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Introduction [en

Polycyclic Aromatic Hydrocarbon (PAH) molecules have beearppsed in the eighties

as an abundant and widespread constituent of the interstellar medium. Since then, PAHs
have been identified as key species in the chemistry and physics of photodissociation
regions (PDRs) associated to interstellar and circumstellar environments. In particular,
due to their size and chemical properties, PAHs trace the transition between small, gas-
phase hydrocarbons and very small carbonaceous dust particles. Furthermore, they have
a major impact in the thermal balance of UV-irradiated regions, significantly contribut-
ing to the heating of the gas by photo-electtfieet.

Astronomical observations of PAHs have been historically performed in the infrared
(IR) domain: the IRAS and ISO space missions have unveiled information on the nature
and properties of interstellar PAHs. These studies are also possible from the ground but
they are restricted to a few atmospheric windows. Recently, the AKARISpitzer
space telescopes provided near- and mid-infrared observations with an unprecedented
sensitivity. This enabled to extend the study of PAHSs to fainter and more distant objects.
Now, theHerschelspace mission has opened a new wavelength domain in the study
of PAHs and their related species by providing sensitive observations at high spectral
resolution in the far-IR and sub-millimeter domains.

Whereas PAHs and related very small dust particles are better observed in the IR,
many small gas-phase species are usually observed at (sub-)millimeter wavelengths.
The original approach presented in this thesis is to take benefit of both types of ob-
servations to study the evolution of the PAH population and its influence on the physics
and chemistry of interstellar and circumstellar environments.

This thesis is divided into four parts, organised as follows. The first part introduces
the astrophysical scenario (Chaps. 1 and 2) and describes in more details the open ques-
tions that will be addressed in this work (Chap. 3). The second part contains a brief
description of the astronomical instruments that have been used (Chap. 4), and describes
the mid-IR analysis procedure that we have developed to characterise the evolution of
the PAH population (Chap.5). The third part analyses the evolution of PAHs and their
influence on the chemistry of the ISM. In particular, Chap. 6 describes the destruction of
very small dust particles by the local ultraviolet radiation field as a source of free PAHSs.
Chapter 7 presents the search for a peculiar PAH, corannulene, at mm wavelengths and
discuss the results in terms of the destruction and formation processes of the smallest
PAH species in the envelopes of evolved carbon stars. Chapter 8 presents the combina-
tion of IR and millimeter observations to study the evolutionary link between very small
grains, PAHs and small hydrocarbons. The fourth part shows how the combination of

9



INTRODUCTION [EN]

the analysis of PAH emission with that of small gas-phase spegithe millimeter do-

main can unveil the structure (Chap. 9), energetics and dynamics (Chap. 10) of PDRs,
with a special emphasis on the reflection nebula NGC 7023 NW. Finally, | summarise
the results and present the main perspectives of this work.
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Introduction [fr]

Il a été proposé au cours des années 1980 que les moléculegdiglyes Aromatiques
Hydrogénées (PAH) sont une composante importante de la matiére interstellaire. Depuis
lors, il a été établi que les PAH jouent un rdle majeur dans la physique et la chimie
des régions de photodissociation (PDR) associées aux environnements interstellaires et
circumstellaires. En particulier, de par leur taille et leurs propriétés chimiques, les PAH
se placent a la transition entre les petits hydrocarbures en phase gazeuse et les trés petits
grains carbonés. De plus, ils prennent largement part aufelggudu gaz via I'et
photoélectrique, contribuant ainsi significativement a I'équilibre thermique des régions
exposées au rayonnement ultraviolet.

L'observation astronomique des PAH a été essentiellement menée dans le domaine
infrarouge (IR) : les missions spatiales IRAS et ISO ont révélé des informations sur
la nature et les propriétés de ces PAH interstellaires. Depuis le sol, ces études se re-
streignent a quelques fenétres atmosphériqgues. Récemment, les satellites AKARI et
Spitzeront réalisé des observations dans les domaines de I'IR proche et moyen avec
des sensibilités inédites, permettant I'étude d’objets moins lumineux et plus lointains.
Grace a la mission spatial¢ersche] I'étude des PAH et des especes qui leur sont liees
est désormais possible dans les domaines de I'IR lointain et du sub-millimétrique en
bénéficiant a la fois de sensibilité et de trés haute résolution spatiale.

Alors que les PAH et les trés petits grains de poussiére qui leur sont liés sont plus
facilement observés dans le domaine IR, de nhombreuses especes du gaz peuvent étre
observées dans le domaine (sub-)millimétrique. Loriginalité de la démarche présen-
tée dans ce travail de these provient de l'utilisation conjointe de ces deux domaines
d’observation pour étudier I'évolution de la population de PAH et son influence sur la
physique et la chimie des milieux interstellaires et circumstellaires.

Les quatre parties de cette these s’articulent comme suit. La premiére partie in-
troduit le scénario astrophysique (Chaps. 1 et 2) et détaille les questions encore ouvertes
auxquelles ce travail apporte des éléments de réponse. La seconde partie présente brieve-
ment les instruments d’observation astronomique qui ont été utilisés (Chap. 4) et décrit
la procédure d’analyse des données du domaine IR moyen que nous avons dévelop-
pée pour I'étude de I'évolution de la population de PAH. La troisiéme partie analyse
I’évolution des PAH et leur influence sur la chimie du milieu interstellaire. En parti-
culier, le Chap. 6 décrit la destruction des tres petits grains de poussiere par le champ
de rayonnement ultraviolet local, considérée comme source de PAH libres. Le Chap. 7
présente la recherche dans le domaine millimétrique d’'un PAH particulier, le coran-
nuléne, et discute le résultat en termes de processus de formation et de destruction des

11



INTRODUCTION [FR]

plus petits PAH dans les enveloppes des étoiles carbonéesésgol e Chap. 8 présente

la combinaison des observations IR et millimétriques pour étudier les liens entre trés
petits grains, PAH et petits hydrocarbures au sein d’un scénario d’évolution. La qua-
trieme partie montre comment la combinaison de I'analyse de I'’émission des PAH et
de celle des espéces du gaz dans le domaine (sub-)millimétrique peut dévoiler la struc-
ture (Chap. 9), le bilan énergétique, et la dynamique (Chap. 10) des PDR. Ces chapitres
s’intéressent plus particulierment a I'étude de la nébuleuse par réflexion NGC 7023 NW.
Pour finir, je résume les résultats obtenus et présente les perspectives principales de ce
travail.

12
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Chapter

The interstellar medium

1.1 THE PHASES OF THE INTERSTELLAR MEDIUM

When observed at large scales, the interstellar medium (ISM) of our Galaxy appears
very rarefied, with typical densities of 1 atgem®. However, variations in density of
several orders of magnitudes can be found, especially in the Galactic disk where most
of the mass of the ISM lies. When dealing with the i@t environments of the ISM, it

is evident that a precise taxonomy based on any single physical parameter is impossible,
since gradients can be very smooth, and that some environments may fall in more than
a single class. However, a general classification can be made, on the basis of density,
temperature and ionisation state of th&etent phases of the ISNWAicKee and Ostriker

1977. Tablel.1 summarises a recent update of such classification, repoxtgat

values for hydrogen density{) and gas temperaturé ) for each medium. Hereafter,

ny represents the local density of hydrogen in all its forms.

Hot ionized medium

The Hot lonised Medium (HIM), or coronal gas, accounts for a large fraction of the
volume of our Galaxy but only for a small part of its mass. Most of the coronal gas is
located in the halo of the Galaxy, where the local density is so low that UV radiation

15



1. THE INTERSTELLAR MEDIUM

Table 1.1: Typical physical conditions for the fierent phases of the ISM in the Milky Way.
Adapted fronTielens(2005.

Phase Ny T Principal tracer
[em~] [K]

Hot lonised Medium 160 -102 ~10° X-rays, UV

Warm lonised Medium 16 -10° ~ 8000 H,

Warm Neutral Medium  ~ 0.5 ~ 8000 Hi emission

Cold Neutral Medium ~ 50 ~ 80 Hrabsorption & C emission

Molecular medium > 200 ~ 10 Optical, IR, radio

and shocks from supernovae can easily propagate througmdntdag gas to the highest
temperature found in the ISM(~ 10°K) and ionising most of it.

Warm ionized medium

Photons carrying energy greater than 13.62¥ ©12 A) ionise neutral hydrogen (i
Eventually, with time scales that depend on the physical conditions of the region (the
electron densityl, and T), the ionised hydrogen ()l recombines with free electrons.

In the Warm lonised Medium (WIM), recombination is a slower process than ionisation,
and most of the gas is found in a ionised state. Photoionisation is also responsible for the
gas heating, since a fraction of the energy of the ionising photons is transferred to the
ejected electrons that heat the gas through collisions. The outcome is a typical gas tem-
perature of about 8000 K. These regions are traced by optical recombination transitions
(principally the Balmer series of hydrogen), although they presenti@seboundcon-

tinuum associated to electron recombination &iad-freeradio continuum, due mainly

to the acceleration of electrons that interacts with protons without recombination.

Neutral atomic medium

In our Galaxy, hydrogen is found mainly in its neutral form. In fact, islthe major
constituent of the mass of the interstellar medium. It can be found in a warm phase
(WNM, Warm Neutral Medium) at temperatures similar to those of the WIM, or at
much colder temperatures§0 K) in the so-called Cold Neutral Medium (CNM). The
heating of these regions is mainly due to photo-electrons ejected from dust particles. The
principal tracer of these atomic regions is the 21 cm hyperfine transition,of/kich is
observed in emission at warm temperatures, whereas colder regions are mainly studied
with absorption measurements.

Cold molecular medium

The Cold Molecular Medium (CMM) accounts for a large fractien30 %) of the mass
of the ISM, but a very small part of its volume. Most of the mass of the CMM is found

16



1.2. The lifecycle of matter in the Galaxy

in gravitationally-bound molecular clouds in the Galactian®, with local densities

that range from few 10cm3 to over 10 cm3. Typical gas temperatures for this phase
range from few K to some tens of K. The densest molecular clouds are not in pressure
equilibrium with the neutral gas surrounding them but are rather collapsing cores that
will eventually give birth to stars.

1.2 THE LIFECYCLE OF MATTER IN THE (GALAXY

Figure 1.1: Scheme of the lifecycle of matter in our GalaxySource: Bill Saxton -
NRAQAUINSF

Stars are formed when a dense part of a molecular cloud collapses due to self-gravity.
Such clumps are the densest and coldest environments of the interstellar medium: UV
radiation cannot penetrate the central cores of these regions, where molecules can form
(in grain mantles or by gas-phase chemistry) without being submitted to destruction by
the UV field. When a clump reaches the Jeans mass it fonongtastar. At this stage,
the contraction of the protostar produces heat that may evaporate the grain mantles,
injecting molecules into the surrounding gas, but the core is not yet hot enough to ignite
the fusion of hydrogen and start its career as a star. During the collapse, the conservation
of angular momentum may lead to the formation of a rotating circumstellar disk, or
proto-planetary disk.

The initial mass of the collapsing core determines the following stages of stellar
evolution and its ultimate fate. Massive staM ¢ 8M,) evolve so quickly that the
steps of their formation and evolution up to the main sequence phase are still unclear.

17



1. THE INTERSTELLAR MEDIUM

These stars will burst in supernovae at their later stage dugwgn. The evolution

of lower massI-Tauri stars M < 2M,), and intermediate masserbig Ae-Be stars

(2 < M/M,, < 8) is somewhat better understood: they will evolve in main sequence stars
when the core contraction yields temperaturgisient to ignite the fusion of hydrogen.

During their main sequence, the intermediate mass stars may form a soktalled
regions The bulk of the radiation of young/® stars is emitted in the UV portion of
the spectrum, and the photons with energy higher than 13.6 eV ionise the hydrogen gas
that surrounds the star.

At the end of their main sequence, when the hydrogen reservoir has been exhausted,
these low- to intermediate-mass stars enter in the Asymptotic Giant Branch (AGB)
phase, in which the central core contracts until it reaches the temperature needed to
start the fusion of helium and, successively, carbon. While the core collapses, the outer
layers of the stars are blown away and cool down, giving birthdocaumstellar enve-
lope (CSE). In this phase, the photons from the central star may ionise and process the
material in the envelop&lanetary nebulae(PNe) are the final step in the evolution of
low- to intermediate-mass stars. This stage is reached when the reservoir of helium has
been exhausted and the central star becomes a white dwarf. These stars have completely
ejected their outer envelopes, which are ionised by the central source.

The remnants of the circumstellar envelopes that are ejected from the evolved stars
in the ISM merge continuously with the surrounding materials and ftiffnse clouds
Being the product of dust and gas processing in evolved stars, the newly formed nebulae
are generally enriched in heavy elements and processed dustiséregions can be
observed (either in emission or in absorption) because the material that constitute them
is illuminated by other near-by stars. Eventually, thesiude regions may evolve in
gravitationally bound dark clouds, starting the cycle of matter from where it began.

1.3 PHOTO-DISSOCIATION REGIONS

In the ISM, as well as in many circumstellar environments, the far-UV photoady6<
13.6 eV) drive the thermal balance, the physical processes and the chemical evolution.
Such UV photons are energetic enough to break typical molecular bonds, and therefore
UV-illuminated environments are generally called Photo-Dissociation Regions (PDRS).
Regions such as the inner edges of the envelopes in PNe, the illuminated edges of the
dark nebulae and reflection nebulae can be considered as PDRs.

Figurel.2 shows the schematic view of a typical edge-on PDR which is fdrhne
the UV radiation from a nearby star impinging over the border of a molecular cloud. The
depth along a PDR is often measured in magnitudes of visual extinéigra 5500 A
caused by dust particles immersed in the gas. Typically, one magnituble cdrre-
sponds to a total hydrogen column density from the PDR surface8of 10°* Hcm™2,
although depending on the environment. Théedent layers of a typical PDR can be
schematised as follows:

18



1.3. Photo-dissociation regions

PDR

\
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Figure 1.2: Schematic representation of an edge-on PDR, illuminated on the left by the UV
field from nearby hot star. Tha, values reported for the chemical transitions refer to a mild
UV-irradiated PDR, and depend on the irradiation conditié¢igure adapted fronDraine and
Bertoldi (2000.

e A region where atomic hydrogen is mostly neutral, and the far-UV photons yield
the ionisation of atomic carbon. This region is usually characterised by the emis-
sion of [Cu] and [O1] fine structure lines and by the IR emission from very small

dust particles, in particular PAHs (Polycyclic Aromatic Hydrocarbons, see Chap.
2).

e At Ay ~ 0.1 - 0.2 the formation of H on grains starts to be arffieient process
compared to the photo-destruction of gas-phaselHis produces a transition be-
tween atomic and molecular hydrogen. This region is characterised by the emis-
sion in the IR ro-vibrational emission of,Hthe gas kinetic temperature can reach
hundreds of K due to photoelectric heating, enough to excitohroduce rota-
tional IR emission. At these depths, carbon is still observed mainly in its ionised
atomic form, and the IR emission of very small dust particles and thg §nd
[O1] lines is still observed.

e A transition between ionised and neutral carbon is observég at 1 — 2. Most
of the atomic oxygen combines with carbon to form CQigstill by far the most
abundant molecule, but being hard to observe at these depths due to the low gas
temperature, the main tracer of molecular gas at these depths is CO.

e Molecular oxygen is ficiently formed deeper in the PDR, &} ~ 8.

In stationary regime, the transition between each layer can be very smooth or ex-
tremely harsh, depending on the physical conditions of the PDR, in particular on the
illuminating radiation field and the local density. Typical densities of PDRs can vary
from ~ 10 cm3 to some 10cm 3, whereas values for the illuminating radiation field
are usually in the range of ¥ Gy < 1 in units of theHabing (1968 field. Gy is
defined as the average interstellar flux in the solar proximity between 6 and 13.6 eV, and
corresponds to.6 x 103 ergcnr? s7L.

19



1. THE INTERSTELLAR MEDIUM

In the scheme of Figl.2 are reported only the most abundant gas species and their
transitions along the PDR front. Of course, the UV field does not control the evolution
of these species only, but drives all the chemical networks in the PDR. It is also strongly
absorbed by the various dust populations leading to emission in the IR. Some of these
processes and the associated open issues will be developed in3Chap.

20



Chapter

Gas, dust, and in between:
Polycyclic Aromatic Hydrocarbons

Amongst the elements, hydrogen constitutes about 70.4% oh#ss of the ISM,
followed by helium ¢ 281%) and heavier elements (in particular C, O, N, S, Fe, Si,
Mg, Al, ...) which account for only about 1.5% of the mass. About 99% of the mass of
the ISM is locked in gas phase species. The rest is found in dust particles.

2.1 Gas

Atomic gas. Atomic lines are observed in many interstellar and circumstellar environ-
ments. The 21 cm line of atomic hydrogen is the main observational tool to study the
physical conditions in neutral atomic regions. Many atomic absorption lines are also
detected in the visible and UV part of the spectrum. In warm regions, atoms are mainly
detected by their forbidden fine structure transitions: th&, [[C u], [O 1], emission lines

in the far-IR are usually very intense in PDRs. Other fine structure lines may arise from
more ionised regions, either highly irradiated PDRs ar fidgions, such as the [Ad,

[Ar 1], [Nen], [Stv], [O1v] that are observed in the mid-IR (see, for instance, E).

21



2. (Gas, DUST, AND IN BETWEEN. PorycycLic AROMATIC HYDROCARBONS

Molecular gas. Molecular bonds can easily be broken by harsh UV photons. Therefore
molecules are found mainly in the outer layers of CSEs, the internal layers of PDRs and
disks, where the radiation is attenuated by dust and the molecules can survive to photo-
dissociation. Yet molecules are also present in tfteise ISM.

The two most abundant molecules detected in the ISM arand CO. Today, more
than 150 molecules (plus their isotopomers) have been identified in the ISM and CSEs,
from the simplest kito long chains as HGN. The molecular richness of the ISM envi-
ronments depends on their conditions, some molecules being very specific to particular
ISM conditions. A list of the molecular species detected in space to date can be found
in the Appendices. There is also strong evidence for other large molecules such as
Polycyclic Aromatic Hydrocarbons (PAHSs), although no single molecule has been un-
ambiguously identified in the ISM yet (cf. Se@.3). Still, very recently, the presence
of Cgp and possibly & has been evidenced both in PDF&ellgrenet al,, 2007, 2010
and in one planetary nebul&émiet al., 2010).

In molecular clouds the gas temperature can be very low (down to a few K), and
molecules are detected in the radio through their low-lying rotational transitions. In
some cases (mainly UV-pumped or collisional excitation in hot and dense environments
and shocks, and PDRs) the higher rotational or vibrational modes of the molecule can
be populated, and the corresponding ro-vibrational transitions are emitted in the (far-)IR
and sub-millimeter domain. Hconstitutes a very particular case, since it is a homonu-
clear molecule and does not have a permanent dipole moment. Therefore, the low-lying
energy levels are linked through quadrupole transitions with small transition probabili-
ties and relatively high excitation energies, émission can therefore arise only if the
molecule is either UV-pumped or collisionally excited in hot environments like PDR
edges.

The pathways for the production of molecules are gas-phase reactions in complex
chemical networks and reactions on grain surfaces. However, the precise formation
networks for many interstellar molecules, from the simplestdilarge PAHs, are not
yet completely understood.

2.2 Dust

Dust particles are spread through the whole ISM. Even though their abundance is scarce
(~ 1% of the total mass of the ISM) they play a fundamental role in many processes
of the ISM. First, dust is responsible for tlegtinction and polarisation of the stellar
radiation. Most of the energy carried by the absorbed photons is re-emitted at longer
wavelengths byhermal emission Also, small dust particles significantly contribute to

the thermal balance of the gas through photo-electric heating. Dust grains are important
in the formation of molecules, not only because they shield them from the UV radiation
field, but they can also act as catalysers for reactions on their surfaces. Finally, dust has
a major contribution in the depletion of heavy elemefiglf, 1974.
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Figure 2.1: Left: Average dust extinction in the filise interstellar medium. Some of the
strongest DIBs are superimposed and labell8durce: Draine, 2009. Right: Calculated
extinction curves foRy values ranging from 2.1 to 5.%ource: Draine, 2003

2.2.1 ExtincTION

Dust absorbs and scatters visible and UV radiation véigiently and the combination

of these two #ects is called extinction. The first panel in F&y1 shows the wavelength
dependence of the average extinction curve in the Gal®gpifie 2009. The most
evident feature is the UV bump at 2175 A, superimposed to a quite smooth rise from the
IR to the UV. The overall shape of the extinction curve, including the slope of the UV-
rise varies in diterent lines of sightRitzpatrick and Massd 986 1988 but the whole
family of extinction curves can be represented with a single paraniktésee Fig.2.1,
right). This is defined aB, = Ay/E(B - V), whereAy is the measured extinction in
the visible, ande(B — V) is the color excess in the line of sight. ValuesRy have
been found to vary between 2.1 in théfdse medium to 5.5 in denser molecular clouds
and icy environments, with an average value in the Galaxy,of 3.1 (Cardelliet al.,
1989).

The wavelength dependence and spatial variation of the extinction curve are often
used as tracers of dust properties along the line of sight. The UV extinction bump was
first detected bystechel(1969. Bless and Savagd 972 attributed it to a multicompo-
nent interstellar dust. Now the majority of the authors agree that this strong feature is
due tor — n* excitation in aromatic carbons, including PAHs. In the IR, the extinction
curve has a quite smooth rise, with some superimposed features. The 9.7;ancb8
sorption features are attributed to the Si-O stretching and bending modes in amorphous
silicates Kemperet al., 2005, whereas the 34m asorption feature is associated to
C-H stretching mode of grains containing aliphatic hydrocarbons. The nature of the
latter is still controversialfendleton and Allamandqla002 Dartoiset al., 2004). Su-
perimposed to the smooth profile of the extinction curve there are more than 200 weak
unidentified absorption features observed from 4000 to 13200 A, the so-Biffede
Interstellar Bands (DIBs, for a review seélerbig 1995. Since their first detection by
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Merrill (1934, not a single carrier of the DIBs has been firmly identified.

2.2.2 THERMAL EMISSION

Dust re-emits the energy it has absorbed from the UV photons as thermal emission in
the IR-mm domain. The characteristics of the thermal emission depends on the nature
and the size of the grains. Current models are able to fit reasonably well the spectral
energy distribution (SED) of many lines of sights (see, for instanbeaine and L]

2007 Compiegneet al., 2010. Generally speaking, large grains have a high heating
cgpacity and the absorption of a single UV photon does not significantly change their
temperature (cf. Fi®2.3). Therefore, they radiate in the IR-mm as grey-bodies at an
equilibrium temperature, which is a few tens of K for a typical molecular cloud. This
thermal emission accounts for most of the emissioh:ato0um. Smaller dust particles

(such as PAHSs) also emit infrared photons after absorption of a single UV photon, but
being much smaller, they can be heated to very high temperatures upon absorption of a
single UV photon. The PAH molecule then cools down by slow IR emission into its IR-
active modes. In general, the molecule has the time to re-emit this excess energy through
various de-excitation pathways before absorbing another photon, except in regions with
quite high photon flux@, > 10°). Figure2.2shows a modelled SED includingftirent
different grain populations (see below). The emission process for PAHs will be further
described in Seck.3.

Dust Emission for N(H)=1e20 cm-2
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Figure 2.2: The mean emission spectrum of the Small Magellanic Cloud fitted with the model
of Désertet al. (1990). Figure adapted fronBot et al.(2004)
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ns difedent sizes heated by the
g grains, with a high heating

capacity, maintain an equilibrium low temperature upon absorption of a UV photon, while the

smallest grains (such as PAHS) heat up to a high temperat

ure and cool down before absorbing

another photonraps is the absorption rate of a UV photon for that particular size and in the

mean interstellar radiation fiel&ource:Draine (2003 .

2.2.3 ExTtenpeEDRED EMmission

The Extended Red Emission (ERE) is a broad ban@%

0 nm) emission in the visible-

UV part of the spectrum of several reflection nebulae and other interstellar objects. It

was first observed bgohenet al. (1975 in the Red Rect

angle nebula, and the first attri-

bution of ERE to luminescence of PAH-like molecules was proposeD’biendecourt

etal. (1986. RecentlyWitt et al. (2006) proposed PAH

di-cations (PAH) as possible

ERE carriers. This assignment was then revisitedbynéet al. (2008), who instead
proposed ionised PAH dimers ([PAH) as possible carriers of ERE. Other candidates
for ERE were proposed as well (for a review, $&#t et al, 2006) but none provides a

saisfactory explanation.

2.2.4 (RAIN SIZE DISTRIBUTIONS

The wavelength dependence of the extinction curve provides a first important constraint
on the grain size distribution. The first model of the grain size distribution was proposed
by Mathiset al. (1977), in which the dust population was composed of spherical grain

of both graphite and silicates. This model (hereafter

, the MRN model) was able to fit
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reasonably well the extinction curve in several lines of sfghin the IR to the UV by
assuming a size distributior{a) = K x a=3°, wherea is the radius of a spherical grain
(comprised between 250 and 2500 A) ads a constant. Successively, the range of
the size distribution of the MRN model was extended (from 30 to 10000 A)rayne

ard Lee(1984), where specific optical properties for the graphitic anaate dust par-
ticles were included, in contrast with the simple spherical grains of MRN. However, the
smallest sizes arefdiicult to infer from the fit of the extinction curve, and such estimate

is better constrained using the emission features in the near- and mid-IR. PAHs were
first introduced in grain models Hyésertet al. (1990). Very Small Grains (VSGs) are

a £cond class of mid-IR emitters that can contribute to the mid-IR emission if they are
small enough to be stochastically heatBégertet al., 1990). The VSGs are generally
considered to be carbonaceoid®gertet al., 1986) butLi and Draing(20018 concluded

that the presence of very small silicate grains is not excluded and can involve up to 10%
of interstellar Si.

2.3 INTERSTELLAR PAHs

Polycyclic Aromatic Hydrocarbons (PAHSs) are a class of large molecules composed of
a skeleton of two or more aromatic carbon rings and hydrogen atoms at the periph-
ery. They have properties typical of both gas-phase and solid grains. They can be also
considered as an intermediary stage between the small hydrocarbons and very small car-
bonaceous grains. Accordingdoblinet al.(1992), PAHs contain up to 20% of the total
interstellar carbon, making them the more abundant interstellar molecules after CO and
H,. Assuming 3x 10~ for the abundance of carbon yields to the abundance of carbon
locked in PAHs of 6x 107 for the difuse mediumR, = 3.1, Joblinet al, 1992).

This abundance value is consistent with that determinediogife 2003. The author

also showed that this varies inffrent environments reaching?4< 107° for R, = 5.5.
Figure2.4shows a number of examples of the PAH family.

2.3.1 TueAroMATIC INFRARED BANDS

The Aromatic Infrared Bands (AIBs) are a set of emission bands observed in the infrared
spectrum of a large number of interstellar objects. The most intense bands are located
at~ 3.3,6.2,7.7,86,11.3 and 12.um. They are associated to C-C and C-H stretching
and bending transitions of PAHE&ger and Pugefl984 Allamandolaetal., 1985 that

are emitted during the IR cooling cascade that follows the absorption of a UV photon.
Figure 2.5 shows these bands measured by the SWS spectrometer of 1ISOGmitime

Bar and NGC 7027, and summarises the association of each of the observed features
with the corresponding PAH vibrational mode.
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2.3. Interstellar PAHs

Figure 2.4: Few examples of the PAH family. Upper row: naphtalenedfds), pyrene (GeH1o),
tetracene (GHi2), chrysene (@Hi2). Lower row: coronene (§&Hi2), circumbiphenyl
(CsgH16), dicoronylene (GgHzg). Figure adapted fronMalloci et al.(2004).
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Figure 2.5: Observed mid-IR spectrum of the Orion Bar and NGC 7027, and the association of
the AIB features with the corresponding vibrational transition of PAHs. The sharp lines are due
to the ionised gasSource:Peeterset al.(2004)
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Spectral variations of the AIBs

The relative intensities, positions and shapes of the mid-IR bands can show large varia-
tions in diferent environments of the ISM and CSM. In particular, the ISO Syitzer
telescopes have unshed a wealth of details on such variationffenedt sources, or
even within the same source (see, for exampReeterset al., 2002 Werneret al.,
2004b. These variations reflect ftierences in the chemical composition of the AIB
carriers and in the physical conditions to which they are exposed. Several authors have
studied the evolution of the AIB properties irflidirent environments to solve the evolu-
tionary scheme of the carriers (see, for instarideny et al., 2001, Peeterst al.,, 2002,
Rapacioliet al,, 2005, Bernéet al.,2007, Joblinet al., 2008).

The absolute intensities of the AIBs inftirent PDRs have been found to approx-
imately scale with the impinging UV radiation fiel@ulangeret al., 1998). Such
correlation appears natural, since PAHs are vdfigient at converting the UV photons
from stars into IR photons. The ionisation state of PAHs is also reflected in the relative
intensities of the bands. For instance, the ratio of the intensities of the 7.7 and11.3
bands [77/1113) is higher for ionised species, as showed by both quantum-chemical cal-
culations DeFreeset al., 1993 and laboratory measuremen8ztzepanski and Vala
1993ha).

2.3.2 PR10TO-PHYSICS OF AN INTERSTELLAR PAH

In typical interstellar conditions, a PAH will spend most of the time in its fundamental
ground state. The probability of the absorption of a single photon of ereigpropor-
tional to the number of photons carrying eneigynd to the absorption cross-section

o (E) (for experimental and theoretical estimatesQE), see Joblinet al., 1992 Mal-

loci et al.,2004). It has been showrd¢blinet al.,1992) thato(E) actually scales linearly
with the number of carbon atoms in the PAH. When a UV or visible non-dissociating
photon is absorbed, the molecule is brought into an excited electronic state.

In a molecule containing a large number of atoms, several vibrational levels associ-
ated to diferent electronic states lie at the same energy, in the limit of Heisenberg un-
certainty. Iso-energetic non-radiative transitions between these initial excited states and
the ground electronic excited state (or in some cases the first excited state, ZBJFig.
occur very fast. This process is calledernal conversion (IC).

Even if the probability of a single non-radiative transition is very low, the density of
the vibrational states corresponding to a given energy can be so hijle{td at 10 eV
for coronene, GH;») that IC can occur at time scales of 10— 1078 s, faster than any
electronic radiative transition, which has time scales of about<.0The same process
can occur between electronic states dfatent multiplicity, with time scales slightly
slower: this process is known agersystem crossing(ISC).

The number of vibrational states that are iso-energetic at a given energy is higher
in the low-lying electronic states: after IC, the molecule has a high probability to be
found in a vibrationally excited level of the electronic ground state. It can eventually
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2.3. Interstellar PAHs

be also found in the first excited state; (or T, for neutral species). Processes like
fluorescence for th&, state(with time scales of about ¥®), or phosphorescence for
the T, state (with time scales of a few seconds) can happen resulting in the emission of
a visible photon.

IC, phosphorescence and fluorescence will bring the molecule to the electronic ground
state with a lot of vibrational energy, This vibrational energy will be redistributed amongst
the modes by a process called internal vibrational redistribution (IVR). From here, the
molecule de-excites by emitting IR photons, with a time scale of the order of 0.1 s, al-
though it can take more than several seconds to relax most of the energy. Eigure
gives an overview of these processes for a neutral PAH.
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Figure 2.6: Scheme of the excitation and de-excitation mechanisms for a large isolated neutral
PAH absorbing a single UV photoAdapted fronli (2004

2.3.3 IpEnTIFICATION OF PAHS

Today, the presence of PAHs in the ISM is well agreed upon. However, a firm identifi-
cation of a single species that belongs to the PAH family is still missing.

The AIBs are generally attributed to the PAH class, but unfortunately, they cannot
be used for the identification of any specific molecule because they are associated to
transitions common to many species. In order to provide a specific identification, one
needs to explore a fllerent spectral domain, where the transitions are characteristic of
specific molecules.
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Visible and UV

The correspondence of DIBs with electronic transitions of PAHs constitutes a way to
proceed for the identification of interstellar PAHs (see, for instanSalamaet al,,

1999. This task requires high quality observations and very delimgnexperiments

for each molecule (see, for exampleseli-Bacchittaet al., 2010. Recently,lglesias-
Groth et al. (2008 2010 proposed the identifications of two particular small PAHSs,
respectively the naphthalene cation,;§8s*) and the anthracene cation(€5"), on

the basis of the correspondence of two observed DIBs along a single line of sight, with
a laboratory spectrum, but these assignements are still uncertain.

Far-IR modes

Another possibility to identify PAHs is to search for the far-IR modes of PAHs that are
characteristic of the deformation of the whole carbon skeleton of the molecule. Far-IR
bands tend to be emitted when the excitation energy of the molecule is relatively low,
therefore lifetime broadening should not hinder the detection of the fine structure of
these bandslpblinet al, 2002 Mulaset al., 2006).

Unfortunately, most of the vibrational energy of a PAH is emitted in the mid-IR, and
therefore the far-IR bands are expected to be very waéalidinet al. (2002 showed that
only 0.2% of the total UV energy absorbed by a coronene, will be emitted in FIR band
emission. Therefore, the far-IR emission of specific PAHs is expected to be challenging
but could be possible with the high sensitivity of tHerschelSpace Observatory in
bright sourcesNlulaset al, 2006). This is a subject in which results are expected in a
near future.

Radio

Most neutral, unsubstituted PAHs have a planar structure, and do not have a permanent
dipole moment. Therefore, they do not present a pure rotational spectrum, or a very
weak one. Some exceptions exikbyaset al, 2005, Thorwirth et al., 2007), one of

them being the molecule corannulenedd,,), which has a bowl-shaped structure due

to the pentagonal ring in the center. This molecule has therefore a high permanent
dipole moment (2.07 Debye) and should show a rotational spectrum. The search for this
molecule in the millimeter domain will be presented in Chap.
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Chapter

PAHSs in the physics and chemistry of
the ISM

3.1 CARBON CHEMISTRY

Carbon is an important component of both gas-phase species and dust components in
the ISM and CSM. The study of the processes that drive the carbon cycle in the ISM is
a key aspect to understand the physics and chemistry in the ISM. In this section we will
present our current knowledge on the formation and evolution of PAH-related molecules
in the ISM.

