydrogens
match the 5.25 μm astronomical feature well, but PAHs containing trio hydrogens
match only marginally due the presence of a band around 5.39 μm. This implies a
limited concentration of PAHs containing trio hydrogens in astronomical objects.

The matrix isolated PAH absorption spectra in the 5.7 μm astronomical band
region, running from ∼5.5 to 5.8 μm, exhibit considerably more variability than
the 5.25 μm region. Just as in the 5.25 μm region, every PAH investigated shows
bands in the 5.7 μm region. However there seems to be a greater degree of
segregation concerning the absorptions in this region. While the presence of
quartets hydrogens produce bands in the 5.7 μm region, their presence also tends
to produce bands to the blue and red of the region. This is exemplified in the
spectra shown in panels a, b and c of Fig. 1.6. Although PAHs containing only duo
and trio hydrogens match the 5.7 μm feature very well, their bands tend to cluster
around 5.6 μm (1780 cm−1), whereas the presence of solos extends this structure
towards 5.8 μm (1724 cm−1). This is beautifully illustrated in the PAH spectra
shown in panels f, g and h of Fig. 1.6. The PAHs producing the spectra in panels
f and g of Fig. 1.6 contain only doubly and triply adjacent hydrogens, while the
top spectrum is of a similar PAH but containing solo hydrogens. As is easily seen
in Fig. 1.6, although PAHs containing duo and trio hydrogens can contribute to
the 5.7 μm astronomical feature, solo hydrogens are required to match the full 5.7
μm feature.

In addition to possessing bands to the blue of the 5.25 μm feature and bands
to the blue and red of the 5.7 μm feature, PAHs containing quartet hydrogens
exhibit an additional trait which prohibit them from effectively matching the 5.25
and 5.7 μm astronomical regions. This concerns the region between the 5.25 and
5.7 μm astronomical features. As shown in panel a, c and d of Fig. 1.6, PAHs
containing quartets exhibit more intense activity in the area between the 5.25 and
5.7 μm features than PAHs containing only solos, duos and trios. In fact, as all
the spectra in Figs. 1.4 and 1.6 reveal, PAHs containing quartets seem to exhibit
a continuum of bands throughout the region that includes the 5.25 and 5.7 μm
features. This is exemplified in the PAH spectrum shown in panel d of Fig.
1.6. Although it is a fairly large PAH, its open structure contains solo, duo, trio
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and quartet hydrogens. Likewise its spectrum exhibits a continuum of bands
throughout the region containing the 5.25 and 5.7 μm features.

Two final notes should be made regarding PAH structure and the overtone
and combination region. First, not all of the experimentally measured features in this
region can be traced back to the strongest solo, duo, trio and quartet hydrogen bands.
This precludes a one-to-one assignment with the theoretical results for all the
bands presented in the next section. This region also contains bands around 1903
cm−1 (5.25 μm; ±5 cm−1) and 1915 cm−1 (5.22 μm; ±5 cm−1) which appear in the
PAH spectra collected, regardless of structure. In a few instances either the 1903 or
1915 cm−1 band will appear by itself, but in most instances both bands are present.
Due to the appearance of at least one of these bands in all of the PAH spectra, we
were unable to associate them with a particular structural feature. However, the
absence of any bands between 5 – 6 μm in fully deuterated PAH spectra indicate
that hydrogen motion is involved, obviously through CH in-plane (CHip) modes.
Second, while difference bands only arise from emission processes and are thus
not found in the absorption spectra presented here, they will likely contribute to
the astronomically observed features.

In summary, the experimental evidence suggests that the astronomical 5.25 and
5.7 μm features can be accommodated by the overtone and combination bands
resulting from PAHs containing trio, duo and solo hydrogens. The presence
of a band around 5.39 μm in PAHs containing trio hydrogens implies a limit
of the concentration of this particular PAH structure in the astronomical PAH
population. The presence of quartet hydrogens produces undesirable features in
the spectrum. The 5.7 μm region exhibits a greater variability in structure than
the 5.25 μm. This greater variability is the result of PAHs with only duo and trio
hydrogens producing absorption features which cluster on the blue side of the
5.7 μm region, whereas the presence of solo hydrogens is necessary to produce
features towards the red side of this region. Such variability could be utilized as
a tracer of PAH structures in astronomical environments.

Theoretical studies

Computational spectra permit an extensive analysis of the nature of the transitions
that produce features in the 5 – 6 μm region, including difference bands which are
inaccessible through experimental absorption spectroscopy. Figure 1.5 compares
the spectrum of neutral naphthalene computed using density functional theory at
the B3LYP level to the spectrum of matrix isolated neutral naphthalene (C10H8).
This figure illustrates two important points. First it demonstrates the excellent
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agreement between the experimentally measured and theoretically computed
fundamental transitions that produce the mid-IR spectrum of naphthalene. Second,
this level of theory does not predict any fundamental PAH vibrations between
5 and 6 μm, adding further support of their assignment to combination and
overtone types of bands.

We now consider neutral naphthalene using the 6-311G** basis set. The results
are summarized in the top two sections of Table 1.4. There are no overtones
between 5 – 6 μm that are derived from fundamentals with intensity greater
than 10 km/mole. Therefore we conclude that overtones are not responsible
for the bands between 5 and 6 μm in the spectrum of naphthalene. However,
naphthalene is a special case since it has only quartet hydrogens and, as shown
in Table 1.5 for coronene, overtones can produce important bands in this region.
Now, consider combination and difference bands, not overtones. Because of
the high symmetry in naphthalene, dipole-allowed combination and difference
bands can only arise from a forbidden mode interacting with an allowed mode.
In addition to this rigorous selection rule, we presume that the stronger bands
will result from combination and differences in which the allowed band is intense
(Sect. 1.3.2). The combination and difference bands of the most interest in the 5 –
6 μm range are also summarized in Table 1.4. All of the computed combination
bands in neutral naphthalene involve the strong CHoop bending mode (B3u) at
12.703 μm. The vibration producing this strong band couples with forbidden
in-plane and out-of-plane CH bending vibrations to produce the combination
bands. The fundamental modes are visualized in Fig. 1.7. Hence, since the only
strong bands in neutral naphthalene are the CHoop bend and the CH stretch, and
the higher frequency CH stretch cannot contribute to the combination bands in
the 5 – 6 μm region, the only bands in the correct region that can couple with
the strong B3u CHoop band to produce features in the correct region are other CH
bends. Given that difference bands will involve a higher frequency mode and
that the only strong, allowed higher frequency fundamental is the allowed CH
stretch, all difference modes falling between 5 and 6 μm must involve coupling of
the allowed CH stretch with forbidden CHip bending vibrations.

The results for the 4-31G basis set are rather similar to those of the larger
basis set and are presented in the lower section of Table 1.4. The combination
bands are in somewhat better agreement than the difference bands, but overall
the small basis set results are in good agreement with those from the larger basis
set. Therefore, we also computed the overtone, combination and difference bands
in neutral coronene with the 4-31G basis set and those results are given in Table
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Forbidden transition Allowed transition
Wavelength Wavelength Symmetry Fig. Wavelength Symmetry Fig. Intensity
[μm]/[cm−1] [μm] [μm] [Km mole−1]

naphthalene 6-311G∗∗ neutral
Combination
5.989 / 1670 11.330 B2g b
5.770 / 1733 10.570 B1g c
5.660 / 1767 10.194 B2g d 12.703 B3u a 114.1
5.496 / 1820 9.680 Ag e
5.104 / 1959 8.537 Ag f
Difference

5.977 / 1673 7.324 Ag h
5.583 / 1791 8.017 B3g i 3.291 B1u g 64.1
5.356 / 1867 8.537 Ag f
5.309 / 1884 8.660 B3g j

5.894 / 1679 7.324 Ag h
5.510 / 1815 8.017 B3g i 3.266 B2u k 49.1
5.289 / 1891 8.537 Ag f
5.243 / 1907 8.660 B3g j

naphthalene 6-311G∗∗
Combination
5.948 / 1681 21.365 B3g D 8.239 B2u A 218.8
5.896 / 1696 10.751 B2g E 13.047 B3u B 105.7
5.804 / 1723 19.626 Ag F 8.239 B2u A 218.8
5.779 / 1730 10.366 B1g G 13.047 B3u B 105.7
5.610 / 1783 9.826 B2g H 13.047 B3u B 105.7
5.511 / 1815 9.541 Ag I 13.047 B3u B 105.7
5.129 / 1950 23.198 B2g J 6.569 B1u C 87.41
5.116 / 1955 13.499 B1g K 8.239 B2u A 218.8
5.110 / 1957 8.410 Ag L 13.047 B3u B 105.7
5.063 / 1975 13.131 Ag M 8.239 B2u A 218.8
5.027 / 1989 21.365 B3g D 6.569 B1u C 87.4
Difference

5.415 / 1847 3.267 Ag N
5.410 / 1848 3.266 B3g O 8.239 B2u A 218.8
5.371 / 1862 3.252 B3g P

naphthalene 4-31G neutral
Combination
5.977 / 1673 11.296 B2g -
5.776 / 1731 10.600 B1g -
5.637 / 1774 10.134 B2g - 12.677 B3u - 111.2
5.521 / 1811 9.768 Ag -
5.078 / 1969 8.479 Ag -
Difference

5.796 / 1725 7.386 Ag -
5.484 / 1823 7.965 B3g - 3.248 B1u - 78.1
5.264 / 1900 8.479 Ag -
5.212 / 1919 8.618 B3g -

5.738 / 1743 7.386 Ag -
5.431 / 1841 7.965 B3g - 3.229 B2u - 71.4
5.216 / 1917 8.479 Ag -
5.165 / 1936 8.618 B3g -

Table 1.4 – The computed combination and difference bands for naphthalene. Band posi-
tions determined using the 6-311G** basis set are compared to those determined
using the 4-31G basis set. The forbidden- and allowed transitions that produce
each band are given. Visualization of the fundamental vibrations producing
the combination and difference bands, indicated here in columns 4 and 7, are
shown in Fig. 1.7 and 1.8.
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Forbidden transition Allowed transition
Wavelength Wavelength Symmetry Wavelength Symmetry Intensity
[μm]/[cm−1] [μm] [μm] [Km mole−1]

Overtone
5.770 / 1733 11.538 B3u 175.6

Combination
5.857 / 1707 11.890 B1g

5.723 / 1747 11.349 B2g

5.640 / 1773 11.041 B2g

5.475 / 1826 10.409 B1g 11.538 B3u 175.6
5.470 / 1828 10.394 B2g

5.432 / 1841 10.252 B2g

5.383 / 1858 10.091 Ag

5.281 / 1894 9.739 Ag

Difference
5.917 / 1690 7.206 B3g

5.916 / 1690 7.207 Ag

5.732 / 1745 7.501 Ag

5.460 / 1832 8.024 B3g

5.421 / 1845 8.110 Ag 3.249 B1u 140.3
5.399 / 1852 8.159 B3g

5.396 / 1853 8.166 Ag

5.253 / 1904 8.517 Ag

5.252 / 1904 8.519 B3g

5.989 / 1670 7.024 B3g

5.987 / 1670 7.026 Ag

5.863 / 1706 7.206 B3g

5.862 / 1706 7.207 Ag

5.681 / 1760 7.501 Ag

5.414 / 1847 8.024 B3g 3.233 B2u 139.4
5.375 / 1860 8.110 Ag

5.354 / 1868 8.159 B3g

5.351 / 1869 8.166 Ag

5.210 / 1919 8.517 Ag

5.209 / 1920 8.519 B3g

Table 1.5 – The computed overtone, combination and difference bands for neutral coronene
computed using the 4-31G basis set. The forbidden- and allowed transitions
producing each band are given.
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Figure 1.7 – Visualization of the fundamental CH vibrational modes responsible for the
combination and difference bands of neutral naphthalene listed in Table 1.4.
The molecule is indicated by the vector arrows.
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Figure 1.8 – Visualization of the fundamental CH vibrational modes responsible for the
combination and difference bands of the naphthalene cation listed in 1.4. The
vibrational motion of the molecule is indicated by the vector arrows.
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1.5. While coronene has D6h symmetry, we use D2h symmetry labels to facilitate
comparison with naphthalene. In this way the similarities between the vibrational
symmetries are more readily apparent. It is important to note that coronene has
duo hydrogens, not quartet hydrogens as in naphthalene. The CHoop band in
coronene falls at 11.538 μm (867 cm−1) whereas in naphthalene it is at 12.677 μm
(789 cm−1). Consequently, coronene has an overtone band in the 5 to 6 μm region
derived from this strong fundamental. Extrapolating to other PAHs, on the basis
of typical band positions for CHoop bends, it is clear that PAHs containing solo
and duo hydrogens will have overtone bands in the 5 to 6 μm region, a result
consistent with the experimental conclusions in Sect. 1.3.3. The second point to
note from the computed coronene tabulation is that all of the combination bands
involve CHip and CHoop bending modes coupled to the one strong out-of-plane
mode. As for naphthalene, the difference bands arise from a coupling of a strong
CH stretch with forbidden CHip bending modes.

The naphthalene cation was also studied using the 6-311G** basis set and the
results are given in the middle section of Table 1.4, with visualizations of the
modes in Fig. 1.8. In contrast with neutral naphthalene, the first point to note is
that, since ionization increases the intrinsic strength of many bands, the cation has
several strong bands that can contribute to combination bands. For naphthalene,
the contribution bands are mostly CHip and CHoop bending in character, but
some begin to have contributions from modes with CC stretching and bending
character. For example, the bands at 23 and 21 μm (435 and 476 cm−1) have
significant CC contributions to the mode. As the cation grows in size and the
number of low frequency modes increases, we presume that the character of the
vibrations that produce combination bands in the cation could become even more
diverse. The second difference between the neutral and cation forms is that the
cation difference bands involve an allowed CH bend and forbidden CH stretches.
That is, the same strong CHip bend that contributes to the combination bands is
also the allowed band contributing to the difference bands.

Comparing the position of the computed combination bands with the frequen-
cies of the two fundamentals that comprise the bands shows only a small shift
(2.6 cm−1) for the region of interest. This, coupled with the spectroscopic property
that difference bands fall at νi − ν j without any shift (Herzberg 1945), permits
using scaled harmonic frequencies from larger PAHs as a guide in assessing the
fundamental bands that can contribute to the observed overtone, difference, and
combination bands. Considering the modes in three very large regular PAHs,
C110H26, C112H26, and C130H28, we find that the cation, neutral, and anion forms
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of all three molecules should each have strong overtones near 5.4 – 5.6 μm (1818
cm−1). Considering that we are computing the overtone as twice the scaled har-
monics, the 5.4 – 5.6 μm bands are consistent with the astronomical 5.7 μm feature
as arising from overtones of large symmetric PAHs. All three charge states of all
three molecules have many possible combination and difference bands in the 5 –
6 μm region. For the neutral combination bands, the strongest allowed compo-
nent are CHoop bends, the same as found for the smaller molecules. However,
it is interesting to note that there are combination bands in this region that are
derived from an allowed CHip bend with a forbidden CHoop bend and an allowed
CC-stretch with a forbidden drum head mode; the intensity of the allowed CHip

bend and CC stretch is about 25% of the CHoop bend. For anions and cations,
the intensity of the CHip and CC stretch can exceed the strongest CHoop bending
vibration. For large PAH cations, the CH-stretch intensity can be sizable, therefore
difference bands in the 5 – 6 μm region can arise from an allowed CH stretch as
well as from an allowed CH bend. Overall, the anion spectra in the 5 – 6 μm
region is more similar to that of the cation than that of the neutral.

Summing up, the computational work supports the idea that PAH neutrals,
cations, and anions have overtones arising from CHoop bends of solo and duo
hydrogens that fall in the 5 – 6 μm, as do combination bands arising from in- and
out-of-plane CH bends. In addition to the combination bands, difference bands,
involving CH stretches and CH bends, can also fall in this region. Since there are
more strong bands in the cations and anions than in the neutrals, more combi-
nation bands arise. It is likely that in large PAH ions, not all of the combination
bands arise from only CHip and CCoop bends.

For now our theoretical study is limited by the inability to compute intensi-
ties. Without intensities the theory is not up to making a one-to-one comparison
with the laboratory spectra and it is impossible to definitively establish which
combination and difference bands could contribute to the astronomical spectrum.
However, the calculations support the idea that neutrals, cations, and anions of
large PAHs can all contribute to the observed features. Specifically: 1) the CHoop

solo and duo hydrogens lead to an overtone in the region of interest, 2) combina-
tion bands arising from in- and out-of-plane CH bends can also contribute to the
observed bands, and 3) difference bands involving CH stretches and CH bends
can also contribute to the observed bands.
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1.4 Astrophysical considerations

First we consider the 5.25 μm band. The few earlier studies of this band focused
on its general attributes. Allamandola et al. (1989b) and Roche et al. (1996)
attributed this feature to overtones and combinations involving the lower lying
CHoop bending modes. For three of the four objects considered here the 5.25 μm
emission band has a FWHM of 0.11 μm (40 cm−1). It may be slightly broader in
NGC 7027 (0.14 μm, 50 cm−1), but the lower signal to noise in this object makes
this value less reliable. Roche et al. (1996) noted the striking similarity between
the profiles of the 5.25 μm band and that of the 3.4, and 11.2 μm bands. This
comparison is revisited in Fig. 1.9, comparing the 5.25 μm band with the 3.4, 6.2,
and 11.2 μm emission bands from NGC 7027 using the higher quality ISO-SWS
data. The major astronomical features at 6.2 and 11.2 μm arise from fundamental
vibrations whereas the 5.25 μm band is produced by combinations and overtones
involving fundamentals. The similarities between the profiles of these bands are
striking, even down to the blue satellite features for the 6.2 and 11.2 μm bands.
However, on an (absolute) energy scale the widths and skewness of the profiles
show some variations, with the 6.2 μm profile clearly different. Both width
and skewness are tied to the anharmonicity parameter of the transition involved,
which depends on the involved mode (Joblin et al. 1995). While presently relevant
spectroscopic data is lacking, we note that future experimental studies on the
relevant modes may prove to be very insightful.

Roche et al. (1996) found that the ratio of the 11.2 μm band intensity to that of
the 5.25 μm band was roughly constant (28 – 32) over their sample of three PNe.
Here, from Table 1.3 the I11.25/I5.25 in HD 44179 and the two positions in Orion
are about 10 (± 1.0), whereas it is 14 (±1.5) in NGC 7027. We have developed a
simple model to determine computationally this ratio based on the average (∼
9.5), experimentally established, (10 – 15) / 5.25 μm cross section of 15 neutral
PAHs with 28 – 50 carbon atoms. The model predicts the I11.25/I5.25 ratio as a
function of PAH size and photon excitation energies. The thermal approximation
is used to determine the emission spectrum and radiative relaxation is taken into
account (Dwek et al. 1997; Bakes et al. 2001). Figure 1.10 shows the predicted
ratios as a function of PAH size between two different excitation energies, 8 and
10 eV. For average photon excitation energies of 8 and 10 eV, PAHs with about
40 to 65 carbon atoms produce the observed ratios for HD 44179 and the two
positions in Orion. NGC 7027 implies that PAHs with between 65 to about 105
carbon atoms are required to match the observed ratio. This is very much in line
with the estimate based on the 3.3/11.2 μm ratio (Allamandola et al. 1989b).
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Figure 1.9 – Comparison between the normalized profile of the 5.25 μm band to those of
the normalized 3.4, 6.2 and 11.2 μm bands in NGC 7027, note the similarities.
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Figure 1.10 – The I11.25/I5.25 ratio as a function of neutral PAH size modeled using the
thermal approximation and including radiative cooling. The solid line is the
ratio for an average photo-excitation energy of 8 eV and the dashed line for an
average photon energy of 10 eV. The black area is where the astronomically
observed ratio of∼10 (±1.0) falls and the area in gray that where the observed
ratio of ∼14 (±1.5).

The analysis of the laboratory data and the quantum-chemical calculations
point to the involvement of CHoop modes for the emission between 5 – 6 μm.
The good correlation between the 5.25/6.2 with the 11.2/6.2 μm band strength
ratios (R = 0.97) and the 5.7/6.2 with the 11.2/6.2 μm band strength ratios (R =
0.97), which traces the CH modes, affirm this (Fig. 1.11). In contrast, there is no
good correlation between the 5.25/11.2 with the 6.2/11.2μm ratios. Showing again
that the 5.25 μm and CC modes are not intimately connected in the astronomical
spectra.

Ionization of PAH molecules can influence band positions, but not as notably
as the effect on the relative band intensities. Upon ionization the strength of
the CC modes increases significantly, while the CH modes tend to decrease in
strength. However, there appears to be a size dependence to this. PAHs of a
size comparable to those implied here do not have significant reduction in CH
band strength (Bauschlicher et al. 2008). NGC 7027 and the two positions in the
Orion Bar probe the two extremes in ionizing environments. Future studies on a
larger sample will have to establish whether the difference in 5.25/11.2μm ratio for
NGC 7027 is a real property of the interstellar PAH spectra. While the theoretical
data suggest that ionized PAHs and non-CHoop modes may be involved, for
now we conclude that the correlation in Fig. 1.11 advocates for neutral carriers
dominating the astronomical 5.25 μm PAH band.

Hony et al. (2001) made a study of the 10 – 15 μm region, the bands which
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Figure 1.11 – Band strength ratio correlations. �HD 44179; �NGC 7027; �Orion Bar H2S1;
× Orion Bar D5; ◦ Nearby galaxies (Smith, J. D., private communication).
Note that for the Galaxies the strength of the 5.25μm band was determined by
assuming a slightly asymmetric Drude profile with a width and wavelength
center trained on a high S/N subset of the SINGS (Kennicutt et al. 2003)
spectra. Integrating the full profile produces the used bands strength. Also
note that some of the SINGS spectra have modest redshifts, which bring
slightly more of the feature in view, up to roughly a quarter of the feature’s
FWHM.

are due to aromatic CHoop vibrational modes. Laboratory data and quantum-
chemical calculations show that the peak position of the bands in this region
depends on the number of adjacent hydrogen atoms on the periphery of PAH
molecules. Therefore, ratios of these bands will reveal the structure of the emitting
PAHs in astronomical environments. The predominance of the 11.2 over 12.7 μm
band intensity in the four sources investigated here points to compact carriers
(Hony et al. 2001). Since the emission in the 5 – 6 μm region involves coupling
with, and intensity borrowing from the CHoop modes, this also holds for the 5.25
and 5.7μm bands. However, it is prudent to look at the 5 – 6μm region of sources in
which the 12.7 is as strong as the 11.2 μm band (e.g., IRAS 18317). Unfortunately
good signal-to-noise spectra of the 5.25 μm band are not yet available for the
sources known to show such ratios.

Lastly, the presence of quartets produces emission in-between and beyond the
positions of the observed astronomical 5.25 and 5.7 μm features excludes them
as important part of the astronomical PAH family (Hony et al. 2001). This is
completely consistent with the conclusions about the PAH structures from the 10
– 15 μm region.

We turn now to the 5.7 μm band. Figure 1.6 illustrates the dependence of
the 5.7 μm peak position on the molecular edge structure. As the laboratory
data show, duos and trios cluster on the blue side whereas the presence of solos
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produce features on the red side of the feature. While the four spectra are quite
similar, the spectrum of the Orion Bar position D5 seems to indicate that the duo
and trio hydrogens are as important as solo hydrogens, even though both Orion
Bar positions show similar 11.2/12.7 μm band strength ratios. The difference in
the spectra between Orion Bar positions D5 and H2S1 suggest a different PAH
population at both sites. This difference might be driven by erosion, where more
irregular shaped PAHs are present at position D5.

All of the fifteen initially considered astronomical spectra show emission fea-
tures at 5.25 and 5.7 μm, but nothing significant in-between. This rules out a large
population of quartet containing PAHs. The spectra span a significant range of
astrophysical environments, suggesting that many, if not most, of the astronomi-
cal PAH population is dominated by large and compact PAHs. It bears repeating
here that the greater intrinsic strength of the solo CH over that of duo CH is largely
responsible for the predominance of the 11.2 μm astronomical band in the CHoop

region.

It has been shown by Peeters et al. (2002a) that the variations in peak position
and shape of the PAH bands in the 6 – 9 μm region can be grouped into distinctive
classes. Moreover, these classes seem to correlate with object type. All ISM-like
sources belong to class A. These are characterized by a CC-stretch band peaking
at 6.2 μm and the ‘7.7’ μm band complex peaking at 7.6 μm. On the other hand,
isolated Herbig Ae/Be stars, together with a few Post- AGB stars and most PNe
belong to class B. These are characterized by a CC-stretch band peaking between
6.24 and 6.28 μm and ‘7.7’ μm band complex peaking between 7.8 and 8.0 μm.
HD 44179, NGC 7027 and the two positions in the Orion Bar cover both of these
classes, with HD 44179 and NGC 7027 representing class B and both positions in
the Orion Bar representing class A. Interestingly enough, for the quality of the
spectra available, the 5.25 and 5.7μm features do not allow for such a classification,
behavior consistent with CH modes. Given that the shift between class A and
class B type of spectra seems strongly influenced by the relative populations of
PAH cations to PAH anions (Bauschlicher et al. 2008), the apparent independence
of the astronomical 5.25 and 5.7 μm bands from these classifications strongly
suggests again that they track the neutral PAH population.

The spectrum labeled ‘Galaxies’ in Fig. 1.3 presents the slightly redshifted av-
erage galaxy spectrum from Smith et al. (2007b), obtained using Spitzer’s Infrared
Spectrograph (IRS; Houck et al. 2004) and shows part - due to IRS’ cutoff at 5.2
μm - of the 5.25 μm band and the 5.7 μm band. Compared to ISO, Spitzer has
limited spectral resolution but superior sensitivity. The spectrum demonstrates
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the accessibility of this region using Spitzer and therefore the possibility for band
strength analysis and, for the 5.7μm band, studies of erosion processes as outlined
in this chapter.

1.5 Summary and conclusion

This chapter presents a study of the two minor PAH features in the 5 – 6 μm
(2000 – 1667 cm−1) region, centered at positions near 5.25 (1905 cm−1) and 5.7 μm
(1739 cm−1). These contain information about the interstellar PAH population
and conditions in the emission regions that both complement and extend the
information revealed by the major bands.

Fifteen high quality ISO-SWS spectra have been investigated for emission
in this wavelength region, with four spectra having sufficient signal-to-noise to
allow for an in-depth analysis. Combined with a spectral database comprised of
laboratory studies and dedicated quantum-chemical calculations, these spectra
allow us to probe the main characteristics of the carriers of the astronomical
PAH features. After continuum and emission line removal, all four astronomical
spectra show similar, almost universal profiles. However, the signal-to-noise level
can be improved and there are hints of subtle, but interesting, variations.

The absence of bands between 5 – 6 μm in laboratory spectra of deuterated
polycyclic aromatic molecules, as well as the absence of fundamentals in the
quantum-chemical calculations in this region along with the strong correlation
between the 5.25 and 5.75 μm band strength with the 11.2 μm band strength in the
astronomical spectra, substantiates the involvement of CHip and CHoop bending
vibrations. In-depth analysis of the laboratory spectra and quantum-chemical
calculations show that the astronomical 5.25 and 5.75 μm bands are a blend of
combination, difference, and overtone bands, involving CHip and CHoop bending
and stretching modes and, likely for the larger ionized PAHs, CCoop modes. When
it becomes possible to compute the intensities of overtone and combination bands,
this work should be extended.

Turning to the hydrogen adjacency classes, PAHs with solo and duo hydrogens
consistently produce prominent bands in the appropriate wavelength regions,
whereas PAHs with higher adjacency hydrogens show far richer spectra. These
produce bands in-between and beyond the 5.25 and 5.7 μm bands, ruling such
species out as important members of the emitting population. The 5.7 μm feature
in itself - through its profile - contains adjacency class information that might
be more easily accessible than through the 10 – 15 μm CHoop region, where it is
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difficult to separate the duo and trio hydrogen modes.
The data suggest that the emitting astronomical PAHs are mostly large (50

� NC � 100 ), compact, and not fully deuterated. Furthermore, both the quantum-
chemical calculations and the absence of a correlation between the 5.25/6.2 and
5.7/6.2μm band strengths with the 11.2/6.2μm band strength ratio suggest that the
5.25 and 5.7 μm PAH band do not trace ionization and are carried predominately
by neutrals. This point is reinforced by the lack of connection with class A and
class B PAH band behavior. This suggests that high quality spectra from 5 – 10 μm
provide insight into the neutral as well as the cation and anion members of the
emitting astronomical PAH family. Even so, a bigger collection of spectra of large
compact PAHs, with mixtures of solo, duo and trio hydrogens, is still needed to
firm up these conclusions.
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Chapter 2

The 15 – 20 μm PAH emission

features: probes of individual

PAHs?

C. Boersma, C.W. Bauschlicher Jr., L.J. Allamandola, A. Ricca, E. Peeters, A.G.G.M. Tielens

Abstract – Spectral features between 15 – 20 μm are associated with Poly-
cyclic Aromatic Hydrocarbons, PAHs. With Spitzer these features are reported
routinely now and as such, warrant a deeper molecular explanation. We aim
to determine the characteristics of the group of carriers of the plateau and
the distinct sub-features at 15.8, 16.4, 17.4, 17.8 and 18.9 μm and consider
astronomical implications. We analyse and interpret 15 spectra from different
sources using the NASA Ames PAH IR Spectroscopic Database. The bands
within the 15 – 20 μm region show large variations. Except for the 16.4 μm
band, there is no connection, both in band strength and feature classification,
with the mid-IR PAH bands. Of the PAH spectra considered, only those from
species containing pendent rings show one ‘common’ characteristic: a band
near 16.4 μm. However, coupling with the carbon skeleton’s core influences
its exact position. Compact PAHs in the size range 50 – 130 carbon atoms,
consistently show a strong band near the astronomical 17.4 μm band position.
The 15 – 20 μm region is the transition zone from PAH nearest neighbour
modes to full-skeleton modes. We conclude that a few individual PAHs dom-
inate the astronomical PAH family when clear features are prominent. In the
few cases of a broad plateau, the PAH family would be far richer. Although
PAHs containing pendent rings showed promise explaining the astronomi-
cal 16.4 μm band, coupling with the skeleton core and the inherent strong
quartet mode expected around 13.5 μm, make it a less viable candidate. The
limited number of large PAHs in the database becomes a limitation in study-
ing the emission between 15 – 20 μm and longwards. Computation of larger
PAH spectra should therefore be stimulated, especially for understanding the
forthcoming far-IR data from Herschel, SOFIA and ALMA.

