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DUST EVOLUTION IN PHOTON-DOMINATED REGIONS

THIEBAUT SCHIRMER



ABSTRACT

Micro-physical processes on interstellar dust surfaces are tightly connected to dust properties
(i.e. dust composition, size, and shape) and play a key role in numerous phenomena in the
interstellar medium (ISM). The large disparity in physical conditions (i.e. density and gas
temperature) in the ISM triggers an evolution of dust properties. The analysis of how dust
evolves with the physical conditions is a stepping stone towards a more thorough under-
standing of interstellar dust. As physical conditions vary widely and are spatially resolved in
nearby photon-dominated regions (PDRs), they are the ideal place to study dust evolution as
a function of physical conditions. In this thesis, I focus on how does interstellar dust evolves
with physical conditions in nearby PDRs. To this end, I modelled dust emission and scatter-
ing using the THEMIS interstellar dust model together with the 3D radiative transfer code
SOC. I used Spitzer and Herschel observations to confront the results of my modelling in order
to constrain the dust properties. I found that nano-grains are strongly depleted in the outer
irradiated part of the Horsehead and that grains coagulate together to form aggregates in
the inner dense part of the Horsehead. I proposed a scenario where in the outer part of the
Horsehead nebula, all the nano-grain have not yet had time to re-form completely through
photo-fragmentation of aggregates and the smallest of the nano-grain that are sensitive to the
radiation field are photo-destroyed. In the inner part of the Horsehead nebula, grains most
likely consist of multi-compositional mantled aggregates, as would expected in high density
regions.

RESUME

Les processus microphysiques a la surface des poussieres interstellaires sont étroitement liés a
leurs propriétés (i.e. la taille et la forme des poussiéres) et jouent un role clé dans de nombreux
phénomenes du milieu interstellaire (MIS). La grande disparité des conditions physiques (i.e.
la densité et la température du gaz) dans le MIS déclenche une évolution des propriétés des
poussiéres. L'analyse de ’évolution de la poussiere en fonction des conditions physiques est
un tremplin vers une compréhension plus approfondie de la poussiére interstellaire. Etant
donné que les conditions physiques varient considérablement et sont spatialement résolues
dans les régions photon-dominées (PDRs) proches, elles constituent le lieu idéal pour étudier
I’évolution de la poussiére en fonction des conditions physiques. Dans cette these, je me con-
centre sur la fagon dont la poussiére interstellaire évolue en fonction des conditions physiques
dans les PDRs proches. A cette fin, j’ai modélisé ’émission et la diffusion de la poussiére en
utilisant le modéle de poussiere interstellaire THEMIS ainsi que le code de transfert radiatif
3D SOC. J'ai utilisé les observations Spitzer et Herschel pour confronter les résultats de ma
modélisation afin de contraindre les propriétés de la poussiere. J'ai constaté que les nano-
grains sont fortement déplétés dans la partie irradiée de la téte de cheval et que les grains
coagulent pour former des agrégats dans la partie dense de la téte de cheval. J’ai proposé
un scénario dans lequel, dans la partie irradiée de la nébuleuse de la téte de cheval, tous
les nano-grains n’ont pas encore eu le temps de se reformer par la photofragmentation des
agrégats et les plus petits des nano-grains sensibles au champ de rayonnement sont détruits
par le rayonnement. Dans la partie intérieure de la nébuleuse de la Téte de cheval, les grains
sont constitués d’agrégats, comme attendu dans les régions a haute densité.
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SYNTHESE EN FRANCAIS

Bien que l'on puisse penser que 1'espace entre les étoiles est vide, c’est loin d’étre le cas. En
effet, cet espace appelé milieu interstellaire (MIS) est composé de gaz et de poussieres. C’est
dans le milieu interstellaire, oti gaz et poussieres se rassemblent sous l'influence de la force
gravitationnelle pour former des nuages denses, que les étoiles prennent vie. Par conséquent,
il est important de comprendre les différents phénomenes qui se déroulent dans le MIS afin
de comprendre 1’évolution de notre Galaxie et par conséquent, de 1'Univers.

Bien qu’elles ne représentent que 1 % de la masse totale du milieu interstellaire, les pous-
sieres interstellaires jouent un role essentiel au sein de ce méme milieu car impliquées dans
différents processus physiques et chimiques qui se produisent sur leurs surfaces. Ces proces-
sus peuvent chauffer le gaz, comme 1’effet photoélectrique, ou alors le refroidir suite a des col-
lisions entre les molécules du gaz et les grains de poussiere. En agissant comme un catalyseur,
permettant aux atomes et aux molécules de réagir a sa surface, la poussiere est aussi forte-
ment impliquée dans la chimie du milieu interstellaire. La poussiere joue également un role
dans la redistribution du rayonnement stellaire UV-visible en rayonnement IR-millimétrique,
un processus qui dépend de la masse, du volume et également de la composition des grains
de poussiere. L'efficacité de ces processus dépend fortement des propriétés de la poussiere
telles que la taille des grains, composition et la forme. Il est donc important de contraindre
les propriétés de la poussiére afin de comprendre les différents phénomeénes qui se déroulent
dans le milieu interstellaire. Cependant, la grande disparité des conditions physiques (den-
sité et irradiation) dans le milieu interstellaire entraine une évolution des propriétés de la
poussiere, telle que la masse, le volume, la forme ainsi que la composition.

Au cours de ma these, j'ai donc essayé de comprendre comment la poussiere interstellaire
évolue en fonction des conditions physiques. A cette fin, j’ai étudié I’évolution de la poussiére
dans les régions photon-dominées, ou les conditions physiques varient considérablement et
peuvent étre résolues spatialement. Ces régions sont donc un endroit unique pour étudier la
fagon dont la poussiére évolue avec les conditions physiques locales.

La premiere partie de ma these se concentre sur les différents outils utilisés pour mener
a bien ce projet. Pour modéliser les grains de poussiere, j'ai utilisé le modele THEMIS, qui
propose un scénario d’évolution des grains du milieu diffus vers le milieu dense. Du fait
qu’une région photon-dominée est une région dense, la facon dont se propage les photons
en son sein est compliquée et nécessite donc une approche détaillée quant au transfert du
rayonnement dans la matiere, c’est ce qu’on appelle le transfert radiatif. ]’ai donc utilisé un
code de transfert radiatif appelé SOC, qui m’a permis de modéliser avec précision 1’émission
et la diffusion observées dans les régions photon-dominées en utilisant le modele THEMIS.
Etant donné que le transfert radiatif n’est pas intuitif, j’ai étudié l'influence de la modification
des propriétés des grains sur leurs émission, avec et sans transfert radiatif, pour dissocier des
effets uniquement liés au transfert radiatif.

La deuxieme partie de ma these concerne l'application de ces outils & un cas concret, la
nébuleuse de la téte de cheval. J'ai utilisé les observations des télescopes spatiaux Spitzer et
Herschel pour confronter les résultats de ma modélisation afin de contraindre les propriétés
de la poussiere. ]J’ai constaté que les nano-grains sont fortement déplétés dans la partie ir-
radiée de la téte de cheval et que les grains coagulent pour former des agrégats dans la partie
dense de la téte de cheval. J'ai proposé un scénario dans lequel tous les nano-grains n’ont
pas encore eu le temps de se reformer par la photo-fragmentation des agrégats dans la partie



irradiée et que les plus petits des nano-grains sensibles au champ de rayonnement sont détru-
its par le rayonnement. Dans la partie dense de la nébuleuse de la Téte de cheval, les grains
sont constitués d’agrégats, comme attendu dans les régions a haute densité. En conclusion,
j’ai montré qu’il n’est pas possible de reproduire les observations dans la téte de cheval en
utilisant des grains de poussiére provenant du milieu interstellaire diffus. Il est nécessaire de
faire évoluer les grains en modifiant leurs propriétés pour comprendre les observations dans

les régions photon-dominées.
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GENERAL INTRODUCTION AND PHD OBJECTIVES

En vérité, le chemin importe peu, la volonté d’arriver suffit a tout.
Albert Camus - Le Mythe de Sisyphe

The celestial vault has historically been a source of great fascination for human kind. As
the evolution of astronomy over time could be, at the very least, a thesis subject, I chose to
develop only three aspects that are of special interest to me.

Around the 4th century BC, the mathematician and astronomer Philolaos claimed that the
world is made of harmony and numbers, in proportions that correspond to the three basic tones
in music (i.e. the octave (2:1), fifth (3:2), and fourth (4:3)). Based on his own perception of
the world, he introduced the notion of musica universalis (also called, music of the spheres or
harmony of the spheres) that was later described in La République, by Plato. Thence, from the
observed harmony in the celestial vault, which implies an organised world, the notion of
Cosmos emerged for the first time:

"A ce qu’assurent les doctes pythagoriciens, Callicles, le ciel, la Terre, les Dieux, les hommes, forment

ensemble une communauté, ils sont liés par I'amitié, I'amour de I'ordre, le respect et la tempérance, le

sens de la Justice. C’est pourquoi le tout du monde les Sages I'appellent Cosmos, ou ordre du monde,
et non pas désordre ou déreglement.’

Plato, Gorgias, 507 e - 508 a

In an entirely different domain, a masterpiece of Celtic art, the Brno pitcher (see Fig. 1,
left panel), was discovered in May 1941. Albeit the magnificent bronze ornaments on this
pitcher suggested they were only there for decoration, the french archeologist and historian,
Venceslas Kruta, went further in 2007. Using reconstruction of the starry sky of Brno at the
summer and winter solstices, in the year that the creation of the pitcher was made, he found
complete agreement between the constellations and the ornaments (see Fig. 1, right panel).
This highlights the deep knowledge of the sky that the Celts had at that time (4th and 3rd
century BC), as well as their fascination for the starry vault.

In 1584, at the instigation of Tycho Brahe, one of the most important observatories (see
Fig. 2, left panel) in Europe was built on the small Swedish island of Ven (which was Danish
at this time). As refracting telescopes were built only 20 years after the creation of this ob-
servatory, all the measurements were made with instruments such as sextants and quadrants
(see Fig. 2, right panel), with the naked eye. We can see the precision with which these instru-
ments have been built, which enabled the astronomers of the time to establish a catalogue
of 1000 stars with an accuracy of the order of one arc minute. It was the most precise and
complete catalogue of stars at the time. Later, Johannes Kepler used this catalog and most
especially the measurements that were made of the planets, to establish his laws of planetary
motions, the well-known Kepler laws.

Nowadays, our fascination for the sky is, fortunately, still intact. While lying on the ground
and looking at the stars, more and more details will appear, as our eyes adapt to this peaceful
obscurity. With some luck, mostly due to the geographic position, a broad white band that
slices through the sky, pops out at our eyes ... This is our Galaxy, the Milky way. Albeit it
contains a large number of stars, it is possible to distinguish many dark places. Although one
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might think that the space between the stars is empty, it is far from being so. Indeed, this
space is composed of gas and dust, known as the interstellar medium (ISM). It is in the ISM,
where gas and dust gather to form dense clouds, where the stars are brought to life. As a
consequence, it is important to understand the different phenomena that take place in the
ISM in order to understand the evolution of our Galaxy and, as a result, of the Universe.

Despite representing only 1% of the ISM total mass, interstellar dust plays an essential role
within the ISM through different microphysical processes that occur on dust surfaces that
can heat the gas, such as the photoelectric effect, or cool the gas through gas-grain collisions.
By acting as a catalyst, allowing atoms and molecules to react on its surface, dust is strongly
involved in the chemistry of the ISM. Dust also plays a role in the redistribution of UV-visible
stellar radiation into IR-millimeter radiation, a process that depends on the dust mass, the
volume of dust grains and also upon their composition. The efficiency of these processes
strongly depends upon the dust properties such as the grain size, composition and shape.
It is therefore important to be able to constrain dust properties in order to understand the
different phenomena that take place in the ISM. However, the wide disparity in the physi-
cal conditions (density and irradiation) throughout the ISM triggers an evolution of the dust
properties.

During my PhD, I have therefore tried to understand how does interstellar dust evolves
with physical conditions. To this end, I studied dust evolution in nearby photon-dominated re-
gions, where the physical conditions vary widely and can be spatially resolved. These regions
are therefore a unique place to study how dust evolves with the local physical conditions.

In chapterii, I describe the structure of the interstellar medium. I will particularly depict
interstellar dust, from its signatures in the Universe, by way of evidence for its evolution
within different environments, to the mechanisms that lead it to radiate. I will also present
photon-dominated regions, that are at the heart of my work to study how does dust evolves
with physical conditions.

In order to study dust evolution in photon-dominated regions, we need observations. I will
therefore present, in chapteriii, the different space observatories that provide us with these
observations, and detail the observations of the Horsehead Nebula that I used in this work.

These observations require models and tools in order to interpret the dust emission and
scattering in such regions. Consequently, I introduce the interstellar dust model I used in this
study, THEMIS, in chapteriv. I also describe the local dust emission modelling tool, DustEM,
and the two radiative transfer codes that I used, DustPDR and SOC.

In chapterv, I present a detailed analysis of the dust emission and scattering properties
resulting from the calculations that I performed and then, the evidence for dust evolution in
the Horsehead that I have highlighted. I will also discuss the implications of these results for
the physics and chemistry of this region. This thesis ends with a concluded chapter vi.



List of Tables

Meissa-Héka AN
A Ori

" £ Bellatrix
&>

Figure 1: Left: The Brno pitcher. Right: Representation of the ornaments of the Brno pitcher with the
associated stars. Credits: Venceslas Kruta.

Figure 2: Left: Stjerneborg, the buried Danish astronomical observatory created at the initiative of Tycho
Brahe, on the small Swedish Island of Ven. Right: A quadrant in the Tycho Brahe Museum
on the Ven Island. Credits: Thiébaut Schirmer.
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THE INTERSTELLAR MEDIUM

Aujourd’hui s’appelle Aujourd’hui, et demain Peut-étre.

Johann Wolfgang von Goethe - Les maximes et réflexions
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A large amount of the observable matter (~ 99%) in our Galaxy is found within stars’
although they occupy a very small volume. The 1% of mass left fills up the space between
stars, known as the interstellar medium (ISM). It is composed by mass of 1% dust and 99% gas
(70% hydrogen and 30% helium that is, 90% hydrogen and 10% helium by number of atoms),
whose intrinsic properties make it possible to distinguish several structures. Since hydrogen
is the largely dominant element in the interstellar medium (see Fig.3), it is customary to
characterize the density of such media by the number” of protons per unit volume, ny.