3.1.1 FoOrRMATION AND EVOLUTION OF PAHSs
Formation in AGB envelopes

It is generally agreed that the principal sites of formation of interstellar PAHs are the
envelopes of evolved carbon stars (for a review, $&eok, 2004). The precise path-
ways that bring to the formation of PAHSs are still uncertain, but the most likely scenario
involves the pyrolysis of smaller hydrocarbosdnklach and Feigelsot989 Cher-
chneff et al., 1992, especially acetylene ¢8,). Cernicharcetal. (2001) detected small
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hydrocarbon species that are thought to be the precursordtd @&H,, CsH, and ben-

zene, GHg) in AFGL 618, an evolved carbon star with a large circumstellar envelope.
These detections gave further support to the hypothesis that PAHs (or their precursors)
should be present in the envelopes of evolved carbon stars. Bright AIB emission is ob-
served in proto-planetary Nebula (PPNe) and PNe. Even if PAHs are present in AGB
stars, the direct observation of AIBs could be hindered by the fact that either these stars
are too cool to trigger AIB emission, /and that the opaque interior of the circumstellar
envelope may shield the AIB carriers present in the outer layers. RecBot#ysma

et al. (2006 detected PAH emission in one late AGB star, TU-Tau, in whighdhst

is heated by a hot companion that provides the UV radiation. SuccesS\edyet al.

(2007) detected AIB emission in a carbon-rich AGB star, that presalgo a circum-
stellar disk. The PDR in the disk is most likely the region where the AIBs originate.
Smolderset al. (2010) reported the detection of PAH emission in earlier AGB stars, i
which the circumstellar envelope is not yet opaque to radiation and the central star can
induce AIB emission from the surrounding envelope. These stars, however, are too cold
to produce a strong UV radiation field, so the AIB carriers must be excited through vis-
ible pumping Li and Draine 2002 which implies that they must be either cationic or
very large aromatic compounds, or aliphatiCherchné& (2006 showed that the pro-
duction of GH, by non-equilibrium chemistry is possible in the outer regions of such
stellar outflows, coherently with the global pyrolysis picture.

Formation by fragmentation of grains

A second production pathway of interstellar PAHs, complementary to the previous, is
the fragmentation of amorphous grains or Very Small Grains by shocks or UV irradiation
(Scott and Duley1996 Cesarskyet al, 2000). Very Small Grains (VSGs) are a sec-
ond class of mid-IR emitters that are stochastically heated as PAHSs, and can contribute
to the mid-IR emission if they are small enoudbégertet al, 1990. The VSGs are
generally considered to be carbonacedbégertet al., 1986) butLi and Draine(2001H
concluded that the presence of very small silicate grains is not excluded involving up to
10% of interstellar Si. Using blind source separation methBagacioliet al. (2005
and Bernéet al. (2007) extracted three independent spectra from the mid-IR enmissio
(cf. 3.1 two molecular PAH-type spectra attributed respectivelyeatral (PAH) and
ionised (PAH) populations and one that consists in both continuum and broad band
emissions. The latter was attributed to the VSG population although they cannot be
strictly identified as the VSG population @fésertet al. (1990. Their properties are
similar to the PAH grains modelled dyi and Draine(20018 whose optical properties
are constructed by mixing PAH bands with graphite continuum. InterestiRgigacioli
et al. (2005 andBernéet al. (2007) showed that molecular PAHs are produced from
the photo-processing of the so-called VSG population. We therefore refer to the latter
asevaporating VSG (eVSGs)

Rapacioliet al. (2005 proposed PAH clusters as possible candidates for eVSGs,
and Rapacioliet al. (2006) studied the lifetime of these species in the NGC 7023 PDR.
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The clusters they studied consisted of rather small stacksudfal coronene molecules
(Cz4H12) and the authors found that these clusters are @giently evaporated by UV
radiation in PDRs. Larger clusters (e.g. made of larger units thgid;&or containing
more than the maximum size of 13 units, s&apacioliet al, 2006) may be more
stable to UV radiation, and theoretical studies on their stability in ISM conditions is an
on-going work at CESRMontillaudetal., 2011).

VSGs 300 F
021 |
11000 F
01p
d . . . , , , , , , 300
I I I I I I I I

o2r Neutrals

1 (AU
Dec (2000
3
5
8
5

...................
57.6 50.4 432 21:01:36.0 28.8 216 14.4

RA (2000)

Figure 3.1: The three principal components extractedRapacioliet al. (2005, assigned to

Very Small Grains (VSGs), PAH cations (PAHand neutrals (PAP. Their relative weights in

the reflection nebula NGC 7023 is shown in the right panel (¥&@, PAH = green, PAH =

red). In the following, we will refer to the VSGs as evaporating VSGS (eVSGs). The evapo-
ration process is evidenced by the frontier between the VSGs and the PAHs on the right panel.
Image courtesy of O. Berné.

An evolutionary scheme between aliphatic and aromatic carbonaceous materials is
also suggested by observational evidence. Two broad features at 8 and&t2 de-
tected in post-AGB stars and PPNe but not in late type Fré¢eterst al, 2002). On
the other hand, AIB emission is detected in both PPNe and PNe, but not in the earlier
phases. The two broad features are generally attributed to materials containing both
aliphatic and aromatic hydrocarbom@xok, 2004). A systematic study of several PPNe
arnd PNe byJoblinet al. (2008) supports the scenario in which the carriers of the broad
features are destroyed in PNe, producing the AIB carriers. Furthermore, PPNe and PNe
show intense band emission at g, which is attributed to aliphatic side groups in
PAHs @oblinet al, 19969 or super-hydrogenated PAHBdrnsteinet al., 1996). In-
deed, several observations of spatially resolved POEeb@lleet al., 1989 Joblinet al.,

199643 Sloanet al,, 1997) show that the intensity ratio of the 3.4 and g8 bands in-
creases in the more shielded regions. This has been interpreted as the photo-destruction
of the more fragile aliphatic bonds.

33



3. PAHS IN THE PHYSICS AND CHEMISTRY OF THE |SM

lonisation of PAHs

There is compelling evidence for the presence of PAH cations in the I8idliQet al,,
1996k Sloanet al,, 1999). The spectrum of ionised PAHsftirs from that of neutrals in
particular by its band intensity ratio. It shows higher values of the 3.3, 11.3 angh2.7
over 7.7um intensity ratio, whereas in ionised PAHs the opposite tendency is seen.

The studies oRapacioliet al. (2005 andBernéet al. (2007) presented further evi-
dence for the presence of PAH cations in PDRs and opened the way to study the evolu-
tion of PAH-related populations in défent environments using a simple set of template
spectra. This was applied to PN&oblin et al, 2008), proto-planetary disksBerné
etal., 2009 and Hu regions Bernéet al.,20093. Joblinet al. (2008 andBernéet al.
(20099 showed that a fourth PAH population was needed to accuratehefspectra of
PNe and PPNe, and Proto-Planetary disks. The spectral features of this fourth popula-
tion, together with the fact that its emission is important in highly irradiated sources, led
the authors to associate it to large ionised (cationic or anionic) PAHs. In these works,
the authors showed a correlation between the emission associated toetrentipopula-
tions and the physical characteristics of the source, evidencing the chemical evolution of
the carriers, in particular photo-ionisation and photo-dissociation of PAHs and eVSGs.

Dehydrogenation and photo-dissociation

Loss of hydrogen atoms by PAHs can also be vdficient in interstellar conditions.

This process has been modelled fdtuse ISM conditions bize Pageet al.(2003), who
showed that larger PAHs are much more hydrogenated than smaller species. However,
large uncertainties remain in the description of the reactivity of PAH-related species
with H and H, and their dissociation rates. The minimum size of PAHs that can be
found in their normal hydrogenated state was evaluated to be in the 25-50 C atom range,
depending on th&y/ny ratio.

PAHSs can be dissociated by UV photons in the ISM. The loss of hydrogen atoms at
the periphery of the carbon skeleton can be in competition with the ejection of small hy-
drocarbons (mainly €4, and GH,, Useli Bacchitta and Jobljr2007 Useli Bacchitta
2009 in the gas. This process can contribute to the production afl$typdrocarbons in
PDRs.Fuenteet al. (2003, Teyssieret al. (2004) andPetyet al. (2005) indeed showed
that models fail to reproduce the high abundance of hydrocarbaoss, (C,H, c-C;H,,

...) that is observed in the outer layers of several PDRstyet al. (2005 showed

a good spatial correlation of the emission in these hydrocarbon lines with that of the
AlIBs for the Horsehead Nebula PDR (see Bg), supporting a scenario in which these
hydrocarbons are produced by destruction of the AIB carriers.

3.2 ExerGETICS OF PDRS

The thermal balance of the gas in PDRs results from the competition between heating
and cooling:
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Figure 3.2: The Horsehead Nebula observed witlffelient tracers. The 7um image tracing
PAH emission (ISOCAM dataAbergelet al, 2003) and the hydrocarbon emission (Plateau
deBure Interferometer dataPetyet al,, 2005) are spatially coincident. For reference, the H
2.1um (Habartet al,, 2005 and*?CO emissions are displayebinage adapted frorGerinet al.
(2009).

Photo-electric heating. The most important heating mechanism at the border of PDRs

is known to be photo-electric heating by (small) dust graBekés and Tielend994
Weingartner and Drain@00J). If the energy of the photon is higher than the ionisation
potential, the excess energy is released as kinetic energy of the ejected electron. The
photoelectric heating dficiency (e,n) is a fundamental parameter that is defined as the
fraction of far-UV energy which is converted to gas heating. The photo-eleciric e
ciency depends on the physical properties of the grain, such as its size and ionisation
state. In positively charged grains, the electron must have enough energy to overcome
the ionisation potential and to pass the Coulomb barrier. Therefore, positively charged
grains contribute less to photoelectric heating. Furthermore, fliceacy of larger
grains is limited by the escape length of photo-electrons: half of the photo-electric heat-
ing is most likely due to grains of a few tens of A. PAHs, in particular, are expected to
be a very important source of photo-electrons.

In PDRs, €1, is often measured observationally as the ratio of the cooling energy
emitted in the [Gi] and [O1] lines and the energy emitted in the far-IR continuum that
depends on the far-UV flux. An accurate measuremeasgafequires also to take into
account other important cooling lines such as CO and Fhe value ofep, has been
found to vary by about 2 orders of magnitude iffelient sources of the ISM. For in-
stanceVastelet al. (2001) measured a very low heatingieiencyen = 1.4x 10 cm
in the PDR of W59N, which is a highly-irradiated source that possibly contains a large
fraction of ionised dust particles. In a low-UV irradiated PDR, L17Babartet al.
(2001 found ey, ~ 0.03. This confirms that dust composition and charge play indeed a
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major role in the heating process. Understanding dust ewolini PDRs is a fundamen-
tal step in the description of the thermal balance of PDRs.

Cooling. The gas in PDRs can be cooled by several processes. The fliosne
process in the outer edges of the PDR is the emission of collisionally excited far-IR
fine structure lines of the most abundant species: @i, O1, S1 with ratios that de-
pend on the physical properties of the region. Emission af gd 63 and 14Gm is
expected to dominate the radiative cooling in highly-irradia@g* 10%) and high den-

sity (ny > 10* cm3) regions, while [Gi] emission at 15@m dominates in regions with
lower density and radiation field. The ratio between the][@nd [O1] cooling rates can

be used as a tool for determining the physical conditi@sandny) of a PDR Kauf-

man et al.,1999. At high temperature, emission of near- and mid-IR ro-viloradl lines

of H, can also contribute to gas cooling. Emission in the lines af,[CO and other
very abundant molecules can also play a significant role in the gas cooling at moderate
cloud depths.

PDR models need to solve the thermal balance of the gas, which requires a proper
description of the physics of the heating and cooling mechanisms. Even though these
processes are quite well understood, the quantitative description of the heating depends
on the properties of PAHs and dust grains. This can be achieved by a comparison of
models with observations. However, these observations are often very demanding, and
before theHerschelSpace Observatory, they werdfdiult. For instance, to constrain
the contribution of the PAH-related populations to the photo-electric heating of the gas,
one needs to disentangle the spatial structure of the AIBs, thgdad [O1] lines and
the far-IR continuum. This demands high spectral and spatial resolution observations in
the far-IR, thatHerschelis nowadays providing. Finally, to interpret the observations,
not only models are needed but also an (accurate) knowledge of the geometry of the
source being studied.

3.3 OBJECTIVES OF THIS THESIS

In this thesis, | will present how observations dtelient wavelengths can be combined
to get further insights into chemical and physical process involving very small dust par-
ticles in PDRs.

3.3.1 THE EVAPORATION OF BV SGs

Previous observational and modeling workapacioliet al., 2005 Bernéet al., 2007,
Compiégneet al., 2008 have shown that an evaporation process involving very small
dust particles is an important process in the evolution of carbonaceous species in the
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ISM. However a direct, observational link with the physicatdaions (i.e. the intensity
and hardness of the radiation field and the local gas density) is still missing.

In this thesis, | will present the observational study of the evolution of tiieréint
AIB carriers under UV irradiation in PDRs. In particular, | will quantify the evaporation
of the eVSGs as a function of the local physical conditions in the PDR. In Ghajuill
present the method | have developed to interpret the mid-IR emission of very small dust
particles in PDRs. In Chag, | will apply this method to a sample of PDRs presenting
very different physical conditions, and quantitatively interpret the results in terms of the
evaporation process involving eVSGs and PAHs and the carbon content in each of these
species.

In Chap. 8, I will show how this photo-destruction process may be relatethe
chemistry of small gas-phase hydrocarbons in PDRs, by combining data at near-IR,
mid-IR and mm wavelengths. In particular, | will correlate the aliphatic-aromatic tran-
sitions observed in the near-IR with the results of the mid-IR analysis, and with the
interferometric observations at mm wavelengths.

3.3.2 SARCH FOR A SPECIFIC PAH: CORANNULENE

As already mentioned in Se2t3, the PAH hypothesis lacks the identification of a spe-
cific PAH molecule in the ISM. In Chapt, | will present the first search at mm wave-
lengths for a specific PAH, corannulene,§B,o), in the nebula of the Red Rectangle,
that have led to a very strict upper limit to its abundance in this post-AGB environment.

Moreover, the formation mechanism of PAHs in the ISM is still subject of debate,
being related to chemical accretion of smaller species, or to the destruction of larger
particles (Sect3.1.]). | will show how corannulene can be used as a probe of the small
PAH population, and discuss the influence of its non-detection on our current knowledge
of the formation process of small PAHs in post-AGB environments.

3.3.3 Riysics AND cHEMISTRY IN A TEMPLATE PDR: NGC 7023

Numerical models of PDRs such as the Meudon épdegress very rapidly, describing
more accurately the physical and chemical processes in PDRs. However, to compare
these models with observations an accurate description of the geometry of the source is
needed. In the last part of this thesis, | will show how a multi-wavelength approach can
be used to study the geometry of a specific source, NGC 7023. | will show how this
source is indeed a template object for future quantitative analysis with PDR models of
the heating and cooling mechanisms in PDRs.

lhttp ://pdr.obspm. fr/PDRcode.html
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Chapter

Observing gas and dust particles in
the ISM

4.1 INFRARED AND SUB-MM FROM SPACE

The infrared spectra of PDRs contain a wealth of spectral features. For example, the
AlIBs are observed in the mid-IR between 3.3 andid8 where fine structure gas lines
such as the forbidden [Ng and [Ar] transitions as well as ro-vibrationabHnes are
also observed. The dust extinction curve presents also two strong absorption features at
9.7 and 1&m produced by silicate grainki(and Draine 20010 and a feature at 34m
corresponding to aliphatic C-H stretching modes. The continuum emission in the IR and
sub-mm domains provides a unique tool to study the size, composition and temperature
of larger grains. Furthermore, the sub-mm domain is rich of molecular transitions from
warm and dense media. The far-IR domain contains the main PDR cooling lines, and
even possibly ro-vibrational transitions characteristic of specific PAH molecules.

Often some confusion arises on the sub-divisions of the infrared part of the electro-
magnetic spectrum. In this manuscript, the conventions reported in Fabieill be
used.
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Table 4.1: Subdivision of the IR and sub-mm spectral domains

Spectral domainum)

Near-IR 0.7-5
Mid-IR 5-40
Far-IR 40-200

Sub-mm 200-900

Only very small windows in the mid-IR domain can be observedftbe ground
(see fig. 4.1). Except for these very small windows, the atmosphere is apaguR
radiation and observations from space are needed.Kliger Airborne Observatory
(KAO) consisted in a 91.5 cm telescope mounted on a dedicated aircraft and operating at
an altitude of about 14 km. At these altitudes, the opacity of the Earth’s atmosphere due
to water vapour is sensibly reduced, and KAO was able to perform observationsin the IR
and sub-mm domain between 1 and p@@d KAO operations started in 1975 and lasted
for 20 years. The first infrared space mission waslttieRed Astronomical Satellite
(IRAS, Neugebaueetal., 1984 that was launched in 1984 and mapped more than 90%
of the sky in four diferent IR filters: 12, 25, 50 and 1@én. Since then, many progresses
have been made with the Infrared Space ObservatongpitzerSpace Telescope and
the AKARI telescope followed for the far-IR by thderschelSpace Observatory.

Figure 4.1: Transmission of the Earth’s atmosphere along the electromagnetic spectrum.
Source: ESANASA
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4.1. Infrared and sub-mm from space

4.1.1 NERARED SPACE OBSERVATORY

TheInfrared Space ObservatofKessler 1999, better known as ISO, was launched in
November 1995 and its routine phase lasted for 28 months. After the all-sky photomet-
ric observations of IRAS, 1SO provided the opportunity to perform specific on-demand
observations to assesdtdrent science topics (for some of the mission highlights, see
Salama2004). ISO observed the infrared sky between 2.5 andi2d@nd was equipped

with a 60 cm telescope cooled by liquid helium to temperatures of 2-4 K. Some of the
detectors were directly coupled to the helium tank, and were cooled down to a tempera-
ture of about 2 K, ensuring a sensitivity thousands times better than IRAS. The angular
resolution of ISO was also much better than IRAS. All ISO data are public and can be
retrieved from thd SO Data Archivé, in fully reprocessed and calibrated format. 1SO
was equipped of the following instruments:

ISOCAM (Cesarskyet al, 1996) An infrared camera that covered the 2.5:h7 band,
either with several individual filters, or with a circular variable filter (CVF) pro-
viding spectro-imagery at a spectral resolutiorRot 45. The long-wavelength
detector (4-17m) had a much better performance than the short wavelength one.
The spatial resolution varied between 1.5 antd J#r pixel.

ISOPHOT (Lemkeet al, 1996) A photo-polarimeter with the task of mapping the sky
in several filters in the 2.5-244n range. It could also be used as a Spectro-
photometer at medium spectral resoluti®&+~( 90) in the 2.5-12um range.

SWS (de Graauwetal., 1996 The Short-Wave Spectrometer could perform high reso-
lution spectroscopic observations covering the 2.4#%and at lowR ~ 1000-
2000) or high spectral resolutioR (~ 3 x 10*). The area of the aperture varied
between 14 and 40 arcgec

LWS (Clegget al.,, 1996) The Long-Wave Spectrometer provided for the first time high
sensitivity spectroscopic information in the far-IR (43-196uf). at low R ~
200) or high spectral resolutioR(~ 10%). The radius of theféective aperture of
LWS varied between 33 and 43

4.1.2 S11ZER SPACE TELESCOPE

The Spitzer Space Telescofmr Spitzej (Werneret al., 20049 was developed by NASA

ard launched on August 2003Spitzerimproved our knowledge of the infrared sky
thanks to its better sensitivity compared to ISO. The instruments were cooled down to
1.4 K, and the entire telescope was kept to about 40K for routine observa8pitzer
covered the 3-180m range and was equipped with a 85 cm-diameter mirror. The angu-
lar resolution of all the instruments werefdaction limited at wavelengths higher than
5.5um. Spitzerdisposed of the following instruments:

Ihttp;//www.iso.vilspa.esa.es
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IRAC (Fazioet al, 2004 The InfraRed Array Camera was a photometer covering si-
multaneously 4 filters in the near- and mid-IR at 3.6, 4.5, 5.8 apth8 Each
channel covered a field of view of3B x 5.2" with a pixel size of~ 1.5”.

MIPS (Riekeet al., 2004 The Multiband Imaging Photometer for Spitzer (MIPS) could
image the sky with three filters at 24, 70 and 168, with an angular resolution
of 67, 18”, and 40, respectively. MIPS could also be used in the spectral energy
density (SED) mode, where the whole 5586 range can be observed with a
spectral resolutioR ~ 15— 20.

IRS (Houcket al, 2004 The InfraRed Spectrograph was an imaging spectrometer,
covering the 5.5-3@m range. The instrument was split in four modules, two for
the low resolution observing mod® (~ 64 — 128) called short-low (SL) and
long-low (LL), and two for the high resolutioriR(~ 600), called short-high (SH)
and long-high (LH). The pixel size for the SL module is’],.8hich enabled to
sample the point spread function of IRS at these wavelength$)(3v8ile for the
LL module it was 5.%.

Figure 4.2: From left to right, the 1SO,Spitzer AKARI and Herschelspace telescopes.
Sources: ESA, NASA, JAXA, and ESA

4.1.3 AKARI

AKARI (Murakamiet al, 2007) (which meandightin japanese) is an infrared satellite
developed by the Japan Aerospace Exploration Agency (JAXA) that was launched in
February 2006. Its main goal was to provide an all-sky map in several filters in the near-
, mid- and far-IR, with a much better sensitivity and angular resolution than IRAS. With
its 68.5 diameter mirror, AKARI mapped the 90% of the IR sky during its 15 months
lifetime. In August 2007, the liquid helium reservoir finished, and the mid- and far-
infrared observations ended. AKARI was equipped with the two following instruments:
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FIS (Kawadaet al, 2007) The Far-Infrared Surveyor, a photometer capable of imaging
the whole sky in four far-infrared bands at 65 and.®0 (pixel size of 27 arcség
and at 140 and 16@mn (pixel size of 44 arcsép

IRC (Onakaet al., 2007) The InfraRed Camera consists of three cameras covering the
1.8-26um range in 9 bands with fields of view of approximately’ 210”. The
near-IR (NIR) camera could also be used for slit spectro-imagery(#)5

4.1.4 H:rscHEL SpaCE OBSERVATORY

The previous space missions were mostly concentrated in the near- and mid-IR part
of the electromagnetic spectrum, and provided only scarce information in the far-IR,
mainly consisting in photometric images at low angular resolution and average reso-
lution/sensitivity spectroscopy. ThiderschelSpace ObservatoryHersche] Pilbratt

etal., 2010 offers a new set of tools to observe the far-IR and sub-millimeter domains,
covering the 56-674m spectral range with its three instruments. This observatory has
a 3.5m diameter telescope, providing a high angular resolution at these wavelengths,
~ 7" X (Aobs/10Qum), and its instruments are cooled down to 0.3 K to provide excellent
sensitivity. The observatory was launched on May 2009 and the operational phase will
last for about 3.5years. The last open time call for proposal (OT-1) was closed on July
22 2010 and fered 6592 hours of observing time. The observatory disposes of the
following instruments:

HIFI (de Graauwetal., 2010 The Heterodyne Instrument for the Far Infrared (HIFI)
is constituted by 7 receivers tuneable in the ranges 480-1250 GHz (612¥240
bands 1-5) and 1440-1910 GHz (157-208, bands 6 and 7). The most impor-
tant characteristics of HIFI are its stunning spectral resolution (UR to 10)
and sensitivity. HIFI can be used in mapping or single pointing mode, with an-
gular resolution between f@and 40 at 1910 and 480 GHz, respectively. HIFI
is equipped with double side band (DSB) receivers: for each polarisation, two
frequency ranges are simultaneously covered with a single observation, separated
by about 8 GHz. The band width of the receivers are 4 GHz for bands 1 to 5 and
2.4 GHz for bands 6 and 7. The whole bandwidth is processed by a Wide Band
Spectrometer (WBSAv ~ 1 MHz), and multiple High Resolution Spectrometers
(HRS) can be set for a single observation.

PACS (Poglitschet al,, 2010 The Photodetector Array Camera and Spectrometer (PACS)
can be operated either as an imaging photometer or as an imaging spectrometer.
Its spectrometer receivers consist in two photoconductor arrays »2Bpixels
and the photometer detectors are bolometer arrays. When used as a photometer,
PACS can simultaneously map a field of view-ofL.75 x 3.5 in two different
far-IR bands, either the 60-8®n or 85-125%:m (the so-called blue channels) and
125-21Qum (the red channel) with almost Nyquist sampling. When used as a
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spectrometer, the total field of view covered i$'4747” in a 5x 5 spatial pix-
els array sizing 9. The spectral resolution of this mode can be varied between
1000< R < 5000.

SPIRE (Griffin et al,, 2010) The Spectral and Photometric Imaging Receiver (SPIRE)
is an imaging photometer and an imaging Fourier Transform Spectrometer (FTS)
operating between 194 and 6zih (447-1550 GHz). As a photometer, SPIRE si-
multaneously maps the sky at 250, 350 and @®Qin a field of view of 4.8'x
4.8'. The spectrometer observing mode uses 37 detectors in the short wavelength
array and 19 in the long wavelength array, with a circular field of view of about
2.6’ diameter. The beam width of the short wavelength detectors’isv@®reas
for the long-wavelength detector is’a1The FTS mode covers in one single ob-
servation the whole spectral domain of SPIRE, with a spectral sampling between
1.2 GHz and 25 GHz.
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Figure 4.4: Left: The IRAM 30 m telescope in Pico VeletRight: The IRAM Plateau de Bure
interferometerSources: www.iram.fr

4.2 RADIO ASTRONOMY IN THE MILLIMETER DOMAIN

Figure4.1shows that the Earth’s atmosphere is almost transparent limetiér wave-
lengths, except for a few bands. The exact limits and transmission in the observable
bands depend on the site and on the atmospheric conditions. Astronomical sources can
emit in the mm domain through several physical processes such as dust thermal emis-
sion, spectral line radiation and free-free emission. Since the first observation of the OH
molecule byDieter(1964), more than 125 molecules have been identified in the ISM by
radio astronomical observations.

4.2.1 IRAM 30u TELESCOPE

The IRAM 30m telescope is one of the largest and more sensitive single-dish millimeter
telescope, located on Pico Veleta (2850 m altitude) in the Sierra Nevada (Spain). The
telescope is equipped with a series of heterodyne receivers that are used to detect line
radiation in the 0.8-3 mm domain and 1.2 mm bolometers used for continuum mapping.
The telescope beam size varies frofna® the highest frequencies to about’3@ 3mm.

EMIR consists of single pixel DSB receivers withx24 GHz bandwidths in the two
polarisations. It substituted the old ABCD receivers in 2008. The system config-
uration is highly customisable, so that several spectral domains are accessible at
the same time. The receivers are connected with the high resolution VESPA spec-
trometer, and simultaneously with WILMA, the 2 MHz resolution spectrometers
that cover the full receiver bandwidth. The VESPA receivers are very versatile,
allowing a large number of bandwidth-spectral resolution configuration, and can
be set in the receiver upper side band (USB) or lower side band (LSB).

HERA This HEterodyne Receiver Array is a receiver system tuneable between 215 and
272 GHz, that consists in a 3x3 dual polarisation pixel array. The main purpose
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of this spectral line receiver is to image large maps of extedrstrirces in on-
the-fly mode very fficently. The main beam size at these frequencies at the 30m
telescope is between12nd 9'.

MAMBO is a large field bolometer camera operating at 1.2 mm, with a beam size of
11”. Itis a very sensitive andfiécient continuum receiver, and it is used to map
dust emission over large areas of the sky.

4.2.2 |IRAM R.aTteAau DE BURE INTERFEROMETER

The Plateau de Bure Interferometer (PdBI) is located at 2550 m on the Plateau de Bure
in the French Alps. It consists of an array of six 15m diameter antennas, which can
be positioned to have a maximum baseline length of 760 m (E-W direction) and 368 m
(N-S direction). Such large baselines permit to achieve an angular resolution down to
0.5 at 1mm. Even in its most compact configuration (the D configuration) and at
3 mm, the angular resolution of the PdBI $,5vhich is better than the best beam size
obtainable at 0.8 mm at the 30 m telescope. The interferometer has an instantaneous
field of view of ~ 40” at 3mm. Since the interferometer filters the shortest spatial
frequencies, the PdBI is often used in combination with the 30m telescope to retrieve
the total flux in extended sources. The receiver can be used either in single side band
(SSB) or DSB mode, and has a 4 GHz bandwidth. Up to 8 backends, both for spectral
line and continuum measurements, can be used at the same time.

4.3 ONE STEP IN THE FUTURE

Figure 4.5: The ALMA interferometer array and the JWST and SPICA telesc@msaces:
NRAQO/ AUl /NSF, NASA and JAXA

4.3.1 SOFIA

The Stratospheric Observatory for Infrared Astronomy (SOFIA) is the successor of the
KAO mission, and consists in a 2.5 m telescope onboard a Boeing 747. SOFIA will be a
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very versatile facility, equipped by several instrumentsscmg most of the IR and sub-

mm range. Initially, it will be equipped with imaging instruments covering the near-IR
(1-5um FLITECAM), mid-IR (5-40um, FORCAST), and far-IRub-mm (40-40@m,
HAWC), and with spectrometers covering the whole observable range. SOFIA saw first
light in May 2010 providing imagery of the M 82 galaxy. First science operations are
scheduled to begin in 2011, and SOFIA will be fully operational in 2014.

4.3.2 ALMA

ALMA, the Atacama Large Millimetgsub-millimeter Array, will be the largest mm and
sub-mm interferometer of the world, being constituted by more than 60 antennas, and
located in the District of San Pedro de Atacama (Chile), at an altitude of 5000 m. ALMA
will operate at wavelengths of 0.3 to 9.6 mm and will provide an unprecedented sensi-
tivity and angular resolution at these wavelengths. The antennas will have configurable
baselines ranging from 15m to 18 km. Resolutions as fine as 0.005" will be achievable
at the highest frequencies. The call for early science with ALMA will be opened at the
beginning of 2011.

4.3.3 NOEMA

The NOEMA (Northern Extended Millimeter Array) project consists in a major upgrade

of the IRAM Plateau de Bure Interferometer, which will double the number of antennas
of the current array, improving drastically both the spatial resolution and resolution of
the PdBI. The spatial resolution available with the more extended configuration will be
of ~ 0.1”. NOEMA will be the largest interferometer operating at mm wavelengths in

the northern hemisphere, complementary to ALMA.

4.3.4 JWST

The James Webb Space Telescope (JWST) will be the largest infrared telescope ever
launched in space, with its 6.5 m diameter mirror. It will be mainly designed to work in
the near- to mid-IR part of the spectrum, even though it will have also some capabilities
in the visible part of the spectrum. The telescope is scheduled for launch in 2014, and
will provide the best angular resolution and sensitivity in these spectral domain. JWST
instruments will consist in a Near Infrared Camera (NIRCam), a Near Infrared Spec-
trograph (NIRSpec), the Mid-Infrared Instrument (MIRI) and the Fine Guidance Sensor
Tuneable Filter Camera (FGS-TFI).

4.3.5 SPICA

The Space Infra-Red Telescope for Cosmology and Astrophysics (SPICA) will be the
following infrared telescope and is planned to be launched in 2017. The telescope pri-
mary mirror of 3 m diameter will be cooled to 4.5K, providing a high sensitivity in the
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far-IR range. The planned instruments to be placed onboa@/S&le SAFARI, a Eu-
ropean 30-20Qm imaging spectrometer, an imaging coronograph and a high resolution
spectrometer for the mid- and far-IR.

4.4  COMBINATION OF SPECTRO-IMAGERY DATA

The IR, sub-mm and mm domains can be used to study ffexeint physical and chemi-

cal processes found in PDRs. In the near- and mid-IR, the emission from PAHs and very
small dust particles, Hand ionised atomic species reveal the warmer part of PDRs. The
far-IR and sub-mm domains can be used to study the emission from warm and dense gas
and dust such as the [Pand [Cu] cooling transitions. Finally, the mm domain is rich

in molecular transitions arising from the cooler interior of PDRs. To study the physical
and chemical processes involved in PDRs, observations in theseediftiomains have

to be used. The combination of difent instruments is often not straightforward, due to
differences in the characteristics of the instruments and data handling.

4.4.1 SECTRAL RESOLUTION

The spectral resolution of an instrument is definedRas ﬁ whereAA is the smallest
difference in wavelengths between two features that can be distinguished, at a wave-
lengthA. In the IR domain, the instruments onboard ISO &mitzerenabled spectro-
imagery observations with R 45 (ISOCAM-cvf), 80 (IRS-SL), and 600 (IRS-SH).

In the mm domain the heterodyne receivers enable much higher spectral resolution
(R > 10) that is adapted to distinguish velocity structures in the gas lines and there-
fore to perform kinematics studies. The HIFI instrument onbétedschelextends this
capability to the sub-mm range.

4.4.2 SATIAL RESOLUTION

The angular resolution of an ideal optical instrument depends on the observed wave-
lengthA and on the telescope diamei&rand is given by the éliraction pattern:

: A
sing = 1.225 (4.1)

in which @ is the angular distance (in radiants) of two points that are resolved by the
instrument. The imaging capabilities of an instrument depend also on the optical design
of the instrument. Often, the optics are designed such that the pixel size samples the
point spread function of the instrument following the Nyquist criterium.

IR spectro-imagery

To perform spectroscopy in the IR, one needs to observe from space, since only few
windows are available from the ground due to the atmospheric opacity (cf &4yt.
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The telescope size for a space telescope is limited due toitatleasons. The IRC
(AKARI), IRS (Spitzej and ISOCAM (ISO) instruments provided spectral mapping
observing modes in the near- and mid-IR that are limited to few arcseconds in spatial
resolution. In particular, the circular variable filter observing mode of ISOCAM allowed
spectro-imagery observations with gesolution in the mid-IR (5.5-1%m. The spatial
resolution in this domain was then improved by the SL module of IRS, which provided
a similar spectral coverage with a higher (3.6patial resolution, which was sampled
following the Nyquist criterion.

The millimeter domain

Observing in the millimeter domain using ground-based facilities is easier since the at-
mosphere is less opaque over wider frequency ranges. The IRAM 30m telescope has
an angular resolution (or beam size) comprised betwégatol mm,~ 300 GHz) and

30” (at 3mm,~ 100 GHz). At these frequencies, to achieve spatial resolutions compa-
rable to that of IRS and IRC in the infrared, larger collecting surfaces as given by an
interferometer are needed. The Plateau de Bure interferometer allows a spatial resolu-
tion of few arcsecs~ 5”) at 3 mm with its most compact configurations (with baseline
lengths between 24 and 229 m). However, observing with an interferometer presents
some dificulties: a) the instantaneous field of view is quite smallQ’ in diameter)

and mosaicing needs to be performed for extended regions, b) the large scale informa-
tions are filtered and the interferometric data needs to be combined with single-dish
data; finally c) the data reduction is more complex and time-demanding compared to
mm single-dish or IR observations.