Submitted to Astronomy & Astrophysics
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2.1 Introduction

A group of emission features falling between 15 and 20 μm is observed in
many objects that also show the well-known mid-IR PAH bands. This
emission region is comprised of distinct narrow features and a broad

variable plateau, with the most prominent features falling at 16.4 and 17.4 μm
and a weak band at 15.8 μm (Boulanger et al. 1998; Moutou et al. 1998; Tielens
et al. 1999; Moutou et al. 2000; van Kerckhoven et al. 2000). A broad emission
plateau was identified by van Kerckhoven et al. (2000), spanning from 15 to 20μm,
in the ISO-SWS spectra of a large variety of astronomical objects. With the arrival
of the NASA Spitzer Space Telescope (Werner et al. 2004a) and its unprecedented
sensitivity, these and other new sub-features are now reported routinely and can
be studied systematically. Peeters et al. (2004) make a comparison between the
early Spitzer data and ISO-SWS spectra and are able to infer that the sources that
show a clear 17.4 μm feature also possess a relatively strong 16.4 μm feature. The
classes as defined by Peeters et al. (2002a) and van Diedenhoven et al. (2004) -
on the basis of the spectral variations in the 3 – 15 μm region - do not appear to
correlate strongly with the variations in the emission between 15 – 20 μm. This is
consistent with the idea that larger PAHs than those responsible for the emission
between 3 – 12 μm dominate the emission. Lastly, these authors are able to tie
the discrete emission features to free floating PAH molecules by interpretation of
their relatively narrow FWHM (∼8 μm).

Sellgren et al. (2007) re-visit NGC 7023 using Spitzer, obtaining spectra with
the Infrared Spectrograph (Spitzer/IRS; Houck et al. 2004). Combining these with
earlier high resolution spectra (Werner et al. 2004b) they confirm the detection of
the individual bands at 16.4, 17.4 and 17.8 μm and report two weaker bands, at
15.8 and 18.9 μm. The long slit spectra show a variation in the strength of the
plateau and individual features as a function of distance from the illuminating
star. Their speculation on the carrier(s) of the 18.9 μm feature, which shows a
d−1.5 dependence, rules out minerals commonly associated with the ISM, ‘simple’
PAHs, the carrier(s) of the extended red emission, and (nano)diamond(oid)s.
From the Spitzer SINGS legacy program (Kennicutt et al. 2003), Smith et al. (2007b)
report that all galaxies possess a strong PAH complex at ‘17’μm (not to be mistaken
with the narrow 17.0 μm H2 S(1) rotational transition line), with only modest sub-
features at 16.4 and 17.4 μm. The strength of the ‘17’ μm complex correlates well
with the strength of the 11.2 μm feature, suggesting a PAH origin. The luminosity
of the ‘17’ μm complex over 11.2 μm band also correlates well with the oxygen
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abundance. One interpretation is that, since longer wavelength features tend to
arise from larger PAHs, PAH growth is stimulated by higher metallicities. The
details are not yet well understood, but the correlation promotes the idea that
PAH bands can be utilised to measure metallicity.

Laboratory work and quantum-chemical calculations pave the way for iden-
tifying the carriers of the 15 – 20 μm emission features and understanding the
governing astrophysical conditions. The 15 – 20 μm wavelength region - charac-
teristic for C-C-C bending modes - has received in the past much less attention
than the shorter wavelength C-C and C-H stretching and bending modes in labo-
ratory and in silico studies. In preparation for the ISO mission (Kessler et al. 1996),
Moutou et al. (1996) measured the absorption spectra of 40 neutral, salt matrix
isolated, PAH molecules at wavelengths beyond 14 μm. That study predicted
bands at 16.2, 18.2, 21.2 and 23.1 μm with strengths, in terms of that of the 6.2 μm
feature, ranging from 13 to 70 percent. Later, combining the laboratory spectra
from Schmidt et al. (unpublished) and Hudgins & Sandford (1998a,b,c), Moutou
et al. (1998) have 22 percent of the data showing bands in the appropriate wave-
length region. Within this extended data set, the large compact PAHs (NC ∼32)
and those containing 5-membered rings show the strongest activity.

Using data from PAHs in the gas phase (Zhang et al. 1996), van Kerckhoven
et al. (2000) concluded that the effect of ionisation on the bands between 15 –
20 μm are only moderate and that the distinct 16.4 μm feature arises from those
PAHs in the sample that contain 5-membered rings. However, they note that
the pentagons themselves are not producing the feature in these small PAHs,
but rather, the structures include pendent hexagonal rings in which a, so-called,
‘breathing-mode’ causes the emission.

Recently, the NASA Ames PAH IR Spectroscopic Database has become avail-
able, containing over 580 calculated spectra. This unique database allows for the
first time a consistent and systematic investigation of the characteristics of PAHs
in the 15 – 20 μm wavelength region. The goal of this study is to use this database
to characterise the carriers of the emitting features in the 15 – 20 μm wavelength
range. This chapter is organised as follows; in Sect. 2.2 the astronomical data
are introduced (§2.2.1), analysed (§2.2.2) and the results are presented (§2.2.3).
Section 2.3 introduces the NASA Ames PAH IR Spectroscopic Database and de-
scribes the methodology for using the synthetic data (§2.3.1). This is continued
by analysing the spectra of different distinct groups of PAHs (§2.3.2) and ends by
doing a ‘blind’ search through the database for those PAH species that have their
dominant emission band between 15 – 20 μm at 16.4 and 17.4 μm, respectively
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Table 2.1 – Astrometric data.

object α δ distance ref. type of object
[h m s] (2000) [◦ ′ ′′] (2000) [pc]

NGC 7023 21 01 36.9 +68 09 49 430 1 reflection nebula
NGC 2023 05 41 37.9 -02 15 52 470 2 reflection nebula
NGC 4736 12 50 53.2 +41 07 14 5.0·106 3 LINER galaxy
HD 36917 05 34 46.9 -05 34 15 510 4 Herbig Ae/Be star
HD 37411 05 38 14.5 -05 25 13 510 4 Herbig Ae/Be star
CN1-5 18 29 11.6 -31 29 59 46·102 5 planetary nebula
NGC 6567 18 13 45.1 -19 04 34 24·102 6 planetary nebula
LMC SMP036 05 10 39.7 -68 36 04 51·103 7 planetary nebula
LMC SMP038 05 11 23.8 -70 01 57 51·103 7 planetary nebula
LMC SMP061 05 24 36.0 -73 40 39 51·103 7 planetary nebula
IRAS 12063-6259 12 09 01.2 -63 15 56 95·102 8 Hii region
Orion Bar Pos 1 05 35 18.3 -05 24 42 430 1 Hii region
Orion Bar Pos 2 05 35 12.1 -05 26 09 430 1 Hii region

references: 1: van den Ancker et al. (1997); 2: Perryman et al. (1997); 3: Smith et al. (2007b); 4: de
Zeeuw et al. (1999); 5: Stanghellini & Pasquali (1995); 6: Cahn et al. (1992); 7: Kovács (2000); 8:
Caswell & Haynes (1987)

(§2.3.3). In Sect. 2.4, the results from both the astrophysical and theoretical study
are combined and astronomical implications are considered. A summary with
conclusions is given in Sect. 2.5.

2.2 Observations

2.2.1 Astronomical spectra from 15 – 20 μm

Here, our sources together with their 15 to 20 μm PAH spectra, as observed with
NASA’s Spitzer Space Telescope, are introduced. The objects chosen sample dif-
ferent astronomical environments, spanning the wide range of spectral variations
observed in the 5 – 9 and 15 – 20 μm regions. This allows for a better understand-
ing of the connections between local conditions and object type on one hand,
and the spectral features and classification schemes on the other. Our sample
consists of two Herbig Ae/Be stars; five planetary nebulae; three Hii regions; two
reflection nebulae, one with spectra at several positions; and several spectra from
the SINGS galaxy sample. The utilised SINGS data consists of nuclear (inner few
parsec) spectra at multiple positions from a single galaxy and the overall average
spectrum taken from Smith et al. (2007b). The astrometric data on these sources
are listed in Table 2.1.
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Reflection nebulae: NGC 7023 is the reflection nebula in Cepheus irradiated
by the Herbig Be star HD 200775. NGC 7023 has been thoroughly studied, most
recently in the 15 – 20 μm PAH band region. The low-resolution 5 to 20 μm
spectrum from Werner et al. (2004b) (position A) is the representative for this type
of object and its spectrum is presented in the top panel of Fig. 2.1. Several posi-
tions from Sellgren et al. (2007) have been selected to illustrate the spectroscopic
variations across NGC 7023 (positions 1, 3 and 6 from slit C; 36, 19 and 48′′ from
HD 200775, respectively). NGC 2023 is the reflection nebula in Orion irradiated
by the B star HD 37903. These data have been obtained from Peeters et al. (in
prep.).

Galaxies: the galaxy spectra are taken from Smith et al. (2007b) and are part
of the SINGS sample (Kennicutt et al. 2003). We obtained the average spectrum
from Smith et al. (2007b) and use it as our representative spectrum for this type
of object. The low-resolution 5 to 20 μm average spectrum is presented in Fig.
2.1. Enhanced data products have been obtained from the SSC, and from that
collection NGC 4735 has been chosen to illustrate the variations in the 15 – 20 μm
region across a single galaxy.

Herbig Ae/Be stars: HD 36917 is a non-isolated Herbig Ae/Be star located
South of the Orion belt in the OB1c association and has been identified as a
spectroscopic binary (Levato & Abt 1976). HD 37411 is also located in Orion’s
belt OB1c association. These data are part of the Spitzer program with PID 3470.
Both spectra have been studied earlier by Boersma et al. (Chapter 3; 2008), where
the profile variations of the ‘7.7’ μm feature were investigated. The spectrum of
HD 36917 is our representative spectrum for this type of object and it is presented
in Fig. 2.1. Note that both sources have emission from silicates contributing to
their spectrum.

Planetary nebulae: NGC 6567 and CN1-5 are two Galactic planetary nebulae
located in Sagittarius. For both sources, the BCD data have been retrieved from
the SSC and reduced using CUBISM (Smith et al. 2007a). For NGC 6567, a back-
ground obtained from a designated sky observation was subtracted. Bad pixels
were removed by using the default values for global and record bad pixel cleaning
within CUBISM. The extraction aperture was taken to include the source in the
Short-Low (SL) observations (10 and 8 pixels for NGC 6567 and CN1-5, respec-
tively). However, this aperture falls partly outside the SH/LH FOV. Therefore, we
applied a slightly different aperture for the SH/LH data in order to restrict it within
the FOV (8 and 4 pixels for the SH and LH modules, respectively). To check for
aperture effects, we extracted spectra for both the SL apertures and the adapted
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Table 2.2 – Atomic and molecular hydrogen emission features found in the spectra shown
in Fig. 2.1.

atomic molecular hydrogen
feature wavelength [μm] feature wavelength [μm]
[Arii] 6.985 H2 S(7) 5.511
[Ariii] 8.991 H2 S(6) 6.109
[Siv] 10.511 H2 S(5) 6.909

[Neii] 12.813 H2 S(4) 8.026
[Neiii] 15.555 H2 S(3) 9.665
[Siii] 18.713 H2 S(2) 12.278

H2 S(1) 17.035
H2 S(0) 28.221

SH/LH aperture and found little difference. NGC 6567 is our representative for
this type of object and its low-resolution 5 – 20 μm spectrum is presented in Fig.
2.1. The planetary nebulae LMC SMP036, LMC SMP038 and LMC SMP061 are
located in the Large Magellanic Cloud. As part of a larger group, these planetary
nebulae have been studied by (Bernard-Salas et al. 2009). We have obtained the
data from these authors.

Hii regions: the Orion Bar is the photon dominated region that forms the
interface between the bright Hii region that is ionised by the Trapezium stars and
the Orion Molecular cloud. The spectra presented here are of two positions in
the bar; one close to the ionising stars and the other further away. The data on
both positions have been obtained from Peeters et al. (2006). IRAS 12063-6259
is a roughly triangular nebular compact Hii region. Spectroscopic data on this
source was obtained from Otaguro et al. (in prep.). The low-resolution 5 – 20 μm
spectrum of IRAS 12063-6259, shown in Fig. 2.1, is our representative for this type
of object. Note that no Spitzer data beyond 20 μm are available for this source.

For detailed descriptions on the initial reduction of the data presented here, we
refer to the references provided above. Additional reduction on the data included
splicing of the different orders and modules and masking strong emission lines
and bad data. When available, the high-resolution spectrum has been used in our
analysis.

2.2.2 Decomposition of the astronomical spectra

To facilitate comparison between the astronomical data and the PAH spectra in the
database, continua have been constructed and subtracted from the astronomical
spectra. Several approaches for establishing these continua exist (e.g. Smith et al.
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Figure 2.1 – The representative low-resolution 5.2 – 25 μm Spitzer IRS spectra for each of
the five types of objects studied here. The established continua are shown as
the dashed lines. The hashed area in the spectrum of HD 36917 indicates the
possible contribution due to silicates. The positions of the PAH bands, strong
atomic and molecular hydrogen emission lines, which are listed in Table 2.2,
have been indicated in the top frame.
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2007b; Sellgren et al. 2007). We adopt those from Peeters et al. (2002a); van
Diedenhoven et al. (2004); Hony et al. (2001) and van Kerckhoven et al. (2000). The
different emission components are established in the following manner: a global
spline continuum is drawn connecting points near 5.5, 10, 15 and 20 μm. The
individual PAH bands are isolated by bracketing the features using local splines
in four distinctive wavelength regions; 5 – 6, 7 – 10, 10 – 15 and 15 - 20μm. A spline
connecting points near 5.5, 7 and 10 micron is first determined for the 7 – 10 μm
region. The ‘7.7’ and 8.6 μm features are then further isolated by drawing a spline
connecting points near 7, 8.3 and 9 μm. Finally, the blended 7.6 and 7.8 μm bands
are decoupled using a ‘blind’ Gaussian fit, where the peak positions and widths
of both components are allowed to vary marginally. Overall, the decompositions
are of good quality. The plateaus naturally arise as the differences between the
local splines and the global spline continua. The result from this analysis on the
spectrum of NGC 2023 is shown in Fig. 2.2.

In contrast, Sellgren et al. (2007) use multiple Gaussians to decompose the 15 –
20 μm region into distinct components, with a broad emission component at 17.2
μm underlying the overall emission. Smith et al. (2007b) use a similar approach
but find the broad component centred at 17.0 μm. We have treated the broad
underlying component as part of the 15 – 20 μm plateau. Detailed comparison
between these two methods have demonstrated that there are systematic differ-
ences in the derived strengths of the various emission features, but that general
trends are independent of the method employed (Galliano et al. 2008).

Besides the strong PAH features at 6.2, ‘7.7’, 11.2 and 12.7 μm, most sources
show after continuum subtraction also bands at 5.25, 5.7, 10.6, 12.0, 13.5, 14.1
μm and weak satellite features at 6.0 and 11.0 μm. Figure 2.3 presents the global
continuum subtracted 15 – 20 μm spectral region for all the sources and positions
within sources studied here. The region generally consists of a broad component,
often underlying much narrower features of variable intensity at 15.8, 16.4, 17.4,
17.8 and 18.9 μm. The peak positions of the emission features between 5 – 20
μm for all of the objects considered are listed in Table 2.3. The peak position is
the resolution element at which the band reaches maximum intensity. Table 2.3
also gives the PAH profile classes as described in Peeters et al. (2002a) and van
Diedenhoven et al. (2004). For the 6.2 and 11.2μm features the classes are assigned
based on their peak position. For the ‘7.7’μm band the 7.6/7.8μm integrated band
strength ratio is used as class indicator.

Perusal of the spectra shown in Figure 2.3 and the peak positions listed in Table
2.3, shows that there is much greater variation in the 15 – 20 μm PAH features
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Figure 2.2 – The combined high and low-resolution 5.2 – 21 μm Spitzer-IRS spectrum from
the Reflection Nebula NGC 2023 illustrating the continuum, band and plateau
identification as described in Sect. 2.2.2. The bands are shaded grey and their
peak positions have been indicated (in μm) above the bands. The hashed
regions show the plateaus and the double hashed region is the 7 – 10 μm
‘sub’-plateau.

than there are in the more familiar 5 – 15 μm PAH features. These variations
between 15 – 20 μm are not only evident between different object types, but also
within extended objects. To quantitatively assess these variations, the strength of
these bands have been determined. Note that the wavelength range for the 5.25
μm PAH band is not completely covered by Spitzer. Therefore, its properties are
determined by fitting a Gaussian to the available (>5.2μm) data. Finally, although
no ’true’ continuum might have been established, its determination is consistent
over the sample and any deviation from it should be systematic. An estimated
accuracy of 10 – 20% is determined from several rounds of drawing continua and
calculating band strengths.

Amorphous and crystalline silicate emission can blend with the PAH features
between 7 – 20 μm. This is clearly the case for the two Herbig Ae/Be stars;
HD 36917 and HD 37411. An indication of the silicate contribution to the spectrum
between 5 – 15 μm is shown for HD 36917 as the dashed area in Fig. 2.1. Weaker
silicate emission can be expected around 18 and 23 μm. It should be noted that
even when no evidence for silicate emission is present between 5 – 10 μm, it might
still be present at longer wavelengths (�15 μm), e.g., HD 44179 (‘Red Rectangle’;
Waters et al. 1998). Some indications for emission around 23 μm are present in the
spectra of HD 36917 and NGC 7023. Silicate emission may also contribute weakly
to the plateaus. A proper separation of both emission components requires a full
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mineralogical decomposition, which is beyond the scope of this study.
Strong atomic and hydrogen emission lines can also blend in with the PAH

band features, especially at 12.8 μm ([Neii]), 15.6 ([Neiii]), 17.0 (H2 S(1)) and 18.7
μm ([Siii]). The data points associated with the strongest lines have been masked
in the spectra when integrating the PAH bands. However, the shoulders might
not have been completely accounted for and weaker lines not removed. This
might influence the measured band strengths, determined peak positions (e.g.,
of the 12.7 μm PAH band) and the plateau strengths (e.g., between 15 – 20 μm).
Even so, the relative contributions are minor, leading to errors of typically a few
percent.

The quality of the 5 – 10 μm spectra is good for all sources considered and we
estimate an uncertainty of less than 10% for the integrated band strengths in this
region. In contrast, the quality of the 10 – 15 μm data is variable in the different
spectra. For the best quality spectra, we again estimate an uncertainty of less than
10%. For the lower quality data, we estimate an uncertainty of 20%. The quality
of the data between 15 – 20 μm is generally low and we estimate an uncertainty of
20% for the best data and of 40% for the worst. Table 2.4 presents the strengths for
the identified PAH bands. The strengths of the underlying plateaus are presented
in Table 2.5.

2.2.3 The 15 – 20 μm features

Figure 2.3 compares the continuum subtracted and to unity normalised 15 – 20
μm spectra of all the sources and positions within sources studied here. In this
figure the spectra have been ordered according to their 16.4/17.4 μm integrated
band strength ratio. From this figure, several similarities and differences become
apparent.

The 16.4 μm feature is present in most spectra, as is the 17.4 μm feature. Un-
derneath the 16.4 and 17.4 μm features lies the broad ‘17’ μm feature, identifiable
in almost all spectra and particularly distinguishable in NGC 6567. A very broad,
almost structureless plateau is characteristic for the spectra of IRAS 12063-6259
and the first Orion Bar position - closest to the ionising stars -, although there is
some indication for the presence of the 17.4 μm feature in both spectra. The 15.8
μm feature is only detected in ∼50% of the spectra. A distinct emission feature
around 17.8 μm is identifiable in 75% of the spectra, however, it is strikingly
absent in IRAS 12063-6259. The 18.9 μm feature is dominant in the spectra of
NGC 7023 positions 1 and 3. Other detections seem more tentative. What Fig. 2.3
furthermore shows, is that the 15 – 20 μm bands are not obviously related.
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Table 2.5 – Integrated plateau strengths for the PAH plateaus between 5 – 20 μm.

Source PAH plateau [μm]
5 – 10 10 – 15 15 – 20

NGC 7023 4.67e-14 1.37e-14 2.03e-15
NGC 7023 Pos 1 - - 9.27e-16
NGC 7023 Pos 3 - - 1.14e-15
NGC 7023 Pos 6 - - 1.16e-14
NGC 2023 2.83e-11 6.84e-12 1.39e-12
Galaxy (avg) 4.63e-15 1.65e-15 5.06e-16
NGC 4736 Pos 2* - 1.66e-13 3.41e-14
NGC 4736 Pos 1* - 1.23e-13 1.84e-14
NGC 4736 Pos 0* - 1.38e-13 2.26e-14
NGC 4736 Pos -1* - 4.37e-13 1.04e-13
HD 36917 (+sil.) 3.57e-16 4.18e-14 2.73e-15
HD 37411 (+sil.) 6.24e-15 8.16e-15 1.56e-15
CN1-5* 9.04e-12 8.73e-12 2.41e-12
NGC 6567* 6.46e-11 1.99e-11 2.46e-12
LMC SMP036 7.87e-15 2.34e-15 8.62e-16
LMC SMP038 2.88e-15 1.14e-15 5.72e-16
LMC SMP061 1.70e-15 1.15e-15 2.36e-16
IRAS 12063-6259* 1.06e-10 8.18e-11 1.71e-11
Orion Bar Pos 1* - 1.13e-10 2.44e-10
Orion Bar Pos 2* - 3.58e-11 8.23e-12

notes:
1) Units are in W·m−2 or MW·m−2/sr for the sources with a ‘*’.
2) A ‘-’ indicates there are no data available.
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The intensities in the bands are analysed using ratios in order to avoid dif-
ference and uncertainties associated with aperture sizes, distances and absolute
flux calibrations. However, not all sources provide reliable ratios. The presence
of silicate emission in the spectrum of the two Herbig Ae/Be stars hampers the
band strength measurements between 5 – 15 μm. Therefore, they have been omit-
ted. Furthermore, the spectral shape for a few sources is dramatically different
between 15 – 20 μm - the five sources set apart in Fig. 2.3 - and in a few other
cases, not the entire 5 – 20 μm wavelength range is available and certain ratios are
not established. These sources have also been omitted.

In Fig. 2.4, two earlier well established correlations are verified for this small
and selective sample. Both the ‘7.7’/11.2 versus 6.2/11.2 μm band strength ratios
and the relation between the ‘17’μm emission band and the 11.2μm PAH band are
present in our sample. The good correlation between the 6.2/11.2 vs ‘7.7’/11.2 μm
integrated band strength ratios is well established for a wide variety of sources
(Hony et al. 2001; Peeters et al. 2002a; Galliano et al. 2008) and is taken to trace
the ionisation balance of interstellar PAHs. The ‘17’ μm emission band is here
defined as the sum of all emission between 15 – 20 μm and the good correlation
confirms a PAH origin for the emission between 15 - 20 μm. Smith et al. (2007b)
have shown for the considerably larger SINGS galaxy sample that the ‘17’ μm
complex correlates well with the 11.2 μm band.

The connection between the variations in the 15 – 20 (C-C-C) and the variations
in the 11 – 15 (C-H) and those in the 6 – 9 μm (C-C) spectral regions have also been
investigated. Figure 2.5 shows the best correlation; that of the 16.4 and the 6.2
μm band. No clear relationship could be identified for the other bands between
15 – 20 μm with any of the PAH bands (6.2, ‘7.7’, 11.2 and 12.7 μm), although
sometimes those were limited by the number of data points.

Peeters et al. (2004) have investigated the relation between the 15 – 20 μm
bands and the mid-IR PAH band classification. Specifically, the ‘7.7’μm band was
classified as A, B or C depending on the peak position of this band. A similar
result was obtained for the 6.2 μm band. Here, we study the relationship of the
15 – 20 and ‘7.7’ μm bands, using two different indicators. First, the wavelength
at which half the intensity in the entire band has been reached (conform Sloan
et al. 2005). Second, the 7.8/7.6μm integrated band strength ratio. In this analysis,
only the 16.4 μm band shows a correlation with the mid-IR band classification,
which is clearest when using the 7.8/7.6 μm integrated band strength ratio as class
indicator, Fig. 2.6.

In Fig. 2.7, three band strength ratios plots are presented. A weak correlation
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seems to be present for the 13.5/11.2 with the 16.4/11.2μm integrated band strength
ratios, but with clear outliers. A tentative trend also appears between the 16.4 μm
over the total integrated band strength between 15 – 20 μm and the 12.7/11.2 μm
integrated band strength ratio, although, the average spectrum of the galaxies is a
clear outlier. Perhaps, this is not that surprising, considering this point represents
the average from a sample of 59 nearby star forming galaxies covering a substantial
range in properties. Lastly, the total integrated band strength between 15 – 20
μm over the total integrated PAH emission versus the 11.2 μm over the total
integrated PAH emission band strength ratios shows a tentative trend.

In summary, two major narrow components - at 16.4 and 17.4 – are prominent
in many sources. These two components are generally perched on a broad ‘17’
μm band. In one case, the latter band fully takes over the spectral structure in
this region (NGC 6567). In addition, we also recognise narrow bands at 15.8, 17.8
and 18.9 μm (Sellgren et al. 2007), which are clearly found in some spectra, but
not in a majority of the spectra. A few spectra show only a broad component
spanning the full wavelength range, which may well represent a blend of all
narrow components, e.g., Orion Bar Position 1.

The observations also show that the individual emission components in the
15 – 20 μm region are not correlated with each other, nor do they correlate well
with the mid-IR PAH emission features, either by band strength or profile class.
An exception is the 16.4 μm feature, which does show tentative connections with
the 6.2, 13.5 and feature classification of the ‘7.7’ μm bands. In addition, weak
correlations exist between the 12.7/11.2 and 16.4/

∑
15 – 20 μm integrated band

strength ratios and the 11.2 and
∑

15 – 20 μm PAH bands.

2.3 PAH spectroscopic properties from 15 – 20 μm

Here, we discuss the 15 to 20μm region of the theoretically computed PAH spectra
that have been assembled at NASA’s Ames Research Center. Thus far, over
580 spectra have been computed. Together with a selection of 60 experimental
measured spectra, they constitute the steadily growing NASA Ames PAH IR
Spectroscopic Database (Bauschlicher et al., in prep.; Hudgins et al., in prep.).
This database, with additional on-line tools, will be made publicly available end-
2009.
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Figure 2.3 – A comparison of the 15 – 20 μm spectra for all objects and positions within ob-
jects considered (OB=Orion Bar). All spectra have been continuum subtracted
and their strongest peak normalised to unity. The dashed vertical lines show
the positions of the 15.8, 16.4, ‘17.0’, 17.4, 17.8, and 18.9 μm bands. The spectra
have been sorted according their 16.4/17.4 μm band strength ratio. The five
spectra in the bottom panel have been set apart because of their substantially
different nature.



2.3. PAH spectroscopic properties from 15 – 20 μm 51

Figure 2.4 – Two earlier established PAH band correlations. Peeters et al. (2002a) class A
sources are shown as open circles and class B sources as filled circles.

Figure 2.5 – The good correlation of the 16.4
with the 6.2 μm (C-C) mode. Peeters et al.
(2002a) class A sources are shown as open
circles and class B sources as filled circles.

Figure 2.6 – Connection of the 16.4 μm fea-
ture with the ABC PAH classification of the
‘7.7’ μm band (Peeters et al. 2002a), using
the 7.6/7.8 μm integrated bands strength as
a class indicator. Class A and B sources
are shown as open and filled circles, respec-
tively.

Figure 2.7 – Three tentative band strength correlations. Peeters et al. (2002a) class A sources
are shown as open circles and class B sources as filled circles.
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2.3.1 Synthetic PAH spectra

The NASA Ames PAH IR Spectroscopic Database contains spectra computed
using density functional theory (DFT) making use of the hybrid (Becke 1993)
B3LYP (Stephens et al. 1994) approach in conjunction with the 4-31G basis set
(Frisch et al. 1984). Geometries are fully optimised and harmonic frequencies
are computed using analytic second derivatives. All of the DFT calculations are
performed using the Gaussian 03 program system (Frisch et al. 2004). This level
of theory has been compared with mid-IR experimental spectra and, provided
the computed harmonic frequencies are scaled by 0.958, the overall agreement is
very good.

We (re-)investigate the choice of scaling factor for the 15 – 20 μm region by fit-
ting computed spectra in this region to the experimentally obtained spectra of 13
molecules: pentacene (C22H14), coronene (C24H12), dibenzo-pyrene (C24H14), 3, 4;
5, 6; 7, 8-tribenzoperopyrene (C34H16), 3, 4; 5, 6; 7, 8; 12, 13-tetrabenzoperopyrene
(C36H16), 3, 4; 5, 6; 10, 11; 12, 13-tetrabenzoperopyrene (C36H16), dibenzohep-
tacene (C36H20), dianthraceno-pyrene (C40H22), 1, 14-benzodiphenanthreno-(1””,
9””; 2, 4),(9’””, 1’””; 11, 13)-bisanthene (C50H22), 12, 13-o-phenylene-1, 2; 3, 4;
5, 6; 7, 8; 9, 10-pentabenzoperopyrene (C48H22), 12, 13-o-phenylene-3, 4; 5, 6; 7,
8-tribenzoterrylene (C40H18), difluoranthen-(3’, 5’; 4, 6),(4””, 6””; 9, 11)-coronene
(C48H20) and aenzo[a] fluoranthene (C20H12). For six of these molecules the num-
ber of experimental and theoretical bands were the same and the assignment was
trivial. For the other molecules, if there were more theoretical than experimental
bands, there were always two theoretical bands with very similar positions; we
assume that these two bands merged into a single band in experiment, and aver-
aged the position of the two theoretical bands. In the cases where there were more
experimental bands than theoretical bands, there were always two experimental
bands with very similar positions. We assumed that a site splitting of the band
had occurred and averaged the position and intensity of the two experimental
bands. The best scale factor for the 15 – 20 μm region was found to be 0.956. This
scale factor is very similar to the value of 0.958 for the mid-IR and also very similar
to that found for the far-IR (Mattioda et al. 2009). Therefore, we adopt a scaling
factor of 0.958 for all calculated PAH bands. In Fig. 2.8, we illustrate the good
agreement between the computed and experimentally measured band positions
and band strengths by comparing the computed and measured (Hudgins et al.
1994) spectra of neutral naphthalene (C10H8) from 5 to 25 μm (2000 to 400 cm−1).