Dust grains, with diameters ranging from nanometers to micrometers, are mixed with the
interstellar gas. They are mostly formed in the cold atmospheres of evolved stars, in novae,
and supernovae. Although dust represents only about one hundredth of the mass of the ISM,
it plays an important role in the physics and chemistry of the interstellar medium through
the extinction and emission of radiation, through the chemical reactions that take place on
the surface of these grains, and in the gas heating. We describe dust in more details in Sect. 2.

In this section, we first describe the different phases that composed the ISM and their
evolution over time. Then, we present the different sources of energy of the ISM. To finish, we
introduce the different heating and cooling mechanisms of the ISM.

1.1 A STRUCTURED ENVIRONMENT

Astrophysics is a science which is primarily based on the observation and classification of
astronomical objects. The multi-wavelength observations of galaxies and especially of our
Galaxy, the Milky Way, shows a wide heterogeneous distribution of stellar and interstellar
matter.

1 The velocity field of the Galaxy shows that another mass component is needed so far of unknown origin. This
mass component which does not shine is called dark matter (also missing mass) and represents represents 4 times
the stellar mass (8 x 10! Mg).

2 ng = n(H) +n(HT) +2n(H,).



1.1 A STRUCTURED ENVIRONMENT

= 0 a
N o} Ne
Mg Feo g g AT

Figure 3: The astronomer’s periodic table where the relative cosmic abundance are represented by the
area of the boxes. Image created by Benjamin McCall.

McKee and Ostriker, 1977 proposed a classification of the ISM based on the hydrogen state
(ionised, atomic, and molecular). Later, as the density and temperature are the two main vari-
ables that control the gas state equation, the community decided to use these two physical
parameters to discriminate the different regions of the ISM (e.g. Ferriére, 2001; Draine, 2011).
However, this classification suffers from some limitations because there are regions where the
physical conditions are such that they cannot be fitted into the usual classification. Neverthe-
less, this classification remains an efficient tool to characterise the ISM in a faithful and simple
way, albeit not adapted to PDRs. However, Snow and McCall, 2006 proposed a classification
based on the state of the hydrogen and carbon in the gas, which follows variations in the UV
radiation field. This classification is therefore appropriate for the study of PDRs, where the
UV radiation field decreases progressively from the illuminated edge to the densest regions
(see Sect. 3). We present here these two classifications schemes.

1.1.1  Classification based on the gas state

In the usual classification of the ISM, five phases are defined (e.g. Ferriere, 2001; Draine, 2011),
based on the physical conditions (see Table 1 for a summary), described as follows:

¢ the hot ionised medium (HIM) represents an important part of the volume of our Galaxy
but a small part of its mass. It fills a spherical structure on a very large scale that encom-
passes the disc of the galaxy, called the galactic halo. Its particularly low density allows
the energetic radiation and shock waves produced by the supernovae to propagate there,
heating the gas to the highest temperatures attained in the ISM. The gas in this region
is therefore mostly ionised. The HIM is thought to be the result of the so-called galactic
fountain where the ram pressure of supernovae sends gas out of the galactic plane. In
the course of its long cooling this gas get denser and falls back on the galactic plane in
the form of high-velocity or intermediate-velocity clouds, hence the fountain name (e.g.
Miville-Deschénes et al., 2005; Marchal et al., 2019).

e the warm neutral medium (WNM) where photons above 13.6 eV are mostly suppressed.
Therefore, hydrogen is found in this neutral form in this medium, which has tempera-
tures of a few thousand K and densities between 0.1 and 1 cm 3. It is important to note
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Table 1: Summary of the physical conditions in the five phases of the ISM described in Sect. 1.1.1. All
the values are taken from Draine, 2011.

Phase Tgas ny Volume M tracers

[K] [em 3] [%] [10°Mg]
HIM > 10°° ~ 0.004 50% 0.02 UV, x ray, radio synchrotron
WNM ~ 5000 0.6 30% 2 HI 21 cm emission
CNM ~ 100 30 4% 3 HI 21 cm absorption
WIM ~10% 0.2—10% 20% 2 Hy, UV, x ray, radio synchrotron
Molecular ~10—20 10%—10° 1% 2.3 CO 2.6-mm, dust far-IR emission

that the heating of such regions cannot be ensured by the photoionisation of the atoms
because the electrons do not have time to heat the gas as they recombine quickly. Thus,
it is the photoelectric effect on dust grains that is responsible for the heating of these
regions;

¢ the cold neutral medium (CNM) is organised in the form of interconnected filaments and
clouds, is less dense than the molecular phase and the hydrogen is therefore in atomic
form;

¢ the warm ionised medium (WIM) where photons can have energies above 13.6 eV leading
to the photoionisation of hydrogen atoms. The gas is thus almost fully ionised and
reaches temperatures around 10% K. In the photoionisation process, energetic electrons
(with a few tens of eV in kinetic energy) are injected into the gas releasing their energy
via inelastic collisions with gas species. A detailed review of this phase can be found in
Haffner et al., 2009;

¢ the molecular medium is essentially in the form of molecular clouds that occupy the
galactic disc plane. In such regions, the temperature is about only 10 K and varies only
slightly while the density covers a wide range (ny ~ 10?2 —10° cm~3). This reflects
that the denser parts of the molecular clouds are not in pressure equilibrium with the
surrounding neutral medium. These regions undergo a phase of gravitational collapse,
the first phase of star formation. In addition, these regions are sufficiently cold to allow
ice mantles to form on dust grains (H,O, CO;, CO, ...);

1.1.2  Classification based on the hydrogen and carbon states

The classification proposed by Snow and McCall, 2006 consists of four different regions, based
on the hydrogen and carbon states, described as follows:

e the diffuse atomic gas corresponds to the region where the UV radiation field is high
enough to efficiently dissociates all molecules and especially the molecular hydrogen.
There, the molecular hydrogen abundance is less than 10%;

¢ the diffuse molecular gas corresponds to the region where the UV radiation field is high
enough to ionise carbon atoms but low enough to prevent the molecular hydrogen
photodissociation. There, the molecular hydrogen abundance is greater than 10% and
the abundance of ionised carbon atoms is greater than 50%;
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¢ the translucent gas corresponds to the region where the UV radiation field is low enough
to prevent the ionisation of carbon atoms but still high enough to dissociate CO molecules.
There, the abundance of ionised carbon is less than 50% and the abundance of CO is
greater than 90%;

¢ the dense molecular gas corresponds to the region where the UV radiation field is low
enough to prevent the photodissociation of CO molecules. There, the CO abundance is
greater than 90%.

As the radiation field decreases progressively in PDRs, due to both dust extinction and
H; self-shielding, this classification is therefore well adapted to PDRs as the hydrogen and
carbon states are driven by UV radiation.

1.2 AN EVOLVING ENVIRONMENT

Although it may appear static, the interstellar medium is constantly evolving. Indeed, inter-
stellar matter is dynamically evolving at all scales, from the molecular scale to large structures,
resulting in physical and chemical transformations.

Interstellar matter can be transported through different processes. For instance, at the scale
of giant molecular clouds (around a 100 pc across), the energy injected by stellar winds and
shock waves maintains turbulent and often supersonic flows, that help to shape these clouds
on a wide range of spatial scales, giving them a fractal structure. The differential rotation of
the Galaxy also sets these clouds in rotation on large scales, then the injected energy cascades
on smaller scales.

Many motions of interstellar matter revolve around the formation, life, and death of stars.
This is called the cycle of galactic matter. Star formation takes place within molecular clouds,
as soon as the mass of a condensate of matter exceeds a certain critical mass beyond which
gravitational collapse is possible. The core contracts and the temperature rises until, if the ini-
tial mass of the condensation is sufficient, the fusion temperature of the hydrogen is reached.
In this case, the nuclear fusion reactions with hydrogen are initiated, the excess energy thus
produced allows the object to radiate without drawing on its gravitational potential energy
and therefore, stop the gravitational collapse: a star is born. If it is massive enough (1 —10
M), it will radiate mostly in the UV range: such stars belong to the O and B types. In molec-
ular clouds, the strong UV radiation field of OB stars generates photon-dominated regions
(PDR) where the gas is strongly heated and dissociated.

The life of a star is long, from a few tens of millions for the most massive stars to more than
the age of the Universe for the least massive ones, and consists of several successive phases.
It is possible to determine these different phases from the knowledge of the initial mass of
the condensate. The ejected matter from stars in stellar winds and during the terminal phases
of their evolution (supernovae or planetary nebulae) mixes with the surrounding matter and
therefore feeds diffuse and dense media. It is this same matter that will be one day form other
condensates.

Nuclear fusion reactions that take place in stars consume hydrogen nuclei to form helium
nuclei and then carbon and oxygen nuclei if the initial mass of the condensation is large
enough. Subsequently, other nuclear reactions allow the synthesis of the other elements of the
periodic table classification: it is through this cycle that the interstellar matter is enriched (see

Fig. 4).

9



1.3 RADIATIVE ENERGY SOURCES IN THE ISM

DENSE CLOUD

DIFFUSE CLOUD
ACCRETION DISK

»

: ®
‘____)__,,,/'é"_rs LLAR SYSTEM

MASS LOSS

Figure 4: Interstellar matter cycle. Credit: Bill Saxton, NRAO/AUI/NSF.

1.3 RADIATIVE ENERGY SOURCES IN THE ISM

The interstellar medium is irradiated by the interstellar radiation field (ISRF, see Fig. 5) pro-
duced by all of the stars and molecular clouds of the galaxy. Some features stand out from
this spectrum:

e the thermal emission at A ~ 103 um which corresponds to the photons of the cosmic
microwave background (CMB), that were emitted at the recombination era. Due to the
expansion of the Universe, they have been redshifted to the microwave spectral range.
The CMB is well reproduced by a black-body law at 2.7 K;

¢ the dust continuum emission from IR to submm wavelengths;

¢ the aromatic bands between 3 and 20 um, due to the aromatic structures in nano-grains
(a < 1 nm);

¢ the emission at visible wavelengths originating from low-mass and intermediate-mass
stars;

¢ the UV emission from massive hot stars.

The latter photon population plays a major role in the physics and chemistry of irradiated
regions. This UV photon flux is often characterised by a single parameter Gy, the so-called
Habbing unit (Habing, 1968) defined as follows:

1 13.6eV
= I
Go 1.6 x 1073 (ergs—*cm2) L & dv, ()

where 1 is the specific intensity, expressed in ergecm—2s~ ' Hz .

Another energy source that can be an important heating process in the dense ISM, such as
the molecular regions of PDRs, is due to the cosmic rays. They are nuclei of atoms (usually
protons) circulating in the Galaxy at relativistic energies of up to 1020 V.

10
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Figure 5: The interstellar radiation field for G = 1.

1.4 GAS HEATING AND COOLING PROCESSES IN THE ISM

1.4.1  Gas heating

There are different ways to heat the gas in the ISM, through photons and cosmic rays, chemical
reactions, dust grains, and also dynamical processes.

Radiation or cosmic rays can eject electrons from species, called photoelectrons. As these
photoelectrons have low energies, they cannot excite or ionise other species in the ISM. We
can therefore consider that all of the energy of these photoelectrons is used to heat the gas via
thermalisation with electrons. It has been shown that the photoelectric efficiency is largest for
the smallest grains of nanometric size (Bakes and Tielens, 1994). This is an important result
that should be emphasized because these same nano-grains are likely to evolve in PDRs (see
Sect. 10) and therefore, affect the heating through the photoelectric effect (see Sect. 10.3.2.2).

In the ISM, numerous chemical reactions occur. Some of these are exothermic and therefore,
can heat the gas. For instance, the H, formation on dust grains (see Sect. 2.5) is highly exother-
mic and can be a major source of heating in PDRs (see Sect. 3). This is also an important result
that should be emphasized for the following. Indeed, H; is formed on dust surfaces and be-
cause most of the dust surface is contains in nano-grains that are likely to evolve in PDRs (see
Sect. 10), this therefore affects the H;, formation and the gas heating through this mechanism.

Finally, gas-grain coupling can also heat the gas, especially in dense regions where dust
grains are hotter than the gas because of the IR radiation field that can penetrates there
because of the low dust extinction in the IR.

1.4.2 Gas cooling

The interstellar gas can cool through radiation of species excited by collisions and inverse
mechanisms of some heating processes.
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Inelastic collisions between gas species (H, H2, electrons) and atoms or molecules which
become excited can therefore, cool the gas through long wavelength emission lines. As the
temperature increases, higher energy levels can be reached by collisions with electrons and
consequently lead to gas cooling. Note that the excitation of the n = 2 level of the atomic hy-
drogen which deexcite by emitting in the Lyman « line is a very efficient cooling mechanism
(Le Bourlot, Foréts, and Flower, 1999). In dense regions, the rotational lines of CO dominate
the gas cooling.

The inverse mechanisms of the heating processes described above are also an important
source of gas cooling. Indeed, both electron recombination with charged grains and gas-grain
coupling between hot gas and cold grains result in a decrease of the gas temperature.

12



DUST IN THE UNIVERSE

What is success?

To laugh often and much;

to win the respect of intelligent people and the affection of children;

to earn the appreciation of honest critics and endure the betrayal of false friends;
to appreciate the beauty;

to find the best in others;

to leave the world a bit better, whether by a healthy child, a garden patch

Or a redeemed social condition;

to know even one life has breathed easier because you have lived.

This is to have succeeded.

Ralph Waldo Emerson
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2.1 DUST SIGNATURES

2.1 DUST SIGNATURES
2.1.1  Extinction and polarisation

2.1.1.1  Quantifying dust extinction

When photons emerging from a star travel through a cloud that contains both dust and gas,
they can be absorbed and scattered by dust grains, this is what is called dust extinction. As we
will see in Sect. 7.1, if we consider an incident radiation field I)(z = 0) = I, o, that enters in a
cloud, the radiation field leaving this cloud (with the hypothesis that there are no sources of
energy in the cloud) can be expressed as:

Iy =1I\o0exp(—Ta), (2)

where T) = Tj abs + Th,sca 1S the optical depth of the cloud.