Far-IR and sub-mm with Herschel

Herschelprovided a step forward in far-IR and sub-mm observations, in terms of sen-
sitivity, spectral and angular resolution. The HIFI, PACS and SPIRE instruments cover
the 120-600um wavelength range. The large diameter of the telescope, 3.5m, allows to
achieve angular resolutions of $PACS, at short wavelengths); 9HIFI for the [Cu]

line at 158:m) and 43 (HIFI, at the longest wavelengths). At sub-mm wavelengths,
the spatial resolution obtained wiHerschelis still larger than few arcsec, but the far-

IR sky can finally be spatially resolved and more easily compared with the mid-IR and
mm data. ALMA will allow to observe part of the sub-mm domain at higher spatial
resolution. A sub-mm interferometer in space has still to come.
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Chapter

Decomposing the mid-IR spectra of
PDRs

5.1 Hrt or THE AIBS WITH BAND TEMPLATE SPECTRA

Different methods have been proposed to study the variations in the mid-IR spectrum
of PDRs. In general, they consist in the fit of each band with an analytical function
consisting of either a Lorentzian, a Gaussian or a Voigt profile. In particular, PAHFIT
(Smithet al,, 2007) fits at the same time the individual AlBs and the principal jjaasd
superimposed to a continuum and after correction for the extinction in the silicate band
at 9.7um. Tools such as PAHFIT have been used to retrieve the variations in intensities,
widths and central positions of the bands and correlate them with the characteristics of
the environment (see, for exampl&allianoet al., 2008).

Rapacioliet al. (2005 andBernéet al. (2007) proposed a dierent approach which
consists in the fit of the general shape of the whole mid-IR spectrum with few, physically
consistent template spectra extracted using blind source separation methddslirin
et al. (2008 andBernéet al. (20099, the authors constructed a set of synthetic band
spectra based on these template spectra by fitting the most intense AIB features at 6.2,
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5. DecomprosiNG THE MID-IR specTrA oF PDRs

7.7, 8.6, 11.3 and 124m with Lorentzian profiles. A combination of these synthetic
spectra is then used to fit the observed AIB spectrum fééidint sources, in particular

of objects in diferent evolutionary stages such as planetary neba@siget al., 2008

ard proto-planetary diskBernéet al., 20093. In order to fit the spectra of more highly
irradiated environments, they had to introduce a fourth PAH-related component, which
they attributed to large, ionised PAHs (PAH The relative intensities of the fiierent
mid-IR components are found to correlate with physical quantities such as the spec-
tral type of the central illuminating star for proto-planetary didRerféet al., 20099,

ard the ionisation parameters for the compact Hll region MonocerosBieth€et al.,
2009Db.

5.1.1 THE FITTING MODEL

We present here a fitting procedure that can be applied directly to the observed mid-IR
(5.5-14um) spectrum of an AIB source, which is an update of the methdodblinet al.
(2008). It consists of a linear combination of the four template bapeéctra, gas lines,

a linear continuum, and three smaller Lorentzian features (see below). Finally, a simple
extinction correction is applied to take into account the absorption of silicate grains at
9.7um.
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Figure 5.1: Template spectra used to fit the mid-IR spectrum of PDRs
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5.1. Fit of the AIBs with band template spectra

6.2 7.7 8.6
Pos. FWHM Int. Pos. FWHM Int. Pos. FWHM Int.
PAH® 6.22 0.17 0.75 7.64 0.60 1.0 8.55 0.45 0.57
PAH* 6.28 0.20 0.65 7.64 0.55 1.0 8.55 0.40 0.45
PAH* 6.28 0.20 0.65 7.90 0.55 1.0 8.65 0.40 0.45
eVSG 6.23 0.30 0.64 7.88 1.10 1.0 - - -
11.3 12.7
Pos. FWHM Int. Pos. FWHM Int.

PAH® 11.25 0.3 1.60 12.70 0.4 0.54
PAH* 11.20 0.5 0.38 12.70 0.5 0.22
PAH* 11.20 0.5 0.38 12.70 0.5 0.22
eVSG 11.37 0.5 0.32 12.60 1.7625 0.3636

" Paameters for a Gaussian profile

Table 5.1: The parameters for the band profiles used to build the template spectra. If not
otherwise indicated, the profiles are Lorentzian. Adapted ffobiinet al. (2008

PAHs and evaporating VSGs

The basis of our fitting procedure is the template spectra that are repodellimet al.
(2008 and assigned to PAH cations (PAxineutrals (PAH), large ionised PAMand
eVSGs. These template spectra are presented irb Bigwhere they have been nor-
mdised to their integrated flux between 5.5 andubd. The parameters of the synthetic
spectra are reported in Taldlel. The eVSG spectrum has been continuum subtracted
asin Joblinet al. (2008). In the present work, it has been slightly improved to better fi
the observed spectra by adding a plateau in the 12ri4ange, which was originally
present in the eVSG spectrumBérnéet al. (2007) (Fig. 6.1).

The continuum

The four template spectra are combined with a linear continuum, representing the linear
rise of eVSGs in the 5-14m domain (see Fig6.1). In highly-irradiated objects, larger
grains at thermal equilibrium can also contribute to the mid-IR continuDam(piegne

etal., 2008. In such cases, the continuum is not linear anymore and adsdlislope is

more representative of the total continuum.

Gas lines

Gas lines are fitted assuming Gaussian profiles with a fixed central wavelength and a
FWHM given by the average spectral resolution R of the instrument 88 for 1SO-
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5. DecomprosiNG THE MID-IR specTrA oF PDRs

CAM, and R= 80for IRS). Table5.2reports the adopted central wavelengths and line
widths for the fitting procedure.

The H, S(3) line is well distinguished from the PAH features. The3(6) and
H, S(4) lines at 6.1 and 8/m are strongly blended with the broad PAH features in
ISOCAM/IRS low resolution spectra, and their intensity cannot be retrieved, or it is
subject to large uncertainties. The §2) and the [Na] lines can significantly con-
tribute to the shape of the L2n complex, and their intensity can be more accurately
estimated.

Line | Wavelength FWHNks FWHM,socam
[um] [um] [um]
H, S(7) 5.511 0.069 0.122
H, S(6) 6.109 0.076 0.136
H, S5) 6.909 0.086 0.153
[Aru] 6.985 0.087 0.155
H,S@) 8.026 0.100 0.178
[Arm ] 8.991 0.112 0.200
H, S3) 9.665 0.121 0.214
[Si1v ] 10.511 0.131 0.234
H, S(2) 12.278 0.1153 0.273
[Nemn ] 12.813 0.160 0.285

Table 5.2: Paameters for the gas lines used in the fitting procedure

Smaller features

Using all the above components, we found that three additional features are present at
6.7, 12.0 and 13.6m in most objects. These are likely PAH-like features and we added
three Lorentzians at 6.7, 11.55 and 1@% with a FWHM of 0.2, 0.4 and 0.2&4m,
respectively. These are small features and their introduction does not change the results
significantly.

Optical depth gect

Finally, our model takes into account extinctioffieets assuming that the emitting and
absorbing materials in the considered column of material are fully mixed (see, for in-
stanceDisneyet al., 1989 Smithet al.,2007).

The optical depth at each wavelength is calculated using the relation:

Ty = Cext(/l) X Ny (5-1)
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5.2. Some examples

whereCegy (1) is the extinction cross-section per H nucleon, calculatetiMejngartner
ard Draine(200) for R, = 5.5. The hydrogen column density Nis left as a free
parameter in the fit.

The column density calculated with this method provides another diagnostic com-
pared to other column density estimates that use mm observations. By using the AIB
emission to calculate the extinction, such estimate concerns the gas associated to the
PDR, i.e. only the slab of material that is emitting in the AIBs. On the contrary, the use
of CO isotopes and continuum observations provide information on the whole molecu-
lar cloud, which may have a larger depth than its illuminated side (the PDR) where AIB
emission arises.

SUMMARY OF THE MODEL
In summary, the model can be written as:

l-e™

Ta

Imode(/l) = (IAIB + Igas+ ILorentzians+ Icontinuum) (5-2)
wherel g represents the band template spectra of PAHand eVSGs| 4,5 consists in
all the mid-IR H, and ionised gas lines,qrentziansin the features at 6.7, 11.5 and 13r8
and| continuumiS the (bi-)linear continuum.

The quantityjlnoge(1) — lops(4)| is minimised using the IDL procedurepfit(Mark-
wardt, 2009, which uses a Levenberg-Marquardt non-linear square filiggrithm.
The number of free parameters can be modified according to the observed spectrum.
For instance, ionised lines are not necessary in many mild UV-excited PDRs. Also,
when sources elierent than PDRs are fitted (such as proto-planetary disks and PNe),
broader features at 8 and A& have to be included in the fit. In this work, however, we
are interested in PDR spectra, and such features do not need to be taken into account.

5.2 SOME EXAMPLES

5.2.1 Tue protoTYPEPDR: NGC 7023 NW
Single spectra analysis

As a first example, we analyze the fit results for threkedent regions in NGC 7023 NW
at increasing distance from the star (respectively 35, 48 aficaltg the cut shown in
Fig. 6.2). The fitted spectra and the results are reported in &ig. The three spectra
show spectral variations in terms of band intensity ratios and continuum emission.

e Region (1) is located in the cavity between the star and the PDR front, at a distance
of 35” from the star. The spectrum shows a higsv(1113), suggesting that band
emission is dominated by ionised PAHSs, which is consistent with the fit results.
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Figure 5.2: Example of the fit in three dlierent regions of NGC 7023 NW observed by IRS at

an average spectral resolutiBn~ 80. For each spectrum, we report the relative weights of the
integrated intensities of each PAH population and eVSGs and the estimated column densities
(expressed in magnitudes of visual extinction).

e Region (2) is on the PDR border, at the interface of tHeéude region and the
molecular cloud, at a distance of’48The (7,/1113), ratio is lower, indicating an
higher abundance of PA+tompared to region (1).

e Region (3) is further inside the cloud, at a distance of.56lere, the relative
weight of PAH is negligible, and eVSGs are predominant, as expected in a region
more protected from the UV radiation.

5.2.2 SECTRAL MAPPING: M 82

A direct application of this analysis tool is to determine the spatial distribution of the fit
components in sources observed in spectro-imagery in the mid-IR. This yields maps of
the integrated intensity for each of the components. In the next chapter, we will present
the results of this procedure for several galactic PDRs. As a first example, we applied our
fitting procedure to th&pitzerRS spectral cubes of the M 82 galagngelbrachetal.

(2006 showed that PAH emission is detected towards the galactie@a well as in an
outflow perpendicular to it, anBeirdoet al. (2008 studied the spectral AIB variations

in these environments. Our procedure allows to disentangle the relative contribution
of the PAH/*/* and eVSG to the total AIB emission, as well as the intensity of the
[Ar n] line and the column density for all the spatial pixels in the IRS observations.
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Figure 5.3: Decomposition of theéspitzerlRS spectral cube for M82. The relative contribution
of the four principal components to the mid-IR (5.5414) flux four PAH-related components
are shown , as well as the intensity of the [Aintensity and the column densities.

The relative contributions of the fierent populations to the AIB flux are displayed in
Fig.5.3. PAH" and PAH dominate the emission towards the galactic plane, where star
formation is taking place and the UV field is stronger compared to the outflow, whereas
PAH® dominate the emission in the latter. eVSGs dominate the emission in the north-
eastern end of the galactic plane and the column density peaks in several distinct regions
towards the nucleus. Such variations can be used to obtain new insights into the physical
conditions and the geometry of the source.

5.3 CavEaTs

5.3.1 |IRSSPECTRAL RESOLUTION

The PAH template spectra were obtained from ISOCAM spectro-imagery data, at a spec-
tral resolution that is lower than that could be achieved by the Spitzer IRS instrument.
Repeating the signal processing analysiBefnéet al. (2007) to the IRS data of NGC

7023 NW we found that the PAH bands have comparable widths but with additional
sub-structure. The higher-resolution data show also small variation in the integrated in-
tensities and the peak positions of the bands. In particular, theut28and of PAH

is shifted to 6.23m. The major diterence in band intensities concerns thei@ngband

which is fainter in the new PAMspectra and stronger in the new PABpectra. The
principal cause for these discrepancies is most likely related to the impurity of the ex-
tracted spectra, that may consist in a combination of more than one single population.
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Figure 5.4: New synthetic spectra of PAH cations and neutrals fitted from the results of Blind
Signal Separation on the IRS cube of NGC 7023 (black). Their convolutioe#bRolue) are
compared with the templates édblinet al. (2008, red) used in the fitting procedure.

The use of higher resolution spectra would therefore add some complexity and is not
necessary for this work dedicated to eVSGs. Therefore, we used as templates the lower

resolution spectra aoblinet al. (2008), with the additional plateau in the 12-}14n
range.

5.3.2 L NCERTAINTIES IN COLUMN DENSITY

We tested theféect of using diferent values oR, for the extinction curve and found a
difference of about 20% in the estimated hydrogen column density bufewt en the
weights of the band templates when usig= 3.1 instead oR, = 5.5.

Uncertainties by up to a factor 2 in the column densities are due to the fact that the
correction of the extinction and the fit by a bi-linear continuum are degenerated. This is
a systematicféect, and when the procedure is applied to a spectral cube, it is applied to
all spatial pixels. This can result in a systematic overestimate of the column densities,
but the derived spatial structure is still reasonable. A study of the parameter space is
presented in Appendi&.
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Chapter

Evolution of PAH-related species in
PDRs

Whereas it is clear that the evolution of the eVSGs into PAHlsted to the in-
tensity of the UV field, a quantitative description of this process is still missing. In this
chapter, we will study the relative contributions to the mid-IR emission of PAHs and
eVSGs in a wide range of excitation conditions using the procedure described in the
previous chapter. From the results of the fit, we derive the fraction of cafthbtmtked
in eVSGs and compare it to the intensity of the local radiation field.

6.1 Data SAMPLE

We selected a set of PDRs spanning a wide range of irradiation conditions. Some of
these PDRs (Tabl6.1) were chosen on the basis of proximity and simplicity of their
geometry to study spatial variations of the mid-IR properties and physical conditions.
We used observations obtained with the Short-Low (SL) module of the Infrared Spec-
trograph (IRS) onboard Spitzeierneret al, 20043 in spectral mapping mode. Data
reduction was performed with the CUBISM softwa@nfithet al.,2007) and consisted

in cube assembling, calibration, correction for flux of extended source and bad pixel
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6. Evorution oF PAH-RELATED sPEciEs IN PDRs

removal. Three PDRs (NGC 7023 East and Sothb;Ophiuchus filament) were not
observed with the IRS-SL instrument. For these objects, we used ISOCAM data avail-
able in the ISO data archive as highly-processed data prodmigangeret al.,, 2005).

6.2 EVAPORATING VSGS AND RECONSTRUCTION OF THEIR
MID-IR EMISSION

eVSGs do not only emit in bands, but also in continuum. In the observed spectra, the
slope of the (bi-)linear continuum can vary significantly in eliéint PDRs, due to vari-
ation of the excitation conditions that impact the relative contribution of grain popula-
tions to the mid-IR emission. In order to estimate the continuum emission of eVSGs,
we used the following approach based on the eVSG spectrum retrieved in Ced 201 by
Bernéet al. (2007). Ced 201 is a mild-UV excited object and large grains are net ex
pected to contribute to the mid-IR emission. We modelled this spectrum upgim 14
using a distribution of 100 grey bodies having temperatures ranging betwggeant
Tmax The emissivity was taken to be proportionaltd, with « = 0.85, following the
measurements performed on carbonaceous graiMemnellaet al. (1995. We found
Tmin ~ 110 K and Thax ~ 260 K, which is consistent with previous estimatesRgr
pecioli et al. (2005. Using the same approach as describeRapacioliet al. (2005),
we estimated that these temperatures correspond to eVSG sizes between 500 and 2500
carbon atoms approximately. Comparing the total integrated intensity in the bands vs
continuum for eVSGs we obtaingffls/ | ominuum = 0,5,

The integrated mid-IR intensithy emitted by very small dust particles can be ex-
pressed after correction for extinction as:

_ continuum __ bands continuum __ bands
lo=las+levse = lpan+levsct levse = Ipan+ 3 X leysc (6.1)

In the following, the intensity in eVSG band{i) is obtained as a result of the fitting
procedure, and the total intensity in the eVSG continuum can be estimated using the
ratio 1 2355/ 150wauum= 0.5 as determined above.

As will be shown in Sect6.4.2 the ratioleysc/lo can be used to quantify the fraction
of carbon atomdc locked in eVSGs compared to all carbon atoms contained in mid-IR
emitters.
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Figure 6.1: The VSG spectrum of Ced 201 (black line) extracted by signal processing al-
gorithms byBernéet al. (2007) and the synthetic eVSG spectrum that has been obtained by
combining the band spectrum of Fig.1 with a continuum. The latter is calculated by fitting
the continuum in the 5.5-14m with a distribution of grey bodies with temperatures between
Tmin ~ 110 and Thax ~ 260 K (blue line).
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. Distance Spectral Kurucz Radits diront  Go(dfront) Ny **
Object Star (pc)®@ Type Spectrum (K)  (Ro) (") Habings| (cm?®)
NGC 7023 NW 42 2600 2x 104
NGC 7023 S | HD 200775 430 B3Ve —BB%d 2 x 150009 10 55 1500 | 1.4x10*®
NGC 7023 E 155 250 1.4x10*M
NGC 2023 N 164 400 2x 100 M
NGC 2023 S HD 37903 470 B1.5¥ 24000 6 67 4000 2y 100 ®
p-Oph filament| HD 147889 118 B2Ill — B2V 22000 5 | 610 520 | 4x10'0

* Derived from spectral type.
** Total hydrogen density inside the molecular cloud derived from molecular observations.

Table 6.1: Input parameters for the modelling of the selected PDRs in which the' PRAH?, eVSG transition is spatially resolved and a simple
geometrical model can be applied.

(a) van den Anckeetal. (1997 — (b) Racine(1968 — (c) Finkenzeller(1985 — (d) Witt et al. (2006) — (e) Alecianet al. (2008) — (f) Gerin
etal. (1999 — (g) Diplas and SavagE 994 — (h) Fuenteet al. (1995 — (I) Habartet al. (2003

¥ Ad NI SH108dS a1V T -HYd 40 NOILNI0A] °Q



6.3. The physical conditions in the PDRs

6.3 THE PHYSICAL CONDITIONS IN THE PDRs

The procedure presented above provides the total IR intensity emitted by each of the
very small dust populations, PAHs and eVSGs. In order to study the variations of the

eVSG abundance with the local radiation field, we need to quantify the relations between
the mid-IR intensity, the abundance of the carriers and the radiation field.

For all the PDRs in Tablé.1, we assume an edge-on geometry and use a simple
geometrical model to estimate the intensity of the radiation field at the PDR front. We
then describe the profile of the radiation field intensity using PDR modelling along a
star-PDR cut (see Fig.9). For the PDRs selected in Tale2, such geometrical model
is not appropriate and a mean value of the radiation field is taken from the literature.

6.3.1 Ewmissivity oFAIB CARRIERS

The power absorbed by the AIB carriers can be expressed as:

Amax
Pabs = f (n(FEAHO-CP:AH(/l) + necvsérgvsdﬂ)) F(1)da (6.2)
91.2nm

whereF(2) is the radiation field fluxn$ is the number of C atoms per unit volume
contained in grain type X (XPAH, eVSG), andr(1) represents the PAH or eVSG
absorption cross-section per carbon atom. Since ionized PAHs and large neutral PAHs
can absorb significantly in the visibl8&lameet al.,1996), we assumd,,, = 1000hm

The absorbed energy is mainly reemitted in the mid-IR. Using the energy balance,
the emitted poweP,, equals the absorbed poweys. It is convenient to writdPe, as
proportional to the radiation field characterised by its value in Habing@y(il Habing
=1.6x 103 erg cnt? s between 91.2 and 240 nnkabing 1968. Thus we define the
mean emission power of the AIB carriers per H atom and per Habing, or local emissivity,
€eag SO that:

Pem = €aig X Ny X Go (6.3)

whereep g includes both the bands and the continuum emissions. Its egueri de-
pends on the hardness of the radiation field and the distribution of carbon atoms between
PAHs and eVSGs.
If we assume thatS,,, = 05,5 = o, then conservation of energy implies that for
the emission powers per carbon atom, one can Wit = €55 = €xp- Then,eaig €an
be expressed as a function of the carbon contained in the AIB carriers:

nC chSG nC
PAH X c AIB  C
€AlB = + X Exg = —— X €pB (6.4)
Ny Ny Ny

wheren§ represents the number of C atoms per unit volume contained in PAHs or
eVSGs.

Rapacioliet al. (2005 have shown that PAHs are produced by photo-destruction
of eVSGs. We can consider, in first approximation, that all carbon contained in these
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eVSGs is transferred into PAHs. Therefoeg,s can be considered as independent of
the relative abundance of PAHs and eVSGs:
nC 1 1000nm
EAIB = _AB X —X f Gc(/l)F(/l)d/l (65)
o Go o Joronm

In order to estimate the variation ef;g with the hardness of the radiation field we
have calculateda g with the appropriate Kurucz spectra for the PDRs of T&ble Our
cdculations show that, for the studied objectgg marginally depends on the hardness
of the radiation field.

To avoid deriving the absorption cross sectignfrom a specific PAH, we computed
eag for a variety of PAHs of dierent sizes and charges from the on-line database of
Malloci et al. (2007) *. The results scatter within 10%. Assuming a valuepg/ny =
4.2 x 10°° (Draing 2003 for R, = 5.5) we obtaineag ~ 5 x 10732 WH"! Habing?,
consistent with previous estimates Hgbartet al. (2001) andHabartet al. (2003).

6.3.2 ESTIMATION OF THE IMPINGING RADIATION FIELD

To estimate the value of the impinging radiation field at the PDR front we used stellar
spectra fromKurucz (1993 and applied a dilution factor based on the projected dis-
tance to the PDR front. In the case of NGC 2023 an extinction ¢f=AL.1 mag has

been applied, reflecting the presence of absorbing dust around HD 3Z66%hi{égne

etal., 2008. The calculated values of the radiation field are given in Hgbinits. They

are consistent with previous estimates reportelurtonet al. (1998 andHabartet al.

(2003 for NGC 2023 ang-Oph, respectively. The estimate of the radiation field in-
tensity at the PDR front in NGC 7023 NW is more uncertai@hdkshiet al., 1988
edimated aGy, ~ 2.4 x 10° through far-IR observations and modelling, but values as
high asG, ~ 10* have been proposed to explain the observedkho-to-para ratio
(Fuenteet al., 1999 towards this PDR. This latter value is in agreement with tHaeva
determined by assuming typical stellar properties for the corresponding spectral type of
the illuminating binary starAlecianet al., 2008) and geometrical dilution to the PDR
front. However, extinction between the star surface and the PDR may attenuate the radi-
ation field, yielding a lower value at the PDR front. In this work, an extinction correction
of Ay = 1.5 was derived from the IUE spectrum measured on the star and was applied
on the corresponding Kurucz spectra. Assuming that the same extinction factor apply
between the star and the PDR leads to an estimate for the NW PDR 2.6 x 10°
Habing, which is consistent with the value &Hokshiet al., 1988). All the parameters

used to model the radiation field intensity are reported in Téble

6.3.3 CONSTRAINTS ON DENSITY AND RADIATION FIELD PROFILE

The local radiation field inside the PDR depends on the impinging radiation field at the
PDR surface and on the gas density profile that determines its attenuation. According to

http://astrochemistry.ca.astrgdatabase
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6.4. Results

Eq. 6.3), the local mid-IR emissivity at each position is related ®s$hme two physical
parametersy andGy. The total intensity can be obtained by integrating along the line
of sight for each positiom on the sky:

o L[ .
o(Z) = ym . Go(r) X nH(r) X EplB = K(Z) X EplB = K(Z) X e €AIB (66)

wherer is the distance from the star ahds the thickness of the PDR perpendicular to
the plane of the sky. We assume a spherical shell modelldalyartet al. (2003 their
figure 6), in which the cloud is divided in successive layers of increasing density. The
density gradient follows a power lamy oc r* up to a maximum density determined by
molecular observations (see references in tékle Due to its attenuation by dust, the
radiation field evolves as:

Go(r) _ Gcf)ront S @I fO' Ny (r)dr (6.7)

in which oyy is the dust extinction cross-section at 1000 A&¢211072% cn? H-%, Wein-
gatner and Draing2007).
We used Eq.6.6) to fit the spatial profiles of the corrected AIB emission detias
in Eq.6.1). The free parameters of the fit are the density gradient (&ted by the
value ofa), the position of the cutbof the gradient, and the cloud physical length. This
yields the density and radiation field profiles along each of the cuts. The parameters used
for each of the selected PDRs are summarised in Taldleand the modelled profiles
are reported in Fig6.9.

64 REsuLTs

6.4.1 Mpb-IR pecomposiTiON OF PDRs

We applied the fitting procedure to all observed pixels in the PDRs listed in able
This yields maps of the integrated intensity for each of the components included in the
fit. As an example, Figh.2 shows the obtained spatial decomposition for NGC 7023
NW. The spatial distributions of the PAH and eVSG components are coherent with the
results ofRapacioliet al. (2005 andBernéet al. (2007), but as shown in Fig6.2, more
information is retrieved with our approach such as the spatial distribution of gas lines
and an estimate of the column density of the considered column of material.
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Figure 6.2: Results of the mid-IR decomposition for the NGC 7023 NW PDR, showing the integrated mid-IR intensity in the observed spectrum
and in each of the template populations. The column de#sitig also shown, as well as the flux in the B(3) line. For reference, contours (in
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6.4. Results

Figure 6.3 shows fits of the mid-IR spectrum for ftkrent objects, and the main
results of the decomposition. The spectra show large variations in the relative intensi-
ties of the bands, reflecting variations of the local physical conditions. The fit results
show indeed large variations in the relative weights of eVSG and PAH emissions. The
PAH* emission is significant{ 5%) only in highly-irradiated sources, coherently with
the fact that these species are likely large ionised PAHs that can better resist in harsher
environments and can reach there higher temperatures. The derived value of the col-
umn densities is high in the high-density filaments of NGC 7023 NW and NGC 2023 S
(Fuenteet al,, 1996, Joblinet al, 2010, Fuenteet al., 1995).
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Figure 6.3: Mid-IR spectra (solid lines) and their fit (blue) for the PDRs listed in TékifeFor

each spectrum, we report the resulting contributions for each of the PAH and eVSG populations
to the mid-IR flux, the extinction along the line of sight afid the fraction of carbon atoms
locked in eVSGs relative to the total carbon in the AIB carriers.

6.4.2 EvoLutioN orfc aLonG THE PDRs

Equation 6.6) shows that, at each positian the total IR emission due to PAHs and
eVSGs is proportional tef,;. A similar equation can be written for eVSGs only, using

C .
€evsG
ngVSG C

Combining Eqs6.6and6.8, and sinces,; = €55 We can calculate for eachin
the cut:

_levsd?) _ Navsc
fc(2) = @ G, (6.9)
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6. Evorution oF PAH-RELATED sPEciEs IN PDRs
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Figure 6.4: The fraction of carbon atoms locked in eVSGs relative to the total carbon in the
AIB carriers as a function of the intensity of the local radiation field. Several points refer to
each of the objects in Table 1, for which we determined the spatial variatids afid of the
radiation field.

which represents the fraction of carbon atoms locked in eVSGs compared to all carbon
atoms in the AIB carriers. The fit of the mid-IR spectra for PDRs is reliable in mild UV-
irradiation conditions (5& Gy < 5x 10%). At milder UV field intensities fc seems to
stabilise at values of 0.9, but in these regimes the mid-IR fits are less reliable because
the AIB emission is fainter and sometimes barely detected. The extrapolation of the
Gy — fc relation to more intense UV fields is alsdittiult, since in these environments,

the photo-processing of the eVSG and PAH populations is extreme leading in particular
to the dificulty to observe the fragile eVSG species

6.4.3 [DETERMINATION OF THE IMPINGING RADIATION FIELD FROM THE EVSG
ABUNDANCES.

The lower panels in Fig6.9 show the profiles ofic for each PDR in the sample. The
procedure explained in Seét3.3fails to reproduce the AIB profiles in the deepest parts
of the PDRs, most likely because the presence of high density filanfantsteet al.,
1995 1996 is not taken into account in the density profiles. We concentrar analysis
around the AIB peak, where the eVSG emission is a considerable part of the total AIB
emission.

Figure6.4 shows the values ofi. obtained for all the PDRs in our sample (Tables
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6.5. Conclusion

6.1and6.2) as a function of the radiation field intensiB4. For the resolved PDRs, the
value of Gy was derived at each position as explained in S&&.3 For the unresolved
PDRs, we applied the fitting procedure to the mean spectrum at a position for which
a reliable estimate of the radiation field is found in the literature. Figudeshows a

clear decrease of the fraction of carbon in eVSGs with the increase of the radiation field
intensity. This trend can be fitted by the expression:

fo = (-0.21 + 0.01) logy(Go) + (1.29 + 0.03) (6.10)

This relation can be inverted to estimate the radiation field intensity from the fit of
the mid-IR spectrum, the value & being a direct output of the fitting procedure.

To test the applicability of our method on unresolved objects, we applied the fitting
procedure to the averaged spectra of larger fields of view (up to 1 arcmin) in our template
object, NGC 7023 NW and derived a value figr This value can be compared with the
average value fc > that can be calculated from the values obtained on all individual
pixels contained in the same region. The agreement between the two values is very good
for regions close to the eVSG peak. For regions close to the PDR front, the value of
< fc > is higher by less than 0.05. This yields an overestimate of the mean radiation
field by less than 40 %. Although this error is not directly transposable to other PDRs, it
shows that the method can be used to derivef@tve UV radiation field in unresolved
objects with an uncertainty of a facter2.

As an example, we applied our fitting procedure to the IRS spectra of the nucleus and
outflow of M82. The fit results are reported in F&5. The derived column densities are
high, especially in the nucleus region. The value$aderived from the mid-IR fit yield
a radiation field ofG, = 5*3 x 10° for the nucleus an, = 3*3 x 10° for the outflow.
Previous studies based on chemical modelling of the nucleus of M bgteet al.

(2008) have predicted &, ~ 1x10% whereas previous modelling of far-IR observations
(Colbertet al, 1999 Kaufmanet al., 1999 report lower values (B < Gy < 10°°).
This is in reasonable agreement with our estimates.

6.5 CoNCLUSION

In this chapter, we present an updated method to analyse the mid-IR spectra of PDRs
with the use of a physically consistent set of template spectra. We have shown that such
decomposition can be used as a tool to determine the fraction of C atoms in eVSGs.
By combining the results with PDR modelling, we determined a relation between the
relative carbon content in eVSGs compared to all AIB carriers and the UV radiation
field intensity. This relation constitutes a useful tool to determine the mean UV radiation
field in objects in which the eVSG population is quite abundant. The whole code will be
made publicly available to the community as an IDL package, together with the template
spectra used in this work. This procedure combined with the high spatial resolution and
sensitivity of the forthcoming JWST mission will allow to determine the spatial variation

of the UV radiation field in galaxies and distant objects.
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Figure 6.5: Mid-IR spectra (black line) of the nucleus and the outflow of M82 and their fits.
The results of the fit suggest that the radiation field in the nucleus is slightly higher, as well as
the column densities of the AIB emitters.

Object Position Aperture| 2 Gg Ref.
(2000, 2000)
Horsehead | (05:40:53;-02:28:00) "9x7” | 0.85| 100 Habartet al. (2005
Cead 201 (22:13:25; 70:15:03) 22x 22”7 | 0.84| 300 Young Owletal. (2002
IC 63 (00:59:01; 60:53:19) 30x40” | 0.72| 1100 Gerinet al. (2003

Pasamyan 18 § (06:59:41; -07:46:45) '9x8” | 0.48| 3500 Ryderet al. (1998
Pasamyan 18 N (06:59:41;-07:46:12) '4x8” | 0.41| 5000 Ryderet al. (1998

Orion Bar (05:35:21; -05:25:15) 4x6” | 0.25| 4x 10 Tauberet al. (1994
* This work

** Literature

Table 6.2: Fraction of carbon atoms in eVSGs and corresponding radiation fields for the PDRs
used in this work. The correlation of these quantities is shown ir6fig).
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Figure 6.9: Upper panels:for each PDR cut, the density and radiation field profiles as a func-
tion of the distance from the staCentral panelsBlue, yellow and red represent the contribution

of PAH*, PAH® and eVSGs, as extracted from the fit. Solid black lines represent the corrected
mid-IR emission profile after the continuum correction explaine.th The dotted lines rep-
resent the fit obtained with the geometrical model described in $e8t3Lower panels: the
variation in the fraction of carbon atoms locked in eVSGs relative to the total carbon in all the
AIB carriers.
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Chapter

Search for corannulene in the Red
Rectangle 1

7.1 INTRODUCTION

In the last 25 years, manyferts have been made towards the identification of a sin-
gle PAH species. The Aromatic Infrared Bands in the mid-IR are not characteristic of
individual species, and therefore cannot be used to identify specific PAHs. This is not
the case of the ro-vibrational emission bands that arise in the far-IR at the end of the
cooling cascade. These are associated to the whole carbon skeleton of the molecule,
and are specific for each speciddulaset al,, 2006). However, the far-IR and sub-mm
domains cannot be easily observed from the ground, and a search for PAH bands in
these domains is planned witkerschel On the other hand, the pure rotational transi-
tions of these molecules fall in the millimeter domain, and are readily accessible with
ground-based radio telescopes.

Most common neutral PAHs present a very low (or zero) permanent dipole moment.
Since the intensity of the rotational spectrum scales with the square of the dipole mo-
ment, the rotational emission for most PAHs is expected to be very weak. However,

1The work contained in this chapter has been publisheRlllari et al. (2009
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7. SEARCH FOR CORANNULENE IN THE RED RECTANGLE

C

Figure 7.1: Structure of the corannulene molecule,¢B10). The central pentagonal carbon
ring determines the bowl-shaped structure of the molecule, with a permanent dipole moment of
2.07 D along the symmetry axis.

Lovaset al. (2005 proposed the corannulene,@,o) molecule as a good PAH candi-
date for radio identification since it has a large dipole moment (2.07 D, seerHy.

A first search for the low-J rotational transitions of corannulene in the molecular cloud
TMC-1 was performed byrhaddeug2006. However, since PAHs are expected to be
free molecules only at the UV-irradiated surface of molecular cloBdslangeret al,,

1990 Rapacioliet al., 2005 Bernéet al., 2007), the search for higher J rotational lines

is more suited for an astronomical PAR@uanet al.,, 1992).

There are several motivations for the search for corannulene in space. First, its de-
tection would provide the first firm evidence for the presence of PAHs in space. Due
to its curved structure, it is also representative of the transition between planar PAHs
and fullerenes. The prototype fullerene moleculg, 6as been proposed in its cationic
form (C{,) to account for at least two DIBs in the near-IFo{ng and Ehrenfreund 994
Galazutdinowet al., 2000, and has been observed in the reflection nebulae NGC 7023
and NGC 2023 bySellgrenet al. (2007, 2010 and in the proto-planetary nebula Tc-1
by Camiet al.(2010).