When comparing astronomical emission spectra to computed PAH absorption
spectra, band shape, natural line width, band shifts inherent to the emission pro-
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Figure 2.8 – The synthetic IR absorption spectrum of naphthalene compared to the con-
structed spectrum from its measured absorption cross-sections in an Argon
matrix (Hudgins et al. 1994). The FWHM of the Lorentzian absorption profiles
are set to 10 cm−1.
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cess and relative band intensities must be taken into account. Two schools of
thought exist on the relevant band shape. True isolated harmonic oscillators have
Lorentzian emission profiles and are considered by one school. Since intermolecu-
lar energy transfer is fast compared to emission time scales, the emitting atoms of
the PAH molecule find themselves in a constantly changing interaction potential.
This leads to anharmonic shifts in peak position, that may well be the origin of
the red-shaded, distinctly non-Lorentzian, observed profiles (Barker et al. 1987;
Cook & Saykally 1998; Pech et al. 2002). The other school considers Gaussian
emission profiles. In this approach the astronomical PAH features are believed
to be the blending of slightly different relatively narrow Lorentzian profiles. The
peak positions of the harmonic oscillators contributing to a feature are then dis-
tributed randomly around a mean position. This requires the presence of a large
and diverse family of PAH molecules. Support for both schools of thought exist
(cf., Tielens 2008). We adopt Lorentzian profiles here, but, for the comparisons
hereafter, these differences are non-essential.

Concerning the line width, those observed for the bands between 15 – 20 μm
in astronomical spectra range between 4 – 8 cm−1 (e.g. van Kerckhoven et al. 2000;
Moutou et al. 1998). We have adopted an average value of 6 cm−1 here. This is
substantially narrower than for the mid-IR PAH emission features, where a line
width of 10 – 30 cm−1 is more characteristic (see Peeters et al. 2004).

Turning to the band position, since a small (anharmonic) redshift is intrinsic
to the emission process, a redshift must be applied to the computed absorption
spectra. In the comparisons with astronomical spectra in Sect. 2.4, the computed
spectra are red-shifted by the canonical value of 15 cm−1 (≈ 0.4 μm at these
wavelengths). This value is consistent with the shifts measured in a number
of experimental studies (Cherchneff & Barker 1989; Flickinger et al. 1990, 1991;
Colangeli et al. 1992; Brenner & Barker 1992; Joblin et al. 1995; Williams & Leone
1995; Cook & Saykally 1998). Recently these effects have been summarised by
Bauschlicher et al. (2009). However, the PAH emission process is complicated and
not yet fully understood. In reality, the redshift depends on the (non-constant)
anharmonicity of the individual mode’s contribution to the emission. Therefore,
no single ‘true’ value can be given for the redshift and this uncertainty has to be
kept in mind when evaluating the results. Note that this shift is not applied to the
computed spectra here, in Sect. 2.3.

Relative emission band intensities depend on temperature and, thus, should
also be considered. For example, an emission temperature of ∼550 K is character-
istic for an 8 eV photon being absorbed by a NC � 200 PAH (Tielens 2005).
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2.3.2 The influence of structure, composition, charge and size

Structure

Fundamental vibrations associated with the chemical subgroups making up the
molecule produce the PAH mid-IR emission, e.g., the 11.2 μm band arising from
the solo C-H out-of-plane bending mode in neutral PAHs. Bands in the 15 – 20
μm region are characteristic for C-C-C bending modes. Hence, while the C-C
and C-H stretching and bending modes are characteristic for PAHs as a class,
the C-C-C bending modes are expected to be more molecule specific. In planar
molecules, such as PAHs, some of these modes resemble ’drumhead’ vibrations.
Just as with percussion instruments, in which the vibrations depend on the size,
shape and tautness of the membrane, so too with PAHs. Although the pure
radial drumhead modes generally lay far beyond 20 μm (e.g., the corresponding
(0,2) ideal membrane mode for circumcircumcoronene (C96H24) lies at 76.5 μm;
Mattioda et al. 2009), skeletal components can contribute to the emission between
15 – 20 μm. We will illustrate this with spectra of a number of well-chosen groups
of PAHs with common characteristics. Figure 2.9 shows the structures of the
PAHs considered here and Fig. 2.10 presents the average 15 – 20μm spectra of the
species that make up a group. For convenience, these spectra have been compared
to the continuum subtracted, hi-resolution spectrum of NGC 7023 (position B of
Werner et al. 2004b).

We start out with the average spectrum of the large compact shaped PAHs
considered by Bauschlicher et al. (2008), labelled compact in Fig. 2.10. The struc-
tures are shown in Fig. 2.9a. Figure 2.11 shows the 15 to 20 μm spectra of each
of these species in their neutral and singly charged forms. The majority of these
PAHs have prominent absorption bands that fall within the region of the astro-
nomical emission features. With the exception of the anion spectra of C66H20 and
C130H28, Fig. 2.11 shows that these spectra, both concerning band strengths and
band positions, are largely independent of charge. There is an indication that,
within this class of compact PAHs, the strongest band shifts with increasing size
towards shorter wavelength and that the spectrum becomes richer.

Next, consider the spectra of the large PAHs with irregular edge structures
that make up the average spectrum shown in the panels labelled irregular of Fig
2.10. Their structures are shown in Fig. 2.9b. The 15 to 20 μm spectra of each of
these species’ neutral and singly charged forms are shown in Fig. 2.12. Compared
to the spectra of the compact PAHs, the spectra of the irregular PAHs are richer,
with many more bands and much more variation between the spectra from one
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C54H18 C66H20 C78H22 C90H30 C84H24 C102H26 C2v

C96H24 C110H26 C112H26 C102H26 C2h C110H30 C120H36

C130H28

a) compact b) irregular
C9H8 C12H8 C15H10 C10H8 C16H10 C24H12

C16H10 C20H12 (a) C20H12 (b) C32H14 C40H18 C48H18

C20H12 (c) C59H19

c) pentagons d) size

Figure 2.9 – Overview of the groups of PAHs studied here.
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Figure 2.10 – The hi-resolution continuum subtracted spectrum of NGC 7023 (position B
of Werner et al. 2004b) compared to the averaged, computed and normalised
to unity spectra of the different groups of PAHs shown in Fig. 2.9. A FWHM
of 6 cm−1 is taken for the Lorentzian band profiles and a redshift of 15 cm−1

has been applied.
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Figure 2.11 – Computed absorption spectra from 15 – 20 μm for very large compact PAH
cations and neutrals. A FWHM of 6 cm−1 is taken for the Lorentzian band
profiles and the bands have not been red shifted.

species to the next. The spectrum of C120H36 is somewhat exceptional in that
it is dominated by one prominent band that dwarfs all other features. These
differences in behaviour between the spectra of the compact PAHs versus the
spectra of the similar sized, but irregular PAHs arises for two separate reasons.
First, the similarity in molecular structure for the compact PAHs gives rise to
very similar C-C-C bending modes and, as the molecule increases in size, slowly
more bending modes are present. In contrast, the large variety in molecular edge
structure for the irregular PAHs allow many different C-C-C bending modes.
Second, when looking at the structure of C120H36 in Fig. 2.9b, it is noted that
it is similar to that of C96H24 in Fig. 2.9a, with the difference that the former
has six extra pendent hexagonal rings. The strong band near 15.6 μm in the
spectrum of C120H36 is totally absent in the spectrum of C96H24. Analysis of the
modes producing the 15.6μm band reveals that vibrations of the pendent rings are
involved. The two modes that produce bands here are the in-sync, out-of-plane
motion of the pendent rings as a whole, including the quartet hydrogens, and the
in-phase, planar vibration of two opposite carbons of the pendent rings, known
as the ‘breathing-mode’ (van Kerckhoven et al. 2000). Figure 2.13 illustrates these
modes. Compared to C110H30, a similar large PAH, but with two pendent rings, the
in-plane mode is shifted to 15.13 μm and the two out-of-plane modes shift to 14.9
and 16.2 μm, respectively. This suggests that mixing with the central core plays a
role in determining the exact location of the pendent ring bands. Unfortunately,
due to our limited sample, we cannot investigate this interrelationship in detail.
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Figure 2.12 – Synthetic absorption spectra from 15 – 20 μm for very large irregular PAH
cations, neutrals and anions. A FWHM of 6 cm−1 is taken for the Lorentzian
band profiles and the bands have not been red shifted.

In connection with pendent rings, Fig. 2.14 compares the spectra of PAHs
containing 5-membered rings and/or pendent hexagonal rings. The average 15 to
20 μm spectrum of the PAHs with a 5-membered ring (see Fig. 2.9c) is shown in
Fig. 2.10. While several of these PAHs have been analysed in earlier studies, the
spectra of the three smallest species have not yet been considered. The spectra of
the molecules that contain a pendent hexagonal ring all have their strongest band
around 16 μm and a shift to shorter wavelengths is apparent when the molecules
get larger. Figure 2.14 confirms earlier statements that it is not the pentagons, but
rather the pendent rings that systematically produce a band around 16 μm (van
Kerckhoven et al. 2000).

Charge

Next, we consider the impact of charge on the 15 – 20 μm features. The right
column in Fig. 2.15 shows the spectra for 5 different charge states of C96H24.
This figure illustrates that charge plays very little role in the 15 to 20 μm spectra
of this molecule. Comparable results were found from a similar study on the
smaller PAH, C48H20. Interestingly, a weak trend in the relative strength of the
bands around 16.9 and 17.5 μm is apparent when going from anions to neutrals
to multiply charged states.



60 The 15 – 20 μm PAH emission features: probes of individual PAHs?

Figure 2.13 – Graphical illustration of the fundamental vibrations involving the pendent
rings in C120H36 responsible for the band at 15.6 μm. Left: pendent ring
‘flapping’ mode. Right: pendent ring ‘breathing’ mode.

Figure 2.14 – Synthetic neutral and singly charge absorption spectra from 15 – 20 μm for
PAHs containing 5-membered rings and/or pendent hexagonal rings. Note
that for C15H10 only the spectrum of the neutral is available. Anion spectra
are only available for three species. A FWHM of 6 cm−1 is taken for the
Lorentzian band profiles and the bands have not been red shifted.



2.3. PAH spectroscopic properties from 15 – 20 μm 61

Nitrogen incorporation

The substitution of a few nitrogen atoms within the carbon skeleton of large PAH
molecules has been found to shift the strong mid-IR band near 6.2 μm (due to
C-C modes; Peeters et al. 2002a; Hudgins et al. 2005; Bauschlicher et al. 2009).
Here, we investigate the influence of nitrogen incorporation on the 15 – 20 μm
spectrum and the possible connection with the mid-IR. The spectra of the cation
form of several C95H24N isomers are shown in the middle column of Fig. 2.15.
The corresponding isomer structures are given in Fig. 2.16. The spectra have been
ordered by substitution depth of the replaced carbon atom. Two bands appear
at very much the same position, independent of the nitrogen substitution pattern
and are nearly identical to the pure carbon spectrum. The only effect seems to be
a subtle variation in the relative strength of these bands but there is no apparent
trend with the depth of the substitution.

Size

Lastly, we consider the role of PAH size on the 15 – 20 μm wavelength region.
The left panel in Fig. 2.15 shows the 15 – 20 μm spectra as PAH size is increased
from 10 to 130 carbon atoms for the compact PAHs shown in Fig. 2.9a,d. Figure
2.15 shows that all PAHs have spectroscopic structure between 15 – 20 μm in
their spectra. It is interesting that once the PAHs have more than about 30 carbon
atoms, they become particularly rich in features.

2.3.3 ‘Blind’ search

We performed a ‘blind’ database search of the pure PAH species that have their
strongest band between 15 – 20 μm at the two major astronomical PAH band
positions of 16.4 or 17.4 μm. This provided several new insights. First, while a
dominant band in this wavelength range does require PAHs with sizes exceeding
24 carbon atoms, no clear structural class could be identified whose members
all show a band near 17.4 μm1. Furthermore, the 15 – 20 μm region is more
crowded with bands when a strong 17.4 μm band is present. Second, the 16.4 μm
band tends to be associated with pendent hexagonal rings, consistent with the
conclusions by Peeters et al. (2004) and the discussion in Sect. 2.3.2. In this case
the 15 – 20 μm region generally is clear of other features and the 16.4 μm band

1After taking the anharmonic redshift into account.
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Figure 2.15 – The influence of the size (left), incorporation of nitrogen in the ring (see Fig.
2.16 for the substitution pattern; middle), and charge state (right) on the
bands between 15 – 20 μm. A FWHM of 6 cm−1 is taken for the Lorentzian
band profiles and the bands have not been red shifted.

clearly dominant. In a few cases, there is a band near 16.4 μm when the 15 – 20
μm region is also rich in other features, which are of comparable strength.

2.3.4 Summary

Summarising, all PAHs in the database have bands between 15 – 20 μm. From
all groups of PAHs considered, no systematics appear, except for those PAHs
containing pendent rings. PAHs with irregular structure have particularly rich
spectra with multiple strong bands in this wavelength range. Small (∼50 carbon
atom) compact PAHs have simpler spectra dominated by a single band but as
the size increases their spectra become richer as well. The precise location of this
band does depend on the specific molecule under consideration and, apart from
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Figure 2.16 – Single nitrogen substitution pattern for the spectra of
C96H24N in the right panel of Fig. 2.15.

a weak dependence on size, there does not seem to be a clear trend. It thus seems,
that the 15 – 20 μm wavelength range probes the specific PAH molecules present
in the interstellar PAH family.

However, the database is very incomplete, particularly when considering large
species. The database is currently limited to species up to 130 carbon atoms and it
is quite possible that the carriers of the bands in the 15 – 20 μm wavelength region
are much larger (Schutte et al. 1993). At this point, we cannot predict whether the
same conclusions of this study - bands in the 15 – 20 μm wavelength region are
unique for individual species - holds for very large PAHs as well (NC > 200).

2.4 Astronomical implications

The astronomical spectra show relatively simple spectroscopic structure between
15 – 20 μm, with only a few major bands - at 16.4, ‘17’, and 17.4 μm - whose inten-
sity variations demonstrate that they have to be ascribed to independent carriers.
Furthermore, there is no relationship between the spectral characteristics of the
15 – 20 μm C-C-C modes and the 6 – 9 μm C-C and 11 – 15 μm C-H out-of-plane
modes. An exception is the 16.4 μm band, which shows a connection with the
mid-IR C-H and C-C modes, both through strength and feature classification.
Furthermore, Sellgren et al. (2007) report the 16.4 μm band in NGC 7023 peaks
near the photodissociation front northwest of the irradiating star, as do the 3.3, 6.2
and 11.2 μm features. The relation with the mid-IR PAH is thus well established.
The analysis of the synthetic spectra of the PAHs in the NASA Ames PAH IR Spec-
troscopic Database reveals that the 15 – 20 μm wavelength range is characteristic
for individual PAHs and that there is little systematic dependence on PAH class
or molecular structure. The absence of a relationship between the C-C-C modes
with the C-C and C-H modes in the astronomical spectra is perhaps then not that
surprising. While the C-C molecules are very sensitive to class characteristics, the
C-C-C modes are not. By the same token, the database reveals that the strength
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of the C-C and C-H modes are very sensitive to ionisation of the PAH, while the
C-C-C modes are not. The only exceptions are that large compact PAHs tend
to have most activity close to the astronomical features as do PAHs containing
pendent rings. As a rule, PAHs containing pendent rings show a strong band
near the astronomical 16.4 μm band (Moutou et al. 2000; van Kerckhoven et al.
2000; Peeters et al. 2004). Overall, the data suggest that - in general - the emission
between 15 – 20 μm is dominated by a few, relatively large (50 – 200 carbon atom)
PAHs that are individually responsible for the recognisable bands in this wave-
length region. We note that some sources (e.g., Orion Bar Pos 1) show a broad
emission feature in the 15 – 20 μm region without discernible structure. Such
regions may be characterised by a far richer interstellar PAH family.

2.4.1 PAH di-cations

The 18.9 μm band intensity has been reported to increase when moving closer to
the irradiating source (NGC 7023 Sellgren et al. 2007). The idea for an increasing
degree of ionisation is tempting. However, our analysis shows that the spectra in
the 15 – 20 μm region do not show a strong dependence on charge. Hence, from
the point of view of the database, there is no obvious connection to PAH di-cations.
In line with our earlier discussion, we suggest that the 18.9 μm band is carried
by one specific PAH species which is very stable and hence can survive the harsh
conditions close to the exciting star, where it becomes the dominant PAH species.
Indeed, Sellgren et al. (2007) suggested the extremely stable fullerene (C60) as a
potential carrier. Interestingly enough, the charge effect on the spectrum of C96H24,
Fig. 2.15, shows that the band strength ratio of the two dominant components
increases with increasing degree of ionisation. Therefore, charge might play a role
for the ‘17’ μm feature.

2.4.2 Pendent rings

The interstellar 16.4 μm band might be carried by PAHs containing pendent
rings. Support is found through the weak correlation between the strength of
the 16.4 and 12.7 μm bands relative to that of the 11.2 μm band (Fig. 2.7). The
observed 12.7/11.2 μm integrated band strength ratio probes the molecular edge
structure of the PAHs with a high ratio characteristic for a broken up structure
with many corners, such as pendent rings (Hony et al. 2001; Bauschlicher et al.
2009). Similarly, a pendent ring origin of the 16.4 μm band is consistent with the
observed weak correlation of the interstellar 16.4 and 13.5 μm bands (Fig. 2.7),
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Figure 2.17 – Distribution of the 16.4/13.5 inte-
grated band strength ratio for the pure, quartet
hydrogen containing PAH species in the NASA
Ames PAH IR Spectroscopic Database.

where the 13.5 μm band is due to quartet hydrogens on pendent rings (e.g., the
4 adjacent carbon atoms that have a hydrogen bond). We investigate the latter
correlation in more detail. In Fig. 2.17 the distribution for the 16.4/13.5 μm PAH
band strength ratio is shown for the database, where we have added the bands
between 16.0 – 16.6 and 13.4 – 14.0 μm in the computed spectra and ratioed
these. The computed spectra have prior to this been red shifted by 10 cm−1 and
15 cm−1 for the 10 – 15 and 15 – 20 μm regions, respectively (see Bauschlicher
et al. 2009). Only pure PAHs containing quartet hydrogens were considered,
totalling 101 spectra. Of these, 27 did not have emission around the astronomical
16.4 μm PAH band position. The absence likely reflects mode coupling with
the carbon skeleton, shifting it away from the astronomical 16.4 μm position.
The resulting distribution predicts that the intensity of the astronomical 16.4 μm
band is between 2 and 20% of that in the astronomical 13.5 μm band. This is
very difficult to reconcile with the observed strength ratio of these two bands
in the interstellar spectra (∼1.5; Fig. 2.7). Perhaps, dehydrogenation may be
a (preferential) characteristic of pendent rings, enhancing the observed 16.4 to
the 13.5 μm band strength ratio. We also note that, generally the out-of-plane
bending mode occurs at a characteristic wavelength of 13.5 μm (Hony et al. 2001).
However, in some pendent rings the out-of-plane C-H bending mode combines
with the C-C-C modes, producing one strong band near 15.6 μm (cf., Fig. 2.13),
further enhancing this ratio.

2.4.3 PAH temperature

PAH temperature is relevant for the relative band intensities. Figure 2.18 compares
the low-resolution Spitzer IRS spectrum of NGC 7023 (panel a) with the average
absorption spectrum of a collection of 7 very large PAHs (panel b; Bauschlicher
et al. 2008). Also shown in this figure is the spectrum from the mixture at 465 K
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(panel c). The emission spectrum has been computed as follows :

Iν =
n∑

i=0

σi(ν)Bν(ν,T) ,

where
∑n

i=0 is the sum over all modes with σi(ν) the cross-section of the mode
located at ν and Bν(ν,T) Planck’s function at ν at temperature T. The figure
demonstrates that the average theoretical absorption spectrum reproduces the
band positions of the overall astronomical spectrum well and, in the spectrum of
the mixture at 465 K, how the intensity of the 15 – 20 μm band increases signifi-
cantly with respect to the intensity of the shorter wavelength features. Given the
nature of the excitation-emission process, band positions and relative intensities
of prominent bands in neighbouring wavelength regions must also be consistent
with the astronomical emission spectrum, and the other way around. Indeed,
the computed spectrum at 465 K shows the right number of bands at about the
right relative strength in the 11 – 15 and 15 – 20 μm wavelength regions. Close
agreement with the astronomical bands between 5 and 10 μm is less important
since these may originate in smaller PAHs than do the longer wavelength features
(e.g., Bauschlicher et al. 2009, Schutte et al. 1993). The computed spectra do not
match the observed spectra well in detail. That may partly reflect the inherent
uncertainties and limitations in the experimental in silico methods and the anhar-
monicity of the emission process. In addition, experimental and in silico studies
may not yet have zoomed in on the ‘right’ family of interstellar PAHs.

2.4.4 PAH size

Since PAH temperature and size are linked through the heat capacity, larger PAHs
attain a lower temperature than their smaller counterparts upon the absorption of
the same amount of energy. This implies that the smallest PAHs do not contribute
much to the emission in the 15 – 20 μm region (Schutte et al. 1990; Bauschlicher
et al. 2009). Conversely, we can estimate an average size of the PAHs from the
observed spectra. Theoretically, the emission ratios are given by

I∑ 15−20

/
I∑6−9 � (σ∑ 15−20

/
σ∑ 6−9) ×

(B∑
15−20(T(NC,E))

/
B∑

6−9(T(NC,E)))
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Figure 2.18 – The 5 – 20 μm low-resolution spectrum of the reflection nebula NGC 7023
(panel a) compared to the average absorption spectrum of 7 neutral and singly
positive ionised very large PAHs (C54H18 to C130H28; panel b) and the com-
puted emission spectrum of the same PAH mixture at 465 K (panel c). The
structures of these PAHs are shown in Fig. 2.9a. A FWHM of 15 and 6 cm−1

has been used for the Lorentzian emission profiles between 5 – 15 and 15 – 20
μm, respectively. The spectrum of NGC 7023 has been baseline corrected and
PAH plateaus have been removed as described in Sect. 2.2.2. A redshift of 15
cm−1 has been applied to the synthetic data to facilitate comparison with the
astronomical spectrum.
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and similarly for I∑ 15−20/I∑10−15. The intrinsic cross-section ratios (σΣ15−20/σΣ6−9

and σΣ15−20/σΣ10−15) are determined from the database, similarly to what was done
for the 16.4/13.5μm band strength ratios in Fig. 2.17. The results are shown in Fig.
2.19. Only PAHs with more than 20 carbon atoms have been considered for the
histograms and the plateau emission between 15 – 20 μm has been included for
the C-C-C band strength of the astronomical sources. Because the C-C-C/C-C ratio
spans a wider wavelength range than the C-C-C/C-H ratio, the former is a more
sensitive probe of the size of the emitting, interstellar PAHs. The comparison to
the C-C modes indicates a size of ∼ 103 carbon atoms, while the C-H comparison
spans a somewhat broader range of 102 - 103 carbon atoms. This difference in
inferred size may reflect the (unknown) admixture of neutral (C-H carriers) and
cationic (C-C carriers) PAHs contributing to the 15 – 20 μm range.

These sizes inferred for the C-C-C carriers are much larger than derived from
the ratio of the 3.3 μm C-H stretching mode to the 11.2 μm C-H out-of-plane
bending mode of 50 – 100 carbon atoms. Furthermore, comparing the spectra
in Fig. 2.18 suggests a characteristic size of ∼102 carbon atoms when only the
narrow emission features between 15 – 20 μm are considered. Thus, besides
extremely large PAHs dominating the 15 – 20 μm (plateau) emission with a few
large PAHs producing the narrow features, there should also be (some) smaller
PAHs which dominate the 3.3 and 11.2 μm C-H modes but do not contribute
greatly to longer wavelength emission. Now, we consider it unlikely that such
large PAHs (NC >200) consist of single sheets of aromatic molecules, but rather
that these are clusters of smaller PAHs. Even so, it is unlikely that sole large PAHs
dominate the size range, whether they are single free floating species or clusters
of smaller PAHs. From that perspective, it is unclear why the 15 – 20 μm range is
dominated by a few well defined bands or equivalently, why large PAHs or PAH
clusters as a class would be characterised by common vibrational frequencies in
the 15 – 20μm wavelength range. We emphasise that there is no indication for this
behaviour in the (smaller) PAHs contained in the NASA Ames IR Spectroscopic
Database. Of course, there is always the possibility that we missed a class of
species or the ‘right’ species is not contained in the database.

2.4.5 PAH 15 – 20 μm plateau

Currently there is a debate in the literature on the origin of the plateaus beneath the
strong PAH bands. In one view, the plateaus arise from the blending of numerous
Lorentzian band shapes, common to most PAH and PAH-related molecules. An-
other view is that the plateaus are produced by overlapping bands from a distinct
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Figure 2.19 – Estimated sizes for the PAH emitters based on the total emission between
15 – 20 μm (C-C-C modes) and the PAH emission between 6 – 9 μm (C-C
modes) from an intrinsic value for the cross-section ratio of 0.013 from the
presented distributions, where only PAHs with more than 20 carbon atoms
were considered. Similar, by using the 10 – 15 μm (C-H modes) integrated
PAH band strength with an intrinsic value for the cross section ratio of 0.13.
The thick solid line is at an average photon energy of 8 eV and the dashed
line at 10 eV. The observed ratios for each source are indicated by diamonds.
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family of PAH species, PAH clusters and VSG, which might or might not, spatially
co-exist with the carriers of the stronger features. In this work the broad ‘17’ μm
feature is treated as a plateau and the size analysis presented above, suggests
indeed a different carrier for the plateau than for the narrow features. An analysis
similar to that of Rapacioli et al. (2006), should shed light on the characteristics of
the clusters. However, NGC 6567 shows a unique ‘17’ μm feature, which does not
resemble the plateau-only sources, but is more similar to the Gaussian features
used by Sellgren et al. (2007) and Smith et al. (2007b). NGC 6567 might well prove
to be key in understanding the exact nature of the ‘17’ μm band.

2.4.6 Individual PAHs

Lastly, consider the computed spectra of a few individual large compact PAHs.
Astronomically, the group of large compact PAHs is particularly relevant because
of their high stability owing to their super aromaticity and size. Within this
class, PAHs that produce bands which coincide with some of the astronomical
bands between 15 – 20 μm, while not showing activity outside the astronomical
emission complex or inconsistent intensity ratios, are C130H28 and C110H26 (see
Fig. 2.11). Figure 2.20 compares the 5 – 20 μm spectrum of these species in several
charge states with the low-resolution astronomical spectrum of NGC 7023. This
comparison shows that the single cation of C130H28 has a feature that redshifts to
about 17.4 μm, in good agreement with the (weak) astronomical band position.
While the peak position match is not as good for C110H26, the clear feature near
18 μm in the spectra of the cation and neutral forms of this PAH lies close to the
17.9 μm astronomical sub-peak. Of course, one coincidence does not constitute
an identification and it will be very important to test these suggestive species by
searching for their lowest fundamental radial drumhead mode in the far-IR using
Herschel or SOFIA.

2.5 Summary and conclusions

The astronomical spectra show six distinct components at 15.8, 16.4, ‘17’, 17.4, 17.8
and 18.9 μm. These bands do not correlate with each other, implying these bands must
be carried by independent molecular species or classes of species. Except for the 16.4 μm
band, no connection with any of the mid-IR bands exists, both in band strength
or feature classification. This implies these bands are not sensitive to the same
(molecular) parameters as the mid-IR features. For specific objects, NGC 6567
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Figure 2.20 – The PAH features between 5 – 20 μm in the low-resolution spectrum of
NGC 7023 (position B, Sellgren et al. 2007) compared with the emission spec-
tra of neutral and single positively ionised C110H28 and C130H28. The spectrum
of NGC 7023 has been baseline corrected and pedestals have been removed
as described in Sect. 2.2.2. The emission spectra of C110H26 and C110H26 are
at an excitation temperature of 200 K to enhance the features between 15 –
20 μm. The computed spectra have been red-shifted by 15 cm−1 to account
for the shift inherent for the emission process. Spectrum of NGC 7023 repro-
duced from Sellgren et al. (2007). A FWHM of 15 and 6 cm−1 is used for the
emission profiles between 5 – 15 and 15 – 20 μm respectively. See text and
Bauschlicher et al. (2009) for discussion of the redshift.



72 The 15 – 20 μm PAH emission features: probes of individual PAHs?

shows a unique 15 – 20 μm spectrum, only consisting of the broad ‘17’ μm band
and may well be key in understanding it as a specific feature.

Using synthetic spectra, we studied the emission characteristics between 15
– 20 μm for different groups of PAHs, i.e., structure, charge, composition and
size. Within most of these groups no systematic behaviour is found. However,
the 15 – 20 μm region is clearly the transition region from features corresponding
to full skeleton (C-C-C) modes to the mid-IR bands, which arise from chemical
subgroup and individual bond stretching and bending modes. The data suggest
that - in general - the emission between 15 – 20 μm is dominated by a very limited
number of relatively large (50 – 200 carbon atom) PAHs that are individually
responsible for the recognisable narrow bands in this wavelength region. The
group of PAHs containing pendent rings is attractive to explain the astronomical
16.4 μm feature. However, this requires a strength of the 13.5 μm that does not
agree with observations.