Besides, dust extinction can be quantified by the following parameter, simply called the
extinction:

A =—25log (&)) . (3)

Using Eq. (2) in the previous equation, we can therefore simplify A, as:

Ay = 1.086 X Ty. (4)

However, neither I ¢ nor ) can be directly measured. Therefore, the numerical value of A,
cannot be determined from Eq. (3) or Eq.(4), which is why the color excess was introduced.
The color excess is the difference between optical depths at two different wavelengths. Let us
consider the following two fluxes:

® Ty ext, Which is the flux received by an observer, emitted by a star at a distance D, that
has been reddened because of dust extinction in a cloud with an optical depth T,;

* T w/oext- Which is the flux received by an observer, emitted by a star (of the same
spectral type) at a distance D, without being reddened;

As the flux received from a star with a luminosity L, , at a distance D, and the associated

magnitude, are expressed as:

A, *

FA obs = D2 exp (—Ta) and my obs = 2.5 (log (Lx,«) —Ta + 2 log (D) + constant) , (5)

this implies:

L?\, *

sexp(—ma)  and  Fywjeew = 57

47t D3 ©)

F)\, ext —

and therefore:

Amy = A ext — A, w/oext = 2.5 % <_T)\ —2 10g <>> . (7)
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Figure 6: Extinction curves for 2.4 < Ry < 3.6 (Fitzpatrick and Massa, 2007).

The color excess is thus defined as:

E()\, 7\/) :Amy\—Am)\/ =25 (T)\I—T)\). (8)

The standard color excess generally used is the color excess between the B band (A = 0.44
um) and the V band (A = 0.55 um), noted E(B, V) =E(B—V) =Ep_v.

Thence, it is possible to define the standard interstellar extinction that is used in many
studies (see Fig. 6), defined as:

E()\,V) B A)\—A\/ i ™ —Tv
Eg_y Ap—Ay TB—Tv

Ext(A) = (9)
It is therefore possible to compare variation of extinction with the wavelength even if stars
are not of the same type, because of the Eg_y normalisation. Finally, Cardelli, Clayton, and
Mathis, 1989 introduced Ry, a parameter which characterises the extinction law and defined
as:

Av

Ry = .
Eg_v

(10)
Extinction curves (see Eq. (9)) for different values of Ry (see Eq.(10)) are shown in Fig. 6.

2.1.1.2  Spectroscopic features

THE UV BUMP AT 217.5 NM In 1965, a strong extinction at ~ 217 nm (see Fig.8) was
discovered (Stecher, 1965) and labeled as the well-known UV extinction bump (Stecher and
Donn, 1965). Albeit both its width and intensity vary with the environment, which could be
due to dust evolution (see Sect.2.2 and Sect. 10), its position barely varies (Fitzpatrick and
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Figure 7: Left: The dark molecular cloud Barnard 68 observed in the visible. Credits: FORS Team, 8.2-
meter VLT Antu, ESO. Right: Barnard 68 seen in the visible at 0.44 pm (blue), in the near-IR
at 0.768 um (green) and 2.2 um (red). Credits: ESO.

Massa, 1986). Even after more than fifty years of studies, the origin of this bump is still
unclear, although different materials have been proposed to explain this feature, all without
satisfactory success:

¢ graphite (e.g. Stecher and Donn, 1965; Draine and Lee, 1984);

¢ polycyclic aromatic hydrocarbons' (PAHs) (e.g. Joblin, Leger, and Martin, 1992; Duley
and Seahra, 1998; Li and Greenberg, 2002a; Steglich et al., 2011);

¢ hydrogenated amorphous carbon (e.g. Hecht, 1986; Jones, 1990; Sorrell, 1990; Mennella
et al., 1996; Jones, 2016; Gavilan et al., 2017);

¢ quenched carbonaceous composite (e.g. Sakata et al., 1995);
¢ coals (e.g. Papoular et al., 1995);
¢ silicate grains (e.g. Steel and Duley, 1987).

Draine, 1989 gave an overview on the interpretation of this UV bump. As the albedo at
these wavelengths is relatively low, the UV bump is therefore mostly due to absorption. This
suggests that the UV bump is due to nanometric particles that can absorb at these wave-
lengths.

SILICATE ABSORPTION FEATURES The silicate absorption features are dominated by two
strong absorption bands at 9.7 um and 18 um (see Fig. 9, left panel), that are both observed
in the diffuse ISM (e.g. Whittet et al., 1997; Chiar et al., 2000, 2006; Fogerty et al., 2016) and in
molecular clouds (e.g. Breemen et al., 2011). These two absorption bands are assigned to the
Si-O stretch and O-Si-O bending modes, respectively.

As these absorption bands are broad and featureless, this strongly suggests that the silicates
are amorphous in the ISM. This is reinforced by observations in the OMC-1 Orion dense

1 In chemistry, PAHs are molecules composed of aromatic cycles (Cg).
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Figure 8: Mean observed interstellar extinction (filled circles) from Stecher, 1965. The solid line corre-
sponds to the theoretical prediction using graphite grains (Stecher and Donn, 1965).

molecular cloud which show that the 9.7 um band is polarised (see Fig.9, right panel) and
without any sub-features (Dyck et al., 1973), as is the 18 um band (Aitken et al., 1996; Smith
et al., 2000), which therefore supports amorphous silicates. However, observations of oxygen-
rich cool giants (e.g. Gilman, 1969; Waters et al., 1996; Li and Draine, 2001b; Kemper, Vriend,
and Tielens, 2004; Wright, Do Duy, and Lawson, 2016) showed that silicate grains that are
forming in the atmospheres of such giants are composed of both amorphous and crystalline
silicates. This suggests that:

* energetic processes such as shocks or grain-grain collisions, bring disorder to the crys-
talline structure of these silicates and therefore, turn them into amorphous silicates;

¢ only a small fraction of dust grains are created in the atmosphere of oxygen-rich cool
giants. The majority of the dust being created from condensation in the ISM (Draine,
1990).

ALIPHATIC HYDROCARBON ABSORPTION FEATURES The discovery of the 3.4 um extinc-
tion feature (see Fig. 10) was made in 1979 through observations towards the Galactic Center

(Willner et al., 1979; Wickramasinghe and Allen, 1980). Thence, this feature has been observed
in various environments:

¢ in galaxies (e.g. Butchart et al., 1986; Adamson, Whittet, and Duley, 1990; Sandford et
al., 1991; Pendleton et al., 1994; Imanishi and Dudley, 2000; Yamagishi et al., 2012)

¢ in planetary nebulae around evolved stars (e.g. Muizon, D’Hendecourt, and Geballe,
1990; Geballe et al., 1992; Hrivnak, Geballe, and Kwok, 2007);

* in protoplanetary disks (e.g. Brooke, Tokunaga, and Strom, 1993; Meeus et al., 2001;
Acke and Ancker, 2004; Habart, Natta, and Kriigel, 2004; Acke et al., 2010; Maaskant
et al., 2014; Seok and Li, 2017; Boutéraon et al., 2019).
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Figure 9: Left: Observed polarisation parameters as a function of the wavelength (Dyck et al., 1973).
These observations were made towards the Orion nebula at the Kitt Peak National Observa-
tory. Right: Spectrum of a giant obtained with Spitzer. The extinction along the line of sight
towards this star is Ay ~ 10 (Breemen et al., 2011).

This feature is associated to the C-H stretching mode in saturated aliphatic hydrocarbons,
albeit that there is no consensus about the material that contains such aliphatic hydrocarbons.
It should be noted that this feature is composed of three sub-features at 3.385 um, 3.420 um,
and 3.485 um which are associated with the symmetric and asymmetric C-H stretches in CH3
and CH; (Greenberg et al., 1995).

Polarisation observations towards the Galactic Center of this 3.4 um absorption band (Adam-
son et al., 1999), revealed that this feature is barely polarised. Adamson et al., 1999 proposed
that the aliphatic-rich carbonaceous component is not around silicate grains as mantles, as
suggested by core-mantle models (Desert, Boulanger, and Puget, 1990; Jones, 1990; Jones et
al., 2013, 2017) albeit that this was not in contradiction with a potential aromatic-rich car-
bonaceous mantle around silicate grains (Li and Greenberg, 2002b). However, the lack of
spectropolarimetric observations at this time did not allow this statement to be confirmed.
Later, observations towards the Galactic Center done by Chiar and Tielens, 2006 showed that
the 3.4 um absorption band is still essentially unpolarised but more importantly, that the 9.7
um silicate absorption band is polarised. As a consequence, carbonaceous material around
silicate grains can indeed not be aliphatic-rich. It was therefore proposed (Jones et al., 2013)
that the amorphous silicate component is separated from a carbonaceous grain component
that is aliphatic-rich and at the origin of the 3.4 um absorption band (Jones, 2012a,c).

AROMATIC HYDROCARBON ABSORPTION FEATURES Two weak absorptions features at
3.3 pm and 6.2 pm (see Fig. 11), associated with aromatic hydrocarbons (Schutte et al., 1998;
Chiar et al., 2000), have been observed in various environments:

¢ towards the galactic center for the 3.3 um feature (Chiar et al., 2000) and the 6.2 um fea-
ture (Schutte et al., 1998; Chiar et al., 2000);

¢ towards molecular clouds for the 3.3 um feature (Sellgren et al., 1995; Brooke, Sellgren,
and Geballe, 1999).

The absorption feature strengths were predicted in Li and Draine, 2001a and were consis-
tent with the previous observations. It must also be noted that three other absorption features
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Figure 10: Spectrum of NGC 7027 from 2 to 13 pm (Willner et al., 1979). The unidentified features are
marked.

at7.7,8.6,and 11.3 pm are also associated with the aromatic hydrocarbons but are difficult to
observe in absorption because of the strong 9.7 um silicate absorption feature.

ICE ABSORPTION FEATURES In dense and cold regions of the ISM (nyg > 103 Hem™3),
molecules are expected to condense onto the surface of dust grains to form ice mantles. The
detection of numerous ice absorption bands such as those of H,O, CO, CO,, CH30H, NH3,
CH4, H>CO, and OCN™ (Ehrenfreund and Charnley, 2000), reinforced this scenario. These
ices are observed in molecular clouds, in protoplanetary disk, towards the center of the Galac-
tic Center and around evolved stars (see Boogert, Gerakines, and Whittet, 2015, and references
therein)

DIFFUSE INTERSTELLAR BANDS (DIBS) In 1922, two absorption bands at 578 nm and
579.7 nm were discovered (Heger, 1922), that were significantly broader than the usual atomic
interstellar absorption lines. Later, Merrill, 1934 clearly stated that these bands were unidenti-
fied. It was the beginning of one of the greatest mysteries in astrophysics, the Diffuse interstel-
lar bands (DIBs). Some of these DIBs are shown in Fig. 12 (Jenniskens and Desert, 1994). So far,
about 400 DIBs have been discovered (e.g. Hobbs et al., 2009) from the near-IR to the near-UV.
Many efforts have been made to understand the origin of these DIBs. Among the possibilities,
PAHs were proposed to explain part of these DIBs (e.g. Salama and Allamandola, 1992; Snow
and Destree, 2011), as well as C‘go (e.g. Foing and Ehrenfreund, 1994; Campbell et al., 2015),
C. (e.g. Tulej et al., 1998), and small carbon chain molecules (e.g. Danks and Lambert, 1976;
Smith, Snow, and York, 1977). It must also be noted that it has not yet been shown that these
bands are polarised (e.g. Martin and Angel, 1974, 1975, Adamson and Whittet, 1992, 1995;
Somerville, 1996).

It was recently established that the depletion of materials which produce DIBs is correlated
with the dust extinction in dense cores (Fan et al., 2017; Elyajouri and Lallement, 2019). This
could be explained by dust evolution from diffuse to dense regions.

19



Optical Depth

Optical Depth

Figure 11: Top left: Optical depth between 3.16 and 3.55 pm along the line of sight towards Mon
R2/IRS 3, compared to the sum of two Gaussians (solid curves), centered at 3.256 um and
3.484 um. Bottom left: Same but compare to the profile of the aromatic interstellar emission
feature (solive curve) in IRAS 21282+5050 (Nagata et al., 1988). Figures from Sellgren et al.,
1995. Right: The 6.2 um absorption feature towards GCS 3 and GCS 4. The dashed curves
indicate the expected contribution of the OH bending mode of solid H,O expected to be
present for sources which show the 3 pm absorption band. Arbitrary offsets are used. Figure
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Figure 12: DIB spectrum from 400 um to 800 um (Jenniskens and Desert, 1994).
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Figure 13: All-sky map of dust radiance at 5’ resolution (Planck Collaboration et al., 2014).

2.1.2 Emission

EMISSION FROM LARGE GRAINS THAT ARE IN THERMAL EQUILIBRIUM As we will
see in Sect.2.4.3, large grains that are in thermal equilibrium emit as a modified blackbody.
Fig. 13 shows the all-sky map of dust radiance (Planck Collaboration et al., 2014). The large
dynamics range in intensity is due to variations in column density and also to variations in
local conditions (illumination, dust evolution). The origin of this emission is most likely due
to both amorphous silicate and carbonaceous grains but their relative contributions are still
much debated.

AROMATIC EMISSION In the near- and mid-IR, several features (3.3, 6.2, 7.7, 8.6, 11.3, and
12.7 um, see Fig. 14) were observed for the first time in the spectrum of planetary nebulae
(Gillett, Forrest, and Merrill, 1973). At this time, there were no satisfactory explanations for
the origin of these bands hence they were called unidentified infrared (UIR) bands. Later, these
bands were associated to aromatic-rich hydrocarbons (Duley and Williams, 1981) and most
particularly, to PAHs (Leger and Puget, 1984; Allamandola, Tielens, and Barker, 1985). As
these bands originate from stochastically heated small aromatic-rich hydrocarbons, they are
called Aromatic Infrared Bands (AlBs) (Allamandola, Tielens, and Barker, 1989). These bands
have been observed in numerous environments:

¢ planetary nebulae (e.g. Peeters et al., 2002)

¢ reflection nebulae (e.g. Moutou et al., 1999; Peeters et al., 2002)

¢ HII regions (e.g. Hony et al., 2001; Peeters et al., 2002)

¢ circumstellar envelopes (e.g. Peeters et al., 2002; Geers et al., 2006)

¢ external galaxies (e.g. Genzel et al., 1998; Peeters et al., 2002; Regan et al., 2004; Brandl
et al., 2006; Armus et al., 2007; Smith et al., 2007)

¢ protoplanetary disks (e.g. Acke and Ancker, 2004; Boutéraon et al., 2019)
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Figure 14: Top: Mid-infrared spectra of NGC 7027. Bottom: Mid-infrared spectra of the photon-
dissociation region in the Orion Bar. The vibrational modes of PAHs associated with the
different AIBs are showed on the top of the figure. Figure from Tielens, 2008 and Peeters
et al., 2002.