7.2 A SEARCH FOR CORANNULENE IN THE RED RECTANGLE

7.2.1 SECTROSCOPY IN THE LABORATORY

Corannulene is a symmetric-top PAH with a bowl shaped structure (see F.
Whereas an ideal rigid rotor has a relatively simple rotational spectrum, centrifugal dis-
tortion can modify the separation of the energy levels and yield a complex rotational
spectrum, composed by a large number of weaker lines. The search for corannulene in
the mm domain requires a precise knowledge of the frequencies at which the rotational
lines are expected to arise. This motivates experimental studies to quantify the rotational
spectrum (rotational constants fBiess of the molecule, ...).

These experimental studies have been performed by D. Herberth and T. Giesen at
the Experimental Spectroscopy Group at the University of Cologne. They have detected
a high J (= 112« 111) rotational line of corannulene at 114.18 GHz (see Fig.de-
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7.2. A search for corannulene in the Red Rectangle
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Figure 7.2: The line detection at 114.18 GHz measured in the laboratory with the OROTRON
jet spectrometer, assigned to the 112« 111 transition of corannulene.

termining the rotational constants and evidencing that no centrifugal splitting is detected
up to this transition. The stness of the molecule, and the high polarity of the molecule
make corannulene an excellent candidate for astronomical detection in the mm domain.

7.2.2 (BSERVATIONS
The Red Rectangle

Using the rotational constants determined from the experiments, the frequencies of all
the rotational transitions can be calculated assuming no centrifugal splitting. For the
observations, the Red Rectangle (RR) nebula was chosen since it is the brightest source
in the AIBs in the sky.

The Red Rectangle (RR) is a biconical C-rich nebula which surrounds a post-AGB
binary system composed of the primary star HD 44179 (spectral type AQ) and its lu-
minous giant companion. It has been observed in the mid-IR with the SWS instrument
onboard ISO and with the IRS instrument onbo&pitzer The dimensions on the plane
of the sky of the infrared bipolar nebula at 1143 are about 10" x 15"Waterset al.,

1998 see Fig. 7.3). A warm, high density diskny > 3x 10°cm™=3, 30 K< T <
400 K) traced by CO emissioB(jarrabalet al., 2005) surrounds the binary star with a
thickness of roughly 3" along the symmetry axis.

Observations at the IRAM 30m telescope

We obtained 22 hours of observing time at the the IRAM 30m telescope in Pico Veleta.

| was involved in the observations in February 2008. The observational parameters are
reported in Tabl&.1for each of the observed frequency range. Weather conditiens w
acceptable for most of the time. The observed frequency ranges cover several high-J
transitions of GgHyp at 1, 2 and 3 mm. Since the PAH emission pattern of this source is
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7. SEARCH FOR CORANNULENE IN THE RED RECTANGLE

Figure 7.3: Spatial distribution of the dust component (N-band) and PAHs (continuum-
subtracted 11.3m band) of the Red Rectangle. The figure shows that the PAH emission arises
from a region of about Y0x15”. Source:Waterset al.(1998)

rather compact (the 11/8n intensity decreases by a factor of 10 ir’Ghe wobbling
secondary observing mode is appropriate using a separatieb0®' in azimuth. This
observing mode ensures stable and flat baselines and is well adapted to compact sources
such as the Red Rectangle.

Pointing was made on the central binary star HD 44148 06:19:58.216¢,000:
-10:38:14:691). Mars and Orio4pos 05:35:14.50,000 -05:22:30.00) were used as
reference sources for calibration and pointing. Pointing was accurate within 3" during
all observations.

The flexibility of the four receivers and of the VESPA correlator allowed to cover
several frequency ranges within one configuration, with a spectral resolution of 40 kHz
and a total band pass of at least 40 MHz. We also used the 1 MHz resolution filterbanks
to obtain broadband spectra (250 MHz) with lower spectral resolution. During all ob-
servations, one of the backends was dedicated t3%@ (1-0), (2-1), or*?CO(2-1)
transition, to check whether the telescope was pointed on source, and to monitor the
calibration accuracy. The observ&€O intensity and line width are in good agreement
with previous observations of the Red Rectangle with the IRAM 30 m telescope reported
by Juraet al. (1995. The summary of th&#CO and*3CO observations is given in Table
7.2
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7.2. A search for corannulene in the Red Rectangle

Data reduction and results

To improve the quality of the observed spectra, we manually cut isolated spikes at 4
level and discarded observations with anomalous system temperature or with a high sky
opacity. Diferent observations of the same transitions were averaged, and the antenna
temperature was scaled with the telescope main be@nieacy ,, by the relation

Tmb = Ta/Nmb Wherenm, = Fert/Bers. The expected flux derived from the synthetic
spectrum and thed detection limit corrected for beam dilution for the corannulene
observations are reported in Tafld. The rms level was calculated after smoothing the
spectra to the velocity resolution of 0.4 km's We show in Fig.7.4the observed spectra

in the regions where the 135 134 and 86— 85 transitions of gHio are expected,

and the'?2CO and**CO observations. We did not detect any corannulene line at any
frequency. The best rms level for corannulene has been obtained for the transitions J
— J=135- 134, 84> 83 and 86~ 85.
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Transition | Frequency Beam sizeBeir Tegys omp  Bandwidth R, Fmodel
(JH+1-J) (GHz) @) (K) (mK) (MHz) (10®Wcm?) (1022Wcm?)
84— 83 85.643 29 0.78 117 10 80 1.4 5.7
86— 85 87.682 28 0.77 107 12 80 1.7 6.2
108— 107 | 110.104 22 0.75 170 14 80 1.6 13
111-110| 113.316 22 0.74 276 21 120 2.3 14
135— 134 | 137.615 17 0.70 219 8 80 0.9 19
215—- 214 | 219.059 11 0.55 346 45 80 54 5.3
216— 215| 220.076 11 0.54 328 20 80 2.4 5.2
223— 222 | 227.197 11 053 269 23 80 2.9 4.0
226— 225| 230.248 11 0.52 389 30 80 3.8 3.7
238— 237 | 242.450 10 0.50 525 22 80 2.8 2.3
257— 256 | 261.763 8 0.46 546 39 40 54 0.9

Table 7.1: Summary of the observations towards the RR ifiedlent frequency ranges, corresponding to the expected rotational transitions of
corannulene. On average, the 3 mm observations have a lower rms, butisoifé from beam dilution ef€ts compared to the 1 mm observations.

Transition Frequency Beam sizeBgs Tsys Area Bandwidth
(H1-J) (GHz) @) (K) (Kkms™) (MHz)
2CO(2—1)| 230.538 10 0.52 486 6.8 40
13CO(1-0)| 110.201 22 0.75 159 0.3 40
13CO(2—1)| 220.398 11 0.55 339 1.7 40

Table 7.2: Summary of2CO and'3CO observations towards the Red Rectangle.
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7.3. An upper limit to the abundance of Corannulene

7.3 AN UPPER LIMIT TO THE ABUNDANCE OF CORANNULENE

7.3.1 MNODELLING

The interpretation of the observational upper limits of the line intensities in terms of
abundances of corannulene needs an a-priori knowledge of the intensity of its rotational
spectrum in the Red Rectangle environment. This requires detailed modelling of the
photo-physical processes that drive to the emission of rotational lines (cf.25e2\.

The modelling was performed by the Astro-CHemistry group of the University of Cagliari
(Italy) by G. Mulas and G. Malloci, using a well-established theoretical mddalgs

1998 Mulaset al., 2006). The model needs as input the UV-visible absorption cross-
section, the vibrational modes and their Einstein A ffiméents, the rotational constants
and the dipole moment of the molecules, which are obtained either by laboratory mea-
surements (cf. Sec.2.]) or by state-of-the-art quantum chemical calculatidvial¢

loci et al, 2004. The modelling was performed for a single corannulene mdgeicu

the specific radiation field of the Red Rectangle.

7.3.2 (DOMPARISON OF OBSERVATIONS AND MODELLING

To calculate an upper limit to the abundance of corannulene in the source, we assumed a
30 detection limit and a gaussian profile with a FWHM of 1 krh Before comparing

the observed rms to the model, we have to take into accountiéet ef beam dilution.

As a first approximation, we assume that PAH emission is distributed homogeneously in
a 10’ x 15" area as observed for AIB emissioVaterset al., 1998).

The best noise levels are reached, on average, with the 3 mm observations, but the 1
and 2 mm observations far less from beam dilution. To compute a reliable upper limit
to the abundance of corannulene, we chose the-23B34 transition at 2 mm, which
is not only the transition with the lowest rms, but also the best compromise between
the loss of flux due to beam dilution and expected intensity derived from the synthetic
spectrum.

The ratio between observations and theoretical predictions can be turned into an
upper limit for the fraction of AIB flux due to corannulene, which corresponds to the
fractional abundance of carbon locked up into corannulene relative to the total abun-
dance of carbon in PAHs. For this, we have scaled the mid-IR part of the synthetic
spectrum to the total AIB intensity measured in the Red Rectangle. This led to an inte-
grated flux ofF oger= 1.9% 1072°W cm2 in the 135— 134 line. We compare this value
with the area of the 3agaussian for the same transition, corrected for beam dilution:
Far = 9.0 x 1072Wem 2.

Comparing this upper limit with the results from modelling, we derive a value of
1.0x107° as our best limit for the fraction of carbon ingEl1o relative to the total carbon
in all PAHs. Assuming that 20% of total carbon atoms are locked in PAHS®Iglin
etal., 1992, this turns into a value of.Q x 107° of total carbon in corannulene. This
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Figure 7.4: Observations of the expected frequency range for the 43%34 transition at
137 GHz, the 86— 85 transition at 88 GHz of £H1o, the *2)CO(1-0) and'3CO(1-0),(2-1)
transitions. Horizontal red lines indicate the,2o- and 3r levels.
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Figure 7.5: Size distributions of PAHs according @ésertet al. (1990 andDraine and Lazar-
ian (1998, normalised to a carbon abundance in PAHs &fB)° relative to hydrogenJoblin
etal., 1992 Draine and Lazarigri9998. The two upper limits reported refer to the observations
of corannulene in the RR (this work) and of#E g in the difuse interstellar mediunkpkkin
etal., 2009. The discrepancy between models and observations suppertmtierabundance
of small PAHs in space.

result is much more stringent than the limit derivediitvaddeu$2006 for corannulene
in TMC-1, 1x 10°°.

7.4 CONCLUSIONS

Experimental studied_@fleur et al, 1993 indicate that corannulene is not a peculiar
PAH and is indeed observed as a sizable fraction of small PAHs produced by pyrolysis
of hydrocarbons that is commonly considered to be the formation mechanism of PAHs
in C—rich outflows Frenklach and Feigelsoh989 Cherchné etal., 1992 Cernicharo
etal., 200]). Corannulene can be considered as a good tracer of the snrhib&pula-
tion. Using the experimental resultslcdfleuret al. (1993, it is possible to translate the
upper limit of corannulene in an upper limit of the C atoms contained in small PAHs.
This yields to an upper limit 0£2% for the mass fraction of small PAHs containing less
than 50 C atoms with respect to the total mass in PAHs. Current models for interstellar
PAHs use a size distribution with about 20% of the mass in small PAHairfe and
Lazarian 1998 cf. Fig. 7.5). There is therefore a fierence of one order of magnitude
between the observations and the models.

This discrepancy can be interpreted in terms of the photo-destruction and produc-
tion processes of small PAHs in the environment of the Red Rectangle. The photo-
dissociation rate of corannulene in the Red Rectangle was calculated using a Monte-
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Carlo model and experimental results from the PIRENEA setobli@ et al., in prepa-
ration). Comparing this dissociation rate with the recombination rate with hydrogen
atoms, we determined that corannulene is expected to survive in its neutral hydrogenated
form in the Red Rectangle. Therefore, the observed underabundance of small PAHs is
most likely related to the production mechanism of small PAHs in C-rich outflows.
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ABSTRACT

Polycyclic Aromatic Hydrocarbons (PAHs) are widely accepted as the carriers of the Aromatic
Infrared Bands (AIBs), but an unambiguous identification of any specific interstellar PAH is
still missing. For polar PAHs, pure rotational transitions can be used as spectral fingerprints for
identification. Combining dedicated experiments, detailed simulations and observations, we
explore d the mm wavelength domain to search for specific rotational transitions of corannulene
(CyoHj0). We performed high-resolution spectroscopic measurements and a simulation of
the emission spectrum of ultraviolet-excited CyoHj( in the environment of the Red Rectangle
(RR), calculating its synthetic rotational spectrum. Based on these results, we conducted a
first observational campaign at the IRAM 30-m telescope towards this source to search for
several high-J rotational transitions of CyyH;o. The laboratory detection of the J = 112 «
111 transition of corannulene showed that no centrifugal splitting is present up to this line.
Observations with the IRAM 30-m telescope towards the RR do not show any corannulene
emission at any of the observed frequencies, down to a rms noise level of T, = 8 mK for
the J =135 — 134 transition at 137.615 GHz. Comparing the noise level with the synthetic
spectrum, we are able to estimate an upper limit to the fraction of carbon locked in corannulene
of about 1.0 x 1073 relative to the total abundance of carbon in PAHs. The sensitivity achieved
in this work shows that radio spectroscopy can be a powerful tool to search for polar PAHs.
We compare this upper limit with models for the PAH size distribution, emphasizing that
small PAHs are much less abundant than predicted. We show that this cannot be explained by
destruction but is more likely related to the chemistry of their formation in the environment of
the RR.

Key words: astrochemistry — ISM: abundances — ISM: individual: Red Rectangle — ISM:
lines and bands — ISM: molecules.

1 INTRODUCTION

Polycyclic Aromatic Hydrocarbons (PAHs) have been proposed
more than 20 yr ago as an important constituent of the interstel-
lar medium (ISM) (Léger & Puget 1984; Allamandola, Tielens &
Barker 1985), being the most likely carriers of the Aromatic In-
frared Bands (AIBs), the mid-IR emission features at 3.3, 6.2, 7.7,

*E-mail: paolo.pilleri @cesr.fr

© 2009 The Authors. Journal compilation © 2009 RAS

8.6, 11.3 and 12.7 um that dominate the spectra of many inter-
stellar ultraviolet (UV)-excited dusty environments (Allamandola,
Tielens & Barker 1989; Léger, d’Hendecourt & Defourneau 1989).
PAHs are also thought to be responsible for some of the Diffuse
Interstellar Bands (DIBs), more than 300 unidentified absorption
features in the UV-visible range observed in the spectra of reddened
stars (Léger & d’Hendecourt 1985; van der Zwet & Allamandola
1985). Finally, PAHs are nowadays a crucial ingredient in all mod-
els of interstellar extinction by dust, playing the role of the ‘Platt
particles’ (Platt 1956; Donn 1968) in contributing to the bump at
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Figure 1. Structure of the corannulene molecule (CooH ). The central pen-
tagonal carbon ring determines the bowl-shaped structure of the molecule,
with a permanent dipole moment of 2.07 D along the symmetry axis.

220nm and producing the far-UV rise in the extinction curve (Li
& Draine 2001; Cecchi-Pestellini et al. 2008). This has motivated
much experimental and theoretical work, but still an unambiguous
identification of a single species is missing. This task faces the dif-
ficulty that bands in the region of the AIBs, which are associated
with vibrations of aromatic C—C and C—H bonds, are common to the
whole class of PAHs. It is therefore difficult to use these IR bands
to identify single species, even though their study led many authors
to obtain information on the nature of their carriers (see e.g. Pech,
Joblin & Boissel 2002; Peeters et al. 2002; Berné et al. 2007; Joblin
et al. 2008). Vijh, Witt & Gordon (2004, 2005) proposed a tentative
identification of neutral pyrene (C¢Ho) and anthracene (C4H,o)
towards the Red Rectangle (RR) nebula but this identification was
challenged by Mulas et al. (2006c). Recently, Iglesias-Groth et al.
(2008) claimed a tentative identification of ionized naphthalene
(CIOHQ) by the correspondence of three bands from its electronic
spectrum with three observed DIBs.

Mulas et al. (2006b) showed that, in principle, it is possible
to identify specific interstellar PAHs by the detection of the ro-
vibrational emission bands that arise in the far-IR during the cooling
cascade following UV excitation. The observation of these bands
in the far-IR domain however requires airborne and satellite in-
struments due to strong atmospheric absorption, and will be one
of the goals of the Herschel Space Observatory (HSO).! On the
other hand, the rotational transitions of these molecules fall in the
mm domain, and are readily accessible with ground-based radio
telescopes.

In a PAH, the absorption of a UV photon generally leads to fast
internal conversion of its energy into vibrational energy of the elec-
tronic ground state. This energy is then released by ro-vibrational
emission in the mid-IR and far-IR range s (cf. e.g. models by Joblin
etal. 2002; Mulas et al. 2006a). The intensity of the rotational spec-
trum scales with the square of the dipole moment but, unfortunately,
most common neutral PAHs present very low (or zero) permanent
dipole moments. Still there are a few exceptions (Lovas et al. 2005;
Thorwirth et al. 2007), and Lovas et al. (2005) proposed that a good
PAH candidate for radio identification is corannulene (CyoHjp),
which has a large dipole moment of 2.07 D (see Fig. 1). Thaddeus
(2006) conducted a first search for corannulene in the molecular
cloud TMC-1 searching for the low-J transitions reported in Lovas
et al. (2005). One difficulty with such observational strategy is that
free PAHs are expected to be present at the surface of molecular
clouds (Boulanger et al. 1990; Rapacioli, Joblin & Boissel 2005;
Berné et al. 2007). In these regions, the molecules are excited by
UV photons and their rotational spectrum will differ from that of
cold molecules excited by collisions (Rouan et al. 1992).

Uhttp://herschel.esac.esa.int/
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There are several motivations to put further effort into the search
for corannulene in space. It is a member of the PAH population and
its detection would provide the first firm evidence for the presence
of such species in space.

Experimental studies (Lafleur et al. 1993) indicate that corannu-
lene is not a peculiar PAH and that it should not be classified as
an unlikely component in natural mixtures. It is indeed expected to
constitute a sizeable fraction of a mixture of small PAHs produced
by pyrolysis of hydrocarbons which is commonly considered to be
the formation pathway of PAHs in C-rich outflows (Frenklach &
Feigelson 1989; Cherchneff, Barker & Tielens 1992; Cernicharo
et al. 2001). In short, corannulene should be a good tracer of the
small PAH population.

Furthermore, with its bowl-shaped geometry, it is also represen-
tative of the transition between planar PAHs and curved fullerenes,
and several authors have proposed chemical pathways for the for-
mation of Cg involving corannulene (Haymet 1986; Kroto 1988;
Chang et al. 1992). The prototype fullerene molecule, Cg, has been
proposed in its cationic form (Cfy) to account for at least two DIBs in
the near-IR (Foing & Ehrenfreund 1994; Galazutdinov et al. 2000).

In this paper, we discuss the concerted efforts between modelling
and laboratory work that led us to perform a first observational
campaign to search for corannulene in UV-irradiated environments.
The RR nebula was chosen since it is the brightest source in the AIBs
in the sky and because it exhibits emission features at nearly the
same wavelengths as some DIBs (Schmidt, Cohen & Margon 1980;
Scarrott et al. 1992; Sarre, Miles & Scarrott 1995; Van Winckel,
Cohen & Gull 2002), making it a good source for validating the PAH
model. Modelling and laboratory work are described in Sections 2
and 3. Observations and data reduction are presented in Section 4,
and discussion is provided in Section 5.

2 MODELLING

The emission model for a generic interstellar PAH molecule de-
scribed in Mulas (1998) has been extended and applied to indi-
vidual PAHs in Mulas et al. (2006a), where the far-IR spectra for
a large sample of PAH species were presented. This model is ap-
plied here to calculate the rotational emission spectrum of a CaoHjo
molecule in the radiation field of the RR halo, as defined in Mulas
et al. (2006c), that is the region of the RR nebula which is out of
the bipolar cone and out of the dust torus surrounding the central
binary system. The model input parameters are the UV-visible ab-
sorption cross-section, the vibrational modes and their Einstein A
coefficients, the rotational constants and the dipole moment. The
rotational constants were taken from Lovas et al. (2005), while the
absorption cross-section, the frequencies and the A coefficients of
the IR active modes were obtained by state-of-the-art quantum-
mechanical calculations (available in the PAH spectral data base
http://astrochemistry.ca.astro.it/database, Malloci, Joblin & Mulas
2007). For all other relevant molecular parameters, we used the
same assumptions as in Mulas et al. (2006c¢).

Since calculations are for a single C,oH;o molecule, the synthetic
spectrum is then scaled in the following way to allow the comparison
with the observations.

(i) Any PAH (including corannulene, if present) absorbs energy
in the UV proportionally to its UV absorption cross-section, which
scales with the number of carbon atoms in the molecule (Joblin,
Léger & Martin 1992).

(ii) After the absorption of a UV photon, most of this energy is
re-emitted in the AIBs. We integrated the AIB flux between 3 and

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS
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15 um measured with the Short Wavelength Spectrograph (SWS)
onboard the Infrared Space Observatory (ISO) (Waters et al. 1998)
to estimate the energy absorbed by all PAHs in the nebula.

(iii) We calculated the expected integrated flux emitted by a sin-
gle corannulene molecule between 3 and 15 pum, and derived the
normalization factor to the flux measured by SWS.

(iv) We applied the same normalization factor to the whole spec-
trum, including the rotational transitions.

The Einstein A coefficients for spontaneous emission in the IR
bands are typically between 1072 and 10?> s~!. In case of pure
rotational transitions, typical A values are of the order of 10~°—
107 s~1. Therefore, the IR and rotational emissions are expected
to occur at different time-scales. However, the IR cascade can bring
the molecule in to a vibrationally excited (metastable) state, where
only IR inactive modes are populated. The molecule can therefore
spend a non-negligible amount of time in states like this, since their
main relaxation channel is via a forbidden vibrational transition.
With the modelling parameters adopted, corannulene is estimated
to spend roughly 60 per cent of its time in the ground vibrational
state, the remaining 40 per cent being divided in a large number of
different metastable states. A fraction of the pure rotational emission
of the molecule occurs then from such states, in which rotational
constants are slightly different from those of the ground vibrational
state. Rotational lines from such metastable vibrational states are
displaced from those emitted from the ground vibrational state,
and do not contribute to the observed line intensity. The estimated
time spent in the metastable state depends on the assumed radiation
field, and therefore on the spatial distribution of corannulene within
the nebula, which we assumed to be in the halo similarly to the
observed 11.3 um emission (Waters et al. 1998). If it is instead
located more similarly to the 3.3 um emission, which is closer
to the central source, the photon absorption rate would be higher,
the fraction of time spent in the ground state lower. The reverse
is true if corannulene is located further away from the source than
we assumed. The fraction of time spent in the ground vibrational
state depends also on our assumptions for the Einstein coefficients
for the IR—inactive modes (Mulas et al. 2006a). If corannulene
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turned out to have very unusual intensities for electric quadrupole
vibrational transitions, with respect to IR-active ones, this would
correspondingly change the estimated lifetimes of the metastable
states.

The associated emission in the rotational levels is shown in Fig. 2,
where a full width at half-maximum (FWHM) of 1 km s~ is as-
sumed and no scaling factor was applied to account for metastable
states. The resulting rotational spectrum is expected to have its most
intense lines around 150 GHz and to be spread over a few hundreds
GHz with a line spacing of about 1 GHz.

3 LABORATORY WORK

Corannulene is a polar, symmetric-top PAH with a bowl shaped
structure (see Fig. 1). The rotational energy levels of symmetric-top
molecules are segregated into series of K-stacks, distinguished by
the value of the rotational angular momentum K along the molecular
symmetry axis. For parallel bands, the selection rule for the K
quantum number is AK = 0, so that only levels within the same
stack can be connected through a rotational transition. In an ideal
rigid symmetric top molecule, the J — J+1 transition has the same
frequency along each stack, but in reality centrifugal distortion
generally separates the transitions in well resolved lines, the high-J
transitions being more affected by this effect. The high-resolution
rotational spectrum of corannulene has been measured by Lovas
etal. (2005) by Fourier transform microwave spectroscopy (FTMW)
up to J = 19 with no K-splitting observed up to this line, leading
to an upper limit of A x = 2.3 x 10~° for the centrifugal distortion
constant. For a radio astronomical detection, higher J transitions
(J > 100) are required because of the expected excitation pattern
of corannulene by the impinging UV radiation field. It is thus of
great importance to know whether K-splitting is still negligible for
high-J transitions.

Our laboratory measurements were performed using the Intracav-
ity OROTRON jet spectrometer in Cologne, which is characterized
by a frequency range of 112-156 GHz and a frequency resolution
of 10-15 kHz (Surin et al. 2001). In this setup, both the millimeter
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Figure 2. The rotational emission spectrum of corannulene in the RR calculated with the Monte Carlo model peaks around 150 GHz (left-hand panel) and
is spread over a few hundreds GHz, with a spacing of about 1 GHz as shown by the zoom of a small region around the maximum (right-hand panel). In the
figure, a FWHM of 1 km s~! has been assumed for the lines. The plot refers to the emission of corannulene molecules situated in the halo of the RR, and has
been normalized assuming that all the AIB flux measured by /SO-SWS was due to corannulene.
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Figure 3. The line detection at 114.18 GHz measured in the laboratory with
the OROTRON jet spectrometer, assigned to the J = 112 < 111 transition
of corannulene.

wave generator OROTRON and the supersonic jet apparatus are
placed inside a vacuum chamber. Corannulene was prepared by
solution phase methods (Sygula et al. 2001) and purified by chro-
matography on silica gel. The sample was crystalline powder which
was evaporated at a temperature of about 170°C, and injected into
the OROTRON cavity via a heated pinhole nozzle with Helium as
carrier gas. A backing pressure of about 1 bar and a jet repetition
rate of 5-10 Hz were used. At 114.18 GHz, a weak spectral feature
was recorded after 10 min of integration time, which has been as-
signed to the J = 112 < 111 transition of corannulene (see Fig. 3).
The central frequency is in agreement with predictions based on the
spectroscopic constants obtained from the FTMW measurements to
within 250 kHz. The line shows no K-splitting from which can be
concluded that the corannulene molecule is very rigid. Therefore,
the intensities of different K-stack transitions sum up, enhancing
the total intensity of each ] — J+-1 line by a factor of some tens, de-
pending on the temperature of the gas (Thaddeus 2006). Combining
the effects of polarity and the stiffness of the molecule, the intensity
of the radio spectrum of corannulene is expected to be 3—4 orders
of magnitude stronger than that of a typical polar PAH of the same
size and abundance, making corannulene an excellent candidate for
radio astronomical detection. The rotational constants derived from
the laboratory work have been used to refine the band positions
given in the synthetic spectrum. For the measurement of the coran-
nulene line described in this paper, 30 mg of corannulene had to be
spent. Further laboratory measurements in the mm-waveband are in
progress and will be described in more detail elsewhere (Herberth,
Giesen, in preparation).

4 SOURCE DESCRIPTION
AND OBSERVATIONS

The RR is a biconical C-rich nebula which surrounds a post-
asymptotic giant branch (AGB) binary system composed of the

primary star HD 44179 (spectral type AO) and its luminous giant
companion. It has been observed in the mid-IR with the SWS in-
strument onboard /SO and with the Infrared Spectrograph (IRS)
onboard the Spitzer Space Telescope. The dimensions on the plane
of the sky of the infrared bipolar nebula at 11.3 um are about 10 x
20 arcsec? (Waters et al. 1998). A warm, high density disc (ny > 3
10*cm=3, 30K < T < 400K) traced by CO emission (Bujarrabal
et al. 2005) surrounds the binary star with a thickness of roughly
3 arcsec along the symmetry axis.

Observations were performed with the IRAM 30-m telescope in
Pico Veleta in 2008 February. The observed frequency ranges cover
several high-J transitions of C0Hj at 1, 2 and 3 mm. Weather con-
ditions were acceptable for most of the time. We used the wobbling
secondary observing mode, with a beam separation of £100 arcsec
in azimuth. This observing mode ensures stable and flat baselines
and is well adapted to compact sources such as the RR.

Pointing was made on the central binary star HD44179 (a2000:
06:19:58.216, &x000: —10:38:14:691). Mars and Orion (a2g00:
05:35:14.5, 85000: —05:22:30.00) were used as reference sources
for calibration and pointing. Pointing was accurate within 3 arcsec
during all observations. The flexibility of the four receivers and of
the VESPA correlator allowed to cover several frequency ranges
within one configuration, with a spectral resolution of 40 kHz and
a total band pass of at least 40 MHz. We also used the 1 MHz res-
olution filter banks to obtain broad-band spectra (250 MHz) with
lower spectral resolution. During all observations, one of the back
ends was dedicated to the '*CO (1-0), (2-1) or '>?CO(2-1) transi-
tion, to check whether the telescope was pointed on source, and
to monitor the calibration accuracy. The observed >CO intensity
and line width are in good agreement with previous observations
of the RR with the IRAM 30-m telescope reported in Jura, Balm &
Kahane (1995). The summary of the >CO and '*CO observations
are reported in Table 1.

To improve the quality of the observed spectra, we manually cut
isolated spikes out of 4o (the two nearest channels being lower than
30), and discarded observations with anomalous system tempera-
ture or with a high sky opacity. Different observations of the same
transitions were averaged, and the antenna temperature was scaled
with the telescope main beam efficiency by the relation 7., =
T4 /Ny, Where np = F e / Begr. The central frequency, beamwidth,
beam efficiency, system temperature, rms level and bandwidth are
reported in Table 2 for each of the observed frequency ranges.
The expected flux derived from the synthetic spectrum and the 30
detection limit corrected for beam dilution are also reported for
the corannulene observations. The rms level was calculated after
smoothing the spectra to the velocity resolution of 0.4 km s~ In
Fig. 4, we show the observed spectra in the regions where the 135 —
134 and 86 — 85 transitions of CyoH)g are expected, and the 2co
and '3CO observations (further plots can be found in the electronic
version of the article — see Supporting Information). We did not
detect any corannulene line at any frequency. The best rms level
for corannulene has been obtained for the transitions J+1 — J =
135 — 134, 84 — 83 and 86 — 85.

Table 1. Summary of '2CO and '3CO observations towards the RR.

Transition Frequency  Beamsize  Befr Tys Area Bandwidth
J+1—-1J) (GHz) (arcsec) (K) (Kkms™') (MHz)
2co@2—-1)  230.538 10 0.52 486 6.8 40
Bco(1—0) 110.201 22 075 159 0.3 40
Bcoe—1) 220398 11 0.55 339 1.7 40
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Table 2. Summary of the observations towards the RR in different frequency ranges, corresponding to the expected
rotational transitions of corannulene. On average, the 3 mm observations have a lower rms, but suffer more from beam
dilution effects compared to the 1 mm observations.

Transition Frequency  Beamsize  Berr  Tsys Omb Bandwidth F3, Finodel
J+1—=1) (GHz) (arcsec) (K) (mK) (MHz) (107¥ Wem=2) (102! Wem™2)
84 — 83 85.643 29 0.78 117 10 80 14 5.7
86 — 85 87.682 28 0.77 107 12 80 1.7 6.2
108 — 107 110.104 22 0.75 170 14 80 1.6 13
111 — 110 113.316 22 0.74 276 21 120 23 14
135 — 134 137.615 17 0.70 219 8 80 0.9 19
215 — 214 219.059 11 0.55 346 45 80 54 53
216 — 215 220.076 11 054 328 20 80 24 5.2
223 — 222 227.197 11 0.53 269 23 80 29 4.0
226 — 225 230.248 11 052 389 30 80 3.8 3.7
238 — 237 242.450 10 0.50 525 22 80 2.8 23
257 — 256 261.763 8 046 546 39 40 54 0.9
Frequency (Hz) Frequency (Hz)
1.3763 10° 1.3762 10° 1.3761 10° 1.376 10° 877 10" 8.768 10" 8.766 10*
0.04 B
oo 1 ] f--ad 1 f ]
002
T ®) ” 1 UHJ‘ | 1ol Hl b 1] T 0 [~ ol I ]
QAT R T
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-0.02 |-
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e Y
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Figure 4. Observations of the expected frequency range for the 135 — 134 transition at 137 GHz, the 86 — 85 transition at 88 GHz of CyoH o, the 12CO(14))
and 3CO(1-0), (2-1) transitions. Horizontal red lines indicate the first 30 levels. See the electronic version of the article (Supporting Information) for further

plots.

the observed rms to the model, we have to take into account

5 RESULTS AND DISCUSSION the effect of beam dilution. As a first approximation, we as-

sume that PAH emission is distributed homogeneously in a
20 x 10arcsec? area as observed for AIB emission (Waters et al.
1998).

To calculate an upper limit to the abundance of corannulene
in the source, we assumed a 3o detection limit and a Gaus-
sian profile with a FWHM of 1 km s~!. Before comparing

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS
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The best noise levels are reached, on average, with the 3 mm
observations, but the 1 and 2 mm observations suffer less from
beam dilution. To compute a reliable upper limit to the abundance
of corannulene, we chose the 135 — 134 transition at 2 mm, which
is not only the transition with the lowest rms, but also the best
compromise between the loss of flux due to beam dilution and
expected intensity derived from the synthetic spectrum.

The synthetic spectrum has been normalized as if all the AIB
flux was due to corannulene, as explained in Section 2. The ratio
between observations and theoretical predictions can be turned into
an upper limit for the fraction of AIB flux due to corannulene,
which corresponds to the fractional abundance of carbon locked up
into corannulene relative to the total abundance of carbon in PAHs.
The synthetic spectrum predicts for the 135 — 134 transition an
integrated flux of Feger = 1.9 % 10722 Wem™2. We compare this
value with the area of the 30 Gaussian for the same transition,
corrected for beam dilution: F3, = 9.0 x 1072 Wcm —2.

An upper limit for the fraction of carbon in C,0H;o compared
to the total abundance of carbon locked in PAHs can be obtained
by the ratio F'3,/F moder- This ratio has to be modified to take into
account the fact that emitting C,0Hjo is not always in its ground
state. An average factor of 0.6 was derived in Section 2. Also, the
resulting estimate applies for the CyH;¢ main isotope. Different
isotopologues have slightly different rotational constants, which
have rotational lines in displaced positions. Assuming standard So-
lar system isotopic ratios and no fractionation, about 25 per cent
of corannulene molecules are expected to contain one or more '*C
atoms which results in an additional correction. Substitutions of 'H
with D occur in a negligible fraction of the molecules. In a circum-
stellar envelope around a post-AGB star, isotopic ratios depend on
the detailed history of the last phases of its precursor, and can be
significantly different from the accepted solar values. For the RR,
recent observations however failed to detect isotopomers of C,, CN
and CH containing *C, setting a lower limit of 22 for the '2C/3C
ratio in the RR nebula (Bakker et al. 1997). Assuming this ratio,
instead of the standard value of 89, would result in a factor of 1.7
for our final lower limit on the abundance and column density of
corannulene. Given that the 2C/!3C ratio in the RR must be >22,
this does not significantly alter our conclusions.