Overall, we want to emphasise that analysis of the 15 – 20 μm wavelength
range impresses a relatively simple view of the interstellar PAH family, where a
few, specific, large PAHs dominate the emission characteristics when the region
shows distinct features, e.g., NGC 7023. Those sources with a broad emission
plateau between 15 - 20 μm would then have a much more diverse family, e.g.
IRAS 12063-6259. It should be noted though, that PAHs with up to only 130 car-
bon atoms are included in the database and it is very biased towards smaller sizes.
Therefore, some of the key molecules responsible for the emission in this region
are likely under represented. The incompleteness with respect to large PAHs in
the database, further implies the situation for Herschel, SOFIA and ALMA with
forthcoming far-IR and radio data, is dire. Further insight can be acquired by
calculating the spectra of larger molecules. The pioneering observations of long
wavelength features are essential to extend our understanding of the astronomi-
cal PAH population, the identification of possible individual PAHs that dominate
the emission and the diverse roles of PAHs in astrophysics. Finally, in the post-
Spitzer era, a complete set of objects should be investigated to re-establish the
results obtained by the previous mid-IR missions and chart the road map for the
new missions.
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planet formation





Chapter 3

Characteristics of IR emission

features in Herbig Ae stars

C. Boersma, J. Bouwman, F. Lahuis, C. van Kerckhoven, A.G.G.M. Tielens, Th. Henning

Abstract – Infrared (IR) spectra provide a prime tool to study the character-
istics of polycyclic aromatic hydrocarbon (PAH) molecules in regions of star
formation. Herbig Ae/Be stars are a class of young pre-main sequence stel-
lar objects of intermediate mass. They are known to have varying amounts
of natal cloud material still present in their direct vicinity. We characterise
the IR emission bands, due to fluorescence by PAH molecules, in the spectra
of Herbig Ae/Be stars and link observed variations to spatial aspects of the
mid-IR emission. We analysed two PAH dominated spectra from a sample
of 15 Herbig Ae/Be stars observed with Spitzer. We derived profiles of the
major PAH bands by subtracting appropriate continua. The shape and the
measured band characteristics show pronounced variations between the two
Spitzer spectra investigated. Those variations parallel those found between
three ISO spectra of other, well-studied, Herbig Ae/Be stars. The derived pro-
files are compared to those from a broad sample of sources, including reflection
nebulae, planetary nebulae, Hii regions, young stellar objects, evolved stars
and galaxies. The Spitzer and ISO spectra exhibit characteristics commonly
interpreted respectively as interstellar matter-like (ISM), non-ISM-like, or a
combination of the two. We argue that the PAH emission detected from the
sources exhibiting a combination of ISM-like and non-ISM-like characteristics
indicates the presence of two dissimilar, spatially separated, PAH families.
As the shape of the individual PAH band profiles reflects the composition
of the PAH molecules involved, this demonstrates that PAHs in subsequent,
evolutionary linked stages of star formation, are different from those in the
general ISM, implying active chemistry. None of the detected PAH emission
can be associated with the (unresolved) disk and is thus associated with the
circumstellar (natal) cloud. This suggests that chemical changes may already
occur in the (collapsing?) natal cloud and not necessarily in the disk.

Originally published in Astronomy & Astrophysics, vol. 484 , p. 241 (2008)
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3.1 Introduction

A special class of young stellar objects are the Herbig Ae/Be stars (Herbig
1960). Originally only limited to pre-main sequence stars of intermediate
mass (2 – 8 M
) with spectral class A or B, with associated nebulosity

and showing emission lines, over the years, however, the definition has been
somewhat relaxed, e.g., the need of associated nebulosity (Malfait et al. 1998).

The formation and evolution of isolated, low-mass stars, is relatively well
understood (Shu et al. 1987). However, the genesis of intermediate and high-
mass stars remains more elusive. For intermediate mass Herbig Ae/Be stars it is
thought that the formation scheme is more or less a scaled up version of that for
low-mass stars. This is certainly true for the lower mass A and most likely also
for the late B-type stars. The picture that thus emerges is that stars form in large
molecular clouds and through successive stages of fragmentation, gravitational
collapse, and disk accretion, accompanied by bipolar outflows, the star reaches
the main sequence. During the later stages of the pre-main sequence evolution (0.5
– 10 Myr), the increased stellar winds from the central object will have removed
most of the surrounding molecular cloud material, leaving only the remnant,
passive, accretion disk (Rdisk ∼ 100AU, Mdisk ∼ 5.6× 10−4 − 1.5× 10−1 M
; Habart
et al. 2004, Acke et al. 2004, Waelkens & Waters 1997). This disk - believed to be
the site of planet formation - shows up in polarised light and as a strong excess in
infrared spectra.

With the 1995 launch of the European Space Agency’s Infrared Space Obser-
vatory (ESA ISO, Kessler et al. 1996), it became possible for the first time to study
the infrared spectrum of Herbig Ae/Be stars in detail. Those studies revealed a
large variety in dust composition, both carbonaceous and silicate in nature, and
in dust properties (van den Ancker et al. 2000; Bouwman et al. 2000; Waelkens
et al. 1996). Specifically, strong infrared (IR) features with satellite features and
emission plateaus around 3.3, 6.2, 7.6, 7.8, 8.6, 11.2, and 12.7 micron, associated
with polycyclic aromatic hydrocarbons (PAHs), were apparent in many of these
objects. PAHs, large molecules of many fused aromatic rings, fluoresce in the
infrared upon the absorption of a single visible or UV photon (Leger & Puget
1984; Cohen et al. 1985; Allamandola et al. 1989b). Driven by the dispersal of the
disk and the formation of a planetary system, protoplanetary disks are continu-
ously evolving. Geometry, gas, and dust content; gas and dust processing; and
transport and mixing are important issues concerning these disks. The diversity
of spectral features and their variations within and from source-to-source reflect
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these. However, the interrelationship of the variance in dust composition, the
characteristics of the disk, and the global system is not yet well understood.

Over the years, PAHs have proved to be an ideal probe for many of disk
properties, e.g., disk geometry (Meeus et al. 2001). The presence of (large) PAH
molecules influences many aspects in protoplanetary systems. These aspects
include: (surface) chemistry, due to the large surface area of PAHs; heating and
cooling through photo-electric ejection; infrared emission; gas-grain collisions;
and the charge balance, which in its turn influences the equilibrium state of
chemical reactions.

Today, the superior sensitivity of NASA’s Spitzer Space Telescope (Werner
et al. 2004a) allows us to investigate protoplanetary disk systems in more detail
than before. Spectra of 15 nearby Herbig Ae/Be stars (Sect. 3.2), obtained with
the Infrared Spectrograph1 (IRS, Houck et al. 2004), are investigated for emission
due to PAHs (Sect. 3.3). We characterise the individual profiles for the two PAH-
dominated spectra found in the sample (Sects. 3.3.1 & 3.3.2) and, by using parallels
between the morphology of the stellar systems of these sources and those of three
well-studied systems, explore possible causes for the observed variations in band
profiles (Sec. 3.4). Similarities between the 6.2 and ‘7.7’ μm band profiles are
treated (Sect. 3.4.1) and the extended nature of the PAH emission is investigated
(Sect. 3.4.2). The origin of the variations in peak position is discussed (Sect. 3.4.3)
and from this, implications about the onset of the chemical modification of PAHs
being in the disk or envelope are inferred (Sect. 3.4.4). We finish by summarising
our findings (Sect. 3.5).

3.2 Data

The IRS instrument on board Spitzer was used to obtain the spectra of 36 Herbig
Ae/Be stars. We selected the stars from a list of Herbig Ae/Be stars compiled by
Malfait et al. (1998) and they complement the 26 Herbig Ae/Be stars observed in
the Spitzer guaranteed time observations and legacy programs.

For 15 genuine Herbig Ae/Be stars, we have access to the appropriate wavelength
region for detecting emission due to PAHs. Those stars were observed using the
short-high and short-low (SH, SL resp.) modules in high accuracy peak-up mode
(σspatial ∼ 0.14′′), providing spectra at R ∼ 600 for the high-resolution module and
R ∼ 64 – 128 for the low-resolution module, covering wavelengths from 9.9 – 19.6

1The IRS was a collaborative venture between Cornell University and Ball Aerospace Corporation
funded by NASA through the Jet Propulsion Laboratory and Ames Research Center.



78 Characteristics of IR emission features in Herbig Ae stars

and 5.2 – 14.5 μm for the SH and SL modules, respectively.

The Spitzer Science Center (SSC) processed the data with the science data
pipeline version S13.2.0. In order to make more accurate corrections for back-
ground emission than possible with the standard pipeline, we adopted the ex-
traction techniques developed by the formation and evolution of protoplanet-
ary systems (FEPS) and cores to disks (C2D) Spitzer legacy teams (Meyer 2006,
Lahuis 2007 and their associated delivery documentation2,3). Extraction of the
one-dimensional spectra are done on the intermediate droopres and rsc products
that are provided by the SSC. These data have most of the Spitzer-specific artifacts
removed. For the rsc products this includes stray light and crosstalk corrections,
but not flat-fielding. The absolute flux calibration is done using dedicated spectral
response functions, derived from IRS spectra of a suite of calibrators using Cohen
and MARCS stellar models provided by the SSC.

The high-resolution spectra are extracted from the rsc products using an op-
timal source profile extraction developed by the C2D team. The optimal extraction
uses an analytical point spread function (PSF) defined from high signal-to-noise
sky corrected calibrator data. A simultaneous cross-dispersion source profile
and extended emission fit is made to the combined dither data. For the exten-
ded component, the cross-dispersion profiles of the flat-field images are used.
The applied source profile is optimised by comparing the normalised (in cross-
dispersion direction) and collapsed (in dispersion/wavelength direction) science
source profile with the average profile of the calibrator (point) sources. Bad pixels
are identified and excluded from the profile fits. The optimal extraction allows
us to correct the spectrum for local extended emission (see, e.g., Geers et al. 2006;
Lahuis et al. 2007), which is crucial in confused regions where the use of separate
sky observations is limited.

The low-resolution spectra are extracted from the droopres products using a
6.0 pixel fixed-width aperture. Background corrections are made by subtracting
the two-dimensional spectral images from the associated nod positions. Besides
stray light, this also corrects for anomalous dark current effects. Identified bad
pixels are interpolated from the surrounding perimeter. The optimal source ex-
traction is used to derive a possible residual extended emission component in the
extraction aperture of the low-resolution order 1 spectra (see Fig. 3.8). Due to the
severe undersampling of the spectral images in the spatial direction, no source
profile fits are made for order 2 and 3 and hence no estimate of the extended

2http://irsa.ipac.caltech.edu/data/SPITZER/FEPS/doc/FEPS Data Explan Supp v3.pdf
3http://irsa.ipac.caltech.edu/data/SPITZER/C2D/doc/C2D Spectr Expl Supp.pdf
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emission is derived. Flux offsets between orders (particular in the SL module)
and modules are apparent. They are probably related to pointing errors and are
likely to have introduced low level fringing and small slope changes. For the SL
module, we developed a procedure to estimate the pointing errors and correct for
them. This procedure minimises the total variance between the flux levels of the
individual cycles, nod positions and orders, applying wavelength dependent cor-
rection factors to the flux for each relative offset. The procedure simultaneously
corrects for fringes. For the high-resolution modules, fringes are removed using
the IRSFRINGE package (Lahuis & Boogert 2003). The SMART4 (Higdon et al.
2004) software package has been utilised to further reduce and analyse the data. A
mismatch between flux levels of the SL and SH modules is corrected by multiply-
ing the SH flux levels with a constant, which is determined in the overlap region;
no adjustment for any differences in tilt for the two sub-spectra is made. As the
final reduction steps, outliers are removed and, in regions of spectral overlap, the
orders are spliced to form a continuous profile. For rising spectra this splicing
may introduce small artifacts in the overlap regions, most notably near 7.5 μm.
This is probably related to weak order leakage effects introduced by the spectral
response function, which has been determined using only declining stellar spec-
tra. In the case of extended sources, artifacts may arise due to small differences
in aperture size between orders and modules. The relative errors are dominated
by the intrinsic (Gaussian) noise in each spectral data point, not by uncertainties
in the calibration (Hines et al. 2005). The intrinsic noise is characterised by the
deviations found between subsequent nod positions and cycles and are about 2
percent across an order. Between orders it is estimated to be about 5 percent and
between modules about 8 percent.

3.3 Analysis

In order to investigate the emission due to PAHs we roughly classify the spectra of
the 15 sources by their dominant spectral component. The spectra designated Si
are those that are dominated by silicate emission, those designated P are those that
show predominantly PAH emission and, finally, those designated SP are those
that have a comparable measure of PAH and silicate emission. Table 3.1 presents
our classifications.

To avoid the problem of separating the PAH bands from other dust compon-
ents, we focus here on the analysis of the two PAH dominated spectra in the

4SMART was developed by the IRS Team at Cornell University and is available through the Spitzer
Science Center at Caltech.
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Table 3.1 – Overview of the 15 genuine Herbig Ae/Be stars with their dominant spectral
component (DC).

Object DC† Object DC†
HD 58647 Si HD 38120 SP
HD 35929 Si HD 72106 SP
HD 37258 Si HD 85567 SP
HD 36917 P HD 95881 SP
HD 37411 P HD 142527 SP
HD 36112 SP HD 190073 SP
HD 37357 SP HD 244604 SP
HD 37806 SP

† Si : Silicate dominated, P : PAH dominated, SP : Silicates and PAHs

Table 3.2 – Astrometric data for HD 36917 and HD 37411.

Object α δ Region d Ref. Sp. Type Ref. AV
[2000] [2000] [pc] [mag]

HD 36917 05h34m46.98s -05d34m14.6s Orion OB1c 510 1 B9.5V + A0V 2 0.49
HD 37411 05h38m14.51s -05d25m13.3s Orion OB1c 510 1 A0 + K-M 3 0.00

1: de Zeeuw et al. (1999), 2 : Levato & Abt (1976), 3 : Gray & Corbally (1998).

sample. In forthcoming papers the spectra dominated by silicate- or with mixed
silicate-PAH emission features will be analysed (Bouwman et al. in prep.). The
Herbig Ae/Be stars associated with these two spectra are HD 36917 and HD 37411.
Both stars are located South of the Orion belt in the OB1c association, of which
HD 36917 is a spectroscopic binary (Levato & Abt 1976). The shape of its SED,
with its drop between 2 – 20 μm and rise beyond 20 μm, suggest a cleared (inner)
region in its circumstellar disk (planet?). The star HD 37411 is a visual binary,
showing no emission lines. The optical spectrum of the binary indicates a late
type (K-M) companion (Van den Ancker, unpublished). Table 3.2 summarises the
astrometric data and Table 3.3 the available IRS data. Figure 3.1 presents the fully
reduced Spitzer SL and SH spectra.

In order to derive the individual PAH profiles, a continuum is established. To
facilitate comparison with previous studies we adopt the procedures as outlined
by Peeters et al. (2002a), van Diedenhoven et al. (2004), and Hony et al. (2001),
assuming PAHs are not significantly contributing to the continuum. In accordance
with these procedures, the continuum for the 6.2 μm region is approximated by
a single spline; for the 7 – 9 μm region a general continuum and an additional
plateau component are defined, where the general continuum is approximated
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Table 3.3 – Available IRS data on HD 36917 and HD 37411.

Module
Object SL1 SH1 LH1 PU-blue2 #3

HD 36917
√

(2)
√

(2)
√

(3) 18
HD 37411

√
(2)

√
(3)

√
(4)

√
22

1 : Number of cycles in parentheses, 2 : Peak-up blue image (13.5 – 18.7 μm), 3 : Total number of
spectra.
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Figure 3.1 – Fully-reduced SL and SH spectra for HD 36917 and HD 37411. The arrows
indicate the positions of the PAH bands of interest. The inset displays the re-
sidual (SL) spectrum when approximating the continuum with a single spline.
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Table 3.4 – Detected PAH bands in HD 36917 and HD 37411.

Object 5.25 5.7 6.0 6.2 ‘7.7’ 8.6 11.0 11.2 12.0 12.7 13.5 16.4 Plateau
HD 36917

√ √ √ √ √ √ √ √ √ √ √ √
HD 37411

√ √ √ √ √
?

√
?

√

by a single spline, with points selected between 5 – 6 μm, 9 – 10 μm and near
7 μm. With additional points near 8.3 μm the plateau component is fixed. The
continuum in the 11.2 μm region is approximated by a single spline. Points
between 9 – 10.5, 14.5 – 15.5 and near 11.8 and 13.1 μm are selected to define a
single spline to approximate the continuum in the 12 μm region.

3.3.1 Results

Table 3.4 summarises the identified PAH bands and plateaus in the continuum
subtracted spectra. The spectra of the two sources show all of the well-known IR
emission features at 6.2, ‘7.7’, 8.6, and 11.2 μm and, in addition, in some sources,
the weak bands at 5.25, 5.7, 6.0, 12.0, 12.7, and 16.4 μm and the broad plateaus
underneath the 6.2, ‘7.7’, and 15 μm regions. Table 3.5 presents the spectral
properties of the major PAH bands. These properties were determined fitting a
single Gaussian to the band.

Apart from PAH band emission also other, dust and non-dust components
are identified. For instance, the aliphatic hydrocarbon features at 6.85 and 7.25
μm (Sloan et al. 2005, and references therein) in the SL spectra and the Neii, H2

S(1) and SIII lines at, respectively, 12.8, 17.1, and 18.7 μm in the SH spectra of
HD 36917. Between 9.0 – 13 μm, a broad emission component, reminiscent of
warm silicate dust, is visible, particularly in HD 37411. In our analyses of the
emission feature around 11 μm we subtracted this component using a spline fit.

3.3.2 Profiles

The apparent variations in peak position, width and wing shapes between the
derived profiles is much larger than could be caused by the uncertainty in the
adopted continuum. Studies of the detailed profiles of the PAH bands in the
ISO-SWS spectra of a large sample of stellar sources, planetary nebulae (PNe),
reflection nebulae, Hii regions and galaxies have revealed that the bands in the
6 – 9 μm range show strong variation in peak position and profile (Peeters et al.
2002a). Those studies showed that the variations in the PAH bands correlate
with object type. All ISM-like sources belong to group A characterised by a “6.2



3.3. Analysis 83

Table 3.5 – Spectral properties of the major PAH bands.

HD 36917 HD 37411

6.2

position1 6.22 6.25
FWHM1 0.27 0.15
EW2 0.028 0.049
F3 2.7 2.37

‘7.7’

position 7.63 7.78
FWHM 0.42 0.43
EW 0.092 0.12
F 6.3 3.63

8.6

position 8.58 8.64
FWHM 0.33 0.25
EW 0.022 0.036
F 1.26 0.97

11.2

position 11.29 11.21
FWHM 0.31 0.38
EW 0.12 0.053
F 3.74 0.94

11.24

position 11.32 11.22
FWHM 0.42 0.29
EW 0.11 0.063
F 4.4 1.1

12.7

peak 12.72 12.71
FWHM 0.34 0.33
EW 0.026 0.013
F 0.67 0.16

1 : units [μm], 2 : equivalent width;
∫

[(band − continuum)/continuum]dλ, 3 : units [10−15 ·W ·m−2],
4 : from hi-resolution profile.
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μm” band peaking at 6.2 μm and a ‘7.7’ μm band peaking at 7.6 μm, and while
the isolated Herbig Ae/Be stars, along with a few post-AGB stars and most PNe,
belong to group B, which are characterised by a “6.2” μm band peaking around
6.28 μm and a ‘7.7’ μm band peaking at 7.9 μm. Finally, two post-AGB stars make
up group C, characterised by a “6.2” μm band peaking at 6.3 μm and with no
apparent ‘7.7’ μm band, but a broad “8.22” μm feature (Fig. 3.2 - 3.4; Table 3.6).
In van Diedenhoven et al. (2004), the variations in the 3.3 and 11.2 μm bands are
studied. However, the observed variations are shown to be more modest and the
object correlation not as tight as those observed for the 6 – 9 μm region.

The observed diversity in peak position, profile, and relative strength of the
PAH bands are ascribed to global changes in the physical and chemical char-
acteristics of the emitting PAH family. More specifically, variations in the peak
positions of the 6.2 μm band are thought to indicate incorporation of nitrogen in
the aromatic ring structure (Peeters et al. 2002a; Bauschlicher 2002). The 7.6/7.8
μm bands are also likely to be related to chemical modifications, based on the
strong correlation with the 6.2 μm variations. In contrast, variations in the ratio
of the C-H modes to the C-C modes (e.g., 11.2/6.2 μm) are attributed to variations
in the charge state of the emitting PAH molecules (Allamandola et al. 1999; Hony
et al. 2001; Bakes et al. 2001). Emission between 10.9 and 11.1 μm is attributed
to the out-of-plane bending vibrations of solo-CH groups on the periphery of
moderately sized (∼100 carbon atoms) PAHs (Hudgins & Allamandola 1999). In
Figs. 3.2 – 3.4, the derived profiles from the two Spitzer sources are compared to
the characteristic profiles from Peeters et al. (2002a) and van Diedenhoven et al.
(2004).

In Fig. 3.2, the 6.2 μm profiles are compared. The 6.2 μm profile of HD 36917
resemblances that of class A best and for HD 37411 that of class B. The profiles in
both classes show a variation in the strength of the red tail, relative to the peak. In
that respect the red tails of both sources fall offmore rapidly than the characteristic
profile that defines their class, but it is known to vary (Peeters et al. 2002a).

The variations in the ‘7.7’ μm feature (Fig. 3.3) are particular interesting.
Remarkably, HD 36917 is best seen as a blend of a class A and class B profile. The
‘7.7’ μm band in the spectrum of HD 37411 is a clear class B profile.

The differences between the 11.2 μm profiles are subtle and difficult to discern,
even despite access to the high-resolution profiles (Fig. 3.4). Again, HD 36917
shows evidence for a blend of a class A and class B profile. The classification
for HD 37411 is hampered by the dominating continuum component between 9
– 13 μm (inset Fig. 3.1). As described in Sect. 3.3.1, this additional component
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Figure 3.2 – The derived 6.2 μm profiles (black) after subtraction of the underlying con-
tinuum. For comparison, the three characteristic profiles derived in the study
by Peeters et al. (2002a) are shown at matched resolution in grey.
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Figure 3.3 – The derived ‘7.7’ μm profiles (black) after subtraction of the underlying con-
tinuum. For comparison, the three characteristic profiles derived in the study
by Peeters et al. (2002a) are shown at matched resolution in grey.
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Figure 3.4 – The derived 11.2 μm profiles (black) after subtraction of the underlying con-
tinuum and correction for the broad 10 μm feature in HD 37411. For compar-
ison, the two characteristic profiles derived in the study by van Diedenhoven
et al. (2004) are shown at matched resolution in grey. Left: The derived low-
resolution (SL) profiles. Right: The derived high-resolution (SH) profiles.

Table 3.6 – The spectral characteristics for the classes from Peeters et al. (2002a) and van
Diedenhoven et al. (2004). λx indicates the peak positions, in μm.

The 5 – 9 μm region
Class Object λ6.2 λ‘7.7′

1 λ8.6

A ISM-like ∼6.22 7.6/equal ∼8.6
B non-ISM-like 6.24 – 6.28 “7.8” >8.62
C non-ISM-like ∼6.3 8.22 none

The 11.2 μm region
Class Object λ11.2 FWHM11.2

A11.2 ISM-like ∼11.20 – 11.24 ∼0.17
A(B)11.2 uncorrelated ∼11.20 – 11.24 ∼0.21
B11.2 uncorrelated ∼11.25 ∼0.20

1 : The ‘7.7’ μm feature has been classified by its dominant component; the 7.6 and/or the 7.8 μm
component.
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Table 3.7 – Assigned classes, see text for details.

Band
Object 6.2 ‘7.7’ 11.2
HD 36917 A A + B B (+ A?)
HD 37411 B B A
TY CrA A A A
HD 97048 A A + B A
HD 100546 B B -1

1 : Due to strong silicate contamination, classification of the 11.2 μm profile has been omitted.

has been approximated by a single spline and has been subtracted. The result is
presented in Fig. 3.4.

Both spectra show evidence for a 11.1 μm feature. Many sources show this
weak ‘satellite’ accompanying the 11.2 μm feature (Hony et al. 2001). However,
the 11.1 μm feature in HD 37411 is very strong relative to the 11.2 μm band.
This spectral region is often confused by emission bands due to forsterite. In
astronomical spectra, these often coincide with the 11.2 μm band. However, we
note that laboratory spectra show evidence for forsterite near 11.0 μm (Tamanai
et al. 2006). The broad 10 μm band, evident in Fig. 3.1, indicates the presence of
warm silicate in the source and supports this suggestion. In any case, focusing on
the PAHs and guided by the high-resolution data, the profile is classified A. Table
3.7 summarises the assigned classes.

3.4 Discussion

Sloan et al. (2007) have identified systematic variations in the peak position of
the ‘7.7’ and 11.2 μm band with the spectral type of the exciting star. We also
recognise such variations in the spectra of HD 36917 and HD 37411. We note that
both stars have similar spectral type (∼B9). Going back to ISO-SWS (de Graauw
et al. 1996) data (van Kerckhoven 2002) we have retrieved additional spectra
of three well-studied and well-characterised Herbig Ae/Be stars, which provide
additional insight in the possible factors driving these spectral variations.

The first star is TY CrA, a double-lined eclipsing binary consisting of a Herbig
Ae/Be object (Thé et al. 1994), close to the zero age main sequence, and a late-
type pre-main-sequence object. The object is located near one of the densest
parts of the R Corona Australis star-forming region, embedded in the bright
reflection nebula NGC 6726/6727 (Harju et al. 1993). The infrared emission seen
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in the ISO spectrum does not originate from TY CrA itself, but from the nearby
‘TY CrA bar’ (Siebenmorgen et al. 2000; Geers et al. 2007). The second star is
HD 97048, it is located in the Chamaeleon I cloud of the Chamaeleon T association,
which illuminates the bright reflection nebula Ced 111. Spatial studies on the
PAH emission done with the VLT’s spectrometer and imager for the mid-infrared
(VISIR; Lagage et al. 2004) and ISO have revealed a circumstellar (∼0.5′′) and a
more extended component (> 5.4′′; Prusti et al. 1994; Siebenmorgen et al. 2000;
van Boekel et al. 2004; Habart et al. 2006). Finally, HD 100546 is a typical isolated
Herbig Ae/Be star, which has no companions within 1500 AU and is not associated
with the nearby dark cloud DC 292.6-7.9 (Grady et al. 2001). The mid-IR emission
of this source clearly originates from the circumstellar protoplanetary disk, which
has a gap of about ∼10 AU with a ‘puffed-up’ inner rim (Acke & van den Ancker
2006).

3.4.1 The profiles

Figure 3.5 compares the ‘7.7’ μm feature profiles5 of all five sources. The peak
position of the ‘7.7’ μm feature varies considerably in this sample from 7.6 μm all
the way to 8.0 μm. Most striking is that the profile for HD 97048 can be obtained
by combining the profiles from TY CrA and HD 100546 (van Kerckhoven 2002).
The two Spitzer sources show similar behaviour. Indeed, the ‘7.7’ μm feature of
HD 36917 may be obtained by combining the class B profile of HD 37411 with a
class A-like profile (labelled pseudo) in Fig. 3.5.

Table 3.7 shows that the systematic differences between the profiles of the
three ISO sources are also analogs to those between the profiles of the two Spitzer
sources. The spectral type of the five sources are similar (∼B9), therefore, the vari-
ations in the derived profiles between these stars cannot be caused by differences
in the exciting spectrum.

Sloan et al. (2007) find a correlation between the central wavelength of the ‘7.7’
μm feature and the effective temperature of the exciting star. We have determined
the peak position of the ‘7.7’ μm band for the 2 Spitzer and 3 ISO sources in our
study in the same manner as Sloan et al. (2007) and plotted our results with the
data from Sloan et al. (2005, 2007) in Fig. 3.6. Although there is no clear break
in the correlation, a jump is discernible around 10,000 Kelvin. Following Sloan
et al. (2007), the diagram is interpreted to reveal a ‘7.7’ μm band peaking at 7.6
μm (class A) for Teff � 10,000 K, at 7.9 μm (class B) for 10,000 � Teff � 7000 K

5For details concerning the ISO-SWS spectra, such as data reduction and analyses we refer to van
Kerckhoven (2002).
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Figure 3.5 – Left: The normalised profiles of the ‘7.7’ μm feature of HD 97048, TY CrA, and
HD 100546, as obtained by the SWS instrument on board ISO. The dashed lines
indicate the peak positions of the major PAH band components. In grey the
combined profile for HD 97048, constructed from TY CrA and HD 100546, is
presented. Note the quality of the match. Right: The normalised profiles of the
‘7.7’ μm feature of HD 36917 and HD 37411, as obtained by the IRS instrument
on board Spitzer. The profile labelled pseudo is obtained by subtracting the
profile of HD 37411 from that of HD 36917. The dashed lines indicate the peak
positions of the major PAH band components.
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Figure 3.6 – Correlation between the central wavelength of the ‘7.7’ μm band and the
effective temperature of the exciting star. The 5 Herbig stars used in this study
are shown as the black squares. Adopted from Sloan et al. (2007).

and at 8.2 μm (class C) for Teff � 7000 K. We note that this subdivision parallels a
subdivision in source classification as with class A containing sources dominated
by ISM material, class B comprising Herbig stars, and class C consisting of post-
AGB objects. We point out that in this sample objects with Teff � 200,000 K and
belonging to class B, like the PNe NGC 7027, are not shown.

3.4.2 Extended PAH band emission

van Kerckhoven (2002) and Peeters et al. (2003) note that the observed variations
in the 7 – 9 μm region might well be due to differences in morphology of the
sources, combining ISM material and/or disks. Most resounding in this respect
is the source HD 97048, which morphologically consists of a spatial combination
of circumstellar disk material and interstellar material (Lagage et al. 2004) and
spectroscopically combines characteristics of classes A and B.

Linking back to the two Spitzer sources, this connects the detected PAH emis-
sion from HD 37411 to the circumstellar disk and, particularly fascinating, the
PAH emission from HD 36917 to, in part, the surrounding cloud and/or envelope
(pseudo source) and, in part, the circumstellar disk. Intrigued by the notion of
two different, spatially, separated PAH families in HD 36917, we are motivated to
investigate the spatial variation of the PAH emission coming from HD 36917.

The available 8 μm IRAC (Fazio et al. 2004) mosaic from part of the OB1c
association is presented in Fig. 3.7. The image is centred on the position of
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Figure 3.7 – 8 μm IRAC mosaic from part of the OB1c association, centred on HD 36917
and the colour scaling is chosen to emphasise the emission coming from the
envelope. Also shown are the IRS SL slit on the source.

HD 36917 and the colour scaling is chosen to emphasise the emission from the
envelope. The strong and rich morphology of the infrared background is clearly
visible. The IRAC data suggest diffuse extended nebulosity associated with the
source on scales up to at least ∼1′ (3 × 104 AU).