¢ photon-dominated regions (e.g. Verstraete et al., 1996; Burton et al., 2000; Verstraete et
al., 2001; Abergel et al., 2002; Compiegne et al., 2007) and more references in Sect. 2.2.

Tielens, 2008 gave a detailed review of AIBs. As we will see in Sect. 2.2, these bands are
very useful to probe PDRs.

ALIPHATIC EMISSION The emission of aliphatic-rich hydrocarbons is dominated by a
strong emission band at 3.4 um, itself composed of sub-structures at 3.4, 3.46, 3.51, and
3.56 um (Muizon, D’"Hendecourt, and Geballe, 1990). These signatures are associated with
aliphatic-rich carbonaceous hydrocarbons (Duley and Williams, 1983). Two features at 6.9
and 7.3 um are also associated with this component (Kwok, Volk, and Hrivnak, 1999).

It is interesting to note that the band ratio between the aromatic emission at 3.3 pm and
the aliphatic emission at 3.4 um can be used to study the aromatic to aliphatic dust ratio in
different environments such as protoplanetary disks (e.g. Boutéraon et al., 2019) and in PDRs
(e.g. Chiar et al., 2013).
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Figure 15: Left: Dust emission observed from Trapezium region as a function of wavelength (Stein and
Gillett, 1969). Right: IR emission spectra around stars and of the Hale-Bopp comet, where
crystalline features of silicates can be found (Molster and Kemper, 2005).

SILICATE EMISSION  Silicate emission is dominated by the two strong bands at 9.7 pm (see
Fig. 15, left panel) and 18 um, associated with amorphous silicates. However, observations of
oxygen-rich cool giants (e.g. Kemper, Vriend, and Tielens, 2004; Molster and Kemper, 2005;
Wright, Do Duy, and Lawson, 2016) showed that silicate grains that are forming in the atmo-
sphere of such stars are composed of two populations, amorphous and crystalline silicates.
The signatures of crystalline silicates around stars can be found in Fig. 15 (right panel) (Mol-
ster and Kemper, 2005). As discussed previously, because silicates are found in their amor-
phous form in the ISM, there are processes that transform them from their crystalline to their
amorphous form in the ISM (Demyk et al., 2001).

EXTENDED RED EMISSION (ERE) Discovered in 1980 in the Red Rectangle (Schmidt, Co-
hen, and Margon, 1980), the extended red emission is a broad emission band that covers part of
the visible and near-IR (from 540 um to 900 pm, see Fig. 16). This emission has been observed
in various environment such as the diffuse ISM (Witt et al., 2008), HII regions (Darbon et
al., 2000), reflection nebula (Witt and Boroson, 1990), and planetary nebula (Furton and Witt,
1990). The ERE is generally attributed to dust heated photoluminescence (Witt et al., 2006)
but could also be due to both photoluminescence and thermal emission (Duley, 2009). With
the aim of understanding the origin of the extended red emission, different materials have been
proposed:

¢ hydrogenated amorphous carbons (HACs) (e.g. Duley, 1985; Witt and Schild, 1988; Witt
and Boroson, 1990);

* polycyclic aromatic hydrocarbons (PAHs) (e.g. D’'Hendecourt et al., 1986; Vijh, Witt, and
Gordon, 2005; Berné et al., 2008);

¢ laboratory-synthesized quenched carbonaceous composite (QCC) (e.g. Sakata et al., 1992);
¢ Cpp (e.g. Webster, 1993);
¢ coal (Papoular et al., 1996);

¢ carbon nanoparticles (e.g. Seahra and Duley, 1999);
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Figure 16: Spectra of HD 44179 and its associated nebulosity (Schmidt, Cohen, and Margon, 1980).

¢ crystalline silicon nanoparticles (e.g. Ledoux et al.,, 1998; Witt, Gordon, and Furton,
1998);

¢ nanodiamonds (e.g. Chang, Cuppen, and Herbst, 2006)

Whereas, due to their high photoluminescence efficiency, PAHs were a good candidate to
explain the ERE, observations show that the ERE and the PAH emission were not spatially
correlated (Perrin and Sivan, 1992; Kerr et al., 1999; Darbon et al., 2000) which diminished the
PAHs ability to explain the ERE. This was also reinforced by the observation that there is no
PAH emission in the Bubble Nebula albeit ERE is observed (Sivan and Perrin, 1993).

2.2 EVIDENCE FOR DUST EVOLUTION IN THE UNIVERSE

Some of the first evidence for dust evolution was shown by Fitzpatrick and Massa, 1986
through the variation in the 217.5 nm interstellar bump (see Fig. 17) from diffuse (Ry = 3.1)
to denser regions (up to Ry ~ 5.5). Similarly, other studies (e.g. Cardelli, Clayton, and Mathis,
1989; Cardelli and Clayton, 1991; Campeggio et al., 2007) found the same variations, which
were for the first time explained by Kim, Martin, and Hendry, 1994 as due to a decrease in the
carbonaceous nano-grain abundance (relative to the gas) together with an increase in larger
grain abundance.

It is also possible to follow dust evolution from its emission in the mid-IR (from stochasti-
cally heated nano-grains) and in the far-IR (where large grains in thermal equilibrium emit).
This has led to a wealth of studies (e.g. Boulanger et al., 1990; Laureijs, Clark, and Prusti,
1991; Abergel et al., 1994; Bernard et al., 1999; Stepnik et al., 2003; Flagey et al., 2009, ...)
revealing that nano-grains disappear in dense regions as they coagulate onto larger grains.
Dust evolution is also highlighted by variations in its far-IR opacity as a function of the local
environment (e.g. Juvela et al., 2011; Planck Collaboration et al., 2011a; Martin et al., 2012; Roy
et al,, 2013; Ysard et al., 2013; Juvela et al., 2015; Kdhler, Ysard, and Jones, 2015, ...), which
has been explained with dust coagulation and the accretion of ice mantles. This scenario is
supported by numerical simulations of dust evolution in dense regions (e.g. Ossenkopf and
Henning, 1994; Ormel et al., 2011; Kohler, Ysard, and Jones, 2015).

Photon-dominated regions (PDRs) (Hollenbach and Tielens, 1997, 1999) correspond to the
interface between HII regions and molecular clouds that are irradiated by energetic stars that
are located close by. In these regions, the physical conditions vary widely, and hence PDRs
are a unique place to study how do dust, gas, and local physical conditions evolve with depth,
we will talk in more details about such regions in Sect. 3.
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Figure 17: Normalised extinction profiles for the broadest and narrowest bumps in the extinction pro-
files sample of (Fitzpatrick and Massa, 1986).

We describe here non-exhaustively, the evidence for dust evolution in different environ-
ments, such as PDRs (see Sect.2.2.1), galaxies (see Sect.2.2.2), dark clouds (see Sect.2.2.3),
and other environments like supernova remnants and star forming regions (see Sect. 2.2.4).

2.2.1  Dust evolution in PDRs

The mid-IR spectrum of PDRs presents a wealth of emission features overlying the continuum
emission (e.g. the Orion Bar spectrum shown in the bottom panel of Fig. 14) which has been
extensively analysed in several PDRs using the Infrared Space Observatory (ISO) and Spitzer
data. Strong variations in the spectra have been found across PDRs and between PDRs.

Based on ISO spectroscopy with the SWS spectrograph of the Orion bar, Peeters et al., 2002
showed that the variation in the features in the 6 — 9 um spectral range (emission bands at 6.0,
6.2, 6.6, 7.0, 7.7, 8.3, and 8.6 pm) are linked with variations in the local physical conditions
but also with both formation and evolution processes associated with PAHs. Using mid-IR
spectra of NGC 7023 obtained with both ISO and Spitzer, Peeters et al., 2004 showed that
observed spectroscopic variations in the 15 — 21 um spectral range could be due to variations
in PAHs abundance.

Rapacioli et al., 2006 theoretically studied mechanisms that lead to the formation and de-
struction of coronene clusters, under interstellar conditions and especially in PDRs. They
found that almost all the collisions lead to cluster growth and that they are thermally pho-
toevaporated much faster than they are reformed, hence it is difficult for coronene clusters
to exist in such regions. These mechanisms of grain destruction are very important to under-
stand how dust evolves in such regions.

From imaging and spectroscopic observations with ISOCAM (5 — 16 um) Abergel et al.,
2002 showed that at the illuminated edge of Orion B, there is a systematic decrease in the
intensity of the aromatic features (especially at 7.7 um) relative to the continuum inside the
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shielded molecular regions compared to the photo-dissociated and photo-ionised regions. In
parallel, Rapacioli, Joblin, and Boissel, 2005 have decomposed ISOCAM spectroscopic obser-
vations of NGC 7023 and p Oph-SR3 into different spectral components, including cationic
PAHs, neutral PAHs and carbonaceous nano-grains. This approach was extended using 5 — 35
um Spitzer observations of other PDRs (Ced 201, NGC 7023 East and North-West, p Ophiuchi
West filament) by Berné et al., 2007. These studies conclude that variations in the mid-IR
spectra can be explained by the photodestruction of nano-grains into free PAHs.

Benefiting from the wide range of spatially resolved objects observed with ISO and Spitzer,
including PDRs, Magellanic H II regions, and galaxies of various types, Galliano et al., 2008
found that albeit the 6.2, 7.7, and 8.6 um emission bands are correlated, the ratio between
those bands and the 11.3 um emission band can vary up to an order of magnitude. They
proposed that these variations are due to variation in the relative abundance of ionised PAHs,
due to the photoprocessing induced by the intense UV radiations at the irradiated part of the
Orion bar.

With the arrival of Herschel observing in the far-IR, it was possible to study the emission
of large grains in thermal equilibrium together with the emission of stochastically heated
nano-grains already observed with ISO and Spitzer. In the East region of the PDR NGC 7023
and combining Herschel and Spitzer data, Abergel et al., 2010 have shown that the emission of
stochastically heated nano-grains is overestimated by a factor ~ 2, which suggests an overes-
timation of the nano-grain abundance with respect to the large grain abundance. This could
be due to the photodestruction of nano-grains by intense UV photons in the irradiated part
of the PDR. This was later reinforced by a multi-PDR study done by Pilleri et al., 2012. They
indeed found using the fitting tool PAHTAT applied to Spitzer spectra of NGC 2023, NGC
7023 and p Oph, that the nano-grain abundance decreases with an increase in the local UV
radiation field, which strongly suggests that nano-grains are photodestroyed by UV photons.
A similar result was found in Andrews et al., 2015 as they showed, based on mid-IR spectra
with Spitzer of NGC 7023, NGC 2023, and NGC 1333, that the PAHs abundance decreases with
an increase in the UV radiation field, which they interpret in terms of PAHs photodestruction
by UV photons.

arab_evolution_2012_paper showed that a decrease in the PAH abundance together with
an increase in the larger grain emissivity, fits well the Spitzer and Herschel observations of
the Orion bar. This can be explained as PAHs are photodestroyed and/or they coagulate onto
the surface of larger grains hence increasing their emissivity.

Evidence for grain coagulation in PDRs were later highlighted in other studies. For instance,
a multiwavelength study of IC 434 (Ochsendorf and Tielens, 2015) exhibited a bimodal dust
grain distribution in this region, which they interpreted as grain coagulation into large porous
grains or fluffly aggregates. Also, mid-IR photometry with SOFIA of the Orion Bar and the
Orion HII region (Salgado et al., 2016) required coagulated grains to explain the decrease by
a factor 5 to 10 of the UV and infrared dust opacities from the diffuse ISM to these PDRs.

Evidence of dust evolution has also been shown in IC 63 by Van De Putte et al., 2019 based
on extinction mapping from the UV to the near-IR (that is, from 275 nm to 1.6 um).

2.2.2  Dust evolution in galaxies

Based on TIMMI2 observations in the N-Band (813 um) on the ESO 3.6 m telescope, Martin-
Hernandez et al., 2006 studied three starburst galaxies (NGC 3256, the dwarf galaxy II ZW
40, and the WR galaxy He 2-10). They found a dependence between the PAH emission and
the hardness of the radiation field. When the [SIV]/[Nell] ratio, that is proportional to the
hardness of the radiation field, is smaller than 0.35, PAH emission is observed whereas it is
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not observed when the [SIV]/[Nell] ratio is larger than 0.35. Albeit the simplest explanation
would be that PAHs are efficiently photodestroyed by UV photons, they also proposed that
these UV photons can be absorbed by dust grains before reaching PAHs and therefore, cause a
low PAH emission. More recently, Relafio et al., 2018 used IR and submm observations (Spitzer
and Herschel) of the whole disc of M33 and found that the nano-grains abundance increases
with a decrease of the large grains abundance at high values of Hy. As Hy emission is
proportional to the UV radiation field, it would mean that UV photons efficiently erode large
grains into nano-grains.

Bernard et al., 2008 used Spitzer and IRAS observations of the Large Magellanic Cloud
(LMC) and found that the 70 pm emission increases from the Milky Way, to the LMC and
then, to the Small Magellanic Cloud (SMC). As dust emission at 70 pm is dominated by large
grains, they proposed that there are more nano-grains in the Milky Way than in both the
LMC and the SMC. They argued that large grains are likely to be eroded in the diffuse ISM
as they are not shielded from UV photons, as they could be in high density regions such as
the LMC and the SMC. This scenario is reinforced by Chastenet et al., 2019 as they found,
based on Spitzer and Herschel observations, that the PAH abundance is larger in the diffuse
ISM than in both the LMC and the SMC, which could be due to efficient PAH production by
fragmentation of large grains and/or growth of PAHs in the molecular gas.

Another study of the gas-to-dust ratio in the LMC and the SMC (Roman-Duval et al., 2014),
based on Herschel, HI 21 cm, CO, and H, observations, showed that the slope of the dust-
to-gas ratio in the LMC and the SMC is lower by a factor ~ 2 than in the diffuse ISM. They
stated that it could be due to the coagulation of dust grains and/or the accretion of gas-phase
metals onto dust grains.