With these assumptions, and solar '>C/'3C ratio, we derive a
value of 1.0 x 10~ as our best limit for the fraction of carbon
in CyoHo relative to the total carbon in all PAHs. Assuming that
~20 per cent of total carbon atoms are locked in PAHs (Joblin et al.
1992; Tielens 2005), this turns into a value of 2.0 x 107° of total
carbon in corannulene. This result is much more stringent than the
limit derived by Thaddeus (2006) for corannulene in TMC-1, 1 x
1073,

This can be compared with the models of the size distributions of
interstellar PAHs in the literature. With a the PAH radius, Désert,
Boulanger & Puget (1990) used a size distribution N pap(a) o< a2
whereas Draine & Lazarian (1998) proposed a lognormal distribu-
tion. Assuming that the fraction of carbon locked in PAHs relative
to hydrogen is 6 x 10~> (Joblin et al. 1992; Li & Draine 2001),
we can use the derived upper limit to constrain the corannulene
abundance (relative to hydrogen) to be Nc,n,,/Nu < 3 x 1071

Fig. 5 shows both distributions using the relation a = 0.94/N¢ A
for compact molecules (Omont 1986) and normalizing the carbon
content in PAHs to 6 x 1073 relative to hydrogen. In the figure,
the distributions are represented as histograms with a bin size of
1 in N, to be directly comparable with the upper limits derived
for corannulene (this work) and for the larger species C4H;s that
has been measured in the visible range for the diffuse ISM (Kokkin
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Figure 5. Size distributions of PAHs according to Désert et al. (1990) and
Draine & Lazarian (1998), normalized to a carbon abundance in PAHs of
6 x 1077 relative to hydrogen (Joblin et al. 1992; Draine & Lazarian 1998).
The two upper limits reported refer to the observations of corannulene in the
RR (this paper) and of C4pH;g in the diffuse ISM (Kokkin et al. 2008). The
discrepancy between models and observations supports the photodestruction
of small PAHs in space.

et al. 2008). It is difficult to assess the significance of such a straight
comparison, however, since on one side we have a specific molecule
and its abundance, on the other side we have the summed abundance
of all PAHs in the same size bin. This would involve considering
all isomers with the same chemical formula, and assuming some
relative abundances among them. In the absence of more specific
information, we will use the experimental results cited in Section 1
about the minimum mass fraction of corannulene that is always
formed in pyrolysis experiments. In the chromatograms of the aro-
matic species produced in such flames, a few tens of species appear
to constitute most of the mixture of molecules with less than 100 C
atoms, fewer than 10 of them being by far more abundant (Lafleur
et al. 1993).

Using the PAH spectral data base (Malloci et al. 2007), we de-
termined that, for neutral PAHs, there is a tight linear correlation
(correlation coefficient r = 0.94) between the number of carbon
atoms and the absorbance integrated in the (236-500) nm range
used by the chromatogram in fig. 3 of Lafleur et al. (1993). This
means that we can use these integrated absorbances to quantify N¢
for each identified PAH in that chromatogram. We then derived the
mass fraction of pyrene compared to all PAHs, and that of corannu-
lene, assuming it corresponds to 1 per cent of the pyrene mass, which
is the lowest value reported by Lafleur et al. (1993). This leads to a
lower limit of ~4 x 107* for the fraction in mass of corannulene in
the mixtures of small PAHs produced in such experiments. Together
with our observational upper limit on the fraction of carbon atoms
in corannulene with respect to the total in all PAHs, this yields an
upper limit of ~2 per cent for the mass fraction of small PAHs
with respect to the total (3.4 per cent assuming the lower limit for
12C/13C). Integrating the two size distributions (see Fig. 5) in the
small molecule range (N¢ < 50) leads to a fraction of carbon in
small PAHs versus the total of ~19 per cent, an order of magnitude
larger than our upper limit. Based on the general assumption that
the formation of PAHs in evolved stars can be described by flame
chemistry (cf. Section 1), we can conclude that small PAHs in the
RR are significantly less abundant than the values predicted by the
size distributions reported in Fig. 5.

The underabundance of small PAHs in the RR can be due ei-
ther to selective destruction of small-sized PAHs (Allain, Leach &
Sedlmayr 1996b,a; Le Page, Snow & Bierbaum 2003) or to the
fact that PAHs grew to larger sizes directly in the C-rich outflow
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of the RR nebula progenitor where they were originally synthe-
sized. Interestingly, the analysis of observations of the 3.3 um AIB
and its overtone at 1.68 um in the young planetary nebula IRAS
2128245050 showed that PAHs emitting in these bands contain
about 60 C (Geballe et al. 1994). This rises the question of the min-
imum size of PAHs that are formed in evolved stars, an important
issue considering that these PAHs also appear to be the parental
species of interstellar PAHs (Joblin et al. 2008).

To determine whether photodissociation can destroy small PAHs
in the RR halo, we estimated the rate of the dominant photodisso-
ciation channel for corannulene, namely the loss of an H atom, as a
function of the internal energy U. This dissociation rate kq(U) was
calculated using the results on the coronene cation (C24H,+2) from
the PIRENEA set-up (Joblin et al., in preparation), and including
corrections for the variation of the density of states between CyH g
and C24Hfr2 [cf. formula (7) in Boissel et al. (1997)]. We combined
this rate with the distribution of excitation energies of CoHjg in the
RR halo obtained from the Monte Carlo simulation discussed above.
Multiplying the two and integrating, we obtained a photodissocia-
tion rate of ~1.1 x 10~8s~!, corresponding to a lifetime of ~2.9
yr. The reaction rate of dehydrogenated corannulene with H can be
estimated at a value of at least 2 x 107> s~!, using a rate coefficient
of ~2 x 107'%cm?s~! (Le Page et al. 1999) and a hydrogen den-
sity larger than 10° cm~3 (Men’shchikov et al. 2002). This is several
orders of magnitudes larger than the dissociation rate. Therefore,
corannulene is expected to survive in its neutral hydrogenated form
in the RR nebula.

From this work, we can conclude that radio spectroscopy can
be a powerful tool to detect specific polar PAHs. Our results in
the RR show that it can also be an efficient way to constrain the
abundance of small PAHs. Our analysis of these results suggests
that the underabundance of small PAHs in the RR is related to the
production mechanism for these species and not to subsequent UV
destruction. This conclusion will have to be further tested by both
observations in other environments and by laboratory studies on
the formation of PAHs in conditions that mimic the environment of
evolved carbon stars.
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sion of this article.

Fig. A1. Observations of the expected frequency range for the pure
rotational transitions of corannulene J +1 — J: 108 — 107, 111 —
110,215 — 214 and 216 — 215.
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Fig. A2. Observations of the expected frequency range for the pure
rotational transitions of corannulene J +1 — J: 223 — 222,226 —
225,238 — 237 and 257 — 256.
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Chapter

Production of small hydrocarbons in
PDRs

8.1 INTRODUCTION

In PDRs, very small dust particles such as PAHs and eVSGs are processed by the UV
radiation. In Chaps, we have analysed the photo-destruction process of eVSGsRis PD
that gives birth to free PAHs. Here we will discuss another possible product of this
process, that is the production of small gas-phase hydrocarbons.

Hydrocarbon abundances in PDRs

As already introduced in Chap. observational studies on PDRs have revealed that gas-
phase chemical models provide too low values of the abundance of small hydrocarbons
compared to that observed in several PDRs: NGC 7628r{teet al,, 2003, the Orion

Bar (Fuenteet al.,2003), IC63Teyssietet al.(2004) and the Horsehead nebuleefssier

etal., 2004 Petyet al,, 2005. Several reasons may be invoked to explain this discrep-
arcy:
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¢ the photo-dissociation rates for hydrocarbons used in the models may not be ac-
curate,

e the chemical models may lack important gas-phase reactions in the formation of
the small hydrocarbons,

e the models are biased by not taking into account non gas-phase pathways of small
hydrocarbons production such as the photo-destruction of larger species such as
the AIB carriers.

Recently, high spatial resolution observations and detailed modelling of the Horse-
head NebulaRetyet al, 2005 have shown that the latter mechanism is very promis-
ing to explain the discrepancy between observations and models. The authors showed a
very good spatial correspondence between the AIB and the small hydrocarbon emission.
However, since both PAHs and eVSGs contribute to the AIBs, it is not possible to con-
clude whether the destruction of one or the other population is the source of enhanced
hydrocarbon abundance in the external layers of PDRs. In the Horsehead nebula, there
is a strong density gradientl@bartet al,, 2005 and no spatial transition between the
PAH/eVSG populations can be observed at the resolution of the Infrared Spectrograph
(IRS) onboard Spitzer. In the north-west PDR of NGC 7023, the transition between the
different AIB carriers is very well resolved by IRS (see B@): PAH" are mostly lo-
cated in the low density medium (the so calleality), PAH® at the PDR interface, and
eVSGs further inside the molecular cloud. The transitions between ftieeatfit popula-
tions are observed at typical scales of a few arcseconds. Observations at the IRAM 30m
telescope towards NGC 7028dsséet al., 2000, Fuenteet al.,2003) reported detections
of several hydrocarbon species such agkekGand GH towards both the PDR peak and
the molecular cloud. The authors showed that chemical modeling predicts much lower
abundance (by one order of magnitudes) for these molecules towards the PDR peak, but
the large beam (12— 27”) at the observed frequencies did not allow a detailed spatial
study. Observations of these species at high angular resolution are therefore essential to
constrain the contribution of the fragmentation of PAHs and eVSGs to the hydrocarbon
abundance in this prototype object.

The aliphatic-aromatic evolution in PDRs

The loss of aliphatic side-groups attached to very small carbonaceous grains or PAHs
is a possible production pathway for small hydrocarbons in PDRs. Whereas pure aro-
matic compounds hawe&y hybridisation, aliphatics are linked throughp! bonds. Such

bonds are less stable against photo-dissociation than aromatic bonds, and upon absorp-
tion of UV photons they are therefore expected to be the first to brdaiif et al,

19969. The observation and analysis of the aliphat@matic evolution in the mid-IR

is difficult since the bands associated with these transitions overlap and their contribu-
tion cannot be easily disentangled. Nevertheless, the combination of laboratory studies
and observations suggests that complexes containing both aliphatic and aromatic groups
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Figure 8.1: The north-west PDR of NGC 7023 observed in theZdlum emission (colorscale,
Lemaireet al., 1996) and the GH emission observed at the PDBI with contours of 0.25 K kih s
(A. Fuente, private communication)

are evolving in PDRsSloanet al., 2007) and circumstellar disksAcke et al., 2010).

The near-IR domainfers the opportunity to study the aliphgéiomatic evolution be-
cause aliphatic complexes have an intense vibrational mode@i3which can be well
distinguished from the 3;/3m aromatic band. Indeed, previous observations of PDRs
(Geballeet al.,, 1989, Joblinet al,, 19963 Sloanet al., 1997) show a spatial variation of
the 3.43.3um band ratio, this ratio decreasing with longer exposure to UV photons.

This chapter presents the results and preliminary analysis of the high-angular reso-
lution observations of dierent hydrocarbon lines in NGC 7023 NW. The data will be
complemented by recent AKARI near-IR observation of the same source, that will en-
able to set up the study of the aliphgimmatic transition as given by the guwh band.

The results of these observations will be also discussed in relation with the mid-IR de-
composition presented in Chdp.

8.2 |INTERFEROMETRIC OBSERVATIONS

NGC 7023 NW was observed with the Plateau de Bure Interferometer (PDBI) inithe C
(1 — 0) transition at 87.316 GHz, with a beam size~ob” (A. Fuente, priv.comm.).
The observed g4 emission peaks just behind the emission at 2.m (Lemaireet al.,
1996) that traces the high density filaments at the PDR edge (se8.E)g.
Using the PDBI, we observed the north-west PDR of NGC 7023 at the frequencies of
several hydrocarbon lines, i.e. gidy, C;H, and GH. The corresponding frequencies
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are reported in Tabl8.1 The observations were performed in the CD configuration
leading to an angular resolution ef3.5”. The on-source time was about 10 hours with
very good weather conditions. The observations consist in a 5-field mosaic with full
Nyquist sampling covering the whole filamentary region wheskl @mission arises.

The fields of view of the all the fields superposed towards the filaments in correspon-
dence with the gH emission to maximise the signal-to-noise ratio in this region. The
data were reduced using standard GILBASsks Pety, 2005.

Molecule | Frequency (GHz) Ejow (cm™?) Quantum Numbers
c-GH 85.272 7.5035 (32,5/2,3) = (313,5/2,2)
c-GH; 85.338 1.6332 212 — 11

C4H 85.634 11.4234 (9,12) — (8,172)
C4H 85.672 11.4346 (9,12) — (8,152)
c-GH 85.695 7.4888 (32,7/2,3) = (313,7/2,3)

Table 8.1: Transition frequencies, lower state energies and quantum numbers for the interfero-
metric observations.

The interferometric observations filter the large scale emission and they need to be
combined with short-spacings information to retrieve the total flux of these lines. The
short-spacings observations were performed at the IRAM 30m telescope in the on-the-
fly observing mode, covering a 25& 200" area centered on the filaments, for a total
on-source time of about 6 hours. Both sidebands of the EMIR receivers were used: the
LSB was used to observe the same lines as those observed at the PDBI, whereas the USB
enabled to map the CS (2-1) transition at 91 GHz. The OFF reference position was cho-
sen in the western lobe of the cavityd = —144’, A6 = —47” offsets from HD 200775).
Observations ofCO (1—0) and G80 (1—0) at the 30m telescope (J. Pety, priv.comm.)
show a localised emission at blue-shifted velocitigg ¢ —1 km s?) at the chosen OFF
position. This emission caused a contamination in the final subtracted ON-OFF spectra
of c-C;H, at these velocities, which was correctdtilone using specific GILDAS tasks.
Typical vis; for these sources are in the 0-4 knh eange (see, for examplé&uenteet al.,

1996, Gerinet al., 1998), and therefore the contamination from the OFF to the main line
profile is negligible.

In figure8.2we show the channel maps of the observedk&mission at 85.338 GHz
and the comparison with the;Hmission at 2.4m of Lemaireet al. (1996). Similarly
to C,H, the c-GH, emission arises mainly towards two regions: the infrared filaments
and the northern bulk of the molecular cloud. Towards the filaments, the line peaks at
Vi = 24kms?, which is the same central velocity ashG; and the blue-shifted ve-
locities (18 < visr < 24kms?t) are mostly localised in this region. The red-shifted

1The C and D configurations are the two most compact configurations at the PDBI, with baseline
lengths from 24m to 229m
%http://www.iram. fr/IRAMFR/GILDAS/
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8.3. AKARI observations
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Figure 8.2: Channel maps for the c4E, observations (contours) in NGC 7023 NW. The H
2.1uym emission ofLemaireet al. (1996) is displayed in colour scale to evidence the high-
density filaments at the PDR border. The hydrocarbon emissiongats 2.4kms™ peaks
just behind the hot infrared filaments. The more redshifted velocitigs & 2.4kms?) are
associated to the bulk of the molecular cloud.

velocities iy = 2.4kms?) are mostly localised towards the bulk of the molecular
cloud. The signal-to-noise ratio of thegl (85.634 and 85.672 GHz) transitions is low,
which increases the complexity of the deconvolution process. In any case;HhetC
servations present very localised and faint detections. Eher@dical was not detected
down to a rms level of 100 mK. Figui® 3 compares the spatial patterns of the emis-
sion in the GH and c-GH,, lines and the mid-IR decomposition presented in CBap.
showing that the hydrocarbon emission peaks toward the g®#88° transition region.
Possible interpretations for this spatial coincidence will be addressed irBSect.

8.3 AKARI OBSERVATIONS

During the AKARI warm phase, we observed NGC 7023 NW using the IRC camera in
spectroscopic mode. These observations were performed in the context of the NESID
(Nature and Evolution of Small Interstellar Dust, P.I: F.Boulanger) project. The obser-
vations consisted in 20 stripes of lengthb0” and a pixel size of 8 For each spatial

pixel, the instrument provides spectroscopy in the 2up5range, with a spacing of

~ 0.01um between channels (99 R < 160). The calibration and data reduction for
each of the stripes were performed by the Japanese team led by T. Onaka. The stripes
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Figure 8.3: The NW PDR of NGC 7023 decomposed in PAkblue), PAH (green) and eVSGs
(red). Contours are c4El, (steps of 0.25 K km', left) and GH (steps of 0.25 K km3, right).

were then combined in a mosaic using thentagesoftwaré. The field of view of the
final mosaic is displayed in Fig.4. Unfortunately, the orientation of the slit could not
be specified by the observer, which results in a non-optimised coverage of the PDR.
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Figure 8.4: AKARI-IRC spectra at five dierent position in NGC 7023 NW. The positions of

the extracted spectra are indicated as grey shadows on the IRAM@&p. Contours trace the
complete field of view of the observations. Position 5 is the closest to the star, in the cavity, and
does not present any emission at@w nor the plateau at 3;bn. Position 3 is located towards

the PDR edge, and present very lby/133. The spectra extracted towards positions 1, 2 and
4, which are located deeper in the PDR, present a higigts 3 ratio, indicating that some
photo-processing is taking place in the more exposed regions of the PDR.

Shttp://montage.ipac.caltech.edu

102


http://montage.ipac.caltech.edu

8.4. Discussion
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Figure 8.5: First results from the analysis of the AKARI-IRC spectral cubes: the color maps
show the variation of thés4/133 ratio extracted from the near-IR fit. Contours represent the
C,H and c-GH, emission detected at the PDBI. They are given by steps of 0.25Kkm s

Figure8.4shows some examples of AKARI-IRC spectra towardiednt positions
in NGC 7023 NW. In general, the AKARI spectra of NGC 7023 NW show intense 3.3
and 3.4um band emission, a plateau in the 3.34@1®range, and a continuum that spans
the whole wavelength range. To extract the intensity of each component separately, we
fitted the spectrum in each pixel of the spectral cube with a set of Lorentzians centered
at 3.29 and 3.4m to represent the main bands, a broader Gaussian centered:at 3.5
representing the underlying broad feature and a linear continuum. The band FWHMs are
~ 0.03um for the Lorentzian bands and0.1um for the 3.5um Gaussian broad band,
although these widths may vary at @ifént positions and are set as free parameters in
the fit. From the results of the fit, it is clear that the ratio of the 3.4 angi®.Band
integrated intensities (hereafti,/133) varies with position. In particular, Fig8.4and
8.5show thatl3 4/133 increases with distance from the illuminating star HD 200775. The
near-IR continuum presents large variations, exhibiting a steep increase aropnd 3.3
Figure8.5shows the comparison between thgg/ |3 ratio (color scale) and the hydro-
carbon emission emission observed at the PDBI (contours as i8.Bjg.

8.4 DiscussioN

On the basis of the observations presented here, we can delineate a general evolution
scheme:

1. The emission of the small hydrocarbons such agkd,@nd GH is more intense
towards the IR filaments (Fig8.1and8.2). In particular, Fig.8.&hows that the
spatial patterns of the emissions of these two hydrocarbon lines are tightly corre-
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Figure 8.6: Pixel-to-pixel correlation of the integrated intensities gfHCand c-GH> in the
filamentary region of NGC 7023. The maps have been reprojected to the same grid, with a pixel
size of B'.

lated, as already observed in the Horsehead Nebula, whereas they are predicted
to arise at dierent cloud depths. There are several mechanisms that can con-
tribute to this &ect: excitation conditions such as high densities and temperature
(Fuenteet al,, 1996), geometrical issues leading to high column densittasid

etal., 1994, or indeed an enhanced abundance of these molecules. These th
possibilities need to be assessed within a complete modelling of the chemistry and
physics of the region. The study of the molecular filaments with high-resolution
HCO" observations have shown that geometrical issues have only a minor impact
in this region Fuenteet al., 1996), and therefore the general scenario seems in
favour of a combination of favourable excitatioffexts and an enhanced abun-
dance of hydrocarbons in this regidfuenteet al., 2003).

. The emission of small hydrocarbons peaks at the transition between eVSGs and

PAHSs (Fig8.3), where eVSGs are destroyed to produce free PAHs (@)aphis

is coherent with a scenario in which eVSGs are destroyed by the UV field and
small hydrocarbons are produced in the same process. This may happen by direct
loss of GH,,, molecules from eVSGs @and in a two-step process consisting in the
production of gas-phase PAHs that can then release their aliphatic sides. It is also
possible that hydrocarbons are released from the destruction of PAHs themselves,
a process that shouldfact primarily small PAHs. Laboratory resulidgeli Bac-

chitta and Joblin2007 Useli Bacchitta2009 show that for small PAHs under

UV conditions, the direct loss of small hydrocarbons such a4, ©r C4H, is a
possible fragmentation pathway. These species can then further evolve by gas-
phase chemistry.



8.4. Discussion

3. Whatever the origin of the 3:4n band in super-hydrogenated PAHSs or in aliphatic
sidegroups attached to PAHSs, the spatial evolution of this band is coherent with
the photo-processing of PAHs at the PDR front.

4. Interestingly, the peak of hydrocarbon emission in NGC 7023 NW coincides with
the region where the Extended Red Emission (ERE) is observed(AigERE
has been tentatively attributed to some PAH dimers that are expected to be pro-
duced during the photo-destruction of eVS@einéet al, 2008). A similar
spatial pattern for the ERE is derived in NGC 2023 S, as shown in fi§ure
However, this PDR has not been observed yet at high angular resolution in hy-
drocarbon lines. If, as suggested Bgrnéet al. (2008), the carriers of ERE are
ionised PAH dimers, the spatial correspondence between the emission of ERE and
small hydrocarbons may be due to the fact that all these species are produced in
the same photo-destruction process of eVSGs.

To summarise, these observational results are coherent with a scenario that involves
the photo-destruction of eVSGs by UV photons, producing a mixture of PAHs, ERE car-
riers and small hydrocarbons. However, the composition of eVSGs is still unclear. The
observations presented here are coherent with eVSGs being a mixture of PAH clusters
of various sizes, aliphatic groups aadsuper-hydrogenated PAHs. A detailed anal-
ysis using PDR models, quantum-chemical calculations and experiments is needed to
progress on the nature of these species. A model that quantitatively describes the photo-
destruction of PAHs and eVSGs is needed to constrain the destruction processes, and is
currently under development at CESR. Experiments on the photo-destruction of eVSGs
are also in progress at CESR using the PIRENEA seSip@¢n and Joblin2009, but
face the dificulty of finding a reasonable composition for these interstellar species.
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Figure 8.7: The NW PDR of NGC 7023Iéft) and the South PDR of NGC 2028dht) de-

composed in PAH (blue), PAH (green) and eVSGs (red). The extended red emission (ERE)

(Bernéet al., 2008) is displayed in contours.
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Figure 8.8: A cut along the star-PDR axis in NGC 7023 NW (Jedind NGC 2023 Sright)

illustrating the spatial variation of theftitrent emission features. The extended red emission
(ERE) peaks at the transition region between eVSGs and PAHSs, indicated by the yellow stripe.
The GH and c-GH; emissions in NGC 7023 NW are also found in the same region, suggesting
that the photo-destruction of eVSGs may be the source of both the ERE carriers and small

hydrocarbons.



Part IV

PAHs and gas in the physics of the
photo-dissociation region NGC 7023
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Chapter

On the morphology of NGC 7023

9.1 INTRODUCTION

NGC 7023, also called the Iris Nebula, is a reflection nebula in the Cepheus constellation
illuminated by the B2-5Ve star HD 200775 [RA(2008)21h01m36.9s ; Dec(200&)
+68°0947.8']. It has been shaped by the star formation process leading to the formation
of a cavity. NGC 7023 has been widely studied at many wavelengths. Recently, it has
been mapped by the instruments PACS and SPIREeo$chelto study the emission of
large cold grainsAbergelet al.,2010).

Previous molecular observations have shown that this region hosts structures at dif-
ferent gas densitiesny ~ 100cnT? in the cavity,~ 10°cm™ in the PDRs that are
located north-west (NW), south (S) and east, amt-100° cm™2 in dense filaments and
clumps that are observed in the mRuénteet al., 1996, Gerinet al, 1998 and refer-
erces therein) and near-IRémaireet al., 1996 Martini et al, 1997). In this chapter,
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9. On THE MORPHOLOGY OF NGC 7023

Figure 9.1: The reflection nebula NGC 7023 observed with the CFHT

we combine IR, sub-mm, and mm observations on the gas and dust components to bet-
ter characterise the regions towards the north-west and south PDRs associated with the
central star.

9.2 [Cu] Anp AIB EMISSION: INSIGHTS FROM HERSCHEL

The 158:m [Cu] and 63um [O1] lines are the major coolants of the gas at the surface of
PDRs Hollenbach and Tielend,999. In these regions, photoelectriffed dominates
the heating, while Hformation provides a minor contribution. Since the smallest dust
particles (PAHs and eVSGs) contribute to a large fraction to this pro&sdse$ and
Tielens 1994 Habartet al,, 2001), and these particles emit in the mid-IR most of the
erergy they absorb in the UV, we expect that the mid-IR and][€missions arise in
the same regions. We used the decomposition presented in Etoagisentangle the
PAH*/ and eVSG components in ti8pitzerIRS (for the star-NW cut) and ISOCAM
(S-NW cut) spectral cubes. A comparative study of the][@mission and AIB emission
can provide further insights into the origin of theffCemission and the morphology of
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9.2. [Cu] and AIB emission: insights from Herschel

the gas associated with the PDR. The modelling of the [€nission and its connection
with the energetics of the PDR is presented in the next chapter.

68.180

68.160

Dec (2000)

68.140

315.450 315.400 315.350
RA (2000)

Figure 9.2: The NW and S PDRs of NGC 7023 observed3pitzefrIRAC at 8um (red) and 3.6
um (green). The white circle represents the HIFI beam at 535 GH2) téWvards the H peak
. The dotted lines show the cuts that are studied in thg Enission line at 15@8m, whereas
white crosses indicate the specific positions reported inF=RBand Tabled.1. The star position
is shown with a black cross.

HIFI observations and data reduction

The HerschelHIFI observations of NGC 7023 presented here were observed as part
of the Guarantee Time Key Programme "Warm and dense interstellar medium" (WADI,
P.I.: V. Ossenkompf). They consist in the on-the-fly (OTF) mapping of thg [©01 GHz
(158um) emission line using the band 7b receiver tuned in USB. The line was observed
by both the wide band and the high resolution spectrometers. Two cuts were performed:
a cut from the star to the NW PDR (hereafter star-NW cut) and a south-north cut (here-
after S-NW cut) covering the S PDR, the cavity and the NW PRR £ -47’,-85 <

AS < +60” relative to the star position, see fi§.2). The pixel size after re-gridding is
6.5” and the telescope beam size at this frequency’fs These observations include

an OFF reference position in the western lobe of the cawity € —144", A5 = —47").

Data were reduced with HIPE 3.0f, 2010 on level-2 data produced with the stan-
dard pipeline. The [Gi] WBS spectra required defringing, which was performed with
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9. On THE MORPHOLOGY OF NGC 7023

Table 9.1: Summary of the HIFI data

Transition Vine PoOsition Beam Ny FWHM LA Area
[GHZ] size[”] [kms?t] [kms?t] [K] [Kkms™]
HCO" (6-5) 535.062 H peak 41 B+03 14+03 0.22 033+0.07
13CO (5-4) 550.926 H peak 41 2+03 12+03 512 65+15
13CO (8-7) 881.272 H peak 24 2+02 09+02 4.15 40+08
C'80 (5-4) 548.831 H peak 41 21+03 09+03 1.12 11+04
[Cu] 1900.537 H peak 11 2Z7+01 34+02 236 85%6+5.0
[Cu] 1900.537 S-NW cut-N 11 3+01 24+02 179 458+38
[Cu] 1900.537 S-NW cut-Cav 11 @+01 22+02 6.89 162+14
[Cu] 1900.537 S-NW cut-S 11 3+01 24+02 13.3 340+28

" For [C u], we report the FWHM of the Gaussian profile of equivalent area and peak intensity.

£ [ClI] Hy—peak

3 2oF [ClHI Cavity

20F [ClI] North

1 20 [Cll] South

Vi, (km/s)

10 -5

Vi (km/s)

10

Figure 9.3: Examples of Gt emission profiles at the +peak and at the three positions shown
by crosses on Fi@.2 north Aa = —477, A6 = +45"), cavity (Aa = -47", A§ = -20” ), and
south Aa = —-477, A = —80" ), with offsets relative to the star position. Vertical dotted line

indicates y; = 2.2kms?.

standard HIPE tasks. The best data quality was produced with the subtraction of two
sinusoidal fringes. To verify the biases introduced by the fringe removal, we compared
the defringed WBS and HRS profiles (smoothed at the same spectral resolution), which
showed good agreement both in profile and absolute intensity, except for the weakest
lines (T, < 4K). Figure9.3 shows some examples of the fCemission extracted at
different positions along the S-NW cut and thegéak. The typical noise level is1 K

in Tmp after smoothing the data to a 0.7 km spectral resolution.
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Figure 9.4: Comparison between the i 158um line flux (solid line) measured with HIFI

at a beam size of T’land the aromatic IR band (AIB) flux (5.5-14n) along the star-NW (a)

and S-NW (b) cuts. The error bars for iCare computed at one-sigma level. The AIB flux is
determined with a fit of the mid-IR spectra using the three PAH-related populations shown in
Fig.10.1; filled diamonds ar&pitzer data (1.8 pix~1), and open diamonds are ISOCAM data
(6" pix).

Comparison with the AIB emission

Figure9.4 displays the AIB flux, A;g, obtained by summing the fluxes of the PAH
PAH*, and eVSG components that were derived from the fitting procedure presented
in Chapb. It shows that the AIB intensity correlates well with theif[dline intensity,
strongly supporting that both emissions arise from the same regions. The fit of the mid-
IR emission provides two independent tracers of the total gas column density N(H) along
the line of sight as explained below.

1. Owing to the excitation mechanism, the AIB intensity can be considered to be
proportional to the exciting UV fluxG,, and the column density of the emitting
material. Assuming thal$,;/N(H) stays constant at the PDR surfacgg Ican
therefore be used as a traceMN(H) if G, is known.

2. If the column densityN(H) is high enough, thefiect of extinction by silicates
can be seen on the AIB spectrum. We derived the column density of gas asso-
ciated with the PDR by applying directly to the mid-IR spectral cubes the fitting
procedure explained in Chapthat includes the extinction.

113



9. On THE MORPHOLOGY OF NGC 7023

Method 2 is precise for column densities higher tihfi) ~ 10?2 cm2. Method 1
can probe lower column densities but susffrom two limitations. The AIB emission
needs to be corrected for the variation in the UV fielgt&retrieve the value of N(H).
This was done assuming thag &ales as the inverse squared distance to the illuminating
star HD 200775 and a value oG 2600 at 42 from this star, as derived in Cha.
We used the projected distance as an estimate of the true distance. This introduces an
error that can be especially strong at positions close to the star in the plane of the sky.
Figure9.4shows that the AIB emission stays almost constadtatl6” in the star-NW
cut, therefore we used this value as the minimuteative distance of the NW PDR
to the star. Method 1 also needs to be calibrated since the local emissivity of the AIB
carriers is not known precisely. Our approach was therefore to derive a calibration factor
using the values obtained by method 2 at a distance 42’ on the star-NW cut. The
same calibration factor was used for all positions along the two cuts. A finer approach
would consist in the description of these regions with a geometrical model, similarly to
what has been done in Ch&dor the interior of the PDR.

Figure9.5shows that the column densities that were derived on the tveacoutelate
quite well with the [Gi] line intensity.

1023
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Figure 9.5: Comparison between the [i§ 158um line flux (solid line) measured with HIFI at a
beam size of 17 and the column density N(H) along the star-NW (a) and S-NW (b) cuts. N(H)
was derived from both the AIB flux (diamonds) and the mid-IR dust extinction (open circles);
filled diamonds and open circles @pitzerdata (1.8’ pix~1), and open diamonds are ISOCAM

data (6” pix?).

A higher density filament is clearly observed around positioh &0 the star-NW
cut. Attenuation of the mid-IR emission is observed here over a physical size of few
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9.3. HCO emission and the high-density filaments

arcsecs, that is small compared to the full size of the filame®%” at half maximum
obtained in extinction with method 2, cf. S€c3).

Finally, it is interesting to note that the S-NW cut, that has been observediip [C
is going through a denser or more extended structure. It corresponds indeed to a clump
that is well observed in CS (see sect@#).

903 HCO" EMISSION AND THE HIGH-DENSITY FILAMENTS

Visr (km/s) Visr (km/s)

Figure 9.6: 13CO, C'®0, and HCO high-J transitions observed with HIFI toward the H
peak.The vertical dotted line indicatgg\= 2.2 kms?.

Interferometric observations obtained at the Plateau de Bure Interferometer (PdBI)
in HCO" (Fuenteet al,, 1996) and other tracers with high dipole moments such as CS,
HCN, and CN show the presence of high-density filaments in NGC 7023 NW, with hy-
drogen densities ofy; ~ 10° — 10° cm3. However, the observations at mm wavelengths
can probe only low-J transitions of these molecules. The high-J emission lines, that arise
from gas at high temperature and density, are accessibldHeittchel and can be used
to further constrain the physical parameters towards these filaments. Here, we compare
the HCO (6—5) emission observed with HIFI and lower J transitions from previous
ground-based observations.

HCO* was observed with HIFI at the Apeak position (see Fi§.2) towards the
NW PDR in bands 1a and 3b. We used the frequency-switch observing mode, with a
frequency throw ok 0.9 MHz. In band 1a, the frequency ranges covered by the WBS
were [535-539] GHz (LSB) and [547-551] GHz (USB). In band 3b, covered ranges
were [879-883] GHz (LSB) and [891-895] GHz (USB). The observed posithan£
-25", A6 = +38’, called H peak) corresponds to the peak intensity of therét
vibrational emission associated to the near-IR filamdmm@ireet al., 1996). The OFF
positions was the same that has been used fai] [@servations. Manual steps in the
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data reduction were performed in HIPE 3.0, and consisted istitahing of sub-bands,
baseline removal, and correction for main bedfitiency (m, = 0.71).

Fuenteet al. (1996) have shown that the thickness of the high density filaments as
traced by the HCO 1—-0 line observed at the PdBI is about.6Assuming that the
(6—5) line arises from the same region, we estimate a dilution factor of 5.4 in the HIFI
beam of 41. Fuenteet al. (1993 reported the observations of HE@3—2) with the
IRAM 30m telescope towards a close-by position. The beam of the 30m telescope at this
frequencies (8) is comparable to the thickness of the filaments, so that diluti@Tes
should be negligible.

Using RADEX (van der Taletal., 2007, we reproduced the brightness temperature
of the interferometric HCO(1—0), single dish (3»2) andHerschel (6—5) transitions.