Fig. 3.8 illustrates the use of the source profile extraction to decompose both
spatial components (see Sect. 3.2). In the left panel, part of the first order in
the SL module of the spectral image of HD 36917 is shown, demonstrating the
extended nature of the 11.2 and 12.7μm PAH bands in HD 36917. The panel in the
middle displays the result of simultaneous fitting a source profile and a 2nd order
polynomial to the combined dither data. A 2nd order polynomial for the extended
emission produces the optimal extraction, providing a reasonable approximation
to the observed emission. A higher order polynomial results in increased noise,
while a lower order polynomial provides an inferior fit and underestimates the
extended emission component. The half-width of the extended emission is about
6 pixels (�11′′; 6 × 103 AU). The panel to the right in Fig. 3.8 shows the cross-
dispersion profile from 11.2 to 11.5 μm compared with the calibration profile
derived from standard stars. In Fig. 3.9, the SL and SH spectra, corrected for local
background emission, are presented.

Remarkably, in both the SL and SH spectra the PAH signatures have largely
disappeared. As expected, this procedure removes the forbidden atomic lines
in the SH spectrum. In addition, the 11.2, and 12.7 μm band and the plateau
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Figure 3.8 – Left: The normalised source profile of a section from the SL1 long-slit 2-D
spectral image as observed towards HD 36917. As a result of the angle of the
order across the image, the profile centre moves in cross-dispersion direction.
This results in a changing distribution of the profile signal across pixels, hence
the apparent lower than unity profile at certain wavelengths. The presence
of a spatially extended component near the 11.2 and 12.7 μm PAH bands in
HD 36917 is clearly visible. Middle : The simultaneous fit (black) of a source
profile and a 2nd order polynomial to the combined dither data (grey). Right:
The average cross-dispersion profile from 11.2 to 11.5 μm is compared with
the calibration profile derived from the standard stars. For the extraction
the calibration cross-dispersion profile is fit in combination with a 2nd order
polynomial to decompose the spatial components.

underneath the 16.4μm band have vanished. Obviously, the red end of the ‘7.7’μm
feature, the 11.2 and 12.7μm PAH band emission originates from the surrounding
cloud/envelope. It is clear that in this source there is no evidence for PAH emission
associated with the direct (unresolved) circumstellar disk (∼0.2′′; R ∼ 50 AU).

Note that, in contrast to the PAH features, the 16.4 μm band seems to be
associated with the direct circumstellar environment of the star. Although the
band is located in a region where two orders overlap (12 and 13) and, therefore,
the extended emission estimate is somewhat more uncertain, forsterite does show
some weak features near this position (∼16.3 μm; Koike et al. 2003). This actually
suggests the presence of processed silicate material in the disk. Furthermore,
spectral structure between 10.5 – 10.9 μm appears in the background corrected
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Figure 3.9 – The local background corrected SL (bottom) and SH (top) spectra for HD 36917,
as obtained with the decomposition. The corrected spectra are grey, the un-
corrected spectra are dotted grey and the background estimates are black. The
boxes zoom in on a few interesting spectral regions.
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spectra, most distinctly seen in the SL spectrum. This could be the weak PAH
band first recognised by Witteborn et al. (1989) and later, e.g., Beintema et al.
(1996).

The absence of PAH features in the spectra of the disk is not too surprising.
Meeus et al. (2001) classified 46 spectra of Herbig Ae/Be stars, based on the shape
of the SED in the mid-IR, in distinctive groups. Their group I sources all showed
emission due to PAHs, but their group II sources show no or only weak PAH
emission. They link this difference to the geometry of the circumstellar disk;
flaring vs. self-shadowed. The SED of HD 36917 makes it a Group II source
(Habart et al. 2004), consistent with this interpretation.

The PAH emission in HD 36917 originates from a region 6×103 AU in size and,
therefore, is likely associated with an extended envelope rather than a disk. Thus,
although the spectra show evidence for a ‘processed’ PAH component peaking
toward the source - thus associated with the source - the processing itself seems
to occur on a scale-size, which is much larger than a star/disk system. Therefore,
it has the appearance that the spectral variations can be attributed to the spatial
structure of the region, although division into a clear disk and cloud component
is not evident from our data.

3.4.3 Origin of the variations

The observed trend between the central wavelength of the ‘7.7’ μm feature and
the spectral type of the irradiation star, as shown in Fig. 3.6, shows a jump near
10,000 Kelvin. The spectral variations in the ‘7.7’ μm feature reflect chemical
modifications and Sloan et al. (2007) suggested that these modifications are likely
driven by UV processing. But hot class B sources, such as NGC 7027, seem to
indicate that other source characteristics, besides effective temperature, may be of
importance too. Such characteristics could include local density or history of the
carriers. Now, the jump near 10,000 Kelvin seems to indicate that for Herbig Ae
stars these other factors are of consequence. In this study the spectral variations
are linked to PAHs in spatial structures, promoting differences in UV processing.
In this respect, the extended nature of HD 36917 lends itself particularly well for
a spatial-spectral study to settle the factors involved in the chemical processing
of PAHs.



3.5. Summary and conclusions 95

3.4.4 Implications

The chemical modifications driving the observed variations in Herbig Ae stars
may well be due to a transition from stable aromatic structures in the cloud (class
A), to more labile aliphatic-like structures in the circumstellar environment (class
B; Sloan et al. 2007). However, whereas post-AGB objects (class C) and ISM sources
(class A) lend themselves to an evolutionary interpretation - from labile aliphatic
hydrocarbons in the benign conditions of post-AGB objects to stable aromatic
hydrocarbons in the harsh environment of the ISM - it would be unlikely for the
aromatic structures to regenerate their aliphatic side-groups when going from
the ISM to the protoplanetary disks. Rather, we interpret the observed spectral
variations as reflecting the presence of an active chemical balance - in all sources -
between hydrogenation, carbon reactions building (aliphatic) hydrocarbons, and
UV photons breaking them down.

Given the densities, the alterations to the PAH population whilst they are in
the envelope, will be predominantly photo-chemical driven. The initial PAHs
in the envelope have survived their 108 year journey through the ISM, where
they absorbed about 1 photon/yr. The probability of a PAH being modified is
then � 10−8. The time a PAH spends in the (collapsing) envelope is ∼105 yr.
In that time it should absorb at least 3×108 UV photons for a reasonable chance
to undergo a change, this translates into about 10 photons a day. With an UV
absorption cross-section of 7 × 10−18 · NC (Tielens 2005), the average strength of
the radiation field, expressed in units of Habing and for a 50 carbon PAH, needs
to be at least 3×102.

Kurucz stellar model fits indicate that HD 36917 has a luminosity of∼2×102 L
.
The strength of the radiation field, in units of Habing, then scales with distance
(d) from the central star as:

G0 � 2 × 103

(d/104 AU)2 . (3.1)

Indeed, in the case of HD 36917, the radiation field has sufficient strength in the
extended envelope to drive photo-chemical processing.

3.5 Summary and conclusions

From a sample of 15 Herbig Ae/Be stars we analysed the two PAH domin-
ated Spitzer-IRS spectra. The derived profiles have been classified according
the scheme of Peeters et al. (2002a). Comparison of these profiles with profiles
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obtained using ISO-SWS from three (spatially) well studied objects indicate the
presence of two dissimilar, spatially separated, PAH families for HD 36917.

The analysis presented here shows again, based on the variation in band
profiles, that PAHs in subsequent, evolutionary linked stages of star formation,
are different from those in the general ISM (Hony et al. 2001). While previously
the required chemical processing of the PAHs was placed in the protoplanetary
disk phase (van Kerckhoven 2002; Peeters et al. 2003), the evidence presented here,
shows that such chemical changes may already occur in the (collapsing?) natal
cloud. The supporting evidence for this is that the detected PAH emission cannot
be associated with the (unresolved) disk and must thus be associated with the
circumstellar (natal) cloud. Furthermore, the presence of the two distinct PAH
families suggests active chemistry. Further studies on the spatial and spectral
variations in the PAH spectra of these sources may be helpful to disentangle the
factors that stimulate the processing of PAH molecules.

Future observation, using (high-resolution) spectral mapping techniques, should
provide a better handle on the spatial variations of the PAH emission/profiles
coming from and surrounding HD 36917 and possibly link them to the changing
radiation field as one moves out from the central star. Additional laboratory
studies are required to explain the transition from class A PAH profiles in the
circumstellar (natal) cloud to class B profiles in disks.

We gratefully thank Els Peeters for providing the ISO-SWS data and acknowledge Mario van den

Ancker for providing a literature overview on the Herbig Ae/Be stars investigated.



Chapter 4

A spatial study of the mid-IR

emission in four Herbig stars

C. Boersma, E. Peeters, N.L. Martı́n-Hernández, G. van der Wolk, A.G.G.M. Tielens,
A.P. Verhoeff, L.B.F.M. Waters, J.W. Pel

Abstract – Infrared (IR) spectroscopy and imaging provide a prime tool to
study the characteristics of polycyclic aromatic hydrocarbon (PAH) molecules
and the mineralogy in regions of star formation. Herbig Ae/Be stars are known
to have varying amounts of natal cloud material present in their vicinity.
Our aim is to study the characteristics of the mid-IR emission originating in
Herbig Ae/Be stars, especially the extent of the emission and how this relates
to the (proto-)stellar characteristics. Today’s powerful ground- and space-
based telescopes provide images and spectra at unprecedented spectral and
spatial resolution. We analyse the images and spectra from four Herbig Ae/Be
stars, as obtained with TIMMI2 on the ESO 3.6 meter telescope and VISIR on
the VLT. These observations are supplemented with data from ISO-SWS and
Spitzer. We find evidence for large-scale structure and extended emission in
all four sources. The spectrum of HD 176386 only shows silicate emission. The
three other sources have PAH emission in their spectra. In addition, a spatially
resolved silicate and PAH spectrum could be extracted for TY CrA. The variety
in emission scales distinguishes two classes. In the first, the morphology and
spectral characteristics resemble those of reflection nebulae. In the second,
the characteristics are in-line with Herbig A stars. This separation simply
reflects a difference in stellar characteristics, e.g., luminosity. In Herbig B
stars, dust emission from the surroundings dominates, where for Herbig A
stars, the disk dominates the emission. In this scheme, IRAS 06084-0611 and
CD-42 11721 resemble reflection nebulae and HD 176386 a more typical Herbig
star. TY CrA shows characteristics common to both genuine reflection nebulae
and Herbig B stars. We propose a geometry for TY CrA, with most notably, a
∼70 AU inner gap in the 340 AU circumtertiary disk cleared by a fourth stellar
companion.

Originally published in Astronomy & Astrophysics, vol. 502 , p. 175 (2009)
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4.1 Introduction

P re-main sequence stars of intermediate mass with spectral class A or B
that exhibit emission lines and have associated nebulosity are called
Herbig Ae/Be stars. Many Herbig Ae/Be stars show an infrared excess

of thermal origin and non-zero polarisation at optical wavelengths. Both are
signs for circumstellar material, possibly distributed in a proto-planetary disk
(Herbig 1960). Often, Herbig Ae/Be stars are considered as the younger/heavier
counterparts of T Tauri stars (Waters & Waelkens 1998).

Herbig Ae/Be stars form in large molecular clouds, which initially can ob-
scure them from sight. When the stellar light is able to break through, the star
starts to illuminate its surroundings. Continuing their pre-main sequence evolu-
tion, the star will evacuate a cavity in the surrounding medium (e.g., NGC 2023
and NGC 7023). The (proto-)stellar mass determines the total luminosity and the
number of ionising photons. More massive stars can clear out their direct sur-
roundings more rapidly than less massive stars. Moreover, they provide stronger
illumination, therefore, the neutral natal cloud material located far away will then
become a reflection nebula. For less massive stars, hence less luminous, only their
direct environment (e.g., circumstellar envelope) will be illuminated. In the fi-
nal stages of the star’s pre-main sequence evolution, the newly formed star will
have removed most of its surrounding envelope, leaving only the remnant, dusty,
accretion disk. These objects are known collectively as ‘isolated’ Herbig Ae/Be
stars (Waelkens & Waters 1997). Isolated Herbig Ae/Be stars often show evidence
for the onset of planet formation and even planet formation itself (in a few cases;
Reipurth et al. 2007).

The infrared spectra of Herbig Ae/Be stars reveal a wide variety of dust
particles, including carbonaceous and (crystalline) silicate grains (van den An-
cker et al. 2000, Bouwman et al. 2000, Waelkens et al. 1996). Specifically, many
sources show IR emission around 3.3, 6.2, 7.6, 7.8, 11.2, and 12.7 μm, attributed
to polycyclic aromatic hydrocarbons (PAHs), i.e., large molecules of many fused
aromatic rings (Leger & Puget 1984, Cohen et al. 1985, Allamandola et al. 1989b).

Based on the size of the infrared excess and where in the spectrum it starts to
dominate, a sub-division is made in Group I and II sources (Meeus et al. 2001).
In the latter case, the infrared emission is more modest. This difference has been
attributed to differences in disk geometry (Meeus et al. 2001): Group I sources have
flaring disks and Group II sources have more flattened disks with a shadowed
region. PAHs are a good diagnostic for this geometry, as they emit through UV-
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pumped fluorescence. Flaring disks subtend a larger solid angle viewed from the
star and are thus able to reprocess more stellar light than flat disks.

The observed spectra reveal that PAHs undergo considerable processing dur-
ing the early evolution of the young stellar object (YSO). Specifically, embedded
objects show a PAH spectrum resembling that of the ISM. More isolated Herbig
Ae/Be stars show a more processed spectrum. These spectral variations imply
considerable chemical changes, likely driven by the strong radiation field in the
YSO’s environment (Sloan et al. 2007; Boersma et al. 2008; Keller et al. 2008).
Many aspects behind the processing, e.g., in what way the PAHs are modified,
what process drives it, and when it commences, are not yet well understood.
In this chapter we compare spectra and images of four Herbig Ae/Be stars and
speculate on the influence of stellar characteristics on the dust and morphology.

The chapter has been organised as follows. In Sect. 4.2, the sources are
introduced. In Sect. 4.3, the observations and data reduction are discussed. In
Sect. 4.4 we describe our analysis and results. Subsequently, Sect. 4.5 presents a
discussion and highlights the astronomical implications. Section 4.6 summarises
our main conclusions.

4.2 The sources

CD-42 11721 is a southern galactic star embedded in a small and extremely thick
dark cloud. While it has been suggested that CD-42 11721 possibly is an evolved
B[e] super-giant (e.g. Borges Fernandes et al. 2007, and references therein), its
association with a star forming region as well as more general characteristics, e.g.,
its luminosity class (IV), establishes it in our view as a YSO.

IRAS 06084-0611 is a red nebulous object embedded in the Monoceros molecu-
lar cloud. Two bright mid-infrared sources are seen in the mid-IR images from
Persi & Tapia (2003) and are identified with the cometary Hii region VLA1 (IRS 4)
and the faint compact radio continuum source VLA4 (IRS 2). Persi & Tapia (2003)
suggest the latter is probably a Herbig Ae/Be star.

TY CrA is a multiple star-system consisting of at least four stars. Three stars are
within 1.5 AU of each other, of which one is a Herbig Ae/Be star. The fourth star is
located at a projected distance of ∼0.3′′ (40 AU) from the compact tertiary system.
The three companions of the Herbig Ae/Be star are of later M-type (Chauvin et al.
2003). TY CrA is located near one of the densest parts of the R Corona Australis
star-forming region, embedded in the bright reflection nebula NGC 6726/6727.

HD 176386 is an optically detected pre-main sequence star with a companion
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Table 4.1 – Stellar data.

Object Teff log(g) Av L� Lbol Spectral Type Group distance
[K] [mag] [L
] [L
] [pc]

IRAS 06084 VLA1 - - ≥40a - 1·104 b B0.5b - 1050c

IRAS 06084 VLA4 - - - - 1·103 b B3b - 1050c

CD-42 11721 30000 3.88 5.08 8.71·103 1.05·103 B0IVepd I 400e

TY CrA 12000 4.07 2.02 30.9 27.5 B8ef ? 130g

HD 176386 11000 3.94 0.62 49.0 21.4 B9IVh ? 130f

Note : L� is the extinction corrected luminosity of the stellar photosphere, Lbol is the observed
luminosity, including the infrared excess.
Non referenced data have been obtained from Van den Ancker (private communication), otherwise:
a) Harvey et al. (1985), b) Gómez et al. (2000), c) Racine & van den Bergh (1970), d) Shore et al. (1990),
e) de Winter & The (1990), f) Casey et al. (1998), g) Marraco & Rydgren (1981), h) Houk &
Fuentes-Williams (1982).

at ∼4′′ (i.e., CCDM J19017-3653B; Jeffers et al. 1963). The companion is likely a
low-mass star (Turon et al. 1993). Also, signs of ongoing accretion have been
reported (Grady et al. 2001). HD 176386 is located in the R Corona Australis
star-forming region, ∼1′ from TY CrA.

The stellar characteristics of the four objects considered here are summarised
in Table 4.1.

4.3 Observations and reduction

We have performed a 10 μm spectral imaging study of the four Herbig Ae/Be stars
introduced in Sect. 4.2. The thermal infrared multi-mode Instrument (TIMMI2)
at the ESO 3.6 meter telescope (Reimann et al. 2000) was used to obtain N-band
imaging and spectroscopy of CD-42 11721 and the two bright mid-IR positions
in IRAS 06084-0611 (VLA1 and VLA4). The very large imager and spectrometer
for the mid-IR (VISIR; Lagage et al. 2004) instrument at the very large telescope
(VLT) was used to obtain imaging and spectra of HD 176386 and TY CrA. The
data are supplemented with data from the Short Wavelength Spectrometer (SWS,
de Graauw et al. 1996) on board ESA’s Infrared Space Observatory (ISO; Kessler
et al. 1996) and from the infrared array camera (IRAC; Fazio et al. 2004) on board
NASA’s Spitzer space telescope. Table 4.2 summarises the data obtained for each
target. The log for the ground-based observations is shown in Table 4.3.
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Table 4.2 – Collected data.

instrument
Source TIMMI2 VISIR SWS IRAC
IRAS 06084 VLA1

√ √ √
IRAS 06084 VLA4

√ √ √
CD-42 11721

√ √ √
TY CrA

√ √ √
HD 176386

√ √

Table 4.3 – Log of the ground-based TIMMI2 and VISIR data.

Object RA (h m s) Dec (◦ ′ ′′) date calibrator instr. photometry1

(J2000) (J2000) star [Jy]
IRAS 06084 VLA1 06 10 50.57 -06 11 49.7 2003-11-16 HD 39523 TIMMI2 4.51
IRAS 06084 VLA4 06 10 50.32 -06 11 57.6 2003-11-17 HD 47205 TIMMI2 1.72
CD-42 11721 16 59 06.78 -42 42 08.4 2005-02-25 HD 151249 TIMMI2 6.63
TY CrA 19 01 40.83 -36 52 33.9 2006-06-20 HD 178345 VISIR -
HD 176386 19 01 38.93 -36 53 26.6 2007-08-29 HD 178345 VISIR -

1 : TIMMI2 11.9 μm (N11.9-OCLI filter) flux - determined as 2πσ2A, where σ and A are the best fit
values for the width and peak when fitting a 2D Gaussian to the source profile on the images.

4.3.1 IRAC

The infrared array camera (IRAC; Fazio et al. 2004) is a four channel camera
providing simultaneous 5.2′×5.2′ images at 3.6, 4.5, 5.8 and 8.0 μm. The detectors
are 256×256 pixels in size, giving a pixel scale of ∼1.2′′.

A large portion of the R Corona Australis star-forming region and the Mono-
ceros molecular cloud have been observed in the programme entitled ‘Structure
and Incidence of Young Embedded Clusters (PID 6). We retrieved the post-basic
calibrated data (BCD; data that went through the extended pipeline) for these
regions from the Spitzer science center (SSC), where it has been processed with
pipeline version S14.0.0. From the high-dynamical-range (HDR; short exposure)
mosaic, a 171×171 pixel sub-image was extracted around TY CrA and HD 176386.
For IRAS 06084-0611, a 71×71 pixel sub-image was extracted around the positions
of VLA1 and VLA4

CD-42 11721 has been observed by the Spitzer Legacy programme GLIMPSE-
Galactic Plane Survey (PID 192). Enhanced data products, made available by the
GLIMPSE team, were retrieved and from the mosaics, a 171×171 pixel sub-image
was extracted around CD-42 11721. Near the centre, the image appears saturated
in two distinct peaks.

For each source, the 3.6, 5.8 and 8.0 μm maps were combined into a single
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RGB-colour image, with the blue, green, and blue channel representing 3.6, 5.8,
and 8.0 μm, respectively. The resulting images are presented in Fig. 4.1.

4.3.2 TIMMI2

TIMMI2 has a camera that uses a 320×240 pixel Raytheon Si:As array. In imaging,
the N11.9-OCLI filter was selected and a pixel scale of 0.2′′, providing a total field
of view of 64′′×48′′. For long-slit spectroscopy, the 10 μm low-resolution grism
was used. The grism covers wavelengths from 7.5 to 13.9 μm and provides a
spectral resolving power λ/Δλ ∼ 160. The slit was 1.2′′×70′′ in size and the
pixel scale 0.45′′. At the time of the observation, the slit could only be oriented
North-South.

The slit was positioned across the two bright mid-IR components of IRAS 06084-
0611, VLA1 and VLA4, and across the central star of CD-42 11721 (see Fig. 4.1). In
order to correct for background emission from the sky, the observations were per-
formed using a standard North-South chopping/nodding technique. The applied
nod amplitude was the same as the chop amplitude, and the telescope nodded
opposite to the chopping direction of the secondary mirror. The amplitude was
20′′ for IRAS 06084-0611 and 40′′ for CD-42 11721. These chop throws were large
enough to avoid confusion.

The N-band imaging of the standard stars were performed in the same filter
as the target and used for photometric flux conversion from photon count rates
(ADU/s) into astronomical units (Jy), for atmospheric corrections and for estab-
lishing the point spread function (PSF). To minimise residuals of the telluric line
cancellation, the standard star and the target were observed at similar air masses.
A flux correction provided by the TIMMI2 instrument team takes care of the re-
maining (small) differential air mass between the target and the standard star.
The synthetic calibrated spectra for the standard stars are taken from Cohen et al.
(1999).

Data processing included the removal of bad frames and summing of all
good chopping and nodding pairs. This procedure is applied to both target and
calibrator star. For each pixel, the uncertainty, dominated by variations of the sky
transparency, was propagated along each step of the processing. However, the
chop amplitude of 40′′ used for CD-42 11721 turned out to be too large for the
telescope mechanics. This resulted in a varying chop amplitude that introduced
shifts of several pixels between the central position of the source on each frame,
producing a chopping smearing along the North-South direction. This problem
was solved by summing only the chopping and nodding pairs with a shift ≤ 1
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Figure 4.1 – Three colour composite IRAC images (red: 8.0, green: 5.8 and blue: 3.6 μm) of
IRAS 06084-0611 positions VLA1 and VLA4, CD-42 11721 plus its surround-
ings and part of the R Corona Australis star forming region showing TY CrA,
the TY CrA ‘bar’, and Position 1 and Position 2 of HD 176386, indicated by
the asterisks. For IRAS 06084-0611 and CD-42 11721, the 8.0 μm contours have
been overlaid as solid lines (@ 3250 MJy/sr and @ 1800 and 4200 MJy/sr, re-
spectively). For the same sources, the 11.9 μm TIMMI2 data are overlaid as
the dashed lines (@ 960, 1400 and 1800 ×104 MJy/sr and @ 130 and 350 ×104

MJy/sr, respectively). For HD 176386, the VISIR K-band contours are shown in
as the dashed lines (@ 35 ADU/s). In CD-42 11721, the stars represent 2MASS
sources. The ISO-SWS apertures are shown by dashed boxes. The TIMMI2
slits are indicated by the dashed lines, the VISIR slits by the solid lines.
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Figure 4.2 – Two spatial cross-cuts of the TIMMI2 spectra of CD-42 11721. The top panel
plots the continuum between 9.7 and 10.9 μm, and the bottom panel plots the
11.2 μm PAH band between 11.1 and 11.3 μm. Several wavelength rows have
been collapsed to reduce the noise. The grey line (in both panels) represents a
fit to the PAH cross-cut with 4 Gaussians. The dotted line in the top panel is a
scaled version of the Gaussian peaking at about -4.7′′. The PAH emission from
the arc peaks around ±11′′ . Finally, the data reveals a separate, independent
patch of emission which peaks around -5′′, near the central star.

pixel. For imaging and spectroscopy these are 4 out of 48 and 196 out of 320
frames, respectively.

The spectra were extracted over apertures of 1.5 times the (average) full-
width-at-half-maximum (FWHM) measured along the spatial direction, where
the FWHM for VLA1 and VLA4 are 4.7 and 3.6′′, respectively. The source profile
of CD-42 11721 along the slit shows three emission peaks (see Figs. 4.1 and 4.2).
Each of these peaks has been fitted with a Gaussian. These were then used to
extract the spectrum of each component. In particular, the corresponding FWHM
of the central peak is 1.8′′ and 4.7′′ for both the bracketing peaks. The pixel-to-
wavelength correspondence provided by the TIMMI2 support team is applied for
wavelength calibration. The reduced spectra are presented in Figs. 4.3 and 4.4.
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Figure 4.3 – The top two panels show the TIMMI2 spectra of IRAS 06084-0611 VLA1 and
VLA4. A comparison between the ISO-SWS spectrum and the TIMMI2 spectra
of IRAS 06084-0611 VLA4 (see Fig. 4.1 for the apertures) is plotted in the middle
panel. The lower two panels shows the FWHM of both sources as a function
of wavelength (black diamonds), the FWHM of the sources in the 11.9 μm
image in the direction of the slit (grey dot) and the FWHM of the calibration
star (dashed grey line). Indicated are the 8.6, 11.2 and 12.7 μm PAH bands.
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Figure 4.4 – The TIMMI2 spectra of the three components of CD-42 11721 (see Figs. 4.1 &
4.2 and Sect. 4.3.2) are shown in the top three panels. The fourth panel shows
a comparison of the TIMMI2 spectrum of the four emission peaks combined
with the ISO-SWS spectrum. The dashed lines show the fit made to the star
as log(F) = a + b · λ [W·cm−2], with a = −15.201 ± 0.008, b = −0.1006 ± 0.0008.
Indicated are the 8.6, 11.2 and 12.7 μm PAH bands.
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4.3.3 VISIR

VISIR has two DRS, former Boeing, 256×256 BIB detectors. In spectroscopy the
pixel scale was set to 0.127′′. The low resolution (λ/Δλ = 250 – 390) configuration
with a 1′′ slit was chosen to obtain spectra in the 8.8, 9.8, 11.4 and 12.2 μm
wavelength settings. A standard chop-nodding along the slit was applied to
correct for background emission. The orientation of the slit was chosen such that,
for TY CrA, both the ‘bar’ and the central star are probed (see Fig. 4.1). For
HD 17386 the orientation was chosen such that it encompasses the two emission
sources visible in the K-band (2.2 μm) acquisition image (see Fig. 4.1). Due to
the extent of TY CrA and HD 176386 and their direct surroundings, chopping was
done off the detector. Standard calibration has been done with calibrators with
similar air masses at the time of observation. Detector integration times (DITs)
were 0.0625 seconds for both the 8.8 and 9.8 μm wavelength settings and 0.05
and 0.04 seconds for the 11.4 and 12.2 μm wavelength settings, respectively. To
improve the signal-to-noise, all four wavelength settings were observed two times
10 minutes for TY CrA, and four times 10 minutes for HD 176386.

The initial reduction steps are performed by the standard ESO reduction
pipeline software, making use of the graphical user interface to the pipeline,
GASGANO. Pipeline products include the final, summed, distortion-corrected
2D spectrum for each wavelength setting, a pixel-to-wavelength map and a syn-
thetic spectrum of the calibrator. The following reduction steps, are applied to
the 2D spectra: The residual background is corrected by fitting, ignoring the
target’s dispersion profile, each pixel row with a second order polynomial and
subtracting it. Weight maps are constructed from the 2D spectra by collapsing
them into the wavelength direction and forcing the area underneath the resulting
spatial profile to one. The next step is multiplying the weight maps with the
2D spectra and collapsing the results in the spatial direction. The obtained 1D
spectra are wavelength calibrated using the earlier obtained pixel-to-wavelength
mapping. The target is flux calibrated by multiplying the target spectra by the
synthetic spectra and dividing by the calibrator’s spectra. Also, in view of the
difference in chopping technique (off and on the slit), the number of beams on the
detector is taken into account: two for the off-source chopped target and four for
the calibrators. The four different wavelength settings are spliced to the mean of
the overlapping area by multiplication by a factor, keeping the 9.8 μm wavelength
setting constant. In the final reduction steps, all observations are combined. A cor-
rection for any uniform differences in flux is made by multiplying by a factor that
brings the separate observations to the mean. The uncertainties are constructed
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by taking the statistical difference between all observations.
On top of the general reduction scheme described above, additional steps were

required for TY CrA and HD 176386. Inspection of the (wavelength collapsed)
spatial emission profile of TY CrA reveals two blended components in the source
profile.

I(x, λ) = A1(λ)e
− (x−c1)2

2(a1+b1λ)2 + A2(λ)e
− (x−c2)2

2(a2+b2λ)2 . (4.1)

To disentangle both components we fit a function described by eq. (4.1), where
each diffraction pattern is assumed Gaussian and the wavelength dependent
FWHM of the pattern is taken linear (ai + bi · λ). At each wavelength bin (λ),
the diffraction pattern (x) is fitted, determining the relative strength of the two
components (A1(λ) and A2(λ)). Multidimensional minimisation is then performed
on an entire wavelength setting to fix ai and bi. Figure 4.5 presents the extracted
spectra for TY CrA. The established FWHM as a function of wavelength for the
PAH and amorphous silicate components is presented in Fig. 4.6.

The 2D spectral images of HD 176386 display two spatially separated sources.
Hereafter these sources are referred to as Position 1 and Position 2. Position
1 corresponds to HD 176386 itself. For some observations, some wavelength
settings show a strong varying background. Therefore, the Position 1 and 2
spectra are extracted by masking out the emission from the other position and
following the reduction steps described above, but disregarding the wavelength
settings where the background turns out to be too unstable for a proper extraction.
Fortunately, for each wavelength setting there were at least two observations of
sufficient quality to allow for the construction of a complete spectrum. Figure 4.7
presents the spectrum of Position 1, median smoothed over 5 resolution elements.