2.2.3  Dust evolution in dark clouds

Based on infrared and optical photometry, as well as on measurements of the wavelength
dependence of polarisation in the p Oph cloud, Carrasco, Strom, and Strom, 1973 found that
grains are larger in the higher density regions of this cloud. They argued that this increase in
dust size probably results from depletion of heavy elements from the gas on the grain surface.
Later, this scenario was reinforced as Jura, 1980 found that the opacity in the visible towards
p Oph is lower than the opacity in the diffuse ISM, which he interpreted in terms of grain
coagulation. Later, Cardelli, Clayton, and Mathis, 1989 observed in p Oph and Nu Ori that
the extinction per H nucleus integrated over the UV to the near-IR spectral range (0.125 pum to
3.4 um) is lower than in the diffuse ISM. They claimed that grains are larger in dense clouds,
because of grain coagulation instead of accretion of mantles.

Using IRAS observations of molecular clouds in the Chameleon, Taurus, and Ursa Majors
complexes, Boulanger et al., 1990 showed that the 12 pm emission band from stochastically
heated nano-grains does not follow the spatial distribution of the 100 um emission from larger
grains. They showed that the strong variations in the ratio between the emission in these two
bands cannot be explained by variation in the UV radiation field. To explain such variations,
they argued that these are due to variations in the ratio between the abundance of nano-grains
that are stochastically heated and the abundance of large grains. They proposed a scenario
where nano-grains condensed on the surface of large grains, before being photo-processed
into aromatic-rich grains. This scenario was reinforced as Laureijs, Clark, and Prusti, 1991
showed, based on IRAS observations of dark clouds containing L134, L183, and L1780, that
the 100 pm emission band was detected in some regions where the 60 pm emission band
was not detected. They proposed that a thin mantle can condensate on dust grains in the
transition layer between low density regions and high density regions.
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Benifiting from Spitzer data, Flagey et al., 2009 observed the Taurus complex and found
that the FIR dust opacity is larger by a factor ~ 2 than the average value for the diffuse
ISM. Moreover, they found that the IR emission varies throughout the filamentary structure
in this complex. They argued that these variations could be explained by both variation in
the radiation field and abundances of PAHs and nano-grains. Later, a filament of the Taurus
complex (L1506) was observed with Herschel (Ysard et al., 2013). The authors had to increase
the grain opacity to simultaneously fit both the near-IR extinction and the Herschel emission.
They stated that this could be explained by the coagulation of dust grains to form fluffy
aggregates, which makes sense because of the high density (ng > 103 Hem ™ 3) in such starless
dense regions.

Grain growth was also invoked in other dark clouds to explain the Spitzer observations.
Indeed, variations in the mid-IR extinction law (3.6 to 24 um) obtained with Spitzer in three
dark clouds (Ophiuchus, Perseus, and Serpens), were explained in terms of grain growth
(Chapman et al., 2009). Later, the Coalsack nebula, a starless dense cloud, was observed with
Spitzer at five different positions in order to cover the disparity in physical conditions in this
dark cloud (Wang et al., 2013). They showed that the color-excess decreases from diffuse to
dense regions of this nebula, which they explained in terms of dust growth from diffuse to
dense regions. This was reinforced as Kohler et al., 2012 who showed that the coagulation
of small grains (a = 3.5 nm) onto the surface of grain aggregates (that are composed of four
large grains with a = 60 nm), can explain both the increase in the far-IR dust opacity and the
decrease in dust grain temperature, from diffuse to dense regions.

Formation of ice around grains was also considered in dense cloud. Indeed, based on Spitzer
observations of stars behind dark clouds, McClure, 2009 showed that the variation in the
shape of the extinction curves could be due to coagulation of ice-mantled grains, rather than
ice-mantled grains alone. This scenario was reinforced as Kohler, Ysard, and Jones, 2015 stud-
ied the influence of using grain aggregates (with or without an ice mantle) in dense regions
instead of using diffuse ISM-like grains. They showed that using aggregates instead of dif-
fuse ISM-like dust, implies an increase in the far-IR opacity by a factor of 3, up to 7 if using
aggregates with an ice mantle. They conclude that dust evolution through coagulation and
accretion can explain the observed variations in the dust emission, from the diffuse ISM to
denser regions.

2.2.4 Dust evolution in other environments

Spitzer observations of both Puppis A, a supernova remnant, and its neighboring molecular
cloud, showed that almost all the PAHSs, as well as 25% of the carbonaceous and silicate dust
mass, have been destroyed due to the shock wave (Arendt et al., 2010). This phenomenon
has also been observed with IR spectro-imagery observations of SN 1006, another supernova
remnant. Indeed, a large decrease in the IR emission after the shock wave has passed strongly
suggests large grain destruction through sputtering (Winkler et al., 2013).

Evidence for dust evolution in star forming regions have also been found. Flaherty et al.,
2007 used Spitzer observations to determine IR extinction laws towards five star forming
regions (Orion A cloud, NGC 2069/71, NGC 2024/23, Serpens, and Ophiuchus). They found
that the extinction laws were similar but different from those towards the diffuse ISM. They
argued that it could be due to an evolution of dust properties from the diffuse ISM to dense
regions of the ISM. This was later reinforced as spectroscopic observations from the mid-IR
to the far-IR towards a star forming region, revealed that the mid-IR to far-IR extinction law
flattens with an increase of the mass surface density (Lim, Carey, and Tan, 2015). They stated
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that this may highlight that grains are growing from diffuse to dense regions and that ice
mantle can form around these grains.

2.2.5 Summary

From all the above evidence it is clear that dust evolves, primarily as a result of fragmenta-
tion and growth processes *. Because of the larger number of events, dust evolution is more
efficient (faster) in star forming regions where strong density and radiation fields prevail. In
such regions and in order to identify the true dust evolution signatures, the radiative transfer
problem must be treated accurately using a 3D matter distribution. This program has guided
this PhD project and is discussed in the Chapter v.

2.3 DUST OPTICAL PROPERTIES

In astrophysics, the bulk of the information that we gather stems from light. Since interstellar
dust interacts efficiently with light, it is essential to describe how these dust grains interact
with radiation.

2.3.1  Dust absorption and scattering efficiencies

The Maxwell electromagnetic equations describe how matter interacts with an electromag-
netic field. Within the framework of Mie’s theory, it is possible to find a solution to these
equations, for an electromagnetic wave interacting with a spherical particle.

When a spherical particle interacts with an oscillating electric field E(r,t) = Eo(r)e ¢!, the
response of the particle can be characterized by a complex dielectric function:

e(w) =e1(w) +iez(w), (11)

where w = 27c/A is the angular frequency. The complex dielectric function is related to the
complex refractive index m(w) = n + ik by m? = e. Whereas k can be inferred from absorp-
tion measurements of the material through the parameter « = 27k /A, the corresponding n is
usually calculated using the Kramers-Kronig relation:

n(w)=—P dw’, (12)

Tt

1 J+oo k(w’)
oo W —w

where P is the principal value of the integral.

Knowing the refractive index, is it possible to compute the absorption and scattering effi-
ciencies, using codes such as BHMIE (Bohren and Huffman, 2004) or based on the discrete
dipole approximation (DDA) for non-spherical particles (Draine, 1988; Draine and Flatau,
1994) but the latter computations are time consuming. However, at long wavelengths one
can use an analytical expression to calculate the absorption and scattering efficiencies in the
Rayleigh approximation (i.e. x = 2ma/A << 1):

m2—1
Qabs = 4xIm (mz—l—2> , (13)

Other dust transformations also occur meanwhile such as aliphatic to aromatic transition in carbon grains or
cristalline to amorphous transition in silicate grains.
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2
m2—1

m2+2

8
Qsca = §X4

(14)

If (m? —1)/(m? + 2) varies little with the wavelength, Eq.(13) and Eq. (14) can be simplified
as follows:

Qabs X X and Qsca o x?. (15)

2.3.2  Dust anisotropy factor

2.3.2.1  Definition

Based on observations across the Milky Way, obtained to verify the existence of diffuse in-
terstellar radiation, Henyey and Greenstein, 1941 introduced a function that allows us to
determine, from one parameter —1 < g < +1 (that will be later called the anisotropy factor),
the probability p(0) that a photon is scattered by an angle® 6. This function is defined as
follows:

1 1—g¢?
_ ) (16)
4T (1492 —2g cos(0))>/?
This function is normalized, so that the integral over 47t steradians is unity:
27 7T
J p(0)dQ = J <J p(0) sin(0) d6> do =1. (17)
Q =0 \Jo=0
Eq. (16) can also be written as a function of pu = cos(0):
1 1—g?
plw) =+ J (18)

2(1+g2-2gn)*%

The probability of forward scattering (i.e. 8 =0, p = 1) is p(p = 1) = (1 — g2)/2(1 —g)?
whereas the probability for backward scattering (ie. 6 = @, p = —1) is p(p = —1) = (1 —
g2)/2(1 + g)3. Thence, we can define the following ratio:

plu=1) _(1+g\°
P(HZ—U_(]—g) ’ (19)

which is larger than the unity in the case of a forward scattering and smaller than the unity in
the case of a backward scattering. If this ratio is equal to the unity, the scattering is therefore
isotropic. Thus:

e if g > 0: forward scattering;
¢ if g < 0: backward scattering;
e if g = 0: isotropic scattering.

Whilst p(0) is simple, it is a widely used approximation because it has a simple develop-
ment in Legendre polynomials which allows analytical calculations impossible to do other-
wise.

3 The angle 0 is formed by the trajectory of the incident photon and the trajectory of the scattered photon.
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Figure 18: Left: The reflection nebula IC2118, also known as the witch nebula. Credit: NASA /STScl
Digitized Sky Survey/Noel Carboni. Right: The reflection nebula NGC 1999 observed with
the Hubble’s Wide Field Planetary Camera 2 (WFPC2). Credits: NASA and The Hubble
Heritage Team (STScl).

2.3.2.2  Application to 1D parallel plane geometry

It is useful, while studying the interactions between dust and photons in a 1D plane-parallel
geometry (see Sect.7.2), to introduce the backward scattering cross section o, 1, defined as
follows:

s

Oy,b = O'VJ p(0)sin(0)de, (20)

2
where o, is the scattering cross section (see Eq. (60)), and p(0) the probability that a photon
is scattered towards a direction determined by the angle 6 (see Eq. (16)).
Using the commonly accepted value of the anisotropy factor for the diffuse ISM, that is
g = 0.6 (Witt, Friedmann, and Sasseen, 1997, Schiminovich et al., 2001), the result of the
previous equation indicates that 88 % of photons are forward scattered and 12 % that are
back scattered.

2.4 GRAIN TEMPERATURES

In the ISM, interactions between dust grains and photons or through collisions with gas
species lead to an increase in the temperature of the grains. In irradiated regions such as
PDRs, dust heating is dominated by the absorption of photons and that due to collisions is
negligible in comparison.

The irradiation of a grain leads to the elevation of an electron into an excited electronic
state. Thence, different scenarios (see Fig. 19) are possible:

¢ where the energy of the photon is large enough, the dust grain can fragment or loose
an energetic electron that can heat the gas (photoelectric effect);
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¢ the grain can radiatively decay by electronic transitions whose energy is at most that of
the absorbed photon. This process is called fluorescence;

¢ alternatively, the energy absorbed by the grain can decay, via non-radiative transitions,
to the vibrational levels of underlying electronic states, a process called internal conver-
sion.
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Figure 19: Representation of the main electronic mechanisms (excitation, internal conversion, fluores-
cence, IR emission) in a particle.

2.4.1 Dust heating and cooling rates

Assuming that the internal conversion is the dominant mechanism among these three pro-
cesses, the heating rate of a dust grain, P,ps(a), by the absorption of radiation can be written
as follows:

dE oo 5

Paslal = (G 10)) = [ 71 ma? Quuta viay, @)
abs 0

where |, is the intensity of the radiation absorbed by a grain with a radius a and Qps(a, v),

the absorption efficiency of this grain.

The internal conversion is followed by an energy cascade that ends up with vibrational (and
rotational) excitation of the electronic ground state which leads to emission from active vibra-
tional modes, as observed (IR bands between 3 and 20 pm). The radiative cooling associated
with the infrared emission of a grain with radius a, can be expressed as follows:

dE +o0 5
Panl, Ta) = ((Gpf0,Ta) ) = [ 7 4mBy (1) a2 Quala, v, (22)

where B (Tq) is the blackbody radiation intensity for a dust grain with a temperature Ty.
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2.4.2  Equilibrium temperature and stochastically heated grains

From the above, it is possible to define the equilibrium temperature, Toq, which corresponds
to the dust temperature at which the cooling of the grain is equal to the heating. We find this
temperature by solving the following equation:

Pem(a, Teq) = Pabs(a). (23)

Fig. 20 shows the radiative cooling rate, Pem, as a function of the grain temperature and the
radiative heating rate, P,,s, which does not depend on the dust grain temperature. These
rates, as well as quantities that will be defined later, are obtained for a-C:H/a-C grains (see
Sect. 6). We also show in this figure, the equilibrium temperature, Teq, as a function of the grain
radius, a, obtained numerically by solving Eq. (23). Note that the larger a grain, the smaller
its equilibrium temperature. This is expected as the number of internal modes increases with
the dust size hence the absorbed energy will be spread over more modes. A larger grain will
therefore not heat up as much as a smaller grain would, for a given absorbed energy.

10710 —— Pu(2.5nm) —— P (175nm)
————— Pabs(2.5nm) ---== Paps(175nm)

Teq

0 25 50 75 100 100 100 102 108 10%
7ﬂdust [K] a [nm]

Figure 20: Left: Radiative cooling rate, Pen, as a function of the grain temperature for a radius of a =
2.5 nm (blue line) and 175 nm (red line). Radiative heating rate, P,ps, is shown in horizontal
dashed line for a = 2.5 nm (blue dashed line) and 175 nm (red dashed line). These rates
are obtained for a-C:H/a-C grains (see Sect.6) and for a standard ISRF with Gy =1. Right:
Equilibrium temperature, Teq, as a function of the grain size.