The observed brightness temperatures can be reproduced within 20% assuming a column
density of N(HCO) = 3.5 x 10'3cm2, a kinetic temperature of 95K and a density of

ny = 2x 10°cm3. Considering the uncertainty on dilution factors, calibration and
pointing accuracy, this level of accuracy is very good.

Assuming that high-J lines dfCO and G®O arise from the same region, we can
estimate a dilution factor in HIFI beam of 5.4 and 1.5 for the>@ and (8-7) lines,
respectively. The observed brightness temperatures for these CO isotopes are also con-
sistent with the estimates of density and temperature obtained front ld@t@ at the
same level of uncertainty as for the HC@stimates.

9.4 THE cLUMP

One of the results of the fitting procedure described in Ch#pthe column density of

the gas associated with the PDR. Fig@réshows the ffed of the extinction correction

in the fit of the AIB spectrum extracted towards the clump position. Assuming a distance
of 430 pc, the angular extend of the clump (FWHM14") translate into a physical
length of 8x 10®cm (0.025 pc) for the width at half maximum. Using the column
density ofN(H) = 7.2x 10??cm~2 derived at the peak (see also fij5) we can estimate

a density in the clump oh(H,) = 4.5x 10° cm 3,

The NW PDR of NGC 7023 was observed in April-November 1997 with the IRAM
5-element array at Plateau de Bure (France) in its CD configuration (A. Fuente, private
communication). The observations consist in a 5-field mosaic covering an almost cir-
cular region of~ 100" in diameter. Receivers were tuned double side band to observe
at the same time the CS{1) transition at 97.98 GHz (with a beam FWHM f3")
and the CS(5>4) transition at 244.935 GHz (FWHM 1.5”). The CS lines peak at a
Visr ~ 2.4km s, with a second peak at 1.8 kms?,

Figure 9.8 shows the correlation of the column density derived with thd-IRi fit
and the integrated intensity of CS emission in thi&@-12.8km s range. This spatial
correlation is striking: CS (2» 1) emission arises from the same region where the IR
emission is absorbed, further supporting the evidence of a high density region (hereafter
the clump associated with the PDR.
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Figure 9.7: Fit of the mid-IR emission spectrum from the clump position without the extinction
correction (left) and with the fully mixed correction (right).
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Figure 9.8: Comparison between the integrated CS-2 1) emission (colour scale) and the
extinction Ay derived from the mid-IR fit (black contours, steps of 5mag). White contours
represent the tentative CS8!) detection (levels from 1 to 5 kmsin steps of 1kmgs'.)

This result provides strong evidence that the clump is placed in front of the PDR,
producing a shadow in the AIB emission. To illustrate thi®et, we show in figure
9.9 three stripes along the star-PDR axis. For each of the stnpeseport a profile
of the IRAC 8um and CS (2>1) emission and the hydrogen column density obtained
with the mid-IR fit. In stripe (1), which is passing through the clump, then8&mission
profile decrease abruptly and present a hole in correspondence with the maximum of CS
emission anddy. In stripe (2) such decrease has a smoother profile. Stripe (3), which
does not present CS emission or mid-IR absorption, shows a very smooth decrease in
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Figure 9.9: Left: IRAC 8um emission (colour scale) of the north-west PDR of NGC 7023.
Contours represent the magnitudes of visual extinction derived from the analysis of the IRS
spectral cubes, in steps oR§. Right: The stripes indicated in the left panel, reporting the IRAC
8um emission (up), théy and the CS (1) emission observed at the PDBI (down). Strip 1
pass through the clump, which is characterised by the Aigland the intense CS emission.

This correspond spatially to a abrupt decrease in the PAH emission traced by the JRAC 8
emission. Strip 3 passes in a region with no extinction, and the decrease in the PAH emission is
quite smooth. Strip 2 is an intermediate case.

the IRAC 8um emission.
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Figure 9.10: AKARI-IRC near-IR spectrum towards the clump position, showing the absorp-
tion of CG; ices.

Finally,Fig.9.10shows the AKARI-IRC spectrum between 2.4 extracted at the

clump position. This spectrum presents several interesting features, apart from the 3.3
and 3.4 um complex. In particular, broad absorption bands are present at 4.27 and

3.04um, which correspond respectively to the CO stretching mode ip iC€ and to
the OH stretching mode in 4 ices Gerakineset al., 1995. The CQ ice presents
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9.4. The clump

another feature in the mid-IR, but it has a lower absorpticengfth and is blended with
PAH features, which make it ficult to observe in PDR spectra. Using the laboratory
absorption coicients ofGerakineset al. (1995 and the column density derived from
the mid-IR fit, we can estimate an abundance compared to-H%ok 1076 for CO, and

~ 4x10°® for H,0. The abundance of GQelative to BO is much lower £ 10— 20%)

in star-forming regions and dark molecular clou@e(akineset al, 1999 Nummelin
etal., 2001 Berginet al,, 2005). However, this ratio is highly variable and the abundance
of solid CO, has been measured to ke45 compared to bD in the Large Magellanic
Cloud Shimonishietal., 2008. InterestinglyHerschelobservations in the WADI key
program have revealed that in PDRs the abundance of gas-pk@ss tsually less than
that predicted by models. These observations show that there is still more work to do to
characterise the gas-grain interactions.
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Chapter

The energetics and dynamics of NGC
7023

10.1 VERY SMALL DUST PARTICLES, [C 1I] EMISSION AND THE
COOLING OF PDRs

The contribution of small dust particles to the photo-electric heating of PDRs depends
on the size and charge state of the grain. Current models use empirical grain size dis-
tributions that enable to predict the contribution of PAHs and VSGs to the gas heating.
These models need to be compared with observations. As mentioned in3Chap.

way to proceed is to measure the photo-electficency, defined as the ratio between
the energies emitted in the main PDR cooling lines and in the far-IR continuum. At the
edges of PDRs, the main cooling lines are tha][@nd [O1] lines. The recenterschel
mission is now providing observations of these lines at high spatial and spectral resolu-
tion. The comparison of these lines with PAH observations allows a quantitative study
on the role of PAHs in the thermal balance of PDRs. At this time, only][@bserva-

tions has been performed towards NGC 7023, while PACS observations of tHeg3

are still pending. Nevertheless, a preliminary comparison betweahd@ission and

the diferent PAH populations can be performed.
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10. THE ENERGETICS AND DYNAMICS OF NGC 7023

[C u] modelling

The critical density for the [@] 158um line is ng;=2500 cnT® for collisions with H
and the line emissivity depends mainly on temperaturefsrn.;. We selected a few
positions on the HIFI S-NW [@] cut, three points on the NW PDR and two on the
South PDR (cf. Tabl&0.1). The values o5, were determined as explained in Chép.
and we assumed a constant average density with twerdifit valuesn, = 2x 10* cm™3
that is characteristic of the molecular clou@gfinet al, 1998 andny = 7 x 10°cm™3
that was derived bRapacioliet al. (2006) in their study of PAH-related species.

We used the 1D Meudon PDR codeg( Petitet al., 2006) to compute the gas tem-
peratureT at the cloud surface for all the selected positions (cf. Ta0l&. Assuming
a two-level system, the values ®fcan be used to calculate thé @vel populations,
andng:

Mo Jo KT/ 14+ Ao

Y10NH

(10.1)

whereg;/go = 2 is the ratio of the statistical weights of the two levels involviggl, is
the energy separation between the two leveis the Boltzmann constamyg = 2.29x
10®sis the Einstein coicient for spontaneous emission angd = 8.86x 10 1%cm
st is the collisional cofficient for C" with H.

Line intensities are then derived by integrating along the line-of-sight (perpendicular
to model results) and by assuming uniform excitation conditions. The thickness of the
observed regions can lead to optical depthsl, which implies that radiative transfer
effects must be taken into account. If we assume constant excitation conditions and gas
properties along the line of sight, thertan be computed analytically:

(S ) ¢ Ny

_ — 10.2
8rAvp V3 0, ( )

where Avp is the Doppler width of the line andy = 19005369 GHz is the central
frequency of the line and we use the results of the previous chapter for the column
densityNy. Oncer is known, we can compute also the intensity of the line using

22 1 - exp(-7)
= C2 Ging AVD.

o M

We calculated the expected line intensity for five positions along the S-NW cut for
bothny = 7x 10°cm™3 andny = 2 x 10 cm3. The results are reported in Tadle.1

The agreement between calculated and observed flux values is very good when using
ny = 7x10%cm 3, In the NW PDR, the ratio is 1.0 for NW3 (16) and NW2 (12), and 1.4
for NW1 (-3). For the S PDR, a value of 2.3 is derived for the two positions, suggesting
that systematicféects are causing the deviation between observed and calculated values
of the [Cu] flux. There are several parameters that are not precise in our model but
looking at Tablel0.], it seems the local [@] emissivity is mainly &ected by the local

| (10.3)
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10.1. Very small dust particles, i emission and the cooling of PDRs

density and not by the value ofGFor N(H), we assumed the same regions emitin PAHs
and [Cu], in agreement with the profiles shown in F&g4. Another source of error is
the use of a temperature calculated at the surface rather than in the region emitijng [C
emission. There is also an error for N(H) due to our method (cf. G)aput this error
Is expected to be the same for both PDRs. Dividing N(H) by a factor of two leads to
lower values of the ratio of the calculated over the observad flox: 0.7-0.8 for the
NW PDR and 1.6-1.7 for the S PDR.

One step further in the model would consist in studying tiieot of the grain charge
on the photoelectricféciency Bakes and Tielensl994. The relative abundances of
PAH*, PAH’, and evaporating VSGs vary significantly over the nebula (). Re-
gions in the cavity appear mainly populated by PAg@f. NW1 (-3) in Tabl€l0.1).
Since the ionisation potential of PAHs much higher than that of PAH~10eV com-
pared to~6 eV; Malloci et al. 2007), PAH* should contribute less to the photoelectric
heating than PAH leading to a decrease in the heating rate, hence in the gas cooling. In
its current version, the PDR code uses classical grains with an MRN distribMathié
etal., 1977 and absorption and scattering cross-sections fraor and Draing1993.
We have used grains of sizes from 15 A to 3000 A with a dust-to-gas mass ratio of 1%.
As a result, the ionisation parametethat quantifies the grain charge (cf. Tab@®1)
does not reflect well the variations of the PAH charge observed inlBid. An up-
graded version, in which the PDR code is coupled to the code DUSTEMNhpiegne
etal., 2010, is under development (Gonzalez et al, in preparation) aticaiow the
inclusion of PAHs and a description of their charge variation. NGC 7023 is clearly a
template region that could be used for these studies.
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Table 10.1: Summary of the PDR modelling of the [Lemission for 5 points along the HIFI S-NW cut¢ = —47")

Pos. Ad) dyo; UV field T PAH*/PAHC lonisation N(H) [Cu]local [Cu ] flux
@ (b) (© parametery) (b) (d) emissivity(b) HIFI Model (b)
(") (") (Go) (K) (10 Gy K¥2¢em?)  (10Ptcm?) (102*Wm™3) (10'W m=2sr?)
NW3 (16) 50 1873 337333 1.9 11.0 29.5 10.5 4.41.4 8.0 11.08.0
NW2 (12) 48 1975 342333 2.7 11.731.1 8.1 4.41.4 6.9 9.57.1
NW1 (-3) 47 2100 348333 9.6 12.6 33.0 3.9 4.41.4 33 5646
S1(-63) 79 747 248320 1.7 3.911.8 8.7 4214 31 8372
S2 (-73) 87 607 230312 0.96 3.09.5 14.0 4714 3.7 9.684

(a) Calculated using a projected distance agdZ800 at 42’ from the star.
(b) From the PDR model usimy; = 2 x 10*/ 7 x 10°cm3, respectively.
(c) Given as the ratio of the mid-IR intensities shown in Bi@.1

(d) Derived from the analysis of the mid-IR emission spectra.
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10.2. Perspective in the study of PDR dynamics
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Figure 10.1: SNW cut in [Cu] emission measured with HIFI at a beam size of Xdlot-
dashed line) and distribution of the emission from th@edent very small dust populations,
PAH" (blue), PAH (green) and evaporating VSGs (red); filled diamondsSpiézerdata (1.8’
pix~1) and open diamonds are ISOCAM datd (pix1).

10.2 HERSPECTIVE IN THE STUDY OF PDR pynAMICS

Figure 9.6 shows the"*CO 5-4, *CO 8-7, C'80 5-4, and HCO 6-5 lines observed

by HIFI towards the K peak. All the lines have a central velocity of about 2.2kMm s

comparable to previous ground-based observations in several molecularHuergg

etal., 1993. Figure9.3 shows the [Gi] line profiles at the K peak and at dierent

positions along the S-NW cut. The line is much broader than molecular lines and its

profile shows a complex multi-component structure. Its emission peaks at intermediate

velocities (vsr ~1.8-2.8 km st) towards the PDRs, but there is also a contribution from

higher velocity components (v ~4 km s1), which dominate the emission in the cavity.
The position-velocity diagrams (Fi@j0.2 for the [Cu] line at the very high spectral

resolution of HIFI provides evidence for an evaporating flow of gagat= 4kms?

(or ~ 1.8 km s relative to the quiescent gas velocity). This line appears then as a very

good tracer of physical conditions in evaporating flows associated with dense molecular

structures in PDRs. The interpretation of the gas kinematics in NGC 7028iuli

Even though the position velocity diagrams support the evaporating scenario, there can

be other explanations. The gas at 4 kiabserved in the cavity could be also due to

the expansion of the cavity, as hinted by the velocity structure detected émii$sion

in the cavity Fuenteet al, 1998), andor a shock associated with the photodissociation

front. The comparative study of the {Tline profile in the diterent sources observed

in the WADI consortium will provide further insights on this issue. The analysis of the

CO band profiles can also constrain the physics of these processes.
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Figure 10.2: In the main image, the North and South PDRs of NGC 7023 and the illuminating
star HD 200775: in red, the PAH emission observed with the Spitzer IRAG fdter, and in
green the vibrationally excited Hemission tracing the filaments (frorhemaireet al., 1996).

The white dotted lines represent the twb €ripes observed with HIFI, for which we report also
the position-velocity maps. On the upper right, thea®d'3CO (1—0) spectra at four positions

on the vertical cut (green labels). Finally, the white circle represent theeldk position, for
which we show the €and3CO (8-7) spectra observed with HIFI aféCO (1—-0) observed
with the IRAM 30m telescope.
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ABSTRACT

Context. We investigate the physics and chemistry of the gas and dust in dense photon-dominated regions (PDRs), along with their dependence
on the illuminating UV field.

Aims. Using Herschel/HIFI observations, we study the gas energetics in NGC 7023 in relation to the morphology of this nebula. NGC 7023 is the
prototype of a PDR illuminated by a B2V star and is one of the key targets of Herschel.

Methods. Our approach consists in determining the energetics of the region by combining the information carried by the mid-IR spectrum (extinc-
tion by classical grains, emission from very small dust particles) with that of the main gas coolant lines. In this letter, we discuss more specifically
the intensity and line profile of the 158 um (1901 GHz) [C 11] line measured by HIFI and provide information on the emitting gas.

Results. We show that both the [C 11] emission and the mid-IR emission from polycyclic aromatic hydrocarbons (PAHs) arise from the regions lo-
cated in the transition zone between atomic and molecular gas. Using the Meudon PDR code and a simple transfer model, we find good agreement
between the calculated and observed [C I1] intensities.

Conclusions. HIFI observations of NGC 7023 provide the opportunity to constrain the energetics at the surface of PDRs. Future work will include

analysis of the main coolant line [O 1] and use of a new PDR model that includes PAH-related species.

Key words. ISM: structure — ISM: kinematics and dynamics — ISM: molecules — submillimeter: ISM

1. Introduction

One main goal of the guarantee time key programme “Warm
and dense interstellar medium” (WADI) of the HIFI hetero-
dyne spectrometer (de Graauw et al. 2010) onboard Herschel
(Pilbratt et al. 2010) is to investigate the physics and chem-
istry of the gas and dust in dense photon-dominated regions
(PDRs), as well as their dependence on the illuminating UV
field. As part of this programme, we observed a prototype PDR,
NGC 7023. The region is illuminated by the B2Ve HD 200775
[RA(2000) = 21h01m36.9s ; Dec(2000) = +68°09'47.8”], and
has been shaped by the star formation process leading to the
formation of a cavity. NGC 7023 has been widely studied at
many wavelengths. It has been shown that this region hosts struc-
tures at different gas densities: ny ~ 100cm™ in the cavity,
~10*cm™ in the PDRSs that are located north-west (NW), south
(S) and east, and 10°-10%cm™ in dense filaments and clumps
that are observed in the mm (Fuente et al. 1996; Gerin et al.
1998 and references therein) and near-IR (Lemaire et al. 1996;
Martini et al. 1997).

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

Article published by EDP Sciences

NGC 7023 has been mapped by the instruments PACS and
SPIRE of Herschel to study the emission of large cold grains
(Abergel et al. 2010). We present here some observations of the
gas at the surface of this nebula, taking advantage of the very
high spectral resolution of HIFI. By combining these observa-
tions with previous mid-IR observations, we study the geometry
and energetics of the NW and S PDRs.

2. Observations and results

2.1. HIFI observations

The HIFI observations presented here consist in (offset positions
are relative to the star; see Fig. 1):

— single pointing using frequency switch mode towards the
NW PDR in bands la and 3b. In band 1la, the frequency
ranges covered by the wide band spectrometer (WBS)
were [535-539] GHz (LSB) and [547-551] GHz (USB).
In band 3b, covered ranges were [879—883] GHz (LSB)
and [891-895] GHz (USB). The observed position (Aa =
-25", Aé = +38”, called H, peak) corresponds to the peak
intensity of the H, ro-vibrational emission associated to the
near-IR filaments (Lemaire et al. 1996);

— on-the-fly (OTF) mapping of the [CII] 1901 GHz emission
line in band 7b. The line was covered by both the WBS and
the high-resolution spectrometer (HRS) in USB. Two cuts

Page 1 of 5
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Table 1. Summary of the HIFI data.

Transition Vime  Position Beam Uler FWHM' Ty Area
[GHz] size["]  [kms™']  [kms™']  [K] [Kkms']
HCO* (6-5) 535.062  H, peak 41 23+03 14+03 022 033+007
3CO (5-4) 550.926  H, peak 41 22+03 12+03 5.12 65+1.5
3CO (8-7) 881.272  H, peak 24 22+02 09x02 4.15 4.0+0.8
C'80 (5-4) 548.831  H, peak 41 21+03 09x03 1.12 1.1+04
[C] 1900.537  H, peak 11 27+0.1 34+02 236 856+5.0
[C] 1900.537  S-NW cut / North 11 25+01 24+02 179 458+3.8
[C] 1900.537  S-NW cut / Cavity 11 40+0.1 22+02 689 162+14
[C1] 1900.537  S-NW cut / South 11 25+01 24+02 133 34028
Notes. ¥ For [C11] , we report the FWHM of the Gaussian profile of equivalent area and peak intensity.
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Fig. 1. The NW and S PDRs of NGC 7023 observed by Spitzer-IRAC
at 8 um (red) and 3.6 um (green). The white circle represents the HIFI
beam at 535 GHz (41”") towards the H, peak. The dotted lines show the
cuts that are studied in the [C11] emission line at 158 um with a beam
of 11”, whereas white crosses indicate the specific positions reported in
Fig. 2 and Table 1. The star position is shown with a black cross.

were performed: a cut from the star to the NW PDR (star-
NW cut) and a south-north cut (hereafter S-NW cut) cover-
ing the NW PDR, the cavity and the S PDR (Aa = —47",
—85 < A < +60”, see Fig. 1). The pixel size after regriding
is 6.5”.

All these observations include an OFF reference position in the
western lobe of the cavity (Aa = —144”, A§ = —47" ). Data was
reduced with HIPE 3.0 (Ott 2010) on level-2 data produced with
the standard pipeline. For the pointed observations in bands 1a
and 3b, manual steps consisted in stitching sub-bands, baseline
removal, and correction for main beam efficiency (7mp = 0.71).
The [CH] WBS spectra required defringing, which was per-
formed with standard HIPE tasks, and the best data quality was
produced with the subtraction of two sinusoidal fringes. To ver-
ify the biases introduced by the fringe removal, we compared
the WBS and HRS profiles, which showed good agreement both
in profile and absolute intensity except for the weakest lines
(T; < 4K).

2.2. Gas kinematics

Figure 2 (left panel) shows the '*CO 54, 13C0O 8-7, C'80 5-4,
and HCO™* 6-5 lines observed by HIFI towards the H, peak. All
the lines have a central velocity of about 2.2km s~!, comparable
to previous ground-based observations in several molecular lines
(Fuente et al. 1993). Figure 2 (right panel) shows the [C1I] line
profiles at the H, peak and at different positions along the S-NW

Page 2 of 5
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Fig.2. Left: *CO, C'80, and HCO* high-J transitions observed with
HIFI toward the H, peak. Right: examples of [C II] emission profiles at
the H, peak and at the three positions shown by crosses on Fig. 1: north
(Aa = —=47", A6 = +45"), cavity (Aa = —47"”, A6 = =20"), and south
(Aa = =47", A6 = —80"), with offsets relative to the star position. In
both figures, the vertical dotted line indicates v = 2.2 km s7!.

cut. The line is much broader than molecular lines and its profile
shows a complex multi-component structure. The observations
towards the PDRs show that the emission peaks at intermediate
velocities (v, ~ 1.8—2.8km s7!), which have already been ob-
served towards the NW PDR in several molecular tracers (see,
for example, Fuente et al. 1996). There is also a contribution
from higher velocity components (v, ~ 4 km s71), which domi-
nate the emission in the cavity.

2.3. Emission from very small dust particles and C*

The 158 um (1901 GHz) [C1I] and 63 um [OT] lines are the ma-
jor coolants of the gas at the surface of PDRs (Hollenbach &
Tielens 1999). In these regions, photoelectric effect dominates
the heating, while H, formation provides a minor contribution.
Since the smallest dust particles, polycyclic aromatic hydrocar-
bons (PAHs) and very small grains (VSGs) contribute to a large
fraction to this process (Bakes & Tielens 1994; Habart et al.
2001), and these particles emit in the mid-IR most of the en-
ergy they absorb in the UV, we expect that the mid-IR and [C11]
emissions arise in the same regions.

We used mid-IR spectro-imagery data of the NW PDR of
NGC 7023 that were obtained in the 5.5-14.5 um range with
the Infrared Spectrograph onboard Spitzer (Werner et al. 2004).
For the S PDR, we used ISOCAM highly-processed data prod-
ucts (Boulanger et al. 1996) from the ISO data archive. To anal-
yse the mid-IR spectra, we followed the method explained in
Rapacioli et al. (2005) and Berné et al. (2007), in which the
mid-IR emission is decomposed into three aromatic IR band
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Fig. 3. Comparison between the [C 11] 158 um line flux (solid line) mea-
sured with HIFT at a beam size of 11” and the aromatic IR band (AIB)
flux (5.5-14 ym) along the star-NW a) and S-NW b) cuts. The error bars
for [C11] are computed at one-sigma level. The AIB flux is determined
with a fit of the mid-IR spectra using the three PAH-related populations
shown in Fig. 5; filled diamonds are Spitzer data (1.8” pix™"), and open
diamonds are ISOCAM data (6” pix~").

(AIB) spectra whose carriers are neutral PAHs (PAH®), cationic
PAHs (PAH"), and evaporating VSGs. The fitting procedure was
recently improved by including the convolution of the compos-
ite spectrum by extinction (Pilleri et al. 2010). Figure 3 displays
the AIB flux, I51p, obtained by summing the fluxes of the PAHC,
PAH*, and VSG components that were derived from the fit. Tt
shows that the AIB intensity correlates well with the [CTI] line
intensity, strongly suggesting that both emissions arise from the
same regions. The fit of the mid-IR emission provides two inde-
pendent tracers of the total gas column density N(H) along the
line of sight as explained below.

(i) Owing to the excitation mechanism, the AIB intensity can
be written as Iajg « Go X N/(;'IB where NEIB is the column
density of carbon in the AIB carriers and Gy the UV flux
in Habing units (Habing 1968). Assuming that NS, /N(H)
stays constant at the PDR surface, Iaig can therefore be used
as a tracer of N(H) if Gy is known (Pilleri et al. 2010).

(ii) If the column density N(H) is high enough, the effect of ex-
tinction by silicates can be seen on the AIB spectrum. In the
mid-IR fit, the extinction is derived from a simple correction
term, assuming that the emitting and absorbing materials are
fully mixed: === where 7; = N(H) Cex((4) is the optical
depth in the line of sight. The extinction cross-section per
nucleon Cex(A) is taken from Weingartner & Draine (2001)
for Ry = 5.5 and N(H) is a free parameter of the fit.

Method (ii) is precise for column densities higher than N(H) ~
10?2 cm=2. Method (i) can probe lower column densities but has
two limitations. The AIB emission needs to be corrected for the
variation in the UV field Gy to retrieve the value of N(H). This
was done assuming that Gy scales as the inverse squared distance
to the illuminating star HD200775 and a value of Gy = 2600 at
42" from this star (Pilleri et al. 2010). We used the projected
distance as an estimate of the true distance. This introduces an
error that can be especially strong at positions close to the star
in the plane of the sky. Figure 3 shows that the AIB emission

1023
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Fig. 4. Comparison between the [C 11] 158 um line flux (solid line) mea-
sured with HIFI at a beam size of 11” and the column density N(H)
along the star-NW a) and S-NW b) cuts. N(H) was derived from both
the AIB flux (diamonds) and the mid-IR dust extinction (open circles);
filled diamonds and open circles are Spitzer data (1.8” pix"), and open
diamonds are ISOCAM data (6” pix~").

stays almost constant at d < 16”, therefore we used this value
as the minimum effective distance of the NW PDR to the star.
Method (i) also needs to be calibrated since the local emissivity
of the AIB carriers is not known precisely. Our approach was
therefore to derive a calibration factor using the values obtained
by method (ii) around position 42" on the star-NW cut. The same
calibration factor was used for all positions along the two cuts.
Figure 4 shows that the column densities that were derived on
the two cuts correlate quite well with the [C1I] line intensity.

3. Modelling C* emission

The critical density for the [CI] 158um line is ngy =
2500cm™3 for collisions with H and therefore the line emis-
sivity depends mainly on temperature for n>n..,. We selected
a few positions on the HIFI S-NW [CTI] cut, three points on
the NW PDR and two on the South PDR (cf. Table 2). The val-
ues of Gy were determined as explained in Sect.2.3, and we
assumed a constant average density with two different values:
nup = 2 x 10* cm™? that is characteristic of the molecular cloud
(Gerin et al. 1998) and ny = 7 x 10° cm™3 that was derived by
Rapacioli et al. (2006) in their study of PAH-related species.

We used the 1D Meudon PDR code (Le Petit et al. 2006)
to compute the gas temperature 7' at the cloud surface for all
the selected positions (cf. Table2). The values of T are used
to calculate the C* level populations. Line intensities are then
derived by integrating along the line-of-sight (perpendicular to
model results) and by assuming uniform excitation conditions.
The thickness of the observed regions leads to an optical depth
7 ~ 1, which implies that transfer effects must be taken into ac-
count. If we assume constant excitation conditions and gas prop-
erties along the line of sight, then 7 and the line intensity can be
computed.

The agreement between calculated and observed flux values
is very good when using ny = 7x 10° cm ™3, Tn the NW PDR, the
ratio is 1.0 for NW3 (16) and NW2 (12), and 1.4 for NW1 (-=3).
For the S PDR, a value of 2.3 is derived for the two positions,
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Table 2. Summary of the PDR modelling of the [C 11] emission for 5 points along the HIFI S-NW cut (A = —47").

Pos. (AS)  dyoy UV field T PAH*/PAH" Tonization N(H) [C] local emissivity [C 1] flux
a b ¢ parameter (y) ? d b HIFI ~ Model ?
oy ) (Go) (K) (10 Gy K> em®) (10> cm™?) (1072 Wm™) (1077 Wm™2sr!)
NW3 (16) 50 1873 337/333 1.9 11.0/29.5 10.5 44/14 8.0 11.0/8.0
NW2(12) 48 1975 342 /333 2.7 11.7/31.1 8.1 44/14 6.9 9.5/7.1
NWI1 (-3) 47 2100 348 /333 9.6 12.6/33.0 39 44/14 33 5.6/4.6
S1(-63) 79 747 248 /320 1.7 3.8/11.8 8.7 42/14 3.1 83/7.2
S2(-73) 87 607 230/312 0.96 3.0/9.5 14.0 4.1/14 3.7 9.6/8.4

Notes.  Calculated using a projected distance and G, = 2600 at 42 from the star; ®” From the PDR model using ny = 2 x 10*/7 x 10° cm™,

respectively; ) Given as the ratio of the mid-IR intensities shown in Fig. 5; ” Derived from the analysis of the mid-IR emission spectra.
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Fig.5. S-NW cut in [C 11] emission measured with HIFI at a beam size
of 11”(dot-dashed line) and distribution of the emission from the differ-
ent very small dust populations, PAH* (blue), PAH (green) and evap-
orating VSGs (red); filled diamonds are Spitzer data (1.8” pix~') and
open diamonds are ISOCAM data (6” pix~").

suggesting that systematic effects are causing the deviation be-
tween observed and calculated values of the [CII] flux. There
are several parameters that are not precise in our model but look-
ing at Table 2, it seems the local [CII] emissivity is mainly af-
fected by the local density and not by the value of Go. For N(H),
we assumed the same regions emit in PAHs and [C1I] , in agree-
ment with the profiles shown in Fig. 3. There is also an error for
N(H) due to our method (cf. Sect. 2.3), but this error is expected
to be the same for both PDRs. Dividing N(H) by a factor of two
leads to lower values of the ratio of the calculated over the ob-
served [CII] flux: 0.7-0.8 for the NW PDR and 1.6—1.7 for the
S PDR.

One step further in the model would consist in studying the
effect of the grain charge on the photoelectric efficiency (Bakes
& Tielens 1994). The relative abundances of PAH*, PAHY, and
evaporating VSGs vary significantly over the nebula (Fig.5).
Regions in the cavity appear mainly populated by PAH* (cf.
NWI1 (-3) in Table2). Since the ionization potential of PAH*
is much higher than that of PAH? (~10eV compared to ~6¢eV;
Malloci et al. 2007), PAH* should contribute less to the photo-
electric heating than PAH?, leading to a decrease in the heating
rate, hence in the gas cooling. In its current version, the PDR
code uses classical grains with an MRN distribution (Mathis
et al. 1977) and absorption and scattering cross-sections from
Laor & Draine (1993). We have used grains of sizes from 15 Ato
3000 A with a dust-to-gas mass ratio of 1%. As a result, the ion-
ization parameter y that quantifies the grain charge (cf. Table 2)
does not reflect well the variations of the PAH charge observed in
Fig. 5. An upgraded version, in which the PDR code is coupled
to the code DUSTEM (Compiegne et al. 2010), is under devel-
opment (Gonzalez et al., in prep.) and will allow for including
PAHs. NGC 7023 is clearly a template region that could be used
for these studies.
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4. Conclusion

By using HIFI and complementary mid-IR data, we have shown
that the [CTI] cooling line and the AIB emission arise from the
same regions, in the transition zone between atomic and molec-
ular gas. The prototype PDR NGC 7023 was found to be a good
object for comparison with PDR models. Further progress on the
energetics of this region awaits for the coming [O 1] data from the
PACS instrument and a PDR model that treats the photophysics
of PAHs consistently.
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In this thesis, | presented a multi-wavelength observatishaly of the evolution of

PAH molecules and its impact in the chemical and physical processes in PDRs. The
originality of the approach consists in combining studies on PAHs and smaller gas-
phase species gathered from observations in the IR obtained with th&{@erand
AKARI satellites, and in the (sub-)mm domain obtained with the IRAM ground-based
telescopes and thderschelspace observatory.

Main results

To study the evolution of PAH-related species in PDRs, we have developed a procedure
that analyses the mid-IR emission in the Aromatic Infrared Bands (AIBs). This tool
has been applied to a set of PDRs to trace the evolution from evaporating Very Small
Grains (eVSGs) to free PAHs. We determined that the abundance of carbon locked in
eVSGs compared to all carbon in the AIB carriers is related to the intensity of the local
radiation field. This reflects an evolutionary scenario in which eVSGs are destroyed
by the UV field giving birth to free PAHs. New millimeter observations on gas-phase
species obtained at the IRAM 30 m telescope and the Plateau de Bure Interferometer
have been compared with the IR observations to test a scenario in which small gas-phase
hydrocarbons are produced by the photo-destruction of eVSGs.

We performed for the first time a search of a specific PAH, corannulene, in the mil-
limeter wavelength domain. This search was not successful in identifying this specific
PAH, but the derived upper limit has allowed to constrain the abundance of small PAHs
in the Red Rectangle. The analysis of this result has shown that the formation process
of PAHs in the envelopes of carbon rich-stars does not lead to large amount of small
species, calling for anficient growth mechanism.

Finally, we presented a comparative study of IR, sub-mm and millimeter observa-
tions to examine two PDRs in the reflection nebula NGC 7023. In particular, we show
how the combination of [@] line observations with the mid-IR PAH observations and
millimeter data is a promising approach to study the geometry, energetics and dynamics
of PDRs.

Perspectives

The work presented in this thesis has provided new insights into the role of PAHs in
the chemical and physical processes of PDRs. Still, there are a number of open ques-
tions to be addressed. The evaporation of eVSGs into free PAHs and small hydrocar-
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bons needs to be modelled in details to complete the photoichkstenario that has
been proposed. A complete modelling of the geometry and chemistry of the studied re-
gions is needed to understand to which extent the photo-processing of PAHs or eVSGs
can contribute to the energetics and to the chemistry of PDRs. This facesfiine di
culties that neither PAHs nor eVSGs are associated yet with precise entities and this
complicates the confrontation of astronomical data with laboratory measurements and
guantum-mechanical calculations that are needed to address this problem. We can surely
expect that the interpretation of the forthcomidgrschelobservations will bring fur-
ther constraints on the contribution of PAHs in the physics, chemistry and dynamics of
gas-phase species in PDRs.

The identification of a specific PAH molecule is still an open issue of the PAH hy-
pothesis. The instruments onboatdrschelprovide now a great opportunity to search
for the ro-vibrational transitions of specific PAHs in the sub-mm domain. As in the case
of the search for corannulene in the Red Rectangle, the analysis of the Herschel obser-
vations with PAH emission modelM{laset al., 2006) will enable to place upper limits
onthe overall abundance of individual PAHs. We might also be able to identify some of
them giving rise to detectable bands.