4.3.4 ISO-SWS

ISO’s SWS instrument provided medium and high spectral resolution in the
wavelength range from 2.38 to 45.2 μm. For wavelengths smaller than 12 μm, the
aperture on the sky was 14′′×20′′ in size, for wavelengths between 12 and 27.5
μm 14′′×27′′. These apertures are indicated in Fig. 4.1.

All data were processed with IA3, the SWS interactive analysis package, us-
ing calibration files and procedures equivalent with pipeline version 10.1. A
detailed account of the reduction can be found in Peeters et al. (2002b). Table 4.4
summarises the observations and the fully reduced spectra are presented in Fig.
4.8.
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Figure 4.5 – Spectra for the total, amorphous silicate and PAH components of TY CrA when
integrating the area underneath the Gaussians fitted to the spatial profile (see
text for details).

Figure 4.6 – FWHM as a function of wavelength of the amorphous silicate and PAH com-
ponents in TY CrA. Also shown is the FWHM of the standard calibrator as a
function of wavelength.
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Figure 4.7 – VISIR spectrum of HD 176386
Position 1, median smoothed over 5 ele-
ments.

Table 4.4 – Summary of the ISO-SWS observations.

Source Pointing Template R
(J2000) (speed) (λ/Δλ)

IRAS 06084-0611 α: 06 10 50.17 AOT01 (3) ∼1000
δ: -06 12 01.01

CD-42 11721 α: 16 59 06.79 AOT01 (2) ∼450
δ: -42 42 07.99

TY CrA α: 19 01 40.70 AOT01 (3) ∼1000
δ: -36 52 32.48
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Figure 4.8 – ISO-SWS spectra of IRAS 06084-0611, CD-42 11721 and TY CrA. Indicated are
the 3.3, 6.2, ‘7.7’, 8.6, 11.2, 12.7, 16.4 and 17.4 μm PAH bands. The arrow
indicates the 15.25 μm CO2 bending mode, see Fig. 4.9 for a detailed profile.
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Table 4.5 – PAH band strengths determined from the ISO-SWS spectra.

Source 3.3 6.0 6.2 7.6 7.7 7.8 8.6 11.0 11.2 FΣPAH FIR

IRAS 06084-0611 1.2 0.61 15 24 33 7.7 1.7 0.44 6.6 0.046 31
CD-42 11721 6.4 1.3 41 50 82 30 17 3.8 28 0.18 11
TY CrA 3.6 2.1 20 27 57 8.0 8.5 0.83 16 0.11 3.4

Note : PAH band strengths are given in 10−14 W·m−2. FΣPAH and FIR are given in 10−11 W·m−2.

4.4 Analysis and results

For ISO-SWS data, PAH bands strengths are taken from Hony et al. (2001), van
Diedenhoven et al. (2004) and Hony et al. (2001). When unavailable, these were
calculated directly from the ISO-SWS spectrum following the procedures outlined
by these authors. The PAH band strengths are presented in Table 4.5.

The IRAC images display a wealth of structure (Fig. 4.1). Therefore, some
confusion is likely present in the spectra from these sources. In the following
subsections the extent of the different sources and emission components are de-
termined. The results have been summarised in Table 4.6.

4.4.1 IRAS 06084-0611

The 3-colour IRAC image shows a nebulous region encompassing both VLA1 and
VLA4, with an arm stretching towards the North-Eastern direction (Fig. 4.1). The
TIMMI2 spectra show for both sources quite different behaviour (top two panels
of Fig. 4.3). VLA1’s spectral shape resembles that of an embedded YSO, whereas
VLA4 shows a far richer spectrum with strong PAH features at 8.6, 11.2 and 12.7
μm. The ISO-SWS spectrum also shows these PAH features, in addition to those
at 3.3, 6.2 and ‘7.7’ μm (Fig 4.8). The short wavelength ISO-SWS aperture only
covers VLA4, while the long wavelength ISO-SWS aperture encompasses both
VLA1 and VLA4. Comparison of the ISO-SWS observations with the TIMMI2
observations centred on VLA4 is done in the third panel of Fig. 4.3. The apparent
flux difference reflects the extent of the emission and the difference in aperture/slit
size between TIMMI2 and ISO-SWS. The similarity between the continuum in the
ISO-SWS spectrum and the TIMMI2 spectrum of VLA1 is striking and suggests a
contribution of VLA1 to the ISO-SWS spectrum of VLA4 (Fig. 4.3).

The ISO-SWS spectrum also shows the 15.25 μm CO2-ice feature, which we
attribute to absorption by ice grains along the line of sight towards the deeply
embedded and very red object VLA1. Figure 4.9 presents the absorption profile
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Table 4.6 – Gaussian FWHM of the different objects and emission components studied here
(still convolved).

Band FWHM [′′/AU] spectroscopy/
target std. imaging

IRAS 06084-0611 (VLA1), TIMMI2
average 4.7/4900 - spectroscopy
@ 10.0 μm 2.8/2900 1.3/1400 spectroscopy
@ 11.2 μm 2.8/2900 1.1/1200 spectroscopy
@ 11.9 μm 2.9/3000 0.58/610 imaging

IRAS 06084-0611 (VLA4), TIMMI2
average 3.6/3800 - spectroscopy
@ 10.0 μm 1.2/1300 1.1/1200 spectroscopy
@ 11.2 μm 2.2/2300 1.3/1400 spectroscopy
@ 11.9 μm 2.0/2100 0.58/610 imaging

CD-42 11721 (star), TIMMI2
average 1.8/720 - spectroscopy
@ 11.9 μm 0.94/380 0.58/230 imaging (all frames)
@ 11.9 μm 0.78/300 0.58/230 imaging (shifted)

CD-42 11721 (patch+arc), TIMMI2
average 4.7/1900 - spectroscopy

TY CrA (PAH)
@ 10.0 μm 3.0/390 0.3/39 spectroscopy
@ 11.2 μm 3.5/460 0.3/39 spectroscopy

TY CrA (Dust/continuum), VISIR
@ 10.0 μm 1.0/130 0.3/39 spectroscopy
@ 11.2 μm 1.4/180 0.3/39 spectroscopy

HD 176386, VISIR
8 – 13 μm ≤0.3/39 0.3/39 spectroscopy
K-band 0.52/68 - imaging
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Figure 4.9 – 15.25 μm CO2 bending mode
observed by ISO in IRAS 06084-0611. The
uncertainties are indicated in grey.

Figure 4.10 – Spatial distribution of
IRAS 06084-0611 VLA4 (solid line) and the
calibration star (dotted line) from TIMMI2
at 11.22 μm (black). This is compared to
the spatial distribution at 10.5 μm (grey).
For the continuum, the pixel rows from
9.7 to 10.9 μm were summed; for the PAH
band, pixel rows from 11.1 to 11.3 μm were
summed.

in detail. Following the procedure outlined by Boogert (1999) (Chapter 5 of his
thesis), we obtain an ice temperature of 100 – 110 K, typical for an embedded YSO.

To investigate the extent of the 10 μm emission, the FWHM as a function
of wavelength is determined by fitting Gaussians to the spatial profiles on the
calibrated 2D spectral images at every wavelength bin. The results are presented
in the bottom two panels of Fig. 4.3 and are compared to the FWHM of the
calibrator. VLA1 is resolved and has a size of about 2.8′′ (2800 AU). VLA4 is also
resolved and is more extended in the PAH bands (∼2.2′′; 2200 AU) than in the
continuum (∼1.2′′; 1300 AU). From the 11.9 μm TIMMI2 image, a FWHM of 2.9′′

(2900 AU) and 2.0′′ (2000 AU) is derived for VLA1 and VLA4, respectively. The
sizes obtained from the images and spectra are in reasonable agreement.

In Fig. 4.10, the 11.2 and 10.5 μm spatial profiles of VLA4 are compared to the
11.2 μm spatial profile from the calibrator. Both the continuum (9.7 – 10.9 μm)
and the PAH emission (11.1 – 11.31 μm) are resolved and show a skewed profile.
The continuum has an extent of 1700 AU (non-Gaussian FWHM is 1.6′′) and the
PAH emission extends over 2000 AU (non-Gaussian FWHM = 1.9′′). The small
difference in the extent between here and in Fig. 4.3 is likely due to the profile’s
deviation from a Gaussian.
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4.4.2 CD-42 11721

The 3-colour IRAC image shows a nebulous region (Fig. 4.1). Although the centre
of the image is saturated, there appear two distinct emission peaks. One is the
star, the other a close-by patch. Both peaks are separated by 4.3′′ (1700 AU).
Additionally, an arc stretching towards the South-East is visible, which is also
seen in the 11.9 μm TIMMI2 and the 8.0 μm IRAC images. It is evident from
the good agreement between the TIMMI2 and IRAC contours that the problems
introduced by the varying chop throw (see Sec. 4.3) have been largely corrected
for by our applied reduction steps (see Sect. 4.3.2). Note how the TIMMI2 slit
cuts through both distinct emission peaks and the arc. These three components
are also identifiable in the wavelength collapsed spatial cross-cuts of the TIMMI2
spectra, Fig. 4.2. The separation between the central two emission peaks in the
cross-cut (∼4.0′′) and the images are in reasonable agreement. Additionally, Fig.
4.2 possibly shows the arc extending onto larger scales, with its centre on the star
and a projected radius of ∼11′′.

Summing all frames for the 11.9 μm image obtained with TIMMI2, including
those having shifts introduced by the chopping problem (see Sect. 4.3.2), the
spatial FWHM of the star is ∼4.7 pixels (0.94′′). When only frames with a shift
in pixels ≤ 1 are considered, this FWHM decreases to ∼3.9 pixels (0.78′′), closer
to the FWHM of the standard stars (i.e., 2.9 pixels; 0.58′′) and therefore likely
unresolved. The peaks of the PAH emission are smeared out when all the frames
are summed.

The ISO-SWS spectrum shows the prominent PAH features at 3.3, 6.2, ‘7.7’,
11.2, 12.7 and 16.4 μm (Fig. 4.8). The strength of most of these bands are listed in
Table 4.5. The TIMMI2 spectra for the four individual emission peaks are plotted
in Fig. 4.4. The spectra of the PAH peaks are very similar, all showing the 8.6,
11.2 and 12.7 μm PAH bands. In the fourth panel of Fig. 4.4, a scaled version
of the ISO-SWS spectrum is compared to the total combined TIMMI2 spectrum
(i.e., star + PAH components). The higher flux levels reflect the larger aperture
of ISO-SWS and the extent of the PAH emission. The similar shaped spectrum of
the arc and the nearby peak suggests that the same kind of material is radiating.
As expected, the central star shows an almost featureless spectrum.

4.4.3 TY CrA

The 3-colour IRAC image shows a nebulous region surrounding TY CrA and a
‘bar’ like structure to the South-East (Fig. 4.1).
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From the VISIR 2D image we were able to decompose the central source profile
into two components (see Sec. 4.3.3), separated by ∼2.5 pixels (0.32′′). The two
spectra extracted are shown in Fig. 4.5: a PAH spectrum and an amorphous
silicate spectrum. The PAH spectrum, shown in the panel labelled PAHs in Fig.
4.5, clearly shows strong PAH bands at 8.6, 11.2 and 12.7 μm. Additionally, the
shoulder of the ‘7.7‘ μm PAH band at the blue edge of the spectrum and the minor
PAH features at 11.0 and ∼12 μm are present. The ISO-SWS spectrum also shows
these PAH bands, in addition to bands at 3.3, 6.2, ‘7.7’, and 16.4 μm (Fig. 4.8). The
strengths of most of these bands are listed in Table 4.5. The amorphous silicate
spectrum peaks near 9.8 μm, indicative of the Si-O stretch in amorphous silicate.
Following van Boekel et al. (2005), the ratio of the silicate feature peak/continuum
is ∼3.26 and the 11.3/9.8 μm ratio ∼0.74.

The FWHM as a function of wavelength shows that both components are
resolved and extended, Fig. 4.6. The PAH component extends over ∼3′′ (∼390
AU) and the amorphous silicate component over ∼1′′ (∼ 130 AU) in the spectra.
On a larger scale, the spatial extent of the emission coming from TY CrA is studied
by constructing a calibrated 2D spectrum. The different wavelength settings have
been shifted, spliced and merged to form a continuous 2D spectrum. The results
are shown in Fig. 4.11. Note that close to the blue and red cut-off wavelengths
of the grating, the terrestrial background varies strongly with ambient conditions
and atmospheric corrections are more difficult. The same holds for the wavelength
regions of strong telluric lines near 9.58, 11.73 and 12.55μm. Therefore, the quality
of the 2D spectrum is lower in those regions. At ∼11′′ from TY CrA, the 11.2 μm
PAH emission from the ‘bar’ to the South-East, is detected. The zoom-in (right
panel) reveals particularly well the extended nature of the 11.0 and 11.2 μm PAH
features.

Given the extended nature of the mid-IR emission, spectra have been extracted
using the PSF, determined from the 12.2 μm wavelength setting, as extraction
profile at positions along the slit, separated by half the PSF’s FWHM. Zero is at the
centre position of the slit and positions increase into the South-Eastern direction,
see Fig. 4.1. At each position, the continuum is established by linear interpolation
and subtracted from the PAH bands. For the 8.6 μm band, the resulting profile
is fitted with a single Lorentzian. The 11.0 and 11.2 μm bands are decoupled by
simultaneously fitting a Gaussian for the 11.0 μm profile and a Lorentzian for
the 11.2 μm profile. This combination of Lorentzians and Gaussians was chosen
because it provided the best fit with respect to the other possible combinations.
The centres and widths of the profiles are allowed to vary marginally. The fit
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Figure 4.11 – 2D spectral image of TY CrA. Left : Entire field of view (note the 11.2 μm
emission at +11′′, this is the TY CrA ‘bar’). Right : zoom-in on the dispersion
profile, revealing the extent of the 11.0 μm PAH band particularly well.

is assumed to be of intrinsically good quality. Therefore, uncertainties have
been established by multiplying the diagonal co-variance matrix elements by the
reduced χ2. We expect that relative variations along the slit are not much affected
by systematic uncertainties introduced by the fitting procedure. The strength of
the dust/continuum at each position is determined by integrating the emission
between 9.7 and 10.6 μm. Here no error analysis has been performed. The results
are presented in Fig. 4.12.

The spatial distribution of the individual components mostly differ from each
other, but do also show some common characteristics. All spatial profiles show a
higher flux level after the peak than before and an asymmetric flank to the right of
it. The 8.6 and 11.0 μm profiles are double peaked, whereas the 11.2 μm and con-
tinuum profiles are single peaked. Individual peaks show a slight displacement
from each other, traced out by the dashed lines in Fig. 4.12. The (non-Gaussian)
FWHM varies as 4.8′′, 2.9′′, 3.8′′, 2.7′′ and 1.4′′ for the 8.6, 11.0, 11.2, 8.2 μm and
continuum profiles, respectively. These are in reasonable agreement with Fig.
4.6 (specially considering that the double peaked and asymmetric shape of the
profiles are not well defined by a single Gaussian FWHM). The 11.2 μm flux is
particularly interesting in that it stays at a significant higher flux after peaking
and coming down at ∼5′′, and rising again to form a double peak around 12.5′′,
the position of the TY CrA ‘bar’.

The varying 11.0/11.2 μm band strength ratio as a function of position is taken
and presented in Fig. 4.13. The ratio rises steeply and peaks around 2′′, after which
it drops sharply and continues dropping steadily until reaching zero around 7′′.
The interpretation of these spatial distributions will be addressed in Sect. 4.5.
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Figure 4.12 – Integrated band strength as a function of position for the 8.6, 11.0 and 11.2
μm PAH features and the continuum in TY CrA. The dashed lines at -0.5, 0.0
and 1.0′′ trace the 11.2 μm, continuum and second 8.6 μm peaks, respectively,
across all panels

Figure 4.13 – 11.0/11.2 μm PAH band strength
ratio of TY CrA as a function of position. The
dashed lines at -0.5, 0.0 and 1.0′′ trace the
11.2 μm, continuum and second 8.6 μm peaks
from Fig. 4.12, respectively.
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4.4.4 HD 176386

The 3-colour IRAC image presented in Fig. 4.1 shows a nebulous region sur-
rounding HD 176386. The 8.0 μm IRAC contours are in good agreement with the
VISIR K-band contours.

Position 2 is a star identified as CCDM J19017-3653B; its featureless spectrum
is not shown and/or discussed here. The spectrum of Position 1, shown in Fig. 4.7,
has some ozone residuals. However, an amorphous silicate feature can clearly
be seen. Following van Boekel et al. (2005), we find a value of about 2.47 for the
peak/continuum ratio, and about 1 for the 11.3/9.8 μm ratio.

Concerning the extent of the emission, Position 1 and Position 2 are not re-
solved with VISIR in spectroscopy. On the K-band acquisition image, both sources
have a FWHM of about 0.52′′ (68 AU). Due to the unavailability of a K-band image
of a point source calibrator we are unable to state whether the source is resolved.
With spectroscopy, we derive an upper limit of 0.3′′ (40 AU), which is the FWHM
of the calibrator.

4.5 Discussion and astronomical implications

4.5.1 Silicate dust

The shape of the silicate feature is a measure of the amount of processing that
the material has undergone (Bouwman et al. 2001). It has been shown by van
Boekel et al. (2005) that the amount of crystallisation can be obtained from the
11.3/9.8 μm peak ratio. The peak/continuum ratio measures the feature’s strength
and correlates with the 11.3/9.8 μm peak ratio. This correlation is interpreted as
a relation between grain growth and crystallisation, which assesses the amount
of processing the material has undergone. The values found for TY CrA and
HD 176386 fall on the correlation these authors present. Both these sources show
silicate emission originating from a disk; this is not the case for IRAS 06084-0611
VLA4 and CD-42 11721. The resulting 11.3/9.8μm peak ratios indicate that TY CrA
and HD 176386 have slightly processed dust. The slightly higher value found
for HD 176386 indicates more extensive processing. Assuming similar systems,
this might suggest that HD 176386 is older. However, this is not really justified
given that TY CrA is a complex multiple star system. Furthermore, the detailed
evolutionary scenario involved in dust settling, grain growth and crystallisation
is not yet fully understood. A mineralogical decomposition, which is beyond the
scope of this chapter, might provide further insight.
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4.5.2 PAHs

Three out of the four Herbig Ae/Be stars studied here show PAH emission. The
PAH profiles peak near 6.2, 7.6, and 11.2 μm, referred to by Peeters et al. (2002a,
2003) as class A, and are consistent with non-isolated Herbig Ae/Be stars (Peeters
et al. 2002a). Class B profiles, with the PAH bands peaking closer to 6.3, 7.8
and 11.3 μm, are associated with isolated Herbig Ae/Be stars and are thought to
probe directly the circumstellar disk (van Kerckhoven 2002; Boersma et al. 2008).
Using the long-slit data, the measured extent (FWHM) of the PAH emission is
∼2′′ (2100 AU) for VLA4 in IRAS 06084-0611, ∼1′′ and 5′′ (400 AU and 2000 AU,
respectively) for the patch near the star and arc components in CD-42 11721, and
∼3′′ (390 AU) for TY CrA. Given these sizes, it is clear that for VLA4 and CD-
42 11721, the PAH emission from the surroundings is dominating the spectrum.
For TY CrA, the emission associated with the central object likely originates from
a large disk (scale size ∼170 AU), while the more extended emission such, as the
bar to the South-East, represents surrounding molecular cloud material set aglow
by the radiation from the Herbig Ae/Be star.

4.5.3 Morphology

For HD 176386 (Position 1) we detect only silicate emission. This emission is
not spatially resolved and therefore, given the scale, likely linked to a disk. The
absence of PAH emission suggests a self-shadowed Group II disk. The fact that
we do not detect any PAH emission, even at significant distances away from
HD 176386, but do see it on the IRAC images is due to the limited sensitivity of
VISIR compared to Spitzer. The estimated upper limit of the PAH emission from
the IRAC 8.0 μm image is 2·109× 0.3× 1.2× 2.35 ·10−11 � 0.017 Jy (IRACflux in 1 pixel

[MJy/sr]× PSFVISIR [′′]× pixelIRAC [′′]× �/sr), which is similar to the noise (see Fig.
4.7). Siebenmorgen et al. (2000), using ISOCAM, do detect PAH emission from
HD 176386 and also from a nearby ‘bar’-like component. Due to the orientation
of the VISIR slit, the ‘bar’-like component is not present in our data. Given the
large aperture of ISOCAM, the PAH emission Siebenmorgen et al. (2000) see must
be originating from the surrounding area.

The difference in spatial distribution of the 8.6, 11.0 and 11.2μm features in the
spectra of TY CrA (Fig. 4.12) point towards three distinct carriers for these bands.
The 8.6 μm PAH band has recently been attributed to very large, compact and
highly symmetric PAH cations (and anions; Bauschlicher et al. 2008). The 11.0μm
band has been assigned to the out-of-plane bending mode in solo C-H cationic
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Figure 4.14 – Cartoon of the proposed morphology for TY CrA depicting the different emis-
sion zones.

PAHs, while the 11.2 μm band has been assigned to the out-of-plane bending
mode in solo C-H of neutral PAHs (Hony et al. 2001; Hudgins & Allamandola
1999). Although, recently these assignments have met some opposition (Povich
et al. 2007).

Attributing the PAH emission originating from a flaring disk, the spatial dis-
tribution can be explained within the context of these assignments. The proposed
morphology of TY CrA is presented in Fig. 4.14, where the quaternary star sys-
tem is surrounded by a single flaring disk. An inner gap beyond the orbit of
the fourth stellar component is inferred from the double peaked spatial profiles
of the 8.6 and 11.0 μm PAH bands. The 11.0/11.2 ratio - and thus the ions to
neutrals - peaks to the right, away from the star and only to one side. This can be
understood in the context of a flaring disk seen under an angle, where the near
side is foreshortened and therefore unobserved. The 11.2 μm emission originates
from the bulk of the disk. Both the neutral and intrinsically stronger nature of
the 11.2 μm PAH band allows for this. The emission can even be traced all the
way down to the TY CrA ‘bar’, which we suspect to be the limb-brightened edge
of a bowl where the photo dissociation front is eating its way into the molecular
cloud. This in-between material is the non-limb brightened inside of the bowl.
The PAHs will be more easily ionised close to the star. In agreement, the 8.6 and
11.0 μm PAH band emission is originating from a narrow region at the inner disk.
Furthermore, recent analysis by Bauschlicher et al. (2008) suggest larger PAHs
dominating the 11.0 μm emission than those dominating that at 8.6 μm. Hence,
the 11.0 μm emission should be more confined since only large PAHs are able to
survive close to the star, and this is what is seen. Geers et al. (2007) measured the
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radial extent of the 3.3 μm PAH band emission to be 54 AU, which fits well within
the proposed morphology.

Interestingly, the fourth stellar component is separated ∼0.3′′ (40 AU) from
the central tertiary system, which is similar to the separation of the dust and
PAH component in the VISIR spectrum. It is intriguing to assume that the fourth
companion, at a projected distance of 40 AU, is dynamically related to the inferred
large inner radius of the circumquartery disk. That would imply that the actual
distance of this star is some 70 AU from TY CrA itself. Its mass has been estimated
to be about 0.3 M
, but the precise dynamics and stability of the whole system has
yet to be studied, e.g., orbital parameters and the existence of a Kazai resonance
(Chauvin et al. 2003). It is also worth speculating whether the fourth companion
is inducing the dust emission. However, at this distance, the central Herbig Ae/Be
star still dominates the dust temperature (∼300 Kelvin, assuming LTE and an
emissivity of 0.05). Furthermore, the M4 star is unable to heat the dust up to the
scale of the observed distance (∼65 AU). Therefore, the central Herbig Ae/Be star
must be responsible for heating the dust.

4.5.4 Band strengths

Following Hony et al. (2001) and Galliano et al. (2008), we have investigated the
correlations between the strength of the PAH bands presented in Table 4.5. The
6.2/11.2 μm band shows little variations, implying very similar physical condi-
tions. In contrast, other studies (Galliano et al. 2008; Lebouteiller et al. 2008) report
little variation in the 7.7/6.2 ratios with a typical value of 2.5, where most of the
Herbig stars fall (Fig. 4.15). There is no indication that this ratio correlates with
object type (e.g., isolated Herbig stars versus reflection nebula). The origin of this
variation may well provide interesting insights in the chemical make-up of the
emitting PAHs, for example the difference in photochemical activity.

The 11.2/6.2 versus 7.7/6.2 μm band strength ratios have been plotted in Fig.
4.15. Along with the ratios for two reflection nebulae, NGC 7023 and NGC 2023,
and two non-isolated Herbig Ae/Be stars, HD 97048 and BD+40 4124 (Hony et al.
2001; van Diedenhoven et al. 2004; Hony et al. 2001). These band ratios may be
influenced by the physical conditions (e.g., charge) or by the chemical history
(e.g., difference in illuminating spectrum may control photochemistry).

The ratio of the C-C to C-H modes (6.2/11.2μm band strength ratio) is generally
thought to reflect the degree of ionisation of the emitting PAHs (Tielens 2008).
Typically, these ratios vary with a factor of∼5 between sources and within sources
(Galliano et al. 2008). However as a class, these Herbig Ae/Be stars reveal very
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Figure 4.15 – Left: F11.2/6.2 versus F7.7/6.2 PAH band strength ratio. Right: F6.2/11.2 versus
F7.7/11.2 PAH band strength ratio. The reflection nebula are shown in black
and the Herbig Ae/Be stars in grey.

similar values (Fig. 4.15), indicating that the physical conditions (e.g., G0/ne,
where G0 is the UV intensity and ne the electron density) in the emission zone are
much the same. Curiously in the same data, in terms of the 7.7/6.2 versus 11.2/6.2
band ratios, a larger variation is apparent (Fig. 4.15). In particular, the sources
HD 97048 and NGC 2023 have a 7.7/6.2 ratio which is almost a factor 2 higher than
in the other sources.

4.5.5 PAH emission fromHerbig A vs Herbig B stars

The (proto-) stellar mass determines the total luminosity and the number of ion-
ising photons. Heavier stars, and therefor more luminous, should be able to light
up more of their surroundings than there less massive counterparts. At the same
time the number of available ionising photons is larger for the heavier stars. Al-
terations to the silicates and PAH family, driven by photochemistry, should be
sensitive to the spectral shape of the irradiating source and show up as variations
in the band shapes.

Herbig B stars are more luminous analogs of the Herbig A stars. The earliest
B star, which are powering prominent reflection nebulae (e.g., NGC 2023 and
NGC 7023), have about a hundred times higher luminosity at 6 eV than the later
type Herbig B stars (e.g., TY CrA), while mid-A stars are another 100 times weaker
yet. Hence, typical spatial scales for the PAH emission will be ten times larger
for early-B stars than later Herbig B stars and a hundred times larger than mid
Herbig A stars. Indeed, for reflection nebula spatial scales for PAH emission are
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∼0.1 pc, whereas for Herbig A stars only the circumstellar disk re-radiates PAH
emission (∼200 AU). In this context, IRAS 06084-0611 VLA4 and CD-42 11721 are
placed in the reflection nebulae class and indeed their emission scale is large and
consistent with surrounding molecular cloud material illuminated by the star, but
not associated with it. TY CrA is possibly a transition object between the Herbig A
and genuine reflection nebulae. The reflection nebula characteristics dominate on
larger scales, while the disk and envelope of TY CrA dominate on smaller scales.

4.6 Summary and conclusions

The mid-IR images and spectra of four Herbig Ae/Be stars have been investigated
in order to study the variation in the dust and PAH characteristics and hence, the
processing of material in star and planet forming environments. We find evidence
for large-scale structure and extended emission in all four sources. Except for
HD 176386, all sources show PAH emission in their TIMMI2/VISIR spectrum.
Both HD 176386 and TY CrA show silicate emission. The scales on which these
dust components emit varies significantly. The PAHs are detected from 390 AU up
to 5700 AU. The silicate emission observed in HD 176386 is spatially unresolved,
providing an upper limit of 40 AU. In TY CrA, the silicates are seen up to 130 AU.
The extent of the continuum emission is similar to that of the silicates.

Following Hony et al. (2001) and Galliano et al. (2008), we have investigated
the correlation of the strength of the PAH bands. The 6.2/11.2 μm PAH band ratio
shows little variation, implying very similar physical conditions. In contrast to
previous studies, we find more variation in the 7.7/6.2 μm band strength ratio
within our sample. However there does not seem to be a relationship with object
type.

For the individual objects we infer the following:
IRAS 06084-0611: The two bright IR sources VLA1 and VLA4 have been studied,
where the spectrum of VLA1 resembles that of a YSO. For this source, we were
able to deduce a CO2 temperature of 100 - 110 K, consistent with an embedded
YSO. VLA4 shows a far richer spectrum. The PAH and continuum emission is
extended on scales of 2800 and 2200 AU, respectively.

CD-42 11721: We find evidence for several distinct emission components. First,
there is evidence for a PAH peak close to the star. Second, an arc of PAH emission
partially encompasses the star and the nearby emission peak (‘patch’). The nearby
PAH peak and PAH arc have both an emission scale of 1900 AU.

TY CrA: Our analysis was particularly successful given our ability to separate an
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amorphous silicate and PAH spectrum. The silicates and PAHs are seen up to
scales of 130 and 390 AU, respectively. Extracting spectra separated 1 PSF over the
source profile allowed us to infer the morphology of TY CrA. The TY CrA system
is seen under an angle and includes a large circumquaternary disk with an inner
gap of ∼70 AU. Analyses of the 10 μm feature given the paradigm of van Boekel
et al. (2005) suggests the presence of rather pristine silicates.
HD 176386: Spectra of two positions were acquired. One of them was identified
as CCDM J19017-3653B and has a stellar spectrum. At the other position, a 10 μm
feature was detected. Following the analysis of van Boekel et al. (2005), pristine
silicates were identified, but more processed than those of TY CrA. The absence
of PAH emission is consistent with a self-shadowed Group II disk.

The variety in emission scales distinguishes two classes of objects. In the first,
the morphology and spectral characteristics are close to those of reflection nebu-
lae. In the second, the characteristics conform with those of Herbig A stars. This
distinction reflects a luminosity difference. In Herbig B stars, the dust emission
from the surroundings dominates, where for Herbig A stars, the disk dominates
the emission. In this scheme, IRAS 06084-0611 and CD-42 11721 resemble reflec-
tion nebulae and HD 176386 a more typical Herbig Ae/Be star. TY CrA shows
characteristics both common to genuine reflection nebulae and Herbig B stars.