The relation between the internal energy of a grain and its temperature is given by its heat
capacity. When a grain reaches its equilibrium temperature, it is possible to determine its
internal energy, Ein¢, defined as follows:

Teq(a)
Eint ((1, Teq(a)) = J C(a, T) dT, (24)
0
where C (a, T) is the heat capacity of a grain with a radius a at temperature T and Teq(a), the
equilibrium temperature of a grain with a radius a (see Fig. 20, right panel).

Fig. 21 shows the heat capacity for a grain size varying from a = 0.3 nm to a = 10> nm, as
well as the internal energy as a function of the grain size. One can see that for a given tem-
perature, the heat capacity increases with the dust size, meaning that a larger grain will store
more thermal energy than a smaller grain that is at the same temperature. Also, regardless of
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the grain size, the heat capacity increases with the temperature, meaning that the warmer a
grain, the larger its thermal energy. The internal energy has been computed with the equilib-
rium temperatures showed in Fig. 20. It is interesting to compare the internal energy to the
mean energy per absorbed photon, (hv),,. From there, we can define two cases:

® Eint > (hv),, : The internal energy is larger than the mean energy per absorbed photon
hence the absorption of a photon by the grain causes a small increase in its temperature.
Therefore, these grains are in thermal equilibrium and their temperature is equal to the
equilibrium temperature, Teq;

* Eint < (hVv)as @ The internal energy is smaller than the mean energy per absorbed
photon hence the absorption of a photon by the dust grain causes a large increase in its
temperature. Between the absorption of two photons, the grain cools down and so its
temperature is strongly fluctuating above and below its equilibrium temperature. These
grains are not in thermal equilibrium and it is therefore not possible to define their
temperature by an equilibrium temperature. For these grains, it is more convenient to
study their temperature distribution function dP/dT, where P(T) is the probability that
a dust grain has a temperature less or equal to T.

Using diffuse ISM-like grains and a standard ISRF with Gy = 1, we have (hv),  ~ 6.4 x
10712 erg, based on the discussion above, it is possible to define a dust size limit, aj;y,, above
which grains are in thermal equilibrium. We show this limit in Fig.21 (right plot), which
corresponds to ajiy, ~ 8 nm. In Sect. 6.2.2.3, we study the influence of the radiation field on this
dust size limit using a different criterion that requires first to define the average temperature
of a grain, Tmean, calculated with the temperature distribution function dP/dT.

3
10 a = 0.3nm a = 10°nm 1073+
1072_
— o 10—6_
\
B ot z 107
—— 10771 K (lim Eing > (hv)
10-17- 10124 / Eing < (W) s
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10t 10 10t 10° 108 10 10! 10> 100 10t
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Figure 21: Left: Heat capacities (see Jones et al., 2013) as a function of temperature for a varying from
0.3 nm (blue line) to 103> nm (red line) for a-C:H/a-C grains. Right: Internal energy of a-
C:H/a-C grains as a function of dust size. The darker grey part delimited by the horizontal
line corresponds to grain sizes for which the internal energy is lower than the mean energy
per absorbed photons for a standard ISRF with Gy = 1.

2.4.3 Dust emission and temperature distribution function

There are different methods to compute the temperature distribution function, whether it is
from Monte Carlo simulations of T(t) (e.g. Draine and Anderson, 1985) or through the dis-
cretized steady stade disribution function (e.g. Desert, Boulanger, and Shore, 1986; Draine and
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Li, 2001). For instance, DustEM (see Sect. 6) computes the temperature distribution function
using this second method, described in Desert, Boulanger, and Shore, 1986.

Fig.22 shows the temperature distribution function, computed with DustEM, for different
dust sizes. Note that the larger the grain, the narrower the temperature distribution func-
tion, which means that the grain tends towards a single temperature. From the temperature
distribution function of a grain with a given size q, it is possible to define its emissivity:

Iy (a) = ma?Qem(a, v) L B+ (T) (3_?((1)) dT, (25)

where Qem(a, v) = Qaps(a, v), from Kirchhoff laws. Fig. 22 also shows the dust SED (Spectral
Energy Distribution) for different grain sizes, obtained with Eq. (25). For grains that are in
thermal equilibrium, the temperature distribution function can be approximated by (T — Teq).
Hence for these grains, Eq. (25) can be simplified as follows:

Iy(a) = 7a’Qaps(a, v) J:O By (T) 8(T — Teq) dT = ma® Qabs(@, V) By (Teq)- (26)

Based on Eq.(26), grains that are in thermal equilibrium emit as a modified blackbody at a
temperature Teq. This is indeed apparent in Fig.22 as the shape of the spectrum for large
grains is typical of a modified blackbody. For smaller grains that are not in thermal equilib-
rium and stochastically heated, we can see that they are responsible for the emission in the
near and mid-IR, comprising the dust continuum and aromatic features due to vibrational
modes of aromatic structures.

10* a = 0.5nm
—— a = 4.3nm
— 10! —— a = 38.0nm
E b — a = 492.4nm
= 1072
=
10™
-8 —28
Rt 10! 102 103 o0 0 10! 102 103
T K] A pm]

Figure 22: Left: Temperature distribution function dP/dT, computed with DustEM, for a-C grains with
different sizes (a = 0.5 nm in orange, 4.3 nm in green, 38 nm in purple, brown in 492.4 nm)
for a standard ISRF with Gy = 1. Right: Spectral energy distribution (see Eq.(25)) for a-
C grains with a that varies from 0.4 nm (blue line) to 4800 nm (red line) for a standard ISRF

with Gy = 1.
Gy G o0 ap
LN [ @ da =N | SR e Qunle, v | B (@) aT @)

From this, it is possible to compute the total emission of a dust model. Based on the THEMIS
dust model for the diffuse ISM (see Sect. 6.2), with the size distributions defined in Fig. 45, it
is possible to compute the total dust spectrum using Eq. (27), implemented in DustEM. This
spectrum is also shown in Fig. 45 and will be discussed later.
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2.5 DUST-ASSISTED CHEMISTRY

In the ISM, chemical reactions do not only occur through direct collisions between atoms and
molecules but also at the surface of dust grains. In particular, molecular hydrogen cannot
form through direct collision because it has no dipole moment to radiate the energy in excess
of the bound state. However, as it is the most abundant molecule in the Universe, there must
be a viable and efficient scenario for H, formation, where a third particle takes this excess
energy. It was therefore proposed (Gould and Salpeter, 1963; Hollenbach and Salpeter, 1971)
that this third particle is a dust grain, that allows atoms and molecules to react on its surface.
Furthermore, the H, formation is efficient between 11 and 19 K (e.g. Chang, Cuppen, and
Herbst, 2006) because:

* below 11 K, hydrogen atoms are fixed onto the dust surface and cannot migrate hence
react together;

* above 19 K, hydrogen atoms are evaporated from the dust surface hence cannot react
onto dust surface.

However, this very limited range of dust temperature is unlikely to be consistent with the
observations (e.g. Cazaux and Tielens, 2004; Habart et al., 2004, 2011). Two other mechanisms
of H, were therefore proposed (e.g. Le Bourlot et al., 2012, and reference therein), known as
the Langmuir-Hinshelwood reaction and the Eley-Rideal reaction.

Bron, 2014 showed later that the H; formation through the Langmuir-Hinshelwood mech-
anism on stochastically-heated grain appears to efficiently form molecular hydrogen in the
warm outer region of PDRs. A complementary study (Jones and Habart, 2015) showed that
the UV photolysis of a-C(:H) grains leads to the release of molecular hydrogen and can there-
fore be a viable route to efficiently form H, in the warm outer region of PDRs (that is, the
illuminated edge of the PDR that is mostly atomic). It must be noted that as H; is formed on
dust surface and because most of the dust surface is contains in small grains that are likely to
evolve in PDRs (see Sect. 10), this therefore affects the H, formation (see Sect. ??).

Besides, the molecular hydrogen is not the only molecule that can form on the surface of
grains. In dense clouds, the low temperature reached by dust grains prevents freshly formed
molecules (mainly H,O, CO, and CO;) from being instantaneously evaporated. As a conse-
quence, ice mantles composed of these molecules can form around grains. For further details,
Gibb et al., 2004 give an overview of ices in the ISM.

2.6 DUST MODELS

Interstellar dust grains absorb UV photons emitted by stars and subsequently emit in the
infrared. The analysis of this emission gives information about the dust properties (size, com-
position, and shape), the dust mass along the line of sight and the intensity of the radiation
emitted by the star that heats the dust grains. However, these properties are not inferred
directly from the emission spectrum. Indeed, one has to specify dust properties and the asso-
ciated optical properties and then, one can constrain the dust model by computing quantities*
to be compared with the observations.

Following the discovery of the interstellar reddening (Schalén, 1929; Trumpler, 1930) and
based on the Mie’s theory, it was proposed by Schoenberg and Jung, 1934 that this phe-
nomenon could be due to a distribution of water ice, silicate or metal particles, that absorb

4 Dust extinction, scattering, emission, and polarisation.
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and scatter starlight. Later, Hulst, 1943 and Oort and Hulst, 1946 introduced the first dust
model, known as the dirty-ice model, which consists of atoms (H, O, C, and N) that gather
to form frozen saturated molecules. Kamijo, 1963 showed theoretically that silicate material
(5i0;) formed in the atmosphere of cool stars, could allow atoms to condensate onto its sur-
face to form dirty ice. However, albeit this model reproduced well the reddening, it was not
able to explain the relatively high degree of polarisation in the extinction (Hall, 1949; Hiltner,
1949). As graphite dust properties are isotropic, this implies that they can polarise stellar ra-
diation much more than the dirty ice. Therefore, dust composed of graphite that condenses
in the atmosphere of carbon stars was considered to explain such polarisation observations
(Cayrel and Schatzman, 1954; Hoyle and Wickramasinghe, 1962). Furthermore, graphite was
at this time the most likely choice to explain a strong extinction at ~ 217 nm that was discov-
ered by Stecher, 1965 and later labeled as the well-known UV extinction bump (Stecher and
Donn, 1965).

Theoretically predicted by Kamijo, 1963, observations of oxygen-rich cool giants (Gilman,
1969) showed that grains forming in the atmosphere of such giants are mainly silicates
(Al,S5i04 and Mg;SiO4). This led Hoyle and Wickramasinghe, 1969 to propose that interstel-
lar dust was composed of both graphite and silicate grains that are formed in the atmosphere
of oxygen-rich giant stars. The presence of silicate in dust grains was later reinforced because
silicates were observed in different regions in emission (Knacke et al., 1969; Stein and Gillett,
1969; Woolf and Ney, 1969; Maas, Ney, and Woolf, 1970) and in absorption (Hackwell, Gehrz,
and Woolf, 1970; Gillett and Forrest, 1973). These studies led to dust models that are composed
of both graphite and silicate, that are still commonly used nowadays. Among these models
emerged the well-known MRN dust model (Mathis, Rumpl, and Nordsieck, 1977), based upon
these studies and composed of graphite and olivine-type silicate. This model was later im-
proved by Draine and Lee, 1984 by tuning the optical properties of bare silicate and graphite
particles in order to fit observations, resulting in the well-known astronomical graphite and
silicate. This model was later improved by adding for instance, amorphous carbon and PAHs
(e.g. Desert, Boulanger, and Puget, 1990; Sorrell, 1990; Rowan-Robinson, 1992; Siebenmorgen
and Kruegel, 1992; Dwek, 1997; Draine and Li, 2001; Li and Draine, 2001a; Li and Greenberg,
2002a; Draine and Li, 2007; Siebenmorgen, Voshchinnikov, and Bagnulo, 2014). It is clear that
this model is built on the assumption that the different dust populations (silicate, graphite,
and PAHs for instance) are distinct and therefore not mixed. Despite fitting well to the ob-
servations, graphite is unlikely to be abundant in the ISM. Consequently, other models that
follow the same approach but with amorphous carbon instead of graphite, were built (Zubko,
Dwek, and Arendt, 2004; Compiégne et al., 2011; Galliano et al., 2011). As an alternative to
these MRN-based models, another approach was considered in parallel with all these devel-
opments.

Even if the dirty ice model was not extensively used in the 70’s, studies were undertaken
in order to explain the 3.1 pm feature of H,O that is supposed to originate from dirty ice.
However, this feature was not found (Danielson, Woolf, and Gaustad, 1965; Knacke, Cud-
aback, and Gaustad, 1969). Driven by the desire to understand why this feature was not
observed, Greenberg, 1973 predicted, based on laboratory experiments, that complex organic
molecules may form as mantles around silicates. However, gas and dust are mixed together
in the ISM which strongly suggests that dust is mixed into inhomogeneous assemblages such
as graphite and silicate core ice-mantled grains (Wickramasinghe, 1963). Based on these stud-
ies, the core-mantle models were born (e.g. Greenberg, 1982; Duley, Jones, and Williams, 1989;
Desert, Boulanger, and Puget, 1990; Jones, 1990; Greenberg and Li, 1999; Jones et al., 2013,
2017).
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During the almost sixty years of development briefly presented above, many different in-
terstellar dust models have been proposed. They can be divided into these three broad cate-
gories:

e silicate-graphite models, that are composed of silicate and graphite (Mathis, Rumpl, and
Nordsieck, 1977; Draine and Lee, 1984; Kim, Martin, and Hendry, 1994) and the expan-
sion of this model, using PAH (e.g. Siebenmorgen and Kruegel, 1992; Weingartner and
Draine, 2001a; Li and Greenberg, 2002a);

* composite models, that are composed of grain aggregates of carbon and silicate (e.g.
Mathis and Whiffen, 1989; Mathis, 1996; Zubko, Dwek, and Arendt, 2004);

* core-mantle models, that are composed of a core of silicate or aliphatic carbon, both sur-
rounded by an aromatic carbon mantle (e.g. Desert, Boulanger, and Puget, 1990; Jones,
1990; Jones et al., 2013, 2017).

During my PhD, I used THEMIS (e.g. Jones et al., 2013, 20177) which is extensively described
in Sect.6.2. The advantage of such a core-mantle model is the natural description of dust
evolution through carbonaceous mantle composition and size (Jones, Duley, and Williams,
1987; Duley, Jones, and Williams, 1989; Jones, 1990; Li and Greenberg, 1997; Cecchi-Pestellini
et al., 2010; Zonca et al., 2010; Cecchi-Pestellini, Viti, and Williams, 2014; Cecchi-Pestellini
et al., 2014; Kohler, Jones, and Ysard, 2014; Ysard et al., 2015, 2016), throughout different
environments. As the physical conditions (UV radiation field and density) vary widely in
PDRs (see Sect. 3), THEMIS is perfectly suitable to study dust evolution in such regions.
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In star forming regions, the UV radiation field of massive stars profoundly affects the parent
cloud, heating and dissociating the surrounding molecular gas. Transition regions from hot,
ionized gas to cold, neutral molecular gas thus appear (see Fig. 23) called photodissociation or
photon-dominated regions (PDRs, Hollenbach and Tielens, 1999; Le Petit et al., 2006). PDRs are
thus intimately linked to star formation and their bright emission is commonly used to trace
and characterize this process in the Universe.