Finally, there are a number of observing facilities that will open new perspectives
in these domains. In particular, the JCMT space observatory will be launched in 2014,
and will provide spectro-imagery observations in the IR at sub-arcsecond scales. At
about the same time, the ALMA interferometer will be fully operational, providing ob-
servations at comparable spatial resolution in the sub-mm and millimeter domains. The
SPICA space mission, with in particular the European SAFARI instrument, will open the
far-IR range again in 2020. The combination of multi-wavelength observations with an
unprecedented sensitivity and spatial resolution will be the leading approach to study the
role of PAHs and their related species in the chemistry and physics of PDRs in sources
that are currently unresolved, such as proto-planetary disks and redshifted galaxies.
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Dans cette these, jai présenté une étude observationneltelomgueur d’onde de
I'évolution des PAH et de leur impact sur les processus physiques et chimiques dans
les PDR. L'originalité de mon approche réside en la combinaison de I'étude des PAH

et de petites especes atomiques et moléculaires en phase gazeuse. Elle repose sur les
observations dans le domaine infrarouge des satellites3gitzeret AKARI, et dans le
domaine (sub-)millimétrique des radiotélescopes de I'lRAM et de I'observatoire spatial
Herschel

Principaux résultats

Afin d’étudier I'évolution des PAH et especes dérivées dans les PDR, nous avons développé
une procédure permettant d’analyser les bandes infrarouges aromatiques (AIB), dans le
domaine infrarouge moyen. Cet outil a été appliqué a un ensemble de PDR pour son-
der les liens d’évolution entre les trés petits grains en cours d’évaporation (eVSG) et les
PAH libres. Nous avons déterminé que I'abondance du carbone dans les eVSG rapportée
a I'abondance du carbone dans I'ensemble des espéces responsables des AIB est liée a
I'intensité du champ de rayonnement. Ce résultat conforte un scénario d’évolution selon
lequel la destruction des eVSG par le champ de rayonnement UV génere des PAH li-
bres. De nouvelles observations millimétriques de petites espéces moléculaires réalisées
au télescope de 30m de I'IRAM et a l'interférométre du Plateau de Bure ont été com-
parées aux observations IR afin de tester un scénario dans lequel de petits hydrocarbures
sont produits par la photodissociation des eVSG.

Nous avons réalisé la premiére recherche d’'un PAH spécifique, le corannulene, dans
le domaine millimétrique. Ce PAH n’ayant pas été identifi€é, nous en avons néanmoins
déduit une limite supérieure a son abondance ce qui a permis de mettre en évidence
gue les processus de formation des PAH dans les enveloppes des étoiles carbonées con-
duisent a de faibles quantités de petits PAH, ce qui implique un mécanisme de croissance
efficace.

Pour finir, nous présentons une étude comparative des observations IR, sub-milli-
métriques et millimétriques pour étudier deux PDR associées a la nébuleuse par réflex-
ion NGC 7023. En particulier, nous montrons comment la combinaison des observa-
tions de la raie [Gi] avec celle de I'émission des PAHs dans l'infrarouge moyen et du
domaine millimétrique est une approche prometteuse pour I'étude de la géométrie, du
bilan énergétique et de la dynamique des PDR.
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Perspectives

Le travail présenté dans cette thése fournit un nouvel éclairage sur le réle des PAH dans
les processus physiques et chimiques au sein des PDR. Il reste néanmoins un certain
nombre de questions ouvertes. L'évaporation des eVSG en PAH libres et en petits hydro-
carbures doit étre modélisée en détails pour compléter le scenario photo-chimique pro-
posé. Une modélisation complete de la géométrie et de la chimie des régions étudiées est
nécessaire pour comprendre comment I'évolution photo-chimique des PAH et des eVSG
influe sur le bilan énergétique et la chimie des PDR. Uffigcdité majeure provient de

ce que ni les PAH ni les eVSG ne sont pour le moment associés a des entités chimiques
précises, ce qui complique la comparaison des données astronomigues aux mesures en
laboratoire. Des expériences de laboratoire et des calculs de mécanique quantique sont
nécessaires pour traiter ce probléme. On doit s’attendre a ce que I'interprétation des ob-
servationgderschela venir apporte de nouvelles contraintes sur la contribution des PAH

a la physique, la chimie et la dynamique des espéces en phase gazeuse dans les PDR.

L'identification d’'un PAH spécifique reste un enjeu majeur pour I'hnypothese PAH.
Les instruments a bord du satelliierschefournissent une belle opportunité de chercher
les transitions ro-vibrationnelles de PAH spécifiques dans le domaine submillimétrique.
Comme dans le cas de la recherche du corannulene dans le Rectangle Rouge, I'analyse
des observations Herschela I'aide d’'un modéle d’émissiorMulaset al., 2006) per-
mettra de donner des limites supérieures aux abondances de PAH individuels. Nous
pourrions également étre a méme d’identifier certaines especes émettant des bandes dé-
tectables.

Finalement, les futurs instruments d’observation vont ouvrir des nouvelles perspec-
tives dans ces domaines. En particulier, le télescope spatial JWST devrait étre lancé en
2014, et fournir des observations de spectro-imagerie dans le domaine infrarouge a des
résolutions meilleures que la seconde d’arc. A peu pres au méme moment, l'interférométre
ALMA sera pleinement opérationnel et fournira des données aux mémes résolutions
spatiales dans les domaines millimétriques et sub-millimétriques. La mission spatiale
SPICA, et en particulier son instrument européen SAFARI, observera de nouveau le
domaine de l'infrarouge lointain a partir de 2020. La combinaison d’observations multi-
longueur d’onde avec une sensibilité et une résolution spatiale sans précédent constituera
la principale méthode d’étude du réle des PAH et des espéces associées dans la chimie
et la physique des PDR pour des sources actuellement non résolues, comme les disques
protoplanétaires et les galaxies a grand redshift.
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Study of the parameter space

The results of the fitting procedure presented in Chae consistent with an evolu-
tionary scenario in which the AIB carriers are processed by the UV radiation field. The
relative weights of the band templates have been related to the physical conditions and
evolutionary stage of flierent environments, such as PNelglinet al., 2008), proto-
planetary disksBernéet al, 20099, compact Hr regions Bernéet al., 20098 and
spatially resolved PDRsRapacioliet al., 2005, Bernéet al., 2007, and Chap6). The
consistency of the results with this scenario strongly suggests that, within its uncertain-
ties, the methodology is reliable.

It is interesting to study the reliability of the fit results from a mathematical point of
view to understand if the fit results are unique or if there is a degeneracy in the parameter
space. Our fitting procedure is based on a maximum of 20 free parameters:

e 4 for the weights of the band template spectra: eVSG, PRAH" and PAH

e 5 for the intensities of the frotational lines

2 (3) to define the (two-slope) continuum

1 for the column density

4 for the intensities of the ionised gas lines

e 3 for the intensities of the Lorentzian features at 6.9, 11.9 andul2.5

In many cases, only a set of these parameters are used. In particular, in mild UV-
excited PDRs that do not have an associatedrefgion the ionised gas lines are not
observed and the continuum can be well represented with a single slope, reducing to 15
the number of free parameters.

The minimisation algorithhrmpfitused by the procedure is vergfieient to find the
absolute minimum in the parameter space if the local minima are not very deep. Our tests
show that the choice of the initial values for the 4 template weights does not influence
the relative weights of the band templates of the fits, nor does the inclusion of the gas and
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Lorentzian features in the fit. The estimate of the column dgrssubject, however, to
larger uncertainties as discussed below.

The ¢gfect of the gas lines and Lorentzian features

We studied the féect of the gas and Lorentzian features on the results of the global fit.
We performed the fit of several SL spectra, and compared the results obtained masking
the Lorentzian features and the gas lines. Figlifeshows an example of thdéfed of
masking the wavelengths corresponding to the gas lines and Lorentzian features. The
relative intensities of each of the 4 band templates do not vary significantly, nor do the
continuum shape and the value of the column density. In all the considered spectra, we
found that masking the gas lines introduces a dispersion of less than 3% in the weights
of the template spectra. The continuum and the estimate of the column density can
however present larger variations, up~t&0%, in the tests we have performed.
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Figure A.1: The dfect of masking the gas and Lorentzian features in the fit of region (2) of
NGC 7023 NW (see Fid.2). The results of the fits are almost unchanged.

The gfect of column density

To study the quality of the fit and the dispersion of the results as a function of the value
of the column density, we applied the fitting procedure to several PDR spectra by fixing
the Ay parameter to given values. We then compared the results to that obtained with
a freeAy parameter. Figurd.2 shows some examples of the results obtained for very
different values ofdy, as well as the variation of the® as a function of\,.

This analysis shows that good quality fits can be obtained for several valdgs of
and thatmpfitovercome the local minima in this parameter space. The relative weights
of the AIB populations are slightly influenced by these variations, as long as the quality
of the fit is acceptable. In the majority of cases, values\pthat difer by less than a
factor 2 yield variations in the weights of the band templates by less than 10%.
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Molecules detected in space

Species Mass Species Mass Species Mass Species Mass
H, 2 CF* 31 SiO 44 NaCl 58
Hs* 3 CH;NH; 31 HCS 45 CH;CONH, 59
CH* 13 H;CO* 31 HOCO 45 HNCS 59
CH 13 HNO 31 NHCHO 45 G 60
CH, 14 CH;OH 32 PN 45 CHOHCHO 60
CH;s 15 SiH, 32 AlF 46 CH;COOH 60
NH 15 HS 33 GHsOH 46 HCOOCH 60
CH, 16 HS 33 CH;OCH; 46 ocs 60
NH, 16 H,S 34 HCS 46 SiS 60
NH3 17 H,S* 34 HCOOH 46 GH 61
OH 17 G 36 NS 46 AICI 62
OH* 17 HCI 36 CHSH 48 HOCHCH,OH 62
H,O 18 c-GH 37 SO 48 HGN 63
H,O* 18 I-CH 37 SO 48 CHC,H 64
NH4* 18 c-GH; 38 GH 49 S 64
H;O* 19 H,CCC 38 GH~ 49 SiG 64
HF 20 HCCN 39 NaCN 49 SO 64
C; 24 GO 40 GN 50 CH,CCHCN 65
CH 25 CHCN 40 HCCCC 50 CHC;3N 65
CyH; 26 CH;CCH 40 HCCCCH 50 (95 68
CN 26 SiC 40 MgCN 50 FeO 72
CN* 26 CH,CN 41 MgNC 50 GH 73
HCN 27 CHNC 41 HGN 51 GH- 73
HNC 27 HCCO 42 HCCNC 51 6N 74
CyH, 28 NH,CN 42 HNCCC 51 GH, 74
CcO 28 SiN 42 c-Sig 52 HCCCCCCH 74
Cco* 28 OCN 42 GO 52 HGN 75
H,CN 28 CHCHCH, 42 H,CsN* 52 KCI 75
HCNH" 28 CP 43 AINC 53 SiG 76
No* 28 HNCO 43 CHCHCN 53 GHe 78
CH,NH 29 HOCN 43 c-HC;0 54 GH 85
HCO 29 HCNO 43 HGCHO 54 CHCgH 88
HCO* 29 HNCO 43 SiCN 54 GH 97
HN,* 29 c-GH,0 44 SiNC 54 GH- 97
HOC* 29 CH;CHO 44 CHCH.CN 55 HGN 99
SiH 29 CcQ 44 GS 56 HGN 123
CH;CH; 30 CO* 44 GH,0 56 HG:N 147
H,CO 30 Cs 44 CHCH,CHO 58 - -
NO 30 NO 44 CHCOCH,; 58 - -

Adapted fronhttp://www.astrochemistry.net
The list comprehends molecules that have been detected iSkhecbnsidering dferent environments.
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List of acronyms

AGB Asymptotic Giant Branch

AlB Aromatic Infrared Bands
ALMA | Atacama Large Millimetgsub-millimeter Array
BG Big Grains

CFHT | Canada France Hawai Telescope
CMM Cold Molecular Medium

CNM Cold Neutral Medium

CVF Circular Variable Filter

DIB Diffuse Interstellar Bands

DSB Double Side Band

ERE Extended Red Emission

eVSG Evaporating Very Small Grains
FIS Far-Infrared Surveyor

FTS Fourier Transform Spectrometer
FWHM | Full Width at Half Maximum

HAe Herbig Ae

HBe Herbig Be

HERA | HEterodyne Receiver Array

HIFI Heterodyne Instrument for the Far Infrared
HIM Hot lonized Medium

HRS High Resolution Spectrometer
HST Hubble Space Telescope

IC Internal Conversion

IR InfraRed

IRAC InfraRed Array Camera

IRAM Istituto de Radio Astronomia Millimetrica

IRAS InfraRed Astronomical Satellite
IRC InfraRed Camera

IRS InfraRed Spectrograph

ISM Interstellar Medium

ISO Infrared Space Observatory

ISRF Interstellar Radiation Field
JWST | James Webb Space Telescope
IVR Internal Vibrational Redistribution
KAO Kuiper Airborne Observatory
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LIST OF ACRONYMS

LH Long High (order of IRS)
LL Long Low (order of IRS)
LO Local Oscillator

LSB Lower Side Band

LW S Long Wavelength Spectrometer

MIPS | Multiband Imaging Photometer and Spectrometer
MW Milky Way

PACS Photodetector Array Camera and Spectrometer
PAH Polycyclic Aromatic Hydrocarbons

PDBI Plateau de Bure Interferometer
PDR Photo-Dissociation Region

PN Planetary Nebula

SED Spectral Energy Distribution
SH Short High (order of IRS)

SL Short Low (oreder of IRS)

SOFIA | Stratospheric Observatory for Infrared Astronomy
SPICA | Space Infra-Red Telescope for Cosmology and Astrophysics
SPIRE | Spectral and Photometric Imaging Receiver

SB Single Side Band

SWS Short Wavelength Spectrometer

uv UltraViolet

UCHm | Ultra Compact Hi

USB Upper Side Band

VSG Very Small Grains

WADI | Warm and Dense Interstellar Medium

WBS Wide Band Spectrometer

WIM Warm lonized Medium

WNM Warm Neutral Medium

146



Publications

REFEREED PUBLICATIONS

1. P. Pilleri, D. Herberth, T. Giesen, M. Geriet al.
Search for Corannulene ggH1p) in the Red RectangleMINRAS 397 1053-1060
(2009)

2. O. Berné, A. Fuente, J.R. GoicoecheaPRilleri et al.
Mid-Infrared Polycyclic Aromatic Hydrocarbon and H2 Emission as a Probe of
Physical Conditions in Extreme Photodissociation Regiéys] 706 L160-L163
(2009)

3. C. JoblinP. Pilleri, J. Montillaud, A. Fuentet al.
Gas morphology and energetics at the surface of PDRs: new insights with Her-
schel observations of NGC 7028&A 521:L.25+ (2010)

4. A. Fuente, O. Berné, J. Cernicharo, P. Pilleri et al.
Herschel observations in the ultracompact HIl region Mon R2: Water in dense
Photon-dominated regions (PDR#&A 521:1L.23+ (2010)

5. C. Dedes, Y. Okada, B. Mookerjea, .R. Pilleri et al.
The origin of the € emission in the S140 PDRs - new insights from HAZA
letters - HIFI special issue, A&A 521:1.24(2010)

6. P. Pilleri, J. Montillaud, O. Berné, C. Jobligt al.
Evaporating Very Small Grains as a tracer of the UV radiation field in Photo
Dissociation Regiongo be submitted to A&A

PROCEEDINGS

1. O. BernéP.Pilleri, C. Joblinet al.
The shape of mid-IR PAH bands in the univers€o appear in the proceedings
of the PAHs and the Universe Symposium; Toulouse (France), May 31 - June 4,
2010.

2. F. Boulanger, T. Onak®&. Pilleri, C. Joblinet al.
Spectroscopic view at the near-IR emission from interstellar dust and its relation
to PAHs. To appear in the proceedings of the PAHs and the Universe Symposium;
Toulouse (France), May 31-June 4, 2010.

147



PuBLICATIONS

CONTRIBUTION TO CONFERENCES

Talks

e P.Pilleri, D. Herberth, M. Geriret al.;

Search for Corannulene in the Red Rectandleulouse Nanograin Workshop,
Toulouse (France), November 13-14, 2008

e P. Pilleri, D. Herberth, M. Geriret al;

Search for Corannulene in the Red Rectanilelecular Universe final meeting,
Boppard (Germany), September 1-5, 2008

Posters

e P. Pilleri, O. Berné, M. Gerinet al;

148

The geometry of the NGC 7023 NW PDR revealed by mid- IR and (sub-)mm obser-
vations Cosmic dust near and Far; Heidelberg, Germany, September 8-12, 2008

P. Pilleri, O Berné, M. Geringet al.

Combining molecular, PAH and dust observations to constrain the geometry of
the NGC 7023 NW PDRrhe Molecular Universe: an International Meeting on
Physics and Chemistry of the Interstellar Medium. Arcachon (France), May 5-8,
2008

P. Pilleri, C. Joblin, O. Bernésgt al.
Destruction of very small carbon particles and hydrocarbon production in PDRs:
1 - observatiordournées ASAMALMA 2009; Grenoble (France), April 6-7, 2009.

C. Joblin, O. Bernép. Pilleri, et al.
The Search for PAH Bands with Herschel: Preliminary Resulgrschel First
Results Symposium ; ESLAB ; Noorwijk (The netherlands); May 4-7, 2010.

P. Pilleri A. Fuente, C. Joblingt al.

Photo-Induced Chemistry at the Surface of PDRs: new Insights with Herschel Ob-
servations of NGC 702Blerschel First Results Symposium; ESLAB ; Noorwijk
(The netherlands); May 4-7, 2010.

Y. Okada, ... P. Pilleri, et al.
Spatial distributions of PAH and molecular hydrogen emissions in star-forming
regions.PAHs and the Universe; Toulouse (France), May 31-June 4, 2010.

Y. Okada, O.Berné. Pilleri, et al.

PDR properties and spatial structures probed by Herschel and Spitzer spectroscopy.
5th Zermatt ISM symposium: conditions and impact of star formation. New results
with Herschel and beyond ; Zermatt (Switzerland), September 19 -24, 2010.



List of Figures

11
1.2

2.1
2.2

2.3
2.4
2.5
2.6

3.1
3.2

4.1
4.2
4.3
4.4
4.5

5.1
5.2

5.3

The lifecycle of matterinour Galaxy. . . . . . ... .. ... ... ... 17
Scheme of atypicaledge-onPDR . . . . . . . .. ... ... ...... 19
Average dust extinction curvesintheISM. . . . . .. . ... ... ... 23
The Déseret al. (1990) model for dust emission in the Small Magellanic
Cloud . . . . . . . e 24
Temperature fluctuation of interstellar grains ofadéht sizes . . . . . . . 25
Few example of the PAH family. . . . . . ... ... ... ... ..... 27
Observed mid-IR spectrum of the Orion Bar and NGC 7027 . . . . . . 27
Scheme of the excitation and de-excitation mechanisnes lEmge isolated
neutral PAH absorbing a single UV photokdapted from Li (2004). . . . 29
The results of the principal components analysis in NG@702 . . . . . 33

The Horsehead Nebula observed withedgtit tracers. The 7m image
tracing PAH emission (ISOCAM data, Abergslal., 2003) and the hydro-
carbon emission (Plateau de Bure Interferometer data, eéeaty, 2005) are
spatially coincident. For reference, thg Bi1um (Habartet al, 2005) and

12CO emissions are displayelinage adapted from Geriet al.(2009).. . . 35
Transmission of the Earth’s atmosphere along the eleagostic spectrum 42
The ISO Sptzer, AKARI and Herschelspace telescopes . . . . . . . .. 44
Summary of the instruments onboard ISgizer, AKARI and Herschel. . 47
The IRAMtelescopes . . . . . . . . . . . . . . . . . 48
The ALMA, JWST and SPICA telescopes. . . . . . .. .. ... .... 49
Template spectra used to fit the mid-IR spectrum of PDRs . . . . . .. 54

Example of the fit in three fierent regions of NGC 7023 NW observed by

IRS at an average spectral resolut®r 80. For each spectrum, we report

the relative weights of the integrated intensities of each PAH population
and eVSGs and the estimated column densities (expressed in magnitudes of
visual extinction). . . . . . ... 58
Decomposition of th8ptzer IRS spectral cube for M82. The relative con-
tribution of the four principal components to the mid-IR (5.5¢44) flux

four PAH-related components are shown , as well as the intensity of the
[Ar n] intensity and the column densities. . . . . . ... ... ... ... 59

149



List oF FIGURES

5.4

6.1

6.2

6.3

6.4

6.5

6.6
6.7
6.8
6.9

7.1
7.2

150

Synthetic spectra of PAH cations and neutrals from BSS adstbn IRS
spectralcubes . . . . . .. 60

The VSG spectrum of Ced 201 (black line) extracted by sigradessing
algorithms by Bernét al.(2007) and the synthetic eVSG spectrum that has
been obtained by combining the band spectrum of Fig.5.1 with a contin-
uum. The latter is calculated by fitting the continuum in the 5.ah4with

a distribution of grey bodies with temperatures betwegp * 110 and
Tmax~ 260K (blueline).. . . . . . ... ... . ... .. .. .. ..., 65
Results of the mid-IR decomposition for the NGC 7023 NW PBiryw-

ing the integrated mid-IR intensity in the observed spectrum and in each
of the template populations. The column denghy is also shown, as
well as the flux in the B S(3) line. For reference, contours (in steps of
3x 10°Wm?sr?) of the total AIB flux in the 5.5-14:m range are dis-
played. Similar plots for the other PDRs of Table 1 can be found in the
appendix. The intensity scales are in units of°My m? sr, while the col-

umn density is expressed in magnitude of visual extinction.. . . . . . . 70
Mid-IR spectra (solid lines) and their fit (blue) for the PDIigted in Table

6.2. For each spectrum, we report the resulting contributions for each of the
PAH and eVSG populations to the mid-IR flux, the extinction along the line
of sight andfc, the fraction of carbon atoms locked in eVSGs relative to the
total carboninthe AlB carriers.. . . . . . . . . .. .. ... .. .. ... 71
The fraction of carbon atoms locked in eVSGs relative &tdtal carbon

in the AIB carriers as a function of the intensity of the local radiation field.
Several points refer to each of the objects in Table 1, for which we deter-
mined the spatial variation dt and of the radiationfield. . . . . . . . .. 72
Mid-IR spectra (black line) of the nucleus and the outflowi82 and their

fits. The results of the fit suggest that the radiation field in the nucleus is

slightly higher, as well as the column densities of the AIB emitters.. . . 74

As Fig.6.2, for NGC 2023 Nand NGC 2023S.. . . . . .. .. .. ... 75
As Fig.6.2for NGC 7023 Sand NGC 7023 E. . . . . .. .. ... ... 76
As Fig. 6.2 for the-Ophiucus Filament. . . . . . ... ... ... .... 77

Upper panelsfor each PDR cut, the density and radiation field profiles as a
function of the distance from the st&entral panelsBlue, yellow and red
represent the contribution of PAHPAHC and eVSGs, as extracted from the
fit. Solid black lines represent the corrected mid-IR emission profile after
the continuum correction explained in 6.2. The dotted lines represent the fit
obtained with the geometrical model described in Sect. @.8wBer panels:

the variation in the fraction of carbon atoms locked in eVSGs relative to the

total carboninallthe AlBcarriers. . . . . .. . ... ... ... ..... 78
Structure of the corannulene moleculggf®o) . . . . . . . . . . . .. .. 80
The laboratory detection of the 142111 transition of corannulene. . . . 81



List of Figures

7.3

7.4
7.5

8.1

8.2
8.3

8.4
8.5

8.6

8.7

8.8

9.1
9.2

9.3

Spatial distribution of the dust component (N-band) and$£continuum-
subtracted 11.3m band) of the Red Rectangle. The figure shows that the
PAH emission arises from a region of about' 20.5". Source: Waterst al.

(1998) . . . . 82
Observations at 88 and 137 GHz a4 CO detection towards the RR. . 86
Theoretical size distributions of PAHs intheRR . . . . . . . . . .. .. 87

The north-west PDR of NGC 7023 observed in th@H um emission (col-
orscale, Lemairet al,, 1996) and the @4 emission observed at the PDBI
with contours of 0.25 K km3 (A. Fuente, private communication). . . . 99

The NW PDR of NGC 7023 decomposed in PAHHue), PAH (green) and
eVSGs (red). Contours are gid, (steps of 0.25 Kkm3, left) and GH
(stepsof 0.25Kkm3,right). . .. ... ... ... .. .......... 102

AKARI-IRC spectra at five diierent positions in NGC 7023 NW . . . . . 102

First results from the analysis of the AKARI-IRC spectnabes: the color
maps show the variation of tHe,/133 ratio extracted from the near-IR fit.
Contours represent the,B and c-GH, emission detected at the PDBI.
They are given by steps of 0.25Kkmts . . . . . ... ... ... .... 103

Pixel-to-pixel correlation of the integrated intensted GH and c-GH, in
the filamentary region of NGC 7023. The maps have been reprojected to the
same grid, with a pixel sizeof5 . . . .. .. ... .. ... ... .... 104

The NW PDR of NGC 7023dft) and the South PDR of NGC 2028dht)
decomposed in PAH(blue), PAH (green) and eVSGs (red). The extended

red emission (ERE) (Berrgt al., 2008) is displayed in contours.. . . . . 106
The PAHeVSG transition in NGC 7023 NW and NGC 2023S. . . . .. 106
The reflection nebula NGC 7023 observed with the CEHT. . . . . . .. 110

The NW and S PDRs of NGC 7023 observed3ptzer-IRAC at 8 um

(red) and 3.um (green). The white circle represents the HIFI beam at 535
GHz (41’) towards the H peak . The dotted lines show the cuts that are
studied in the [Gi] emission line at 158m, whereas white crosses indicate

the specific positions reported in Fig. 9.3 and Table 9.1. The star position is
shownwithablackcross. . . .. .. ... .. .. ... .......... 111

Examples of @ emission profiles at the Hpeak and at the three positions
shown by crosses on Fig. 9.2: nortkn( = —-477, Ad = +45"), cavity (Aa =

=47, A6 = -20"), and southAa = -47’, A6 = -80" ), with offsets
relative to the star position. Vertical dotted line indicatgsv 2.2kms?t. . 112

151



List oF FIGURES

9.4

9.5

9.6

9.7

9.8

9.9
9.10

10.1

10.2

Al

152

Comparison between the i£158um line flux (solid line) measured with
HIFI at a beam size of Iland the aromatic IR band (AIB) flux (5.5-14n)
along the star-NW (a) and S-NW (b) cuts. The error bars far][&e com-
puted at one-sigma level. The AIB flux is determined with a fit of the mid-IR
spectra using the three PAH-related populations shown in Fig.10.1; filled di-
amonds ar&pitzerdata (1.8 pix~1), and open diamonds are ISOCAM data

Comparison between the i£158um line flux (solid line) measured with
HIFI at a beam size of 11 and the column density N(H) along the star-NW
(a) and S-NW (b) cuts. N(H) was derived from both the AIB flux (diamonds)
and the mid-IR dust extinction (open circles); filled diamonds and open cir-
cles areSpitzerdata (1.8’ pix~1), and open diamonds are ISOCAM data (6

TRIXTY). 114
13CO, C*®0, and HCO high-J transitions observed with HIFI toward the H
peak.The vertical dotted line indicatgg v 2.2 kms®. . . . . .. ... .. 115
Fit of the mid-IR emission spectrum from the clump positiathout the
extinction correction (left) and with the fully mixed correction (right).. . 117
Comparison between the CS{21,5 — 4) emission and\, in NGC 7023

NW e 117
IRAC 8um, CS (2-1) andAy in three cuts of NGC 7023 NW. . . . . .. 118
AKARI-IRC near-IR spectrum towards the clump positidrgwing the ab-
sorptionof CQiices. . . . . . . . .. 118

S-NW cut in [Gi1] emission measured with HIFI at a beam size of (dot-
dashed line) and distribution of the emission from th&edent very small

dust populations, PAH(blue), PAH (green) and evaporating VSGs (red);
filled diamonds ar&pitzerdata (1.8 pix~t) and open diamonds are ISO-
CAMdata (6 pix™h). . . . . . . 125

In the main image, the North and South PDRs of NGC 7023 anitluimi-

nating star HD 200775: in red, the PAH emission observed with the Spitzer
IRAC 8um filter, and in green the vibrationally excited Emission tracing

the filaments (from Lemairet al., 1996). The white dotted lines repre-

sent the two C stripes observed with HIFI, for which we report also the
position-velocity maps. On the upper right, the &d*3CO (1-0) spectra

at four positions on the vertical cut (green labels). Finally, the white circle
represent the Hpeak position, for which we show thee @nd*3CO (8-7)

spectra observed with HIFI atdCO (1—0) observed with the IRAM 30m
telescope.. . . . . . 126

The dfed of masking the gas and Lorentzian features in the fit of region (2)
of NGC 7023 NW (see Fig. 5.2). The results of the fits are almost unchahged.



List of Figures

A.2 Examples of the fit results towards position 2 of Fig. 5.2.e Tinst panel
shows the results of the fit with thig, parameter free. The fit obtained with
different values ofA, are displayed in the second and third panel. They
show variations of the relative weights of the band templates up to 10% for
differences im\, by a factor of 2. The variation of theg* with Ay is shown
inpaneld.. . . . . . e

153






List of Tables

11
4.1
5.1

5.2
6.1

6.2

7.1

7.2
8.1

9.1

Typical physical conditionsintheISM. . . . . . ... ... ... .... 16
Subdivision of the IR and sub-mm spectral domains. . . . . . .. ... 42

The parameters for the band profiles used to build the téengppeectra. If

not otherwise indicated, the profiles are Lorentzian. Adapted from Joblin
etal.(2008) . . . . . .. 55
Parameters for the gas lines used in the fitting procedure. . . . . . .. 56

Input parameters for the modelling of the selected PDR#$inwthe PAH,
PAHO, eVSG transition is spatially resolved and a simple geometrical model
can be applied.