A consistent large sample of high-spatial observations of reflection nebula and
Herbig Ae/Be stars will help pin down the validity of our proposed connection
between Herbig A and B stars and reflection nebulae and determine how smooth
the transitions actually are. Such a study could form the basis for our understand-
ing of the evolution of PAHs in regions of star and planet formation.

We are grateful to the staff at the European Southern Observatory in La Silla and Paranal for

assisting with the observations. We would also like to extend our gratitude to Mario van den

Ancker for providing an overview of the stellar data. We also thank Carsten Dominik for insights
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The NASA Ames PAH IR

Spectroscopic Database

C. Boersma, L.J. Allamandola, C.W. Bauschlicher Jr., A. Ricca, J. Cami, A.L. Mattioda,
A.G.G.M. Tielens

Abstract – Some thirty-five years after the initial “PAH-hypothesis”, the as-
tronomical emission features formerly known as the unidentified infrared
bands are now commonly ascribed to polycyclic aromatic hydrocarbons.
Driven by advances made in laboratory and in silico experiments, the field has
slowly matured. The laboratory and in silico studies done at NASA’s Ames
Research Center have played a key role in realising this. Recently those data
have been assembled into the NASA Ames PAH IR Spectroscopic Database.
In its current form, this database contains over 800 near- to far-infrared PAH
spectra. These data will be made publicly available through the world-wide
web.

Here, an overview is presented of the content of the theoretical database
and the tools developed to analyse and interpret astronomical spectra using
these theoretical spectra. Given the large number of spectra, new ways of
storing and handling these data are required. This chapter describes that
work. A detailed description of using the content of the database to model
the single photon excitation spectrum, including the temperature cascade is
also presented.

Finally, the NASA Ames PAH IR Spectroscopic Database will prove invaluable
to more fully analyse the mid-IR spectra in the ISO and Spitzer archives, as
well as the pioneering mid-IR measurements that will be observed by NASA’s
James Webb space telescope (JWST) and at ground-based facilities like those
in Chile. Furthermore, the fundamental spectroscopic data in the database,
and tools described here, will play a key role in the interpretation of the data
from upcoming observatories that extend our vision into the far-IR, e.g., ESA’s
Herschel satellite, the Atacama large millimeter array (ALMA), and NASA’s
stratospheric observatory for infrared astronomy (SOFIA).
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5.1 Introduction

T he family of emission features formerly known as the unidentified in-
frared (UIR) bands which were discovered some twenty-five years ago
are now generally attributed to polycyclic aromatic hydrocarbons (e.g.,

van Dishoeck 2004; Draine & Li 2007; Smith & McLean 2008, and references
therein). The features that comprise this apparently universal spectrum contain a
wealth of information about the conditions in the emitting regions and the nature
of the PAH carriers (e.g., Bauschlicher et al. 2009, 2008, and references therein).
However, exploitation of these features as astrophysical and astrochemical probes
has been slow in coming because the IR properties of PAHs under interstellar
conditions were largely unknown at the time the bands were discovered and the
experimental and computational tools needed to provide these data were not fully
developed.

To test and refine the “PAH-hypothesis”, some twenty years ago, methodolo-
gies were started to be developed at NASA’s Ames Research Center. Since that
time some 800 spectra of different PAH species were experimentally measured
and theoretically computed. Recently these data have been assembled into a
uniform collection named the NASA Ames PAH IR Spectroscopic Database. The
database currently comprises about 600 theoretically computed spectra spanning
2 to 2000μm (5000 to 5 cm−1) and 200 laboratory measured spectra from 2 to 25μm
(5000 to 400 cm−1). Aside from the computational spectra of species that are also
in the experimental collection, the computational set of spectra includes species
that could be formed easily in the interstellar medium and be quite common in
space, yet very difficult to create and measure in the lab. The database will be
made available through a website, accompanied by a set of sophisticated tools
which allow the user to interrogate the database, plot and co-add spectra, adjust
parameters such as bandwidth, etc.

Here the content of the computational part of the database and the tools
developed to analyse and interpret these data are presented. The collection of
experimental spectra is described elsewhere (Hudgins et al. 2009 in prep.). This
chapter is structured as follows. The construction of the synthetic data as well as
the content and composition of the database are addressed in Sect. 5.2. Section
5.3 presents the methodology of utilising the data in the database. The website
and its available tools are described in Sect. 5.4. An outlook is given in Sect.
5.5, in 5.6 two applications of the database are demonstrated; one for 15 – 20 μm
wavelength range, the other for the far-IR. Section 5.7 summarises this chapter.
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5.2 The computational PAH database

5.2.1 Computational method

The synthetic spectra in the database have been computed using density func-
tional theory (DFT) making use of the hybrid (Becke 1993) B3LYP (Stephens et al.
1994) approach in conjunction with the 4-31G basis set (Frisch et al. 1984). Geomet-
ries are fully optimised and harmonic frequencies are computed using analytic
second derivatives. All of the DFT calculations are performed using the Gaussian
03 program system (Frisch et al. 2004). DFT results differ systematically from ex-
periment and need to be scaled (Bauschlicher & Langhoff 1997). The scaling factor
depends on the level of theory (the correlation treatment and basis set), and it is
common that C-H stretches will have a different scaling factor from the non-C-H
modes (i.e., all the bands excluding the C-H stretching modes) because of the large
anharmonic effects for hydrogen stretching motions. Comparing many computed
spectra with the spectra of the same species measured using laboratory matrix
isolation techniques, shows that a scale factor of 0.958 brings the computed non-C-
H stretching modes into good agreement with experiment. A scale factor of 1.007
brings the computed C-H stretching modes into good agreement. Overall, after
scaling most computational and experimental peak positions fall within 5 cm−1 of
each other, a few within 15 cm−1 and the rest lie in between (Langhoff 1996; Bausch-
licher & Langhoff 1997). Intensities are unscaled, despite the potential factor of 2
overestimation of the computed intensity for the C-H stretching modes for neut-
rals (Bauschlicher & Langhoff 1997; Hudgins & Allamandola 1999). Figure 5.1
compares the 2 to 20 μm (2000 to 500 cm−1) spectrum of neutral naphthalene, tet-
racene and 1,14-benzodiphenanthreno-(1””,9””;2,4),(9’””, 1’””;11,13)-bisanthene
computed using density functional theory at the B3LYP level to the spectrum of
their matrix isolated counterpart. This figure demonstrates the excellent agree-
ment between the theoretically computed and experimentally measured mid-IR
spectra.

5.2.2 The content of the computational PAH database

Over 580 spectra, corresponding to more than 70,000 transitions, from a large
variety of species are currently in the theoretical database. They cover a range in
size from 6 to 130 carbon atoms, see Fig. 5.2. For most of these species, spectra
were calculated for their neutral as well as their singly charged (±) states and in
a few cases multiply charged states, see Fig. 5.3. While ‘pure’ PAHs comprised
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Figure 5.1 – Computed spectra of naphthalene, tetracene and 1,14-benzodiphenanthreno-
(1””,9””;2,4),(9’””, 1’””;11,13)-bisanthene (black lines) compared to their mat-
rix isolated laboratory spectrum (grey bars given a width of 5 cm−1). The
horizontal bracket indicates the 5 – 6 μm region. Bands here are due to
overtone and combination modes, for which no computed data are available
(Chapter 1). Note that in many cases the resolution of the computed spectra
surpasses that of the experimental spectra.
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Figure 5.2 – Size distribution, in terms of the number of carbon atoms, of the PAHs in the
theoretical database. The hashed areas are the ‘pure’ PAHs; species made up
of only carbon and hydrogen.

of only carbon and hydrogen dominate the database; PAHs containing nitrogen,
oxygen, and silicon; PAHs with side groups; PAHs with extra hydrogens; and
PAHs complexes with metal ions are also included, see Fig. 5.3. Additionally,
the database contains molecular information such as geometry, mass, zero-point
vibrational energy, total energy, symmetry and hydrogen adjacency classes.

In spite of its size, as with databases in general, there are limitations. All trans-
itions correspond to fundamental vibrational modes, not hot bands, overtones or
combination bands. Although the species in the sample span a wide size-range,
more than half are PAHs with fewer than 25 carbons atoms, about 25% contain
between 25 and 50 carbon atoms, and some 20% span the range from 50 to 130
carbon atoms (Fig. 5.2). This distribution reflects the history of computational
capabilities over the past 25 years. Ten years ago, it took roughly three weeks of
CPU time to compute the spectrum of coronene (C24H12) and CPU time roughly
goes as the fourth power of the number of atoms in the PAH. It is only within the
past few years that species containing a hundred atoms or more are tractable in
reasonable amounts of computer time. Furthermore, the vast majority of the spe-
cies in the database are neutral and positively charged, while negatively charged
PAHs comprise less than 10 % of the database (see Fig. 5.3). This aspect reflects
historical interest. New spectra are continuously being computed, focusing now
on increasingly larger PAH species. It is our intention to add these new spectra
to the database regularly.

As an illustration of the type of information available for each PAH, Table 5.1
presents an overview of the information in the theoretical database for coronene
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charge composition PAH type
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Figure 5.3 – Charge composition and types of PAHs in the theoretical database. Nitro-
gen refers to PAHs containing one or two nitrogen atoms in the hexagonal
framework, ‘pure’ refers to PAHs comprised solely of carbon and hydrogen,
oxygen refers to PAHs containing one or more oxygen atoms in their hexagonal
framework and other refers to PAHs containing other metals complexed to the
hexagonal framework, e.g., magnesium, iron, etc.

(C24H12). Note that common chemical names are only available for a small number
of the PAHs in the database.

The spectroscopic data in the database can be viewed as absorption spectra of
molecules. For each transition the frequency; ν [cm−1], the integrated absorption
cross-section;

∫
σν [105 cm ·mol−1] and symmetry is available, e.g., 863.9, 175.63

and B3u for the strongest mode in coronene. Since the astronomical spectra are
emission spectra, the spectra in the database need to be converted to emission
spectra before analysis. This is outlined in the next section.

5.3 Converting absorption spectra into emission
spectra

When comparing astronomical emission spectra to computed PAH absorption spec-
tra, band shape, natural line width, band shifts inherent to the emission process
and relative band intensities must be taken into account. Each of these is discussed
in the following.

Two schools of thought exist on the relevant band shape. True isolated har-
monic oscillators have Lorentzian emission profiles and are considered by one
school. Since intermolecular energy transfer is fast compared to emission time
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Table 5.1 – Overview of the available information in the database on coronene, illustrating
the type of information presented for each species.

structure molecular data spectrum

name coronene
formula C24H12
weight 587.7 amu
total energy -920.7 Hartree
zero-point energy 178.0 Kcal/mol
symmetry D2h
duos 12

scales, the emitting atoms of the PAH molecule find themselves in a constantly
changing interaction potential. This leads to anharmonic shifts in peak position,
that may well contribute to, or be the origin of the red-shaded, distinctly non-
Lorentzian, observed profiles (Barker et al. 1987; Cook & Saykally 1998; Pech et al.
2002). The other school considers Gaussian emission profiles. In this approach
the astronomical PAH features are believed to be the blending of slightly differ-
ent relatively narrow Lorentzian profiles. The peak positions of the harmonic
oscillators contributing to a feature are then assumed to be distributed randomly
around a mean position. This requires the presence of a large and diverse family
of PAH molecules. Support for both schools of thought exist (cf., Tielens 2008).
Lorentzian profiles are adopted here:

P(λ) =
1
π

1
2Γ

(ν − νi)
2 +

(
1
2Γ

)2 , (5.1)

where Γ [cm−1] is the FWHM and νi [cm−1] is the frequency of mode i.
Concerning the natural line width, the FWHM of the profiles observed in

astronomical spectra vary substantially for the different wavelength regions. For
the mid-IR PAH emission features a line width of 10 – 30 cm−1 is characteristic
(see Peeters et al. 2004), while for the bands between 15 – 20 μm, a range between
4 – 8 cm−1 is more typical (e.g., van Kerckhoven et al. 2000; Moutou et al. 1998).
Depending on the wavelength region considered, those values are adopted here.

Turning to the band position, since a small redshift originating in the anhar-
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monicity of sequence bands is intrinsic to the emission process, a redshift must
be applied to the computed absorption spectra. Here, the computed spectra are
red-shifted by the canonical value of 15 cm−1. This value is consistent with the
shifts measured in a number of experimental studies on small PAHs (Cherchneff
& Barker 1989; Flickinger et al. 1990, 1991; Colangeli et al. 1992; Brenner & Barker
1992; Joblin et al. 1995; Williams & Leone 1995; Cook & Saykally 1998). Recently
these effects have been summarised by Bauschlicher et al. (2009). However, the
PAH emission process is complicated and not yet fully understood. In reality, the
redshift depends on the (non-constant) anharmonicity of the individual mode’s
contribution to the emission. Therefore, no single ‘true’ value can be given for the
redshift and this uncertainty has to be kept in mind when evaluating the results.

Finally, relative emission band intensities depend on temperature and should
also be taken into account. Several approaches exist, the most simple being
multiplying the intensity in each mode with a black body at an average emission
temperature:

B(νi, T̂) =
2hcν3

i

e
hcνi
kT̂ − 1

, (5.2)

where νi [cm−1] is the frequency of mode i, T̂ [Kelvin] the average emission
temperature, h [erg · s] is Planck’s constant, c [cm · s−1] is the speed of light and
k [erg · Kelvin] is Boltzmann’s constant. In the following section a slightly more
sophisticated model including the temperature cascade inherent to the emission
process is considered.

5.3.1 Single excitation photon, single PAH emission model

Although several, generally more sophisticated, models could be conceived, here
the focus is on the single excitation photon, single PAH emission process. Given the
current state of our knowledge regarding the molecular physics of the emission
process and the very large number of different PAHs involved, a detailed, more
sophisticated model is not warranted at this time. Considering conservation of
energy, the following expression can be written:

4π
∑

i

σi

Tmax∫
Ti

B(νi,T)
[dT

dt

]−1

dT = hcνuv , (5.3)

where σi [cm] is the integrated absorption cross-section in mode i, B(νi,T) [erg ·
cm−2 · cm−1 · sr−1], is Planck’s function at frequency ν [cm−1] in mode i and tem-
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perature T [Kelvin], dT/dt [Kelvin · s−1] is the cooling-rate and νuv [cm−1] is the
frequency of the absorbed UV photon. The sum is taken over all modes and
the integral runs from the initial PAH temperature (Ti) up to the maximum at-
tained temperature (Tmax [Kelvin]) by the PAH molecule upon absorption of the
ultraviolet/visible photon.

The initial PAH temperature is taken to be 2.73; the temperature of the cosmic
microwave background. It should be noted though, that in astrophysical envir-
onments the background temperature is likely to be higher. However, a PAH
molecule at such low temperatures contributes little to the overall emission. For
the absorbed ultraviolet/visible photon an average value (ν̄), representative for
the (inter)stellar radiation field considered, should be taken.

The attained temperature of the PAH molecule is directly related to the energy
of the absorbed ultraviolet/visible photon through the following relation:

Tmax∫
Ti

CV(T)dT = hcν̄uv , (5.4)

where CV(T) ≡ [dE/dT]V [erg ·Kelvin−1] is the heat capacity of the PAH. The heat
capacity is also found in the expression for the cooling-rate of a PAH molecule:

dT
dt
=

[dE
dT

]−1

V

dE
dt
=

4π
CV(T)

∑
i

σiB(νi,T) . (5.5)

The heat capacity of a molecular system is given, in terms of isolated harmonic
oscillators, by

CV(T) = k

∞∫
0

e−
hcν
kT

⎡⎢⎢⎢⎢⎣ hcν
kT

1 − e− hcν
kT

⎤⎥⎥⎥⎥⎦
2

g(ν)dν , (5.6)

where g(ν) is known as the density of states and describes the distribution of
vibrational modes. Due to the discrete nature of the modes the density of states
is just a sum of δ-functions:

g(ν) =
n∑

i=1

δ(ν − νi) , (5.7)

where n is the number of modes.

To model the heat capacity, the approach by Stein (1978) is adopted, i.e., a
group additive method. This approach has been further worked out by Dwek et al.
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Figure 5.4 – Comparison of the calculated
maximum attained temperature of cor-
onene when using the expression from
Dwek et al. (1997) and the approximation
from Tielens (2005).

(1997) and resulted in the following approximation, valid for T ≤ 2000 Kelvin:

10 log
[

CV(T)
NC

]
= −21.26+ 3.1688 10 log(T) − 0.401894 10 log2(T) , (5.8)

where NC is the number of carbon atoms constituting the PAH molecule. Making
use of a root finding algorithm, the indefinite integral form of this relation can be
used to calculate the maximum attained temperature :∫

CV(T)dT

NC
= 7.54267·10−11×Erf(−4.98923+0.41778×log(T))+7.54267·10−11 , (5.9)

where Erf is the error function. Tielens (2005) provides a simple and often used
approximation:

Tmax � 2000
( E

NC

)0.4
, (5.10)

where E is the energy of the absorbed photon in eV. Figure 5.4 compares both
approaches for the case of coronene (NC = 24). The figure clearly shows how both
approaches start to deviate significantly from each other after about 1000 K. This
is ascribed to the fact that both approaches have been calibrated on a different
temperature range.

Returning to the cooling-rate, the cooling-rate has been approximated by an
analytical expression derived by Bakes et al. (2001):

[dT
dt

]
j
=
σ̄ jaTb

NC
, (5.11)
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Table 5.2 – a and b parameters to the PAH cooling-rate approximation from Bakes et al.
(2001).

neutrals ions
a b temperature a b temperature
5.52 · 10−07 2.5270 T> 270 4.80 · 10−04 1.6119 T> 1000
1.70 · 10−09 3.5607 200 <T< 270 6.38 · 10−07 2.5556 300 <T< 1000
1.35 · 10−11 4.4800 60 <T< 200 1.69 · 10−12 4.7687 100 <T< 300
4.18 · 10−08 2.5217 30 <T< 60 7.70 · 10−09 2.9244 40 <T< 100
1.88 · 10−16 8.1860 2.73 <T< 30 3.47 · 10−12 5.0428 20 <T< 40
0 0 T< 2.73 4.47 · 10−19 10.3870 2.73 <T< 20

0 0 T< 2.73

where σ̄ j [105 cm ·mol−1] is the integrated cross section for PAH j. From detailed
calculations a [10−5 mol · Kelvin−b · s−1 · cm−1] and b were found, here they are
given in Table 5.2

Having put together this model framework, let us apply it to neutral coronene
(Table 5.1). The total IR integrated cross-section for coronene, σ̄ = 617 · 105 cm ·
mol−1. Upon the absorption of a 4 eV photon, given that coronene has 24 carbon
atoms, its initial maximum attained temperature equals 1103 Kelvin. Figure 5.5
compares the absorption spectrum of coronene with its emission spectrum at
1103 Kelvin as well as the total emission over the full temperature cascade as
the molecule cools back to 2.73 Kelvin. The approximations made in the cooling
rate deliver an accuracy of 87% when looking at the conservation of energy. The
data in Fig. 5.5 have been red shifted 15 cm−1 and a FWHM of 6, 15 and 30
cm−1 have been used for the bands beyond 15, between 5 and 15 and shortwards
of 5 μm, respectively. The figure demonstrates how the cascade process causes
more energy to be released in the longer wavelength features than the emission
spectrum at the initial maximum attained temperature would.

5.4 Web access

The database will be made available on the web in XML format - a flexible text
formatted, general-purpose markup language. The website that hosts the data
also provides a set of IDL scripts and classes that enables users to work with the
data on their own machines. Additionally, the web-portal allows access to the
database and provides tools to search the data and work with the spectra. Using
modern web-technologies such as PHP and MySQL guarantees fast and reliable
access.
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Figure 5.5 – Comparison of the synthesised absorption spectrum of coronene with the emis-
sion spectrum of coronene at 1103 Kelvin (corresponding to excitation by a 4
eV photon) and the total emission spectrum (cascade) of coronene as it relaxes
after the absorption of the 4 eV photon.
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The web-portal implements a powerful search engine that allows users to
find and select data using simplified queries. For example, the search string
“carbon>10 and carbon<50 nitrogen>0 and charge=0”, will return the spectra
of the neutral PAH molecules that have more than 10 and less than 50 carbon
atoms and 1 or more nitrogen atoms. The search engine also handles alternative
phrasings. For example, the search string “c>10 c<50 n>0 neutral” will return
the exact same result set as the previous search string. The outcome of such
a search is a list of 2D molecular structures and spectra which enables one to
quickly visualise individual species and their spectra (Fig. 5.6, top-right). All
the available information on a species is only one click away. This information
includes rotatable 3D structures, references to the literature, comparison with the
experimental data in the database, transition tables and molecular characteristics.

Once a set of spectra is selected, several tools are available with which one can
work with the data. Since the computations provide integrated energies and integ-
rated absolute intensities for transitions in an individual molecule, as described
in Sect. 5.3, these transition frequencies must be convolved with a specific band
shape, line width and emission temperature to convert this into an emission spec-
trum. For the band shape, Lorentzians are chosen and the width and emission
temperature can be specified by the user as well as a desired spectral window
of interest. A tool that can co-add spectra and two tools that compare spectra in
a stack plot, where the first compares up to 10 spectra directly and the second
compares a single spectrum at up to 10 different emission temperatures, are cur-
rently implemented. The resulting graph is presented together with those from
earlier exercises to allow comparison. The graphs are also available at publishing
quality. Four screen shots in Fig. 5.6 demonstrate the welcoming screen, search
results, the tools and the tool results window.

The provided IDL scripts and class files significantly extend the tools available
on the website. The reading and parsing of the XML file is totally hidden from the
user. Common operations as plotting spectra to the screen and/or a file, shifting,
convolving, co-adding, applying an emission temperature; both as a single black
body and dependent on the absorb energy and heat capacity of the molecule, and
the total temperature cascade (Sect. 5.3) have been implemented. Furthermore,
the same search algorithms as available on-line have been implemented and,
utilising IDL object graphics, rotatable 3D structures are also available. This suite
of routines has been used to create, for example, Fig. 5.5 and the spectra in Sec.
5.6.
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Figure 5.6 – Four screen shots of the web-portal demonstrating the welcoming screen (top-
left), the search result window (top-right), the tool-window (bottom-left) and
the tool result window (bottom-right).
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5.5 Outlook

The database and website will be made available to the community at large by
the end of 2009. Calculation of astronomically relevant species such as larger
PAHs and PAHs containing nitrogen are underway and those will be added to
the collection. A large set of consistent spectroscopic data on a large variety
of PAHs, as made available through the NASA Ames PAH IR Spectroscopic
Database, provides new ways to analyse astronomical spectra. One such way is
fitting, from which sub-samples of the emitting PAH population such as charge
and size distributions can be inferred. Such tools will continued to be developed
and added to those already available on-line and in the IDL suite.

Other data formats will also be supported, most importantly VOTable - an
XML format defined for the exchange of tabular data in the context of the Virtual
Observatory. The molecular data will be extended with ionisation energies and
electron affinities. On-line tutorials and help pages will allow users get most out
of the spectra and tools. Furthermore, the tutorials will outline basic spectroscopic
principals and address caveats of the database.

Currently the far-IR window is being opened up by ESA’s Herschel satellite,
which promises new insights into the astronomical PAH family. The database
will be available in time for the arrival of the first far-IR data from Herschel and,
as demonstrated in Sec. 5.6, will prove invaluable to interpret those spectra.
The database will also be crucial for the analysis and interpretation of data from
upcoming observatories like the Atacama large millimeter array (ALMA), NASA’s
James Webb space telescope (JWST) and NASA’s stratospheric observatory for
infrared astronomy (SOFIA).

5.6 Applications

5.6.1 The 15 – 20 μm region

The database has allowed, for the first time, a systematical and deeper study
of PAH spectra in the 15 – 20 μm wavelength range than previously possible
(Chapter 2). The vibrational modes in the mid-IR (3 – 15 μm) are stretching and
bending vibrations involving nearest neighbours. As a result, these modes are
characteristic for molecular groups and their peak positions show little sensitivity
to the larger structure of the molecule. The modes in the 15 – 20 μm region on the
other hand involve C-C-C vibrations which are sensitive tot the overall molecular
structure and are therefore expected to show a larger variability in peak position
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and to be more molecule specific.
The database contains a large and coherent set of PAHs and spectra. This

set allows the definition of a number of different classes of PAHs based on a
common characteristics such as e.g., geometry, size, nitrogen substitution pattern
and charge. These classes can then be used to systematically probe the influence
of these common characteristics on the spectroscopic structure between 15 - 20
μm.

As described in Chapter 2, analysis of the different classes reveals very little
systematic behaviour. Only PAHs having one or more pendent rings consistently
show a band around 16.4 μm. The responsible mode involves a breathing motion
of the carbon atoms in the pendent ring. Apart from this, the bands between 15 –
20 μm are very molecule specific. This molecular specificity is illustrated in Fig.
5.7, where Fig. 2.11 from Chapter 2 is repeated. The figure shows the 15 – 20 μm
spectra of 7 compact PAHs in their neutral and singly ionised form.

The database also allows ‘blind’ searches. Such searches independently query
the database for all molecules that have bands near astronomical band positions.
In essence, a ‘blind’ search is the opposite approach to the identification of PAH
emission characteristics as that taken in the past. If all is well, the two methods
should converge to the same results. Applying this approach to the 15 – 20 μm
region provides several new insights. First, it identifies a class of PAHs with very
rich spectra spanning the 15 – 20μm region. In such spectra, ‘coincidentally’ bands
appear near the astronomical positions. Although such spectra are far too rich to
explain the ‘simple’ astronomical spectra that only have a few prominent features,
e.g., at 16.4 and 17.4 μm, they may contribute to the broad plateaus that dominate
the spectra of some sources. Second, the ‘blind’ search also converged on the class
of PAHs with pendent rings consistently showing a band near 16.4 μm, providing
further confidence on selecting these structures in making the assignment. This
way of searching complements and extends the PAH class analysis.

5.6.2 The far-IR

The PAH model is now routinely used to account for the well-known astronom-
ical mid-IR emission bands at 3.3, 6.2, ‘7.7’, 11.2, 12.7 and 16.4 μm, as well as the
associated weaker features and pedestals. Increasingly, more sophisticated labor-
atory and in silico experiments have allowed deeper insight into the molecular
properties of the band carriers and links to the prevailing astronomical conditions
in the emitting regions. However, to date, no definitive identification of a specific
individual PAH molecule exists.
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Figure 5.7 – Synthetic absorption spectra from 15 – 20 μm for very large compact PAH
cations, neutrals and anions showing the spectral variety in this region. The
corresponding structures are shown in Fig. 2.9. A FWHM of 6 cm−1 is taken
for the Lorentzian band profiles.

With the launch of ESA’s Herschel satellite and NASA’s stratospheric obser-
vatory for infrared astronomy (SOFIA) on the horizon, a new spectral window
on the sky opens: the far-IR. The far-IR (λ � 20 μm) is the domain of the so-
called ‘drum head’ PAH modes and other molecular vibrations involving low
order bending vibrations of the whole carbon skeleton. The term ‘drum head’ is
somewhat misleading, since contrary to drums, PAHs are not clamped but free.
Despite this, as for drums (Rayleigh 1877–1878), these modes are considered to be
very molecule and shape specific and have been identified as one key diagnostic
for specific PAHs in the ISM (Mulas et al. 2006). The database can explore this
directly.

Figure 5.8 extends the spectra of the neutral species in Fig. 5.7 into the far-IR,
revealing an even larger spectral diversity than evident in Fig. 5.7. In Fig. 5.8
the full IR vibrational spectra are shown. Included in these figures are also the
spectra of several other compact PAHs, creating a collection of PAHs of increasing
size. This shows that the spectra tend to get richer in features and extend further
into the far-IR when the molecules get larger.

Figure 5.10 zooms in on the lowest vibrational mode of four members of
the coronene ‘family’ that still have sufficient intensity and have symmetry B3u.
The figure demonstrates the shift of this mode to lower frequencies as molecular
size increases. The frequencies and cross-sections are given in Table 5.3. The
frequencies are well represented by the relation: ν = 57 · (50/NC) [cm−1]. Lets also
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Figure 5.8 – The far-IR (λ � 20 μm) absorption spectra for a collection of compact PAHs of
increasing size. The adopted Lorentzian profiles have been given a FWHM of
6 cm−1. Chemical formulae and molecular structures are shown to the right.
The top spectrum is the average and is presented in grey. Indicated in the
top frame are the wavelength coverages of several past, present and future
instruments and observatories.
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Figure 5.9 – The 2 – 3500 μm far-IR absorption spectra for a collection of compact PAHs of
increasing size. The adopted Lorentzian profiles have been given a FWHM of
6 cm−1. Chemical formulae and molecular structures are shown to the right.
The top spectrum is the average and is presented in grey. Indicated in the
top frame are the wavelength coverages of several past, present and future
instruments and observatories.
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Table 5.3 – ‘Drum head’ modes for the coronene and pyrene ‘families’.

coronene ‘family’ pyrene ‘family’
ν σ ν σ

[cm−1] [km/mol] [cm−1] [km/mol]
C24H12 123.7 4.93 C16H10 210.0 7.30
C54H18 54.6 2.33 C30H14 114.7 4.21
C96H24 30.1 1.34 C48H18 72.8 2.62
C130H28 23.7 0.87 C96H26 37.7 1.32

consider the pyrene ‘family’, which are rhombus-shaped PAHs rather than disk-
shaped. Figure 5.10 illustrates the shift of the lowest B3u mode, with sufficient
intensity, to lower frequencies as the molecule size increases. The frequencies and
cross-sections are also given in Table 5.3. In this case, the frequencies are well
represented by the relation: ν = 60 · (50/N)C. Thus, the database proclaims a
systematic inverse dependence for the frequency of the lowest far-IR modes on
PAH size, with only a weak dependence on molecular geometry.