PDRs are bright and their physical conditions are observed to vary widely: these regions are
therefore unique laboratories to study processes affecting the gas and the dust and ultimately
the formation of stars. In this section, I present the basic aspects of PDRs and focus on the
processes related to dust grains.

3.1 GENERAL VIEW

Broadly speaking, a PDR delineates the border of a molecular cloud as it is exposed to the UV
radiation field from a nearby massive star. Observations of their emission (see Fig.23) show
that PDRs can be divided into two broad parts. In the first one, closer to the exciting star, most
of the incident radiative energy is deposited: this results in a warm (T > 100 K), dissociated
gas with, in front, a thin layer of ionized gas'. In the second part, further from the exciting
star, the gas is cooler and molecular. For further reference in this manuscript, we therefore
divide a PDR into

¢ the outer part, composed of atomic gas where processes related to the illuminating
radiation field are dominant (ionization, dissociation, fragmentation of grains) and,

¢ the inner part, composed of dense, molecular gas where recombination or association
processes dominate due to collisions (e.g., H, formation or grain growth).

Such a structure is set primarily by the attenuation of the incident radiation field (in partic-
ular its UV part). Indeed, on their way inside the cloud, photons undergo extinction by dust
grains or trigger resonant absorption in H, molecules (the self-shielding process, Hollenbach

Interstellar matter is highly opaque to photons of energy above 13.6 eV thus containing the ionized gas in small
volumes. The mass budget of PDRs is therefore dominated by the neutral gas on which we focus here.
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3.2 GAS-GRAIN INTERACTIONS

and Tielens, 1999). Attenuation along the light rays is then estimated from the column den-
sity Ny. Assuming a standard extinction law, N can be expressed in terms of optical opacity,
AvZ.

The resulting stratification of composition and temperature can be seen in the PDR model
results of Fig. 23 where the outer (inner) part corresponds to Ay < 0.1 (Ay > 0.1) respectively.
These curves result from the competition between photon-related processes (e.g. dissociation,
dust photoelectric heating of the gas) and collision-driven ones (H2 formation and gas cool-
ing). The structure of a PDR is therefore set by the ratio Go/np between the intensity of
the UV radiation field (for photon-related processes) and the gas density ny (for collisional
processes).

In PDR modeling, some important simplifying assumptions are made. First, the geometry
of the irradiated region is taken to be that of a parallel, semi-infinite slab. Second the PDR is
assumed to have a constant gas density (isochoric model) or a constant gas pressure (isobaric
model): in the second case the density profile ny(z) (z being the depth inside the PDR) will
vary, reflecting temperature changes. The temperature is an important quantity that controls
the gas composition (atomic or molecular) and the emission of the PDR: it is set by the ther-
mal balance, i.e., the equilibrium between gas heating and cooling processes (see Fig.24 and
Fig. 25). In neutral gas, the heating is dominated by the photoelectric effect of dust grains’.
The gas cooling is ensured by inelastic collisions between abundant species (H, H;, He, and
electrons) and atoms or molecules: brought to an excited level these latter species decay spon-
taneously by IR emission that efficiently escapes the PDR and carries away the excitation
energy which is thus lost from the gas. In neutral gas the cooling is due to fine-structure lines
of [C*] at 158 um, [O] at 63 and 145 pm and rotational lines of H, and CO (see Fig. 23).

3.2 GAS-GRAIN INTERACTIONS

In PDRs, dust grains are central to several processes drawing energy from the radiation field
to heat and transform the gas. Dust is also essential to trigger the chemistry. All these pro-
cesses linking the dust and the gas are called gas-grain interactions.

Due to their continuous extinction from the UV to the near-IR (see Fig.65), dust grains
efficiently absorb and scatter the incident radiation field thus controlling the radiative transfer
or the way light penetrates and heats the PDR. About 97% of the energy absorbed by dust
is converted to IR emission and the remaining energy fraction (3%) leads to gas heating via
the photoelectric effect (e.g. Habart et al., 2001). In this process, a dust grain absorbs a UV
photon of energy 6 to 13.6 eV and releases an electron with a kinetic energy of 1 to 2 eV that
will heat the gas upon thermalisation. It must be noted that the photoelectric efficiency has
been shown to be largest for the smallest grains of nanometric size (Bakes and Tielens, 1994).

Another important dust-aided process is that of H, formation. Indeed, to overcome the
exchange energy between protons spin, H, formation requires a third partner that is very
rare at interstellar densities. It has therefore been proposed (Gould and Salpeter, 1963), that
H, forms by catalytic reactions at the surface of dust grains. This process is also dominated
by the contribution of nano-grains (a < 10 nm) because they have a large surface-to-volume
ratio.

Gas-grain interactions are therefore key processes in PDRs mostly involving nano-grains
(Iess than 10 nm in size). On the other hand, it is known (see Sect. 2.2) that dust evolves in the
ISM leading in particular to a changing abundance of nano-grains that can be destroyed or

The column density Ny is related to Ay by Ny /E(B—V) = 5.8 x 102! atoms cm™2 mag_1, with the adopted

following convention Ay/E(B — V) = 3.1. Then, Ay = 1 corresponds to Ny ~ 1.87 X 1021 atoms cm 2.

In dense gas (nyg > 10* cm™3), gas heating by collisional deexcitation of UV pumped H; is also important.
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Figure 23: Density profiles across a PDR for H (blue solid line), H, (blue dashed line), C* (red line),
C (red dashed line), and CO (red dotted line). The vertical blue stripe corresponds to the
H — H, transition. The first (from the left) vertical red stripe corresponds to the C* — C
transition and the second one, to the C — CO transition. The gas temperature is shown by
the green line. All quantities were computed using the Meudon PDR Code (Le Petit et al.,
2006) using a standard ISRF with Gy = 102 (from the left) and an isobaric model with
P = 10° cm—3 K. These conditions correspond to those the Horsehead Nebula encounter
(see Sect. 5.2).

reformed from larger grain mantles, under the action of UV light (see Sect. 10). Studying the
abundance profile of nano-grains in PDRs is therefore of primary importance to understand
these regions.

3.3 PDR EMISSION

The emission spectrum of PDRs occurs mostly in the IR to mm wavelength range and is dom-
inated by the continuum contribution of dust. Bright narrow lines from gas cooling species
are superimposed on this continuum. Most of these emission components can be used, more
or less directly (transfer or opacity effects) to constrain the physical conditions of the PDR,
namely, the local density ny and the intensity of the local UV field Go.

In the warm, atomic, outer part of the PDR, the ratio of the O lines at 63 and 145 um
constrains ny while the intensity of the C* line at 158 um provides information on the tem-
perature. In the molecular, inner part of the PDR, the H; and CO rotational lines are powerful
tools to extract (with radiative transfer models) both ny; and T.

The dust emission also carries a wealth of information, first of all on the dust properties
itself (size distribution, grain composition and structure, etc...) but also on the physical con-
ditions of the PDR. If the small to large grain ratio is known, the incident UV factor can be
found as well as the mass along the line of sight (Compiegne et al., 2011). In practice, PDRs are
dense environments where scattering must be taken into account: dust models must therefore
be used within radiative transfer codes in order to provide realistic predictions of the PDR
dust emission. This PhD project follows along these lines, focusing on extracting the evolving
properties of dust grains across PDRs of known or at least well constrained density profile
and incident radiation field.
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Figure 24: Heating rates profiles across the PDR for chemical reactions (blue line), gas-grain coupling
(green line), photoelectric effect (purple line), cosmic rays (orange line), H, formation (red
line), and photons (brown line). The total heating rate is shown by the black line. The vertical
blue stripe corresponds to the H — H; transition. The first (from the left) vertical red stripe
corresponds to the C* — C transition and the second one, to the C — CO transition. These
heating rates were computed using the Meudon PDR Code (Le Petit et al., 2006) using a
standard ISRF with Gy = 102 (from the left) and an isobaric model with P = 10° ecm 3 K.
These conditions correspond to those the Horsehead encounter (see Sect. 5.2).
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Figure 25: Cooling rates profiles across the PDR for O (blue line), H (orange line), H; (green line), C*
(red line), C (purple line), and CO (brown line). The total cooling rate is shown by the black
line. The vertical blue stripe corresponds to the H — Hj transition. The first (from the left)
vertical red stripe corresponds to the C* — C transition and the second one, to the C —
CO transition. These heating rates were computed using the Meudon PDR Code (Le Petit
et al., 2006) using a standard ISRF with Gy = 102 (from the left) and an isobaric model

with P = 10® cm 3 K. These conditions correspond to those the Horsehead encounter (see
Sect. 5.2).
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4.1 SPITZER AND HERSCHEL

The Spitzer Space Telescope (SST) (Werner et al., 2004) was launched on August 25, 2003. It was
conceived to observe from the mid-IR to far-IR, from 3.6 to 160 um, with a 85 cm primary
mirror and three observing instruments:

* The Infrared Array Camera (IRAC) that observed in four photometric bands centered on
3.6,4.5,5.8, and 8 um;

* The Multiband Imaging Photometer for Spitzer (MIPS) that observed in three photometric
bands centered on 24, 70, and 160 um;

* The Infrared Spectrograph (IRS), a spectrometer at low spectral resolution (R = A/AX ~
60 —120) between 5.2 and 38 um, and high spectral resolution (R = A/AA ~ 600) between
9.9 and 37.2 um.

The Herschel space telescope was launched in May 14, 2009 to observe in the far-IR, from 70
to 500 um, with a primary mirror of 3.5 m and three observing instruments:

e the Photodetector Array Camera and Spectrometer (PACS) that observed in three photomet-
ric bands centered on 70, 100, and 160 um. Spectroscopic observations were possible
between 51 and 105 um and between 102 and 220 um with a spectral resolution of
R = A/AX ~ 1000 — 4000;

¢ the Spectral and Photometric Imaging Receiver (SPIRE) that observed in three photometric
bands centered on 250, 350, and 500 um. Spectroscopic observations were made between
194 and 313 um and between 303 and 671 um,;

o the Heterodyne Instrument for the Far-Infrared (HIFI), composed of four spectrometers,
that generated spectra covering a wavelength range from 157 to 625 um.

During my PhD, I used photometric observations from Spitzer /IRAC (3.6, 4.5, 5.8, and 8
um), Spitzer/MIPS (24 um), Herschel /PACS (70 and 160 um), and Herschel /SPIRE (250, 350,
and 500 pum). The associated photometric bands are described in Sect. 4.2 and the Point Spread
Functions (PSFs) in Sect. 4.3.
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4.2 PHOTOMETRIC BANDS

Photoconductors such as the detectors used by IRAC and MIPS, count the number of received
photons regardless of their energy. The number of electrons generated from the absorption
of a photon is quantified by the quantum efficiency R(v), expressed in electrons per photon,
which depends on the frequency of the incident photon.

In order to express the number of electrons generated by a detector that receives an incident
flux Fy, we first define the number of photons dN ph crossing the detector surface element dA,
during a time interval dt, with frequencies in [v, v + dv]:

Fy
dNpy = 7 dtdA dv, (28)

and therefore, the number of photons per unit time and per detector surface area, from an
incident flux F. is:

deh _Fi v
dtdA  hv

Thence, the number of electrons, per unit time and per detector surface area, generated by
dNpp photons received by the detector is:

(29)

dN, Jvmx Fy

dtdA ), hv ROv)dv, (30)

where R(v) is the quantum efficiency and Vmin (Vmax) is the minimum (maximum) frequency
of the photometric band.

Each instrument has a specific flux convention F$™™, such that the flux in the band F]iaond
is the interpolated value of the observed spectrum at the wavelength where the photometric
band is centered: F{2"4 = F$™" (v). Therefore, regardless of the spectrum shape and whatever
the flux convention:

v
max Vo

band oy dNe J\,min Fy R(V) (7) dv

F‘VQ :F‘Vo (VO) - . (31)

X
dN gonv Vmax Fs/onv (V) Yo
[ e B (22) an

Vmin

If the usual convention is chosen, F™" oc v~ <, then Eq. 31 become:

Jvmax Fy R(v) (%) dv

band __ Vmin
F\/Ez)n - Vmax .vo OC+] * (32)
J R(v) (—) dv
Vmin v

Following the conventions from the IRAC and MIPS documentation, the fluxes FIV%AC in the
four bands of IRAC (3.6, 4.5, 5.8, and 8 um), and the flux FIQ,A(}PS in the MIPS band (24 um), are
written as follows:

J mXF\, R(v) (%) dv J mXF\, R(v) dv
FIRAC — Hmin_ — and TIPS = = Fmin RS R (33)
J R(v) (7()) dv J R(v) (70> dv
Vmin Vmin
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Bolometers such as those used in the PACS and SPIRE instruments integrate the absorbed
power whatever the photon number count is. The power received per detector surface element
dA and per unit frequency is:

dE

- —F,.
dt dA dv (34)

With R(v), the spectral response of one band of the instrument, the flux in this band is defined
as:

J " Fv R(v) dv

Vmaxvmin FCOI’IV (V) ° (35)
v WV

Jo o RO gy &

band __
F y =

Vmin

Following the conventions from the PACS and SPIRE documentation, the fluxes Ff/gcs in the
two bands of PACS (70 and 160 um) and the fluxes F%EIRE in the three SPIRE band (250, 350,
and 500 um), are written as follows:

Vmax Vmax 2
J Fy R(v) dv J Fy R(v) (%) dv
PACS _ Vmin SPIRE _ Vmin
FVO - J"vmaX R(V) <E> dv a d FVO - JVmax R(V) (E)g dv (36)
Vmin v Vmin v

The calibration uncertainty in the IRAC bands (3.6, 4.5, 5.8, and 8 um) is 2 % (Reach et al,,
2005), 4 % in MIPS (24 um) (Engelbracht et al., 2007), 5 % in PACS (70 um) (Gordon et al.,
2007), 12 % in PACS (160 um) (Stansberry et al., 2007), and 15 % in the three SPIRE bands (250,
350, and 500 pm) (Swinyard et al., 2010). We considered all these errors to be independent
of the wavelength and also independant of one another to first order. Fig. 26 shows these ten
photometric bands.