(a) van den Anckeet al. (1997) — (b) Racine (1968) — (c) Finkenzeller
(1985) — (d) Wittet al. (2006) — (e) Aleciaret al. (2008) — (f) Gerin

et al.(1998) — (g) Diplas and Savage (1994) — (h) Fuegital. (1995) —

() Habartetal.(2003) . . . . . . . . . . . . 66
Fraction of carbon atoms in eVSGs and corresponding radifields for
the PDRsusedinthiswork.. . . . . .. .. .. ... ... ........ 74

Summary of the observations towards the RR ffedint frequency ranges,
corresponding to the expected rotational transitions of corannulene. On av-
erage, the 3 mm observations have a lower rms, Hiiéismore from beam

dilution effects compared to the 1 mm observations.. . . . . ... . .. 84
Summary ot?CO and**CO observations towards the Red Rectangle. . 84
Transition frequencies, lower state energies and quantumbers for the
interferometric observations. . . . . ... ... o oL 100
Summary oftheHIFldata. . . .. ... ... ............... 112

10.1 Summary of the PDR modelling of the ffCemission for 5 points along the

HIFI S-NW cut Qa = —47") . . . . . . . . 124

155






Bibliography

Abergel, A., Arab, H., Compiegne, M.,et al. Evolution of interstellar dust with Her-
schel. First results in the photodissociation regions of NGC 708&A, 518:L96+
(2010)

Abergel, A., Teyssier, D, Bernard, J. P., et al. ISOCAM and molecular observations
of the edge of the Horsehead nebhudk A, 410:577-585 (2003)

Acke, B., Bouwman, J, Juhasz, A, et al. Spitzer's View on Aromatic and Aliphatic
Hydrocarbon Emission in Herbig Ae Star&pJ, 718:558-574 (2010)

Alecian, E., Catala, C., Wade, G. A.,et al. Characterization of the magnetic field of
the Herbig Be star HD200775. MNRAS, 385:391-403 (2008)

Allamandola, L. J., Tielens, A. G. G. M, andBarker, J. R. Polycyclic aromatic
hydrocarbons and the unidentified infrared emission bands - Auto exhaust along the
Milky Way ApJ, 290:L25-1.28 (1985)

Bakes, E. L. O.andTielens, A. G. G. M. The photoelectric heating mechanism for
very small graphitic grains and polycyclic aromatic hydrocarbons. ApJ, 427:822—
838 (1994)

Beirdo, P.,Brandl, B. R., Appleton, P. N.,et al. Spatially Resolved Spitzer IRS Spec-
troscopy of the Central Region of M82pJ, 676:304-316 (2008)

Bergin, E. A., Melnick, G. J., Gerakines, P. A.,et al. Spitzer Observations of G@te
toward Field Stars in the Taurus Molecular CloudpJ, 627:L33—-L36 (2005)

Berné, O., Fuente, A, Goicoechea, J. R.et al. Mid-Infrared Polycyclic Aromatic
Hydrocarbon and H Emission as a Probe of Physical Conditions in Extreme Pho-
todissociation RegionApJ, 706:L160-L163 (2009a)

Berné, O, Joblin, C., Deville, Y., et al. Analysis of the emission of very small dust
particles from Spitzer spectro-imagery data using blind signal separation methods
A&A, 469:575-586 (2007)

Berné, O., Joblin, C., Fuente, A., et al. What can we learn about protoplanetary

disks from analysis of mid-infrared carbonaceous dust emissié&A, 495:827—
835 (2009b)

157



BIBLIOGRAPHY

Berné, O.,Joblin, C., Rapacioli, M., et al. Extended Red Emission and the evolution
of carbonaceous nanograins in NGC 7028&A, 479:L.41-144 (2008)

Bernstein, M. P, Sandford, S. A, andAllamandola, L. J. Hydrogenated Polycyclic
Aromatic Hydrocarbons and the 2940 and 2850 Wavenumber (3.40 and 3.51 micron)
Infrared Emission FeatureApJ, 472:L12% (1996)

Bless, R. C.andSavage, B. D.Ultraviolet Photometry from the Orbiting Astronomical
Observatory. Il. Interstellar ExtinctianApJ, 171:293+ (1972)

Boersma, C, Hony, S, andTielens, A. G. G. M. UIR bands in the ISO SWS spectrum
of the carbon star TU TauriA&A, 447:213-220 (2006)

Bot, C., Boulanger, F.,, Lagache, G.,et al. Multi-wavelength analysis of the dust
emission in the Small Magellanic Cloud. A&A, 423:567-577 (2004)

Boulanger, F.,Abergel, A., Bernard, J. P., et al. The Nature of Small Interstellar Dust
Particles In J. Yun & L. Liseau, editor, Star Formation with the Infrared Space
Observatory volume 132 ofAstronomical Society of the Pacific Conference Series,
pages 15+ (1998)

Boulanger, F.,Falgarone, E.,Puget, J. L., et al. Variations in the abundance of tran-
siently heated particles within nearby molecular cloudpJ, 364:136-145 (1990)

Boulanger, F, Lorente, R., Miville Deschénes, M. A, et al. Mid-IR spectro-imaging
observations with the ISOCAM CVF: Final reduction and archi®&A, 436:1151—
1158 (2005)

Bujarrabal, V., Castro-Carrizo, A., Alcolea, J, et al. The orbiting gas disk in the Red
Rectangle A&A, 441:1031-1038 (2005)

Burton, M. G., Howe, J. E, Geballe, T. R, et al. Near-IR fluorescent molecular
hydrogen emission from NGC 2023 ublications of the Astronomical Society of
Australia, 15:194-201 (1998)

Cami, J., Bernard-Salas, J, Peeters, E, et al. Detection of g and G in a Young
Planetary NebulaScience, 329:1180- (2010)

Cardelli, J. A., Clayton, G. C., andMathis, J. S. The relationship between infrared,
optical, and ultraviolet extinctionApJ, 345:245-256 (1989)

Cernicharo, J., Heras, A. M., Tielens, A. G. G. M, et al. Infrared Space Observatory’s
Discovery of GH,, CsH,, and Benzene in CRL 618pJ, 546:L.123-L126 (2001)

Cesarsky, C. J., Abergel, A., Agnese, P.et al. ISOCAM in flightA&A, 315:L.32-L37
(1996)

158



Bibliography

Cesarsky, D.,Lequeux, J.,Ryter, C., et al. ISO observations of the reflection nebula
Ced 201: evolution of carbonaceous dus&A, 354:L.87-L91 (2000)

Cherchndf, I. A chemical study of the inner winds of asymptotic giant branch stars
A&A, 456:1001-1012 (2006)

Cherchneft, I., Barker, J. R., andTielens, A. G. G. M. Polycyclic aromatic hydrocar-
bon formation in carbon-rich stellar envelopes. ApJ, 401:269-287 (1992)

Chokshi, A, Tielens, A. G. G. M.,Werner, M. W., et al. C Il 158 micron and O | 63
micron observations of NGC 7023 - A model for its photodissociation regipd,
334:803-814 (1988)

Clegg, P. E. Ade, P. A. R, Armand, C., et al. The ISO Long-Wavelength Spectrometer.
A&A, 315:1.38-L42 (1996)

Cohen, M., Anderson, C. M., Cowley, A, et al. The peculiar object HD 44179 he
red rectangle’. ApJ, 196:179-189 (1975)

Colbert, J. W., Malkan, M. A., Clegg, P. E.,et al. ISO LWS Spectroscopy of M82: A
Unified Evolutionary ModelApJ, 511:721-729 (1999)

Compiéegne, M.,Abergel, A., Verstraete, L., et al. Dust processing in photodissocia-
tion regions. Mid-IR emission modellind&A, 491:797-807 (2008)

Compiegne, M.,Verstraete, L., Jones, A..et al. . ApJ, page submitted (2010)

Dartois, E., Mufioz Caro, G. M., Debdfle, D., et al. Difuse interstellar medium
organic polymers. Photoproduction of the 3.4, 6.85 and ubfeatures A&A,
423:L.33-L36 (2004)

de Graauw, T.,Haser, L. N., Beintema, D. A, et al. Observing with the ISO Short-
Wavelength Spectromet&&A, 315:L.49-154 (1996)

de Graauw, T.,Helmich, F. P.,Phillips, T. G., et al. The Herschel-Heterodyne Instru-
ment for the Far-Infrared (HIFIL) A&A, 518:L6+ (2010)

DeFrees, D. J. Miller, M. D., Talbi, D., et al. Theoretical infrared spectra of some
model polycyclic aromatic hydrocarbons fféct of ionization ApJ, 408:530-538
(1993)

Désert, F. X.,Boulanger, F., Léger, A., et al. Nature of very small grains - PAH
molecules or silicatesA&A, 159:328-330 (1986)

Désert, F.-X.,Boulanger, F, andPuget, J. L. Interstellar dust models for extinction
and emissionA&A, 237:215-236 (1990)

159



BIBLIOGRAPHY

D’Hendecourt, L. B., Léger, A., Olofsson, G, et al. The Red Rectangle - A possible
case of visible luminescence from polycyclic aromatic hydrocarbA8#\, 170:91—
96 (1986)

Dieter, N. H. Radio Observations of the Interstellar OH Line at 1,667/dVidNature,
201:279-281 (1964)

Diplas, A. andSavage, B. D.An IUE survey of interstellar H | LY alpha absorption. 1:
Column densitiesApJS, 93:211-228 (1994)

Disney, M., Davies, J., andPhillipps, S. Are galaxy discs optically thickt MNRAS,
239:939-976 (1989)

Draine, B. and Bertoldi, F. Theoretical Models of Photodissociation Frontdn
F. Combes& G. Pineau Des Forets editor, Molecular Hydrogen in Spaceages
131—+ (2000)

Draine, B. T. Interstellar Dust Grains ARA&A, 41:241-289 (2003)

Draine, B. T. Interstellar Dust Models and Evolutionary Implications T. Henning,
E. Grin, & J. Steinacker, editor, Astronomical Society of the Pacific Conference
Series volume 414 ofAstronomical Society of the Pacific Conference Series, pages
453— (2009)

Draine, B. T. andLazarian, A. Electric Dipole Radiation from Spinning Dust Grains
ApJ, 508:157-179 (1998)

Draine, B. T. andLee, H. M. Optical properties of interstellar graphite and silicate
grains ApJ, 285:89-108 (1984)

Draine, B. T. andLi, A. Infrared Emission from Interstellar Dust. IV. The Silicate-
Graphite-PAH Model in the Post-Spitzer ErApJ, 657:810-837 (2007)

Engelbracht, C. W., Kundurthy, P., Gordon, K. D., et al. Extended Mid-Infrared
Aromatic Feature Emission in M8ApJ, 642:1.127-L132 (2006)

Fazio, G. G, Hora, J. L., Allen, L. E., et al. The Infrared Array Camera (IRAC) for
the Spitzer Space TelescopgeJS, 154:10-17 (2004)

Field, D., Gerin, M., Leach, S, et al. High spatial resolution observations of H_2
vibrational fluorescence in NGC 2023. A&A, 286:909-914 (1994)

Field, G. B. Interstellar abundances: gas and dusipJ, 187:453—-459 (1974)

Finkenzeller, U. Rotational velocities, spectral types, and forbidden lines of Herbig
AeBe stars A&A, 151:340-348 (1985)

160



Bibliography

Fitzpatrick, E. L. and Massa, D. An analysis on the shapes of ultraviolet extinction
curves. | - The 2175 A bump\pJ, 307:286—294 (1986)

Fitzpatrick, E. L. andMassa, D. An analysis of the shapes of ultraviolet extinction
curves. Il - The far-UV extinctianrApJ, 328:734—746 (1988)

Foing, B. H. and Ehrenfreund, P. Detection of Two Interstellar Absorption Bands
Coincident with Spectral Features of C Nature, 369:296+ (1994)

Fossé, D. Cesarsky, D.,Gerin, M., et al. AIBs and carbon chains in PDRsIn
A. Salama, M. F. Kessler, K. Leech,& B. Schulz editor,1SO Beyond the Peaks:
The 2nd ISO Workshop on Analytical Spectros¢copjume 456 oESA Special Pub-
lication, pages 91+ (2000)

Frenklach, M. andFeigelson, E. D.Formation of polycyclic aromatic hydrocarbons in
circumstellar envelopes. ApJ, 341:372—-384 (1989)

Fuente, A, Garcia-Burillo, S., Usero, A.,et al. On the chemistry and distribution of
HOC* in M 82. More evidence for extensive PDR&A, 492:675—684 (2008)

Fuente, A, Martin-Pintado, J., Cernicharo, J., et al. A chemical study of the pho-
todissociation region NGC 702R&A, 276:473— (1993)

Fuente, A, Martin-Pintado, J., andGaume, R. High-density CN filaments in NGC
2023 ApJ, 442:L33-L36 (1995)

Fuente, A, Martin-Pintado, J., Neri, R., et al. The filamentary structure of the inter-
face between the atomic and the molecular phases in NGC A®A, 310:286—-296
(1996)

Fuente, A, Martin-Pintado, J., Rodriguez-Fernandez, N. J.et al. Infrared Space
Observatory Observations toward the Reflection Nebula NGC 7023: A Nonequilib-
rium Ortho-to-Para-H_2 RatioApJ, 518:L45-L48 (1999)

Fuente, A, Martin-Pintado, J., Rodriguez-Franco, A, et al. The biconical cavity
associated with HD 200775: the formation of a cometary nebula. A&A, 339:575—
586 (1998)

Fuente, A, Rodriguez-Franco, A, Garcla-Burillo, S., et al. Observational study of
reactive ions and radicals in PDR&&A, 406:899-913 (2003)

Galazutdinov, G. A., Kretowski, J., Musaev, F. A.,et al. On the identification of the
C;, interstellar featuresMNRAS, 317:750-758 (2000)

Galliano, F., Madden, S. C, Tielens, A. G. G. M, et al. Variations of the Mid-IR
Aromatic Features inside and among Galaxies. ApJ, 679:310-345 (2008)

161



BIBLIOGRAPHY

Geballe, T. R.,Tielens, A. G. G. M.,Allamandola, L. J., et al. Spatial variations of
the 3 micron emission features within UV-excited nebulae - Photochemical evolution
of interstellar polycyclic aromatic hydrocarbons. ApJ, 341:278-287 (1989)

Gerakines, P. A.,Schutte, W. A, Greenberg, J. M, et al. The infrared band strengths
of H 2 O, CO and CO_2_in laboratory simulations of astrophysical ice mixtures.
A&A, 296:810—+(1995)

Gerakines, P. A, Whittet, D. C. B., Ehrenfreund, P., et al. Observations of Solid
Carbon Dioxide in Molecular Clouds with the Infrared Space ObservatofypJ,
522:357-377 (1999)

Gerin, M., Fossé, D, andRoudf, E. Carbon Chemistry in Interstellar CloudsIn
C. L. Curry & M. Fich, editor, SFChem 2002: Chemistry as a Diagnostic of Star
Formation pages 81+ (2003)

Gerin, M., Pety, J, andGoicoechea, J. R.The Horsehead Nebula, a Template Source
for Interstellar Physics and Chemistry. I C. Lis, J. E. Vaillancourt, P. F. Gold-
smith, T. A. Bell, N. Z. Scoville, & J. Zmuidzinas, editor, Astronomical Society
of the Pacific Conference Serje®lume 417 ofAstronomical Society of the Pacific
Conference Seriepages 165+ (2009)

Gerin, M., Phillips, T. G., Keene, J.,et al. CO, C i, and C Il Observations of NGC
7023 ApJ, 500:329+ (1998)

Griffin, M. J., Abergel, A., Abreu, A., et al. The Herschel-SPIRE instrument and its
in-flight performance A&A, 518:L3+ (2010)

Habart, E., Abergel, A., Walmsley, C. M., et al. Density structure of the Horsehead
nebula photo-dissociation regioM&A, 437:177-188 (2005)

Habart, E., Boulanger, F, Verstraete, L., et al. H, infrared line emission across the
bright side of the rho Ophiuchi main cloud&A, 397:623—-634 (2003)

Habart, E., Verstraete, L., Boulanger, F, et al. Photoelectric gect on dust grains
across the L1721 cloud in the rho Ophiuchi molecular comphe(A, 373:702—-713
(2001)

Habing, H. J. The interstellar radiation density between 912 A and 2400 A. Bull. As-
tron. Inst. Netherlands, 19:421(1968)

Herbig, G. H. The Djfuse Interstellar BandsARA&A, 33:19-74 (1995)

Hollenbach, D. J.andTielens, A. G. G. M. Photodissociation regions in the interstellar
medium of galaxies. Reviews of Modern Physics, 71:173-230 (1999)

Hony, S, Van Kerckhoven, C., Peeters, E, et al. The CH out-of-plane bending modes
of PAH molecules in astrophysical environmem&A, 370:1030-1043 (2001)

162



Bibliography

Houck, J. R., Roellig, T. L., van Cleve, J.,et al. The Infrared Spectrograph (IRS) on
the Spitzer Space TelescopgeJS, 154:18-24 (2004)

Iglesias-Groth, S, Manchado, A. Garcia-Hernandez, D. A, et al. Evidence for
the Naphthalene Cation in a Region of the Interstellar Medium with Anomalous Mi-
crowave EmissionApJ, 685:L55-L58 (2008)

Iglesias-Groth, S, Manchado, A. Rebolo, R.,et al. A search for interstellar an-
thracene towards the Perseus anomalous microwave emission réfgiRAS, pages
1136—+ (2010)

Joblin, C., Léger, A., andMatrtin, P. Contribution of polycyclic aromatic hydrocarbon
molecules to the interstellar extinction curvepJ, 393:L79-L82 (1992)

Joblin, C., Pilleri, P., Montillaud, J., et al. Gas morphology and energetics at the
surface of PDRs: New insights with Herschel observations of NGC.70%A,
521:1.25+ (2010)

Joblin, C., Szczerba, R, Berné, O, et al. Carriers of the mid-IR emission bands in
PNe reanalysed. Evidence of a link between circumstellar and interstellar aromatic
dust A&A, 490:189-196 (2008)

Joblin, C., Tielens, A. G. G. M,, Allamandola, L. J., et al. Spatial Variation of the 3.29
and 3.40 Micron Emission Bands within Reflection Nebulae and the Photochemical
Evolution of Methylated Polycyclic Aromatic HydrocarboAgJ, 458:610+ (1996a)

Joblin, C., Tielens, A. G. G. M, Geballe, T. R, et al. Variations of the 8.6 and 11.3 MU
M Emission Bands within NGC 1333: Evidence for PAH CatioApJ, 460:L119
(1996b)

Joblin, C., Toublanc, D., Boissel, P.et al. Calculations of the far-infrared emission of
C.4H1, under interstellar conditionsMolecular Physics, 100:3595-3600 (2002)

Jura, M., Balm, S. P, andKahane, C. A Long-lived Disk around the Red Rectangle?
ApJ, 453:721+ (1995)

Kaufman, M. J., Wolfire, M. G., Hollenbach, D. J.,et al. Far-Infrared and Submil-
limeter Emission from Galactic and Extragalactic Photodissociation Regid\usl,
527:795-813 (1999)

Kawada, M., Baba, H., Barthel, P. D., et al. The Far-Infrared Surveyor (FIS) for
AKARI. PASJ, 59:389+(2007)

Kemper, F., Vriend, W. J., andTielens, A. G. G. M. Erratum: The Absence of Crys-
talline Silicates in the Dfuse Interstellar MediumApJ, 633:534-534 (2005)

Kessler, M. F. The ISO mission: past and futurtn P. Cox & M. Kessler, editor,The
Universe as Seen by ISO, volume 42’ESfA Special Publicatigmpages 23+ (1999)

163



BIBLIOGRAPHY

Kokkin, D. L., Troy, T. P, Nakajima, M., et al. The Optical Spectrum of a Large
Isolated Polycyclic Aromatic Hydrocarbon: Hexa-peri-hexabenzocoronepé]&
ApJ, 681:1.49-L51 (2008)

Kurucz, R. L. Model Atmospheres (Kurucz, 1979)izieR Online Data Catalog,
6039:0—+ (1993)

Kwok, S. The synthesis of organic and inorganic compounds in evolved dtatire,
430:985-991 (2004)

Lafleur, A. L., Howard, J. B., Marr, J. A. , et al. Proposed fullerene precursor coran-
nulene identified in flames both in the presence and absence of fullerene production.
J. Phys. Chem., 97:13539-13543 (1993)

Laor, A. andDraine, B. T. Spectroscopic constraints on the properties of dust in active
galactic nuclei ApJ, 402:441-468 (1993)

Le Page, V, Snow, T. P, andBierbaum, V. M. Hydrogenation and Charge States of
Polycyclic Aromatic Hydrocarbons in Dyse Clouds. Il. ResultsApJ, 584:316—-330
(2003)

Le Petit, F., Nehmé, C.,Le Bourlot, J., et al. A Model for Atomic and Molecular
Interstellar Gas: The Meudon PDR CadapJS, 164:506-529 (2006)

Léger, A. andPuget, J. L. Identification of the 'unidentified’ IR emission features of
interstellar dust?A&A, 137:L.5-L8 (1984)

Lemaire, J. L., Field, D., Gerin, M., et al. High spatial resolution observations of
H_2 vibrational emission in NGC 7023.&A, 308:895-907 (1996)

Lemke, D., Klaas, U., Abolins, J., et al. ISOPHOT - capabilities and performance.
A&A, 315:L64-L70 (1996)

Li, A. Interaction of Nanoparticles with Radiatiorin A. N. Witt, G. C. Clayton, &
B. T. Draine, editor,Astrophysics of Dustrolume 309 ofAstronomical Society of the
Pacific Conference Series, pages 41712004)

Li, A. andDraine, B. T. Infrared Emission from Interstellar Dust. Il. The fhise Inter-
stellar Medium ApJ, 554:778-802 (2001a)

Li, A. andDraine, B. T. On Ultrasmall Silicate Grains in the [Fuse Interstellar
Medium. ApJ, 550:L213-L217 (2001b)

Li, A. andDraine, B. T. Do the Infrared Emission Features Need Ultraviolet Excitation?
The Polycyclic Aromatic Hydrocarbon Model in UV-poor Reflection NebukspJ,
572:232-237 (2002)

164



Bibliography

Lovas, F. J, McMahon, J., Grabow, J. U., et al. Insterstellar chemistry: a strategy for
detecting polycyclic aromatic hydrocarbons in spadeAm. Chem. Soc., 127:4345—
4349 (2005)

Malloci, G., Joblin, C., andMulas, G. On-line database of the spectral properties of
polycyclic aromatic hydrocarbonghemical Physics, 332:353-359 (2007)

Malloci, G., Mulas, G., andJoblin, C. Electronic absorption spectra of PAHS up
to vacuum UV. Towards a detailed model of interstellar PAH photophysics. A&A,
426:105-117 (2004)

Markwardt, C. B.  Non-linear Least-squares Fitting in IDL with MPFIT In
D. A. Bohlender, D. Durand, & P. Dowler, editor, Astronomical Society of the Pa-
cific Conference Seriegolume 411 ofAstronomical Society of the Pacific Conference
Series pages 251+ (2009)

Martini, P., Sellgren, K., andHora, J. L. Near-Infrared Spectroscopy of Molecular
Filaments in the Reflection Nebula NGC 7023. ApJ, 484:29@:997)

Mathis, J. S, Rumpl, W., andNordsieck, K. H. The size distribution of interstellar
grains ApJ, 217:425-433 (1977)

McKee, C. F.andOstriker, J. P. A theory of the interstellar medium - Three components
regulated by supernova explosions in an inhomogeneous sub#tifaie218:148—-169
(1977)

Mennella, V., Colangeli, L., andBussoletti, E. The absorption cggcient of cosmic
carbon analogue grains in the wavelength range 20 - 2000 micrA8#\, 295:165—
170 (1995)

Merrill, P. W. Unidentified Interstellar LinesPASP, 46:206—207 (1934)

Montillaud, J., Joblin, C., andToublanc, D. Modelling the physical and chemical
evolution of PAHs and PAH-related species in astrophysical environmanAHs
and the Universe, C. Joblin and A.G.G.M Tielens Eds (2011)

Mulas, G. A MonteCarlo model of the rotation of a big, isolated molecule in the ISM.
A&A, 338:243-261 (1998)

Mulas, G., Malloci, G., Joblin, C., et al. Estimated IR and phosphorescence emission
fluxes for specific polycyclic aromatic hydrocarbons in the Red Rectaniy&A,
446:537-549 (2006)

Murakami, H., Baba, H., Barthel, P., et al. The Infrared Astronomical Mission AKARI.
PASJ, 59:369+ (2007)

Neugebauer, G.,Habing, H. J., van Duinen, R, et al. The Infrared Astronomical
Satellite (IRAS) missiomApJ, 278:L1-L6 (1984)

165



BIBLIOGRAPHY

Nummelin, A., Whittet, D. C. B., Gibb, E. L., et al. Solid Carbon Dioxide in Regions
of Low-Mass Star FormatiorApJ, 558:185-193 (2001)

Onaka, T., Matsuhara, H., Wada, T., et al. The Infrared Camera (IRC) for AKARI —
Design and Imaging PerformancASJ, 59:401+ (2007)

Ott, S. . InY Mizumoto, K. I. Morita, M. Ohishi , editor, ASP Conference Series,
Astronomical Data Analysis Software and Systems g&ge "in press” (2010)

Peeters, E, Allamandola, L. J., Hudgins, D. M., et al. The Unidentified InfraRed Fea-
tures after ISO In A. N. Witt, G. C. Clayton, & B. T. Draine, editor,Astrophysics
of Dust volume 309 ofAstronomical Society of the Pacific Conference Sepages
141—+ (2004)

Peeters, E, Hony, S, Van Kerckhoven, C., et al. The rich 6 to 9 vec mu m spectrum
of interstellar PAHs A&A, 390:1089-1113 (2002)

Pendleton, Y. J.andAllamandola, L. J. The Organic Refractory Material in the Dif-
fuse Interstellar Medium: Mid-Infrared Spectroscopic ConstraidtpJS, 138:75-98
(2002)

Pety, J. Successes of and Challenges to GILDAS, a State-of-the-Art Radioastronomy
Toolkit. In F. Casoli, T. Contini, J. M. Hameury, & L. Pagani, editor, SF2A-2005:
Semaine de I'Astrophysique Francagipages 721+ (2005)

Pety, J, Teyssier, D, Fossé, D.et al. Are PAHs precursors of small hydrocarbons in
photo-dissociation regions? The Horsehead cas®A, 435:885-899 (2005)

Pilbratt, G. L., Riedinger, J. R, Passvogel, T.et al. Herschel Space Observatory. An
ESA facility for far-infrared and submillimetre astronond&A, 518:L1+ (2010)

Pilleri, P., Herberth, D., Giesen, T. F, et al. Search for corannulene §§H;o) in the
Red RectangleMNRAS, 397:1053-1060 (2009)

Poglitsch, A, Waelkens, C.,Geis, N, et al. The Photodetector Array Camera and
Spectrometer (PACS) on the Herschel Space Observat@, 518:L.2+ (2010)

Racine, R. Stars in reflection nebulaé\J, 73:233+ (1968)

Rapacioli, M., Calvo, F., Joblin, C., et al. Formation and destruction of polycyclic
aromatic hydrocarbon clusters in the interstellar medium. A&A, 460:519-531 (2006)

Rapacioli, M., Joblin, C., andBoissel, P. Spectroscopy of polycyclic aromatic hy-
drocarbons and very small grains in photodissociation regiofh&A, 429:193-204
(2005)

Rieke, G. H., Young, E. T., Engelbracht, C. W.,, et al. The Multiband Imaging Pho-
tometer for Spitzer (MIPS)ApJS, 154:25-29 (2004)

166



Bibliography

Rouan, D.,Léger, A.,Omont, A., et al. Physics of the rotation of a PAH molecule in
interstellar environmentsA&A, 253:498-514 (1992)

Ryder, S. D.,Allen, L. E., Burton, M. G., et al. Molecular hydrogen line emission
from the reflection nebula Parsamyan. MNRAS, 294:338+ (1998)

Salama, A.1SO: highlights of recent result®\dvances in Space Research, 34:528-534
(2004)

Salama, F, Bakes, E. L. O, Allamandola, L. J., et al. Assessment of the polycyclic
aromatic Hydrocarbon—-[juse interstellar band proposafpJ, 458:621-636 (1996)

Salama, F, Galazutdinov, G. A., Kretowski, J., et al. Polycyclic Aromatic Hydrocar-
bons and the Djuse Interstellar Bands: A SurveppJd, 526:265-273 (1999)

Scott, A.andDuley, W. W. The Decomposition of Hydrogenated Amorphous Carbon:
A Connection with Polycyclic Aromatic Hydrocarbon Molecules. ApJ, 472:k123
(1996)

Sellgren, K., Uchida, K. I., andWerner, M. W. The 15-20um Spitzer Spectra of
Interstellar Emission Features in NGC 7028pJ, 659:1338-1351 (2007)

Sellgren, K., Werner, M. W., Ingalls, J. G, et al. C$ {60}$ in Reflection Nebulae
ArXiv e-prints (2010)

Shimonishi, T,, Onaka, T., Kato, D., et al. AKARI Near-Infrared Spectroscopy: De-
tection of HO and CQ Ices toward Young Stellar Objects in the Large Magellanic
Cloud ApJ, 686:1L99-L102 (2008)

Simon, A.andJoblin, C. Photodissociation of [F€C,4H12),] * complexes in the PIRE-
NEA set-up : iron-PAH clusters as good candidates for interstellar very small grains
J.Phys.Chem. A, 113:4878-4888 (2009)

Sloan, G. C.,.Bregman, J. D.,Geballe, T. R.,et al. Variations in the 3 Micron Spectrum
across the Orion Bar: Polycyclic Aromatic Hydrocarbons and Related Molecules
ApJd, 474:735+ (1997)

Sloan, G. C, Hayward, T. L., Allamandola, L. J., et al. Direct Spectroscopic Evi-
dence for lonized Polycyclic Aromatic Hydrocarbons in the Interstellar Medium. ApJ,
513:L.65-L68 (1999)

Sloan, G. C, Jura, M., Duley, W. W., et al. The Unusual Hydrocarbon Emission
from the Early Carbon Star HD 100764: The Connection between Aromatics and
Aliphatics ApJ, 664:1144-1153 (2007)

Smith, J. D. T., Draine, B. T., Dale, D. A.,et al. The Mid-Infrared Spectrum of Star-
forming Galaxies: Global Properties of Polycyclic Aromatic Hydrocarbon Emission.
ApJ, 656:770-791 (2007)

167



BIBLIOGRAPHY

Smolders, K., Acke, B., Verhoelst, T, et al. When an old star smolders . On the
detection of hydrocarbon emission from S-type AGB stars. A&A, 5141(2010)

Stecher, T. P.Interstellar Extinction in the Ultraviolet. I1ApJ, 157:L125 (1969)

Szczepanski, JandVala, M. Infrared frequencies and intensities for astrophysically
important polycyclic aromatic hydrocarbon cationspJ, 414:646—655 (1993a)

Szczepanski, JandVala, M. Laboratory evidence for ionized polycyclic aromatic
hydrocarbons in the interstellar mediuiNature, 363:699-701 (1993b)

Tauber, J. A., Tielens, A. G. G. M.,Meixner, M., et al. Anatomy of a Photodissocia-
tion Region: High angular resolution images of molecular emission in the Orion Bar.
ApJ, 422:136-152 (1994)

Teyssier, D.,Fossé, D, Gerin, M., et al. Carbon budget and carbon chemistry in
Photon Dominated Region&&A, 417:135-149 (2004)

Thaddeus, P. The prebiotic molecules observed in the interstellar.gakil. Trans. R.
Soc., 361:1681-1687 (2006)

Thorwirth, S., Theulé, P, Gottlieb, C. A., et al. Rotational Spectra of Small PAHSs:
Acenaphthene, Acenaphthylene, Azulene, and Fluorsmé 662:1309-1314 (2007)

Tielens, A. G. G. M. The Physics and Chemistry of the Interstellar Mediuifthe
Physics and Chemistry of the Interstellar Medium, by A. G. G. M. Tielens, pp. . ISBN
0521826349. Cambridge, UK: Cambridge University Press, 2005. (2005)

Useli Bacchitta, F. Photophysique des mol€ules polycycligues aromatiques hydroghés
dOintrét interstellaire avec I0expfience PIRENE2.D. thesis, Centre d’Etude Spa-
tial des Rayonnement, Université Paul Sabatier, Toulouse, France (2009)

Useli-Bacchitta, F, Bonnamy, A, Mulas, G., et al. Visible photodissociation spec-
troscopy of PAH cations and derivatives in the PIRENEA experiméZtiemical
Physics, 371:16—-23 (2010)

Useli Bacchitta, F.andJoblin, C. Photo-dissociation of large hydrocarbons with PIRE-
NEA In Molecules in Space and Laboratof3007)

van den Ancker, M. E., The, P. S, Tjin A Djie, H. R. E. , et al. HIPPARCOS data on
Herbig Ag¢Be stars: an evolutionary scenarid&A, 324:L.33-L36 (1997)

van der Tak, F. F. S, Black, J. H., Schdier, F. L, et al. A computer program for
fast non-LTE analysis of interstellar line spectra. With diagnostic plots to interpret
observed line intensity ratioA&A, 468:627—-635 (2007)

Vastel, C, Spaans, M, Ceccarelli, C, et al. The physical conditions in the PDR of
W49N A&A, 376:1064—-1072 (2001)

168



Bibliography

Waters, L. B. F. M., Waelkens, C, van Winckel, H., et al. An oxygen-rich dust disk
surrounding an evolved star in the Red Rectan@lature, 391:868—-871 (1998)

Weingartner, J. C. andDraine, B. T. Dust Grain-Size Distributions and Extinction in
the Milky Way, Large Magellanic Cloud, and Small Magellanic CloApJ, 548:296—
309 (2001)

Werner, M. W., Roellig, T. L., Low, F. J., et al. The Spitzer Space Telescope Mission
ApJS, 154:1-9 (2004a)

Werner, M. W., Uchida, K. I., Sellgren, K.,et al. New Infrared Emission Features and
Spectral Variations in NGC 7023pJS, 154:309-314 (2004b)

Witt, A. N., Gordon, K. D., Vijh, U. P., et al. The Excitation of Extended Red Emission:
New Constraints on Its Carrier from Hubble Space Telescope Observations of NGC
7023 ApJ, 636:303—-315 (2006)

Young Owl, R. C., Meixner, M. M., Fong, D.,et al. Testing Models of Low-EXxcitation
Photodissociation Regions with Far-Infrared Observations of Reflection Nebulae
ApJ, 578:885—-896 (2002)

169






Abstract

Polycyclic Aromatic Hydrocarbons (PAHS) are a major constitiof interstellar matter,
containing about 20% of the total carbon in our Galaxy. PAHs are known to play a major
role in the chemistry and the physics of photo-dissociation regions (PDRs). In these
environments, the evolution of PAHSs is driven by the UV field and it has been proposed
to be linked to that of very small dust particles and small molecular hydrocarbons. In
this work, we provide further insights into these evolutionary scenarios by combining
the analysis of infrared (IR) data from ISQpitzerand AKARI space telescopes with
new observations in the far-IR and sub-mm domains obtainedhiatischelas well as

in the millimeter domain using the IRAM ground-based telescopes.

We have developed a new analysis method for the mid-IR spectro-imagery obser-
vations that allows to study the photo-processing of evaporating Very Small Grains
(eVSGs) in PDRs. This procedure provides an estimate of the fraction of carbon locked
in eVSGs compared to all atoms in the AIB carriers. This quantity is found to be re-
lated to the UV radiation field and can therefore be used as a tracer of its intensity in
both resolved and unresolved sources. The obtained results are also consistent with a
scenario in which eVSGs are destroyed by the UV field, giving birth to free PAHs. The
results of the mid-IR analysis are compared with near-IR and millimeter observations,
showing that the destruction process of eVSGs may be a source of production of small
hydrocarbons. An accurate modelling of hydrocarbon chemistry in PDRs is needed to
quantitatively test this scenario.

We used the IRAM 30 m telescope to search for the specific rotational signatures
of an individual PAH, corannulene, in the millimeter spectrum of the Red Rectangle
nebula. The comparison of the derived upper limit for detection with models allows to
constrain the maximum abundance of small PAHSs in this source. This provides evidence
that these small species are under-abundant in the envelopes of evolved carbon stars and
constrains the formation mechanisms of PAHs in these environments.

The results of the mid-IR analysis are combined with observations of several gas
species in the far-IR and sub-millimeter witterscheland in the millimeter with IRAM
to study the geometry, energetics, and dynamics of the PDRs in the reflection nebula
NGC 7023. Further progresses on this topics await for rktmescheldata but also for
the forthcoming JWST and SPICA space missions and the ALMA interferometer.
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Resumé

Les molécules Polycycliqgues Aromatiques Hydrogénées (PAHK) N constituant ma-

jeur de la matiere interstellaire, contenant environ 20% de la totalité du carbone dans
notre galaxie. Les PAH jouent un réle majeur dans la physique et la chimie des régions
de photo-dissociation (PDR). Dans ces environnements, I'évolution des PAH est pilotée
par le champ de rayonnement ultraviolet (UV) et il a été proposé qu’elle soit liée a celle
des trés petites particules de poussiére et aux petits hydrocarbures. Dans ce travail, nous
proposons un nouvel éclairage sur ces scénarios d’évolution en combinant les analyses
des données infrarouges (IR) des télescopes spatiauxS@@eret AKARI, a de nou-

velles observations dans les domaines de I'IR lointain et du sub-millimétrique obtenues
par le satelliteHerschelainsi que dans le domaine millimétrique grace aux télescopes
au sol de I'lRAM.

Nous avons développé une nouvelle méthode d’analyse des observations de spectro-
imagerie de I'IR moyen qui permet d’étudier I'évolution des tres petits grains en cours
d’évaporation (eVSG) dans les PDR. Cette procédure fournit une estimation de la frac-
tion de carbone contenu dans les eVSG par rapport au total du carbone contenu dans les
especes responsables de I'émission des Bandes Infrarouges Aromatiques (AIB). Cette
guantité s’avere étre reliée au champ de rayonnement UV et peut ainsi étre utilisée
comme sonde de l'intensité de ce rayonnement dans des sources résolues ou non spa-
tialement. Les résultats obtenus sont également cohérents avec un scénario dans lequel
la destruction des eVSG par le champ UV donne naissance a des PAH libres. Les ré-
sultats de I'analyse dans I'|R moyen sont comparés aux observations des domaines du
proche IR et du millimétrique, montrant que les processus de destruction des eVSG pour-
raient étre une source de petits hydrocarbures. Une modélisation précise de la chimie
des hydrocarbures dans les PDR s’avére nécessaire pour quantifier ce scénario.

Nous avons utilisé le télescope de 30 m de I'IRAM pour chercher la signature rota-
tionnelle spécifique d’'un PAH individuel, le corannuléne, dans le spectre millimétrique
de la nébuleuse du Rectangle Rouge. En comparant a des modeles la limite supérieure
d’abondance déduite de la non détection de ce PAH, nous avons pu contraindre 'abondance
maximale des PAH de petite taille dans cette source. Ceci indique que ces espéces sont
sous-abondantes dans les enveloppes des étoiles carbonées évoluées, et contraint les mé-
canismes de formation des PAH dans ces environnements.

Les résultats de I'analyse dans l'infrarouge moyen sont combinés aux observations
de plusieurs constituants du gaz dans I'IR lointain et le submillimétrique grace au satel-
lite Herschelet dans le millimétrique avec les instruments de I'lRAM afin d’étudier
la géométrie, le bilan énergétique et la dynamique des PDR associées a la nébuleuse
par réflexion NGC 7023. Ce sujet devrait continuer a progresser dans les années a venir
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grace a de nouvelles donné¢arschel mais aussi I'arrivée de futures missions spatiales
JWST et SPICA et de I'interférometre ALMA.
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