Considering PAH molecules as a solid plate, this is perhaps not that surprising.
The classic solution for the frequency of vibration of ‘free’ plates follows from
the general solution of the differential equation of motion after application of
appropriate boundary conditions (Meirovitch 1997). The frequencies are then
given by:

ν =
π
2c

1
A

√
D
ρh
· (n2 +m2) , (5.12)

with c [cm · s−1] the speed of light, A [cm2] the surface area, ρ [g · cm2] the density,
h [cm] the plate thickness and D [g · cm2 · s−2] is the rigidity given by:

D =
Eh3

12 (1 − p2)
, (5.13)

with E [g · cm−1 · s−2] Young’s modulus and p the Poisson ratio. The modes are
characterised by m and n; the number of nodes along both plate-axes. While
this expression holds for square plates, the geometry only enters weakly and the
difference between squares and disks is of the order of 5% (Fan & Luah 1993). The
vibrational frequencies calculated for the coronene and pyrene ‘families’ are well
fitted by an expression of similar form:

ν = 600
(

10−15

A

)
. (5.14)
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Figure 5.10 – Top: members of the coronene (left) and pyrene (right) ‘families’. Middle:
the shift of the lowest ‘drum head’ mode to lower frequencies as the mo-
lecule increases in size; left and right for the coronene and pyrene ‘families’,
respectively. The Lorentzian profiles have been given a FWHM of 6 cm−1.
Bottom: an inverse linear dependence is seen for the frequency on the num-
ber of carbon atoms; left and right for the coronene and pyrene ‘families’,
respectively.
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Figure 5.11 – Comparison of the predicted (1, 1) frequencies of a solid graphene plate, eqs.
(5.12) and (5.14), with those found in the database for the coronene (squares)
and pyrene (triangles) ‘family’.

Because of fundamental and commercial interest, there is a rich literature on the
mechanical properties of graphene and carbon nano-tubes. Experimental studies,
using an atomic force microscope, have demonstrated that the flexural rigidity as
a function of thickness is well described by eq. (5.13) (Poot & van der Zant 2008).
However, calculating the flexural rigidity from a continuum model requires care
and consistent choices of Young’s modulus and effective thickness of the sheet
(Shenderova et al. 2002). Good agreement between the continuum and discreet,
atomistic, approach can be achieved when the 2D nature of graphene is taken
fully into account (Arroyo & Belytschko 2004; Huang et al. 2006). The bending
rigidity of a graphene sheet has been calculated to be 0.8 – 1.5 eV, depending on
the method used (Salvetat et al. 2006). Adopting D = 1.5 eV and 7.5× 10−8 g·cm−2

for the surface density (ρh), the data on the coronene and pyrene ‘families’ are
well reproduced (Fig. 5.11). It is noteworthy that the agreement gets better as the
area increases. This is understood by realising that the discrete, atomistic, nature
of the molecule starts to vanish as the molecule increases in size.

Concluding, the far-IR bands could provide a firm handle on the number
of carbon atoms in the emitting PAHs and, thereby, pin down the astronomical
PAH-size distribution. The molecular structure of the PAH only enters at the
5% level and, therefore, identifying specific molecules in the interstellar PAH
family using the far-IR requires other means. Mulas et al. (2006) point to the PQR
band structure of the lowest PAH mode as such a means. The small Einstein A
values associated with the lowest vibrational modes, causes the emission to occur
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late in the energy cascade, when little energy remains in the molecule. At that
point the modes will have decoupled and intermolecular energy transfer will no
longer broaden the band. As a result, the spectrum will show the characteristic
P, Q and R branches of ro-vibrational transitions (Mulas et al. 2006). Measuring
this spectrum provides a direct measure for the moment of inertia, presenting
an independent handle on the molecule involved. The Q band transitions will
blend into one ‘broad’ feature and are less useful in this regard, but the P and R
branch transitions would yield high precision frequencies. However, molecular
identification would require knowledge of the rotational constants. So far, these
have only been acquired for very few PAHs (Thorwirth et al. 2007).

The average far-IR spectrum

Returning to Figs. 5.8 & 5.9, the two average spectra, shown in grey, have features
clustering at several positions. An interesting consideration is whether this is
due to coinciding overtone bands. That is, can this be explained by suitable
combinations of m, n and A in eq. (5.12)? However, this is beyond the scope of
this chapter (Boersma et al. in prep.). Nonetheless, these bands are accessible
by present and/or future observatories, e.g., Herschel. But before concluding
that these bands are to be expected in astronomical observations, several issues
need to be considered. For example, detection and identification can be severely
limited by spectral confusion, poor contrast against a strong dust background and
of course the presence of the PAH species considered here.

Calculations have shown that the lowest vibrational transitions of interstellar
PAHs typically contain a few tenths of a percent of the absorbed FUV energy
(Mulas et al. 2006). While this is only a tiny fraction of the total energy, the
decrease in background dust continuum expected for warm PDRs will enhance
the spectroscopic contrast. Nevertheless, detection of these transitions will be
challenging. One first-look observing strategy would be to study the emission
from harsh environments. For these environments telescope sensitivity will not
be an issue and, another advantage, UV photolysis may have isomerised the PAHs
to their most stable form, leaving only a very limited number of different species.
Given their high stability and likely contribution to the mid-IR (Bauschlicher et al.
2008; Mattioda et al. 2009), the compact structures making up the coronene and
pyrene ‘families’ are particularly interesting in this regard.



152 The NASA Ames PAH IR Spectroscopic Database

Limitations

Although the database provides a powerful stepping-stone to study the far-IR,
some caveats exist. One could think of groups of PAHs that are not represented
in the database, and, more importantly, the database is limited in diversity and
size range. As concluded in Chapter 2, a serious limitation of that study and
specially impacting the far-IR, is the availability of larger species. Extending the
database with larger species should allow a more thorough analysis and, in the
future, the database might even be used to fit an astronomical spectrum directly.
Additionally, in its current form electric-dipole forbidden modes are not included.
Emission in far-IR electric-dipole forbidden modes might be substantial given that
energy can be ‘trapped’ in these modes when the molecule enters a regime where
energy is below the equipartition threshold. This does require that the molecule is
able to relax from such a low energy state. As such, two radiative extremes can be
recognised. First, that in which the molecule can fully relax and forbidden lines
can be expected, e.g., the diffuse ISM. Second, that where the molecule will never
fully relax and no forbidden lines are expected, e.g., PDRs (Duley 1990; Mulas
et al. 2006).

5.7 Summary

The NASA Ames PAH IR Spectroscopic Database is a large coherent set of cal-
culated PAH IR spectra (> 800). This database will be made available to the
community at large end of 2009 by means of a website-portal. The release is
accompanied by a suite of utilities and tools, both for on line and personal use.
Calculation of astronomically relevant species such as larger PAHs and PAHs
containing nitrogen are underway and will be added to the collection. Additional
tools, like directly fitting an astronomical spectrum, are currently being developed
and will be added in a future release.

The application to the 15 – 20 μm region (see also Chapter 2) testifies the power
of the database. While a detailed discussion of the far-IR region was outside the
scope of this chapter (Boersma et al. in prep.), here the great value of a systematic
database of PAH spectra over the full wavelength range has been demonstrated.
Concluding, the NASA Ames PAH IR Spectroscopic Database provides the means
to access the information hidden in the astronomical IR spectra.



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.
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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, difference 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 off 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
different 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 offers 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 different objects and emission regions. Examples include: photo-
dissociation regions, galaxies, starburst regions, ultra luminous infrared galaxies,
the diffuse 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 differences 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.





Nederlandse samenvatting

Stof

D
it proefschrift vertelt over stof, maar dan niet over het huis-tuin-en-
keukenstof dat we allemaal wel kennen. Stof is in sterrenkundige context
een breder begrip. Sterrenkundige stof kan grofweg in twee groepen

worden ingedeeld. De eerste groep is opgebouwd uit silicaat; zand behoort onder
andere tot deze groep. De tweede groep is opgebouwd uit koolstof. Koolstof is het
zesde op rij meest voorkomende element in het Universum. Het wordt gevormd
in het kernfusieproces dat plaats vindt in het binnenste van sterren. Koolstof
vormt de basis voor een breed scala aan stoffen. Verschillende klassen van deze
stoffen zijn te onderscheiden. Bekende, alledaagse, voorbeelden zijn o.a. roet,
diamant en grafiet. Een bijzondere klasse van koolstofrijke stoffen bestaat uit
de zogenaamde Polycyclische Aromatische Koolwaterstoffen (PAKs). PAKs zijn
moleculair stof, grote moleculen van gefuseerde zeshoekige ringen, in structuur
vergelijkbaar met kippengaas. Op aarde zijn dit soort moleculen ondermeer te
vinden in uitlaatgassen, de rook van kaarsen en aangebrand eten. Een paar
voorbeelden van koolstofrijke stoffen en hun chemische structuur zijn te vinden
in Figuur 6.1.

Sterrenkundige waarnemingen laten zien dat PAKs veelvoorkomend zijn in en
rond een verscheidenheid aan astronomische objecten. Met name in het infrarood,
licht dat zo rood is dat het menselijk oog het niet meer kan waarnemen, zijn deze
PAKs goed te bestuderen. Eind jaren ’70 en begin jaren ’80, de begindagen
van het infrarood tijdperk, werd duidelijk dat er veel viel te leren van spectra
waargenomen met de toenmalige topklasse infrarood telescopen. Een spectrum
zet de bestanddelen van licht uiteen in een grafiek. Eén manier om een spectrum
te verkrijgen is door het licht door een prisma te leiden. Op de horizontale
as van een spectrum staat vaak golflengte of frequentie, meestal aangegeven
met de Griekse letter λ of ν. De bijbehorende eenheden zijn micron (μm) en
Hertz (Hz) voor respectievelijk golflengte en frequentie. Op de verticale as staat
de intensiteit, vaak aangeven als F, in eenheden van Jansky (Jy). Het patroon
waarmee pieken en dalen voorkomen, zogenaamde banden of profielen, vertelt
welke stoffen aanwezig zijn. Figuur 6.2 laat een infrarood spectrum zien met
sterke banden afkomstig van PAKs.

Nederland kent een rijke historie met betrekking tot infrarood sterrenkunde.



benzeen (C6H6) pyreen (C16H10) fullereen (C60) koolstofketen (C6H14)

naftaleen (C8H10) chryseen (C18H12) nanobuis (Cxx) diamant (Cxx)

coroneen (C24H12) 2,3;12,13;15,16-tribenzoterrylene (C42H22) grafiet (Cxx) methylcyclohexaan (C7H14)
fragment

PAKs andere vormen

Figuur 6.1 – Chemische structuur van verschillende vormen van koolstofrijke stoffen met
o.a. PAKs en andere vormen zoals diamant en grafiet.

De Infrarood Astronomische Satelliet (IRAS) en zijn opvolger het Infrarood Ruimte
Observatorium (ISO) hadden beide instrumenten aan boord ontwikkeld en ge-
bouwd in Nederland. Met de lancering van deze ruimtetelescopen werd nog-
maals bevestigd dat infrarood spectroscopie bijzonder waardevol is. Identificatie
van de stoffen verantwoordelijk voor de verschillende waargenomen patronen in
astronomische spectra vlotte gestaag. Maar een aantal steeds terugkerende pa-
tronen bleven lange tijd een mysterie. Deze serie van patronen droeg dan ook de
illustere naam van ‘niet-geı̈dentificeerde infrarood’ banden (UIR). Met vooruit-
strevend astronomisch en laboratorium onderzoek werden de veroorzakers van
deze banden uiteindelijk vastgepind op koolstofrijk materiaal. Een veelbelovende
familie van koolstofrijk moleculair materiaal bleken de eerder geı̈ntroduceerde
PAKs. Tegenwoordig worden de PAKs banden veel gebruikt binnen de sterren-
kunde, o.a. als indicator van gebieden waar stervorming plaatsvindt. Maar de
PAKs banden geven nog meer prijs. Zo zit er veel informatie verstopt in de
variërende spectrale details. Een mooi voorbeeld dat leidde tot de identificatie
van de UIR banden met PAKs, is dat van de vergelijking van het astronomisch
spectrum van een gebied in het sterrenbeeld Orion met dat van roet uit een uit-
laatpijp van een auto (Figuur 6.3).



Figuur 6.2 – Infrarood spectrum van de reflectienevel NGC 7023 zoals waargenomen door
NASA’s ruimte telescoop Spitzer. De gearceerde gebieden geven de emissies
afkomstig van PAKs aan, met in het grijs de bredere ‘plateaus’. Gegevens
afkomstig van Sellgren et al. (2007).

Met de komst van zeer gevoelige (ruimte) telescopen die fijne spectrale details
kunnen blootleggen, is gebleken dat er toch nog enige ongerijmdheden bestaan
tussen de astronomische en laboratorium spectra van PAKs. Omdat het de sub-
tiele variaties binnen de PAKs banden zijn die ons astronomisch inzicht moeten
verschaffen, is inzicht verkrijgen in PAKs en hun spectra noodzakelijk. Bij het
NASA Ames onderzoekslaboratorium (Californië, Verenigde Staten) doet men
theoretisch en laboratorium onderzoek naar PAKs. De karakteristieken van fa-
milies van PAKs en de invloed van bijvoorbeeld incorporatie van het element
stikstof in het koolstofskelet op de vorm en piekposities van de profielen worden
onderzocht. Dit onderzoek wordt gestuurd door de analyse van astronomische
spectra: deze bieden inzicht in de vorming en veranderingen die PAKs ondergaan
in de astronomische omgevingen waar ze voorkomen.

Zo is het mogelijk met de resultaten van intensief laboratoriumonderzoek naar
de invloed van grootte, vorm, samenstelling en ladingstoestand (PAKs die wel of
niet een elektron verwijderd hebben) op spectra van PAKs, mogelijk een vorming-
en evolutieschema vast te stellen. PAKs vormen zich hoogstwaarschijnlijk in de



Figuur 6.3 – De vergelijking van het spectrum
van roet uit een uitlaatpijp van een auto (boven)
met het waargenomen spectrum van Orion (be-
neden). De figuur is een aangepaste versie van die
te vinden is in Allamandola et al. (1985).
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circumstellaire wolken van oude sterren die rijk aan koolstof zijn. In deze omge-
ving zijn de PAKs vooral lading neutraal en bestaan ze voornamelijk uit koolstof,
wellicht een beetje verrijkt met stikstof. PAKs kunnen gaan samenklonteren en
grotere stofdeeltjes vormen. Dit is schematisch weergegeven in Figuur 6.4. In
de volgende fase, de overgang van de circumstellaire wolk naar planetaire ne-
vel, ondergaan de PAKs, die niet geı̈ntegreerd zijn in grotere stofdeeltjes, weinig
veranderingen. Alleen het sterke stralingsveld afkomstig van de ‘dode’ overge-
bleven ster, een witte dwerg genoemd, zorgt voor een toegenomen aantal PAKs
in een verhoogde ladingstoestand. In de daaropvolgende fase, het interstellaire
medium, ondergaan de PAKs vervolgens radicale veranderingen. Grootte, vorm
en samenstelling veranderen continu. Op het moment dat zich een moleculaire
wolk vormt is er weinig terug te vinden van de oorspronkelijke PAKs. De PAKs
die het wel ‘overleven’ worden samen met de andere PAKs vernietigd in de on-
vriendelijk omgeving rond een zich nieuw vormende ster. Wanneer deze ster
een hoge leeftijd bereikt en koolstofrijk blijkt te zijn, is de astronomische PAK
levenscyclus rond.

Het begrijpen van het ontstaan van sterren en planeten, en indirect het leven,
is één van de belangrijkste doelen binnen de hedendaagse sterrenkunde. De weg
van samentrekkende interstellaire gaswolken naar planetaire systemen, zoals ons
zonnestelsel, is lang en complex (Figuur 6.4). Op de weg van samentrekkende
gaswolk naar planetair systeem ontstaat er (tijdelijk) een schijf. Via deze protop-
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Figuur 6.4 – Schematische voorstelling van de vorming van een groter stofdeeltje uit een
enkel PAK molecuul. Boven elke stap is een schaalgrootte aangeven in nm.
1 nm komt overeen met 0.0000001 millimeter. De figuur is beschikbaar gesteld
door D. M. Hudgins.

lanetaire schijf wordt materiaal naar de zich vormende ster geleid. De fysica van
schijven en de (chemische) processen die zich daarin afspelen zijn nog grotendeels
onbekend. Onderzoek naar PAKs helpt hierbij. PAKs zijn belangrijke beginpun-
ten voor bijvoorbeeld stofgroei en het ontstaan van complexe moleculen in de
schijf. Met behulp van de infrarood spectra, waargenomen met de hedendaagse
topklasse (ruimte)telescopen zoals o.a. Spitzer en de Europese Extreem Grote
Telescoop (VLT) te Chili, is het mogelijk de PAKs in en nabij stofschijven te be-
studeren. Onderzoek aan deze infrarood spectra moeten onder andere inzichten
verschaffen over schijfstructuur en de (chemische) stof evolutie.

In dit proefschrift

In dit proefschrift staat onderzoek naar PAKs en wat ze vertellen over de astrono-
mische omgevingen waar ze voorkomen centraal. Allereerst is er studie verricht
naar een tweetal gebieden in het PAK spectrum die tot nu toe nog niet eerder
uitvoerig zijn bestudeerd. Het uitgangspunt van dit onderzoek is om nieuwe
inzichten in de astronomische PAK familie te krijgen en om bestaande inzichten
te bevestigen. In de tweede plaats richt dit proefschrift zich op stervorminggebie-
den. Er wordt met behulp van PAKs gekeken naar de structuur van de omgeving
en hoe die verandert met de tijd. In een afsluitend derde deel wordt er een blik
in de toekomst geworpen en wordt er gekeken naar de rol die de komst van de
NASA Ames PAKs IR Spectroscopische Database daarin zal gaan spelen.

Wat nu volgt is een korte samenvatting van elk hoofdstuk:



Deel I : Polycyclische Aromatische Koolwaterstoffen

Hoofdstuk 1: De 5.25 en 5.7 μm PAKs Emissie Banden – Labora-
torium spectra van PAKs laten zien dat er zich emissie patronen bevinden rond
5.25 en 5.7 μm. De aard van deze banden is anders dan die van de ‘gewone’
banden. De emissies rond 5.25 en 5.7 μm zijn boventonen van de gewone banden
of combinaties daarvan. In spectra van astronomische bronnen zijn deze banden
ook waargenomen. Door te kijken naar een aantal astronomische spectra van
hoge kwaliteit en die te vergelijken met berekende spectra en spectra verkregen
in het laboratorium, is het mogelijk iets te zeggen over de vorm en variatie van
de interstellaire familie van PAKs. Het hier gedane onderzoek laat zien dat in-
terstellaire PAK moleculen vooral compact zijn en dat de gedetailleerde structuur
van de 5.7 μm band afhangt van hoe hoekig het molecuul is. Op dit moment is
het nog niet mogelijk om systematisch de boventonen en combinatie banden te
berekenen. Op het moment dat dit wel mogelijk is, zal hier opnieuw naar gekeken
moeten worden.

Hoofdstuk 2: De 15 – 20 μm PAK emissie banden: individuele
PAKs? – Emissie patronen tussen 15 - 20 μm worden nu regelmatig waargeno-
men in astronomische spectra. Deze emissies bestaat vaak uit een aantal discrete
pieken bovenop een breed onderliggend plateau. In enkele gevallen is er alleen
sprake van een plateau zonder schijnbare structuur. Binnen de verzameling van
astronomische spectra lijken de banden binnen dit golflengtegebied zich onafhan-
kelijk van elkaar te gedragen en is er ook geen verband met de PAKs banden in
andere golflengtegebieden te leggen. Een uitzondering is de band rond 16.4 μm,
deze lijkt zowel in sterkte als in de vorm van het profiel een relatie te hebben met
de kortere golflengte PAKs banden.

Met de beschikking over een grote verzameling berekende PAK spectra is het
mogelijk om uit te zoeken welke groep van PAK moleculen verantwoordelijk
is voor de emissies in dit golflengtegebied en wat dit vertelt over de omgeving
waarin ze zich bevinden. Met behulp van de NASA Ames PAK IR Spectrosco-
pische Database is er gekeken naar verschillende groepen PAKs en hun spectrale
gedrag. Elke groep heeft een gemeenschappelijk moleculair karakteristiek zoals
bijvoorbeeld structuur, compositie, lading of grootte. Uit de spectrale analyse
komt naar voren dat er geen systematisch gedrag binnen een groep is. Een uit-
zondering is de groep van PAKs die een vrije hangende hexagonale ring hebben.



Deze laat systematisch een band rond 16.4 μm zien. Hoewel het verleidelijk is
deze klasse toe te schrijven aan de astronomisch waargenomen band, voorspelt
deze klasse ook een sterke band rond 13.5 μm, die echter niet met de verwachtte
sterkte wordt waargenomen.

In het algemeen laten vooral grote PAKs in de database een eenvoudige spec-
trale structuur, met slechts een paar sterke pieken tussen 15 – 20 μm, zien. Het
overeenkomende eenvoudige astronomische spectrum impliceert dat de emissies
tussen 15 – 20 μm bijzonder molecuul specifiek is. De gebruikte database van
berekende PAK spectra heeft de beperking dat het maar een gering aantal grote
PAK moleculen heeft. Helaas is het door deze beperking niet mogelijk om uit te
sluiten dat er zich wel systematisch gedrag voordoet bij nog grotere PAK mole-
culen.

Samenvattend, de twee bestudeerde emissie gebieden laten zien dat er nog veel informatie
verborgen zit in PAK spectra. Het 5 – 6 μm gebied kan nog veel blootleggen omtrent de
hoekigheid van PAK moleculen en het 15 – 20 μm gebied slaat wellicht de brug naar de
mogelijkheid individuele PAK moleculen te identificeren.

Deel II : PAKs in gebieden van ster- en planeetvorming

Hoofdstuk 3: Karakteristieken van IR emissie banden in Herbig
Ae sterren – Herbig sterren, een klasse van middelzware vormende sterren,
hebben sterke emissie banden in hun infrarood spectra. Deze emissie banden
zijn echter niet alleen afkomstig van PAKs. Uit een verzameling van 15 spectra
van Herbig sterren zijn de twee spectra die gedomineerd worden door emissies
afkomstig van PAKs geanalyseerd. Er bestaan analogieën tussen deze twee spec-
tra en de spectra van drie andere, goed bestudeerde, Herbig sterren met bekende
ruimtelijke structuur. Hieruit komt naar voren dat in het geval van de specifieke
bronnen HD 36917 en HD 97048, er zich twee ruimtelijk gescheiden PAK families
rond de zich vormende ster bevinden. Het voorkomen van deze twee families
wordt toegeschreven aan de veranderingen die PAKs ondergaan in het stervor-
mingproces. Gewoonlijk vinden deze veranderingen plaats in een circumstellaire
stofschijf. Echter, geen van beide families bevindt zich in een circumstellaire stof-
schijf. Hieruit blijkt dat veranderingen al eerder kunnen plaatsvinden. Wellicht
kunnen in de toekomst telescopen met hoge ruimtelijke resolutie meer inzicht
verschaffen.



Hoofdstuk 4: Karakteristieken van mid-IR emissie banden in vier
Herbig Ae/Be sterren – Met behulp van topklasse observatoria zoals de
ruimtetelescoop Spitzer en de klasse van 10-meter telescopen in Chili is gekeken
naar het stof rond Herig sterren. Alhoewel het uitgangspunt PAKs zijn, is ook
gekeken naar de emissies van silicaat. Vier bronnen zijn bestudeerd. Behalve
de bron HD 176386 vertonen alle vier emissies afkomstig van PAKs. De bronnen
HD 176386 en TY CrA hebben silicaatemissies in hun spectrum. Er zit grote va-
riatie in de ruimtelijke verdeling van deze emissie componenten. Deze variatie
is in twee klassen in te delen. Allereerst is er de klasse van Herbig sterren die
spectraal gezien vergelijkbaar zijn met reflectienevels: een vormende ster verlicht
het omliggend diffuse stof en gas. De tweede klasse komt beter overeen met
Herbig A sterren. Het verschil tussen beide klassen wordt toegeschreven aan het
verschil in lichtkracht. De zwaardere, en daardoor heldere, Herbig B sterren zijn
in staat veel meer van hun omgeving te beı̈nvloeden. De relatief zwakkere Herbig
A sterren beı̈nvloeden alleen hun directe omgeving: de circumstellaire stofschijf.
De hoge ruimtelijke resolutie van de telescopen in Chili maakt het mogelijk om
een gedetailleerde ruimtelijke structuur voor TY CrA af te leiden. Deze bron
vertoond karakteristieken die overeenkomen met beide geı̈dentificeerde klassen.
Op grote schaal domineren de reflectieneveleigenschappen en op kleinere schaal
die van de circumstellaire stofschijf. De voorgestelde structuur van deze bron is
dan ook de volgende: een centraal gelegen zonnestelsel met drie dicht om elkaar
heen draaiende sterren is omringd door een stofschijf waarin zich een vierde bron
bevindt. Uiteraard zijn er meer gegevens nodig om de voorgestelde klasse inde-
ling met zekerheid vast te kunnen stellen .

Samenvattend, de bestudering van PAKs in stervorminggebieden laat zien dat het mo-
gelijk is om nieuwe inzichten te verwerven in het ster- en planeetvormingsproces. Met
name kunnen PAKs gebruikt worden om de structuur van deze gebieden bloot te leggen,
alsook, indirect een maat te geven voor de heersende astrofysische condities.

Deel III : De toekomst

Hoofdstuk 5: De NASA Ames PAK IR Spectroscopische Database
– De verzameling van berekende en experimenteel bepaalde spectra van PAKs die
door de jaren heen verzameld zijn op het Ames onderzoekscentrum van NASA,
zijn samengevoegd in de NASA Ames PAK IR Spectroscopische Database. Deze
database van bijna 800 spectra maakt het mogelijk om systematisch PAK spec-



tra te onderzoeken. Eind 2009 wordt de database openbaar gemaakt, begeleid
door een scala aan gereedschappen om het gebruik te vereenvoudigen. Omdat
de spectra in de database absorptie spectra zijn, is uiteengezet hoe deze kunnen
worden omgezet in emissie spectra. In deze uiteenzetting worden details als de
temperatuurverandering die het PAK molecuul ondergaat tijdens het emissiepro-
ces gedemonstreerd. Het resultaat is dat er relatief meer emissies te vinden is in
de langere golflengte banden dan wanneer er met minder detail naar het emis-
sieproces wordt gekeken. Verder is uitgelicht hoe de database heeft geholpen bij
het onderzoek naar de emissiekarakteristieken tussen 15 – 20 μm en wordt er een
uitstap gemaakt naar het ver-infrarood. Met missies op komst die dit golflengte-
gebied gaan onderzoeken, is dit bijzonder relevant. Er wordt aangetoond dat het
ver-infrarood de potentie heeft om individuele PAK moleculen te identificeren.
Alhoewel de ver-infrarood banden in eerste instantie een goede maat lijken te
gaan geven voor de grootte van de PAK moleculen, moet het met hoge spectrale
resolutie mogelijk zijn de substructuur van de banden bloot te leggen om zo een
mogelijkheid te bieden specifieke PAK moleculen te identificeren.

Hoofdstuk 6: Samenvatting en vooruitzicht – Afsluitend is er een
samenvattend hoofdstuk en wordt er een blik in de toekomst geworpen. Met
nieuwe observatoria in het vooruitzicht, alsook de beschikking over een grote
consistente database van PAK spectra, ligt het PAK Universum voor het grijpen.

Samenvattend, dit proefschrift geeft inzicht in de compositie van interstellaire PAKs en
hoe ze hun omgeving toetsen en beı̈nvloeden. Astronomische studies toegewijd aan PAKs
bepalen niet alleen de huidige koers van onderzoek binnen een sterk interdisciplinair veld
van astronomen, chemici en fysici, maar met nieuwe missies zoals HIFI voor de deur, ook
die van toekomstig onderzoek.
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Allamandola, L. J., Hudgins, D. M., Bauschlicher, C. W., & Langhoff, S. R. 1999, A&A, 352,

659
Allamandola, L. J., Tielens, A. G. G. M., & Barker, J. R. 1985, apjl, 290, L25
Allamandola, L. J., Tielens, G. G. M., & Barker, J. R. 1989b, ApJS, 71, 733
Arroyo, M. & Belytschko, T. 2004, Phys. Rev. B, 69, 115415
Bakes, E. L. O., Tielens, A. G. G. M., & Bauschlicher, C. W. 2001, ApJ, 556, 501
Barker, J. R., Allamandola, L. J., & Tielens, A. G. G. M. 1987, ApJ Lett, 315, L61
Barone, V. 2005, J. Chem. Phys., 122, 014108
Bauschlicher, C. W. 2002, ApJ, 564, 782
Bauschlicher, C. W., Peeters, E., & Allamandola, L. J. 2009, ApJ, 697, 311
Bauschlicher, Jr., C. W. & Langhoff, S. R. 1997, Spectrochim. Acta A, 53, 1225
Bauschlicher, Jr., C. W., Peeters, E., & Allamandola, L. J. 2008, ApJ, 678, 316
Becke, A. D. 1993, J. Chem. Phys., 98, 5648
Beintema, D. A., van den Ancker, M. E., Molster, F. J., et al. 1996, A&A, 315, L369
Bellamy, L. J. 1960, The Infrared Spectra of Complex Molecules (New York: Wiley)
Bernard-Salas, J., Peeters, E., Sloan, G. C., et al. 2009, ApJ, 699, 1541
Bernstein, M. P., Sandford, S. A., Allamandola, L. J., et al. 1999, Sci, 283, 1135
Boersma, C., Bouwman, J., Lahuis, F., et al. 2008, A&A, 484, 241
Boersma, C., Hony, S., & Tielens, A. G. G. M. 2006, A&A, 447, 213
Boogert, A. C. A. 1999, PhD thesis, AA(Kapteyn Astronomical Institute, P.O. Box 800,

9700 AV Groningen, the Netherlands and SRON, P.O. Box 800, 9700 AV Groningen, the
Netherlands)

Borges Fernandes, M., Kraus, M., Lorenz Martins, S., & de Araújo, F. X. 2007, MNRAS, 377,
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Gómez, Y., Rodrı́guez, L. F., & Garay, G. 2000, ApJ, 531, 861
Grady, C. A., Polomski, E. F., Henning, T., et al. 2001, AJ, 122, 3396
Gray, R. O. & Corbally, C. J. 1998, AJ, 116, 2530
Gudipati, M. S. & Allamandola, L. J. 2003, Division for Planetary Sciences Meeting, 35,
Habart, E., Natta, A., & Krügel, E. 2004, A&A, 427, 179
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