4.3 POINT SPREAD FUNCTIONS

A Point Spread Function (PSF) corresponds to the actual image of a point source as seen by an
instrument. In an ideal case, this point source would be seen as a point in the image taken
by the instrument. However, the instrumental image of a point source is spatially spread
due to diffraction. This phenomenon is quantified by the PSF and must be carefully taken
into account when comparing model results such as dust emission and scattering, to the
observations. The PSFs for each of the ten instruments are shown from Fig. 27 (IRAC, 3.6 um)
to Fig. 36 (SPIRE, 500 um).

In practice and for an extended object, the simulated intensity I (x,y), is the result of the
convolution between the model intensity” I, nc(x,y), and the PSF, f(x,y):

Iv(xry) = (Iv,nc % ) (X/U)- (37)

1 The subscript "'nc’ is for ‘non convolved'.
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Figure 26: In colors, the ten photometric bands used in this study (3.6, 4.5, 5.8, 8, 24, 70, 160, 250, 350,
and 500 pum). The black line shows a dust spectrum computed with DustEM using diffuse
ISM-like dust, for a standard ISRF with Gy = 1 and N = 102° Hem 2.

I present how I computed the dust model intensity (emission and scattering) I (iy,1i.) (see
Fig. 62) in Sect. 9.1. In order to compare to the observed intensity, I convolved Iy nc(iy,i.) with
the appropriate PSFs, as follows:

Ny /2 N./2

Iv(iy/ iz) = Z Z Iv,nc(jy/ ]z) f(iy _jy/ iz _jz) s (38)

jy=—Ny/2 \jz=-Nz/2

where N and N, are the number of pixels along the y-axis and z-axis, respectively (see
Fig. 56).

A photon-dominated region is a particular region where the intensity distribution along
the axis perpendicular (that is, the y-axis) to the star-PDR axis (that is, the z-axis), has an
extremely smooth gradient (see Fig. 62), such as an edge-on galaxy (Bocchio et al., 2016). Con-
sequently, we can consider that Iy nc(iy, iz) = Iy, nc(iz) and Eq. 38 can therefore be simplified
to:

N./2 Ny /2
Iv(iy/ i) = Z Iy, ne(jz) Z f(iy —Jys 1z —jz) |- (39)
jz=—Nz/2 jy=—Ny/2

Thence, following Bocchio et al., 2016, we can introduce the notion of a linear PSF or line
spread function (LSF), that we note flinear(i2), and define as:

+o00
flinear(iz) = D fliy, 1z). (40)

'Ly:
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Figure 27: Left: IRAC PSF at 3.6 um on a linear scale for a pixel size of 1.22”. Right: Same
logarithmic scale.
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Figure 28: Left: IRAC PSF at 4.5 um on a linear scale for a pixel size of 1.22”. Right: Same

logarithmic scale.

Using the line spread function, Eq. (39) can therefore be simplified to:

N./2

Iv(iy/ iz) = Iv (iz) = Z Iv,nc(jz) flinear(iz _jz)-
jz=—Nz/2

Fig. 37 shows the line spread function of the ten photometric bands.
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Figure 29: Left: IRAC PSF at 5.8 um on a linear scale for a pixel size of 1.22”. Right: Same on a
logarithmic scale.
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Figure 30: Left: IRAC PSF at 8 um on a linear scale for a pixel size of 1.22”. Right: Same on a logarith-
mic scale.
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Figure 31: Left: MIPS PSF at 24 um on a linear scale for a pixel size of 0.5”. Right: Same on a logarith-
mic scale.
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Figure 32: Left: PACS PSF at 70 pm on a linear scale for a pixel size of 1”. Right: Same on a logarithmic

scale.
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Figure 33: Left: PACS PSF at 160 pm on a linear scale for a pixel size of 1”. Right: Same on a logarithmic

scale.
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Figure 34: Left: SPIRE PSF at 250 pm on a linear scale for a pixel size of 1”. Right: Same on a logarith-

mic scale.
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Figure 35: Left: SPIRE PSF at 350 pm on a linear scale for a pixel size of 1”. Right: Same on a logarith-

mic scale.
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Figure 36: Left: SPIRE PSF at 500 pm on a linear scale for a pixel size of 1”. Right: Same on a logarith-

mic scale.
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Figure 37: Left: Normalised linear PSFs on a linear scale for IRAC (blue line), MIPS 24 um (orange
line), PACS 70 pm (green line), PACS 160 pm (red line), SPIRE 250 um (purple line), SPIRE
350 um (brown line), and SPIRE 500 um (pink line). Right: Same on a logarithmic scale.



THE HORSEHEAD NEBULA

Ah, to softly slip behind the scene

One clear and snow-draped, silent winter night,

To pierce the density which seems to screen,
Obstruct the splendor of that cosmic light,

To pass beyond that dark and mystic cloud

Which looms like portal in a garden wall,

The ancient loveliness within to shroud,

How it one’s fancy does inspire, enthrall.

In that great starlit garden of the sky,

Where light eternal dwells in calm repose,

Who knows what beauty there might greet the eye,
What undreamed truth a brief glimpse there disclose
As strange as thought, to thought there is no space,
At will, one’s thoughts the universe may embrace.

Lisa Odland - The Horse-Head Nebula

Contents

5.1 Presentation of the Horsehead 53
5.2 On the density profile of the Horsehead 56

Figure 38: Deep exposure of the Orion B molecular cloud. Credit: Rogelio Bernal Andreo (Deep Sky
Colors).

5.1 PRESENTATION OF THE HORSEHEAD

The Horsehead, located in the Orion B molecular could (see Fig.38), is an archetypal PDR
situated at ~ 400 pc (Anthony-Twarog, 1982) that is illuminated by the binary star 0-Orionis
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5.1 PRESENTATION OF THE HORSEHEAD

Figure 39: Left: The Horsehead as seen on a plate in Barnard, 1913. Right: The Horsehead seen one
century later. Credits: Cosmic Speck Photography.
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Figure 40: Left: Composite colour image of the Horsehead nebula with the VLT (ESO). Right: ISOCAM
map of the Horsehead nebula in the LW2 filter (5 — 8.5 um) (Abergel et al., 2003).
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5.1 PRESENTATION OF THE HORSEHEAD
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Figure 41: Left: Continuum emission at 1.2 mm observed by MAMBO2 (Hily-Blant et al., 2005). Right:
Integrated emission map of C'80 (2 — 1) (Hily-Blant et al., 2005).

which is an O9.5V binary system (Warren and Hesser, 1977) with an effective temperature of
Test ~ 34600 K (Schaerer and Koter, 1997) located at a projected distance degge ~ 3.5 pc from
the Horsehead edge. Observations of the Horsehead have been made in the visible (e.g. Boer,
1983; Neckel and Sarcander, 1985) and at millimeter wavelengths for '2CO and '3CO (e.g.
Milman et al., 1973), 12CO (e.g. Stark and Bally, 1982), NH3 (e.g. Sandell et al., 1986), CS (e.g.
Lada, Bally, and Stark, 1991), C* (e.g. Zhou et al., 1993) and 13CO (e.g. Kramer, Stutzki, and
Winnewisser, 1996).

Later, mid-IR observations (Abergel et al., 2003, see Fig. 40, right panel) with ISOCAM
highlighted that the Horsehead is likely to be seen edge-on and therefore offers us a unique
opportunity to study dust, gas and the evolution of the local physical conditions with depth
into the Horsehead. This has led to many studies at millimeter wavelengths for CO (Pound,
Reipurth, and Bally, 2003), C'80 (Hily-Blant et al., 2005, see Fig. 41), CS, C34S and HCS*
(Goicoechea et al., 2006), CI and CO (Philipp et al., 2006), DCO™ (Pety et al., 2007), HCO and
H'3CO™ (Gerin et al., 2009), H'3CO*, DCO™*, and HCO* (Goicoechea et al., 2009), H,CO
(Guzman et al., 2011), CF" (Guzman et al., 2012), I-C3H* (Pety et al., 2012), CH3CN, HC3N,
and C3N (Gratier et al., 2013), H,CO and CH3OH (Guzman et al., 2013), NH3 (Ohashi, Ki-
tamura, and Akashi, 2013), and HCOOH, CH,CO, CH3CHO and CH3CCH (Le Gal et al.,
2017).

Teyssier et al., 2004 found that although carbonaceous nano-grains are expected to be pho-
todestroyed by the intense UV field at the edge of the Horsehead, they do still exist there. The
authors suggest that the photoerosion of carbonaceous nano-grains into small hydrocarbons
is more efficient than the photo-destruction of small hydrocarbons at the Horsehead edge.
This scenario is reinforced by observations by Pety et al., 2005, who found hydrocarbons such
as CCH, c-C3H;, and C4H in the UV-irradiated outer part of the Horsehead. This is sup-
ported by laboratory experiments on thermal processed and UV-irradiated dust analogues
(see Smith, 1984; Zubko, Dwek, and Arendt, 2004; Alata et al., 2014, 2015; Duley et al., 2015).
Based on Spitzer observations, Compiegne et al., 2007 proposed a scenario where PAHs sur-
vive in HII regions, and Compiegne et al., 2008 reported that spectral variations in the mid-IR
cannot be explained by radiative transfer effects alone and therefore are a consequence of the
dust evolution across the Horsehead.
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5.2 ON THE DENSITY PROFILE OF THE HORSEHEAD

Performing radiative transfer calculations requires information on the density profile across
the Horsehead. We used the density profile that was established by Habart et al., 2005 by
combining different observations. They first observed the H2 1-0 S(1) fluorescent emission
line with the SOFI instrument at the NTT, as this line is very sensitive to both the radiation
field and the gas density. This observation was then combined with previous observations of

Hy and dust mid-IR emission to constrain the density profile at the edge of the Horsehead.

Finally, they also used CO millimeter observations from the IRAM 30 m telescope (Abergel
et al., 2003; Teyssier et al., 2004) and the Plateau de Bure Interferometer (Pety et al., 2005), as
well as 1.2 mm dust continuum emission obtained with MAMBO at the IRAM 30 m telescope
(Teyssier et al., 2004) in order to constrain the density profile in the inner part. All these
observations were interpreted with the Meudon PDR code (Le Petit et al., 2006).

This density profile (see Fig. 42, upper panel) was also used in Compiegne et al., 2008 and
Arab et al., 2012 and is defined as follows :

v
. .
nox(z—()) if z < zg

ny(z) = (42)
o if z > zo,
where
no=2x10°Hem 3; 2o =0.06pc; y=25; z=d, — dedger (43)

with z the position from the edge of the Horsehead, vy the power-law exponent of the gas
density profile and z¢ the depth beyond which the constant density ng is reached.

The authors also estimated the length of the Horsehead along the line of sight, lppr. They
found that this parameter is constrained to be between 0.1 pc and 0.5 pc. We assumed that
the density profile is independent of the position along the line of sight (see Fig. 42, bottom
panel).
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5.2 ON THE DENSITY PROFILE OF THE HORSEHEAD
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Top: Assumed density profile across the Horsehead (black line, see Sect. 5.2). Normalised
dust-observed emission (blue line) in IRAC (3.6 pum, see Fig. 63). Normalised dust observed
emission (green line) in SPIRE (500 um). The grey part corresponds to the inner part of
the Horsehead, defined in Sect. 9.3.2.1. Bottom: Density profile in 2D-space defined by the
distance to the star, d,, and the length of the Horsehead along the line of sight, lppr. Figure
from Schirmer et al., 2020, see Sect. 10.
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Part IV

MODELS AND TOOLS



5.2 ON THE DENSITY PROFILE OF THE HORSEHEAD

During this PhD, I have used different models and tools to compute the dust emission in
photon-dominated regions. This requires a dust model and the appropriate tools to model
the local emission of the dust populations in this dust model. As photon-dominated regions
are optically thick, it was therefore necessary to study how photons interact with the matter
and hence to perform radiative transfer.

I first present DustEM in Sect. 6.1, which computes dust emission for a given dust model.
Then I introduce THEMIS in Sect. 6.2, the interstellar dust model I used all along this work.
Finally, in Sect. 7, I describe some basics about radiative transfer, as well as the radiative trans-
fer code I used in the first part of my PhD, DustPDR, and the second one I used afterwards,
SOC.
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THEMIS AND DUSTEM

Si beaucoup de beauté est ici, c’est que partout il y a beaucoup de beauté.

Rainer Maria Rilke - Lettres a un jeune poéte
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6.1 MODELLING LOCAL DUST EMISSION WITH DUSTEM

DustEM' (Compiegne et al., 2011) is a modelling tool that computes the extinction, emission,
and polarisation of interstellar dust grains heated by photons. The computations were done
locally, that is, without radiative transfer and assuming an optically thin medium.

To this end, several physical quantities are required in order to use DustEM:

* the absorption and scattering efficiency, Q.ps(a, v), Qsca(a, v) respectively, as well as
the anisotropy factor, g(a, v);

¢ the specific heat capacity, C(a, T);

¢ the intensity of the incident radiation field, I.

Together with these quantities, one must also define the grain properties in a file, GRAIN.DAT,
in which the following parameters must be provided, for each dust component:

¢ the grain type (a-C, a-C:H/a-C or a-Sil/a-C for instance);
¢ the number of dust sizes;

¢ the dust mass to gas ratio, My/My, as well as its specific mass density p, expressed in

g.cm*:” ;

1 DustEM is available here : http://www.ias.u-psud.fr/DUSTEM
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6.2 THEMIS

¢ the grain minimum and maximum size, Qmin and amax respectively;
¢ the shape of the size distribution, which is a function that describes, for a given dust
type, the distribution of the dust mass as a function of size:
- plaw: power-law size distribution (see Eq. (44));
- ed: applies an exponential decay to the power-law size distribution (see Eq. (44));
- logn: log-normal size distribution (see Eq. (45));

¢ parameters that define the power-law size distribution with an exponential cut-off («x,
ag, ac, see Eq. (44)) and/or the log-normal size distribution (ao, o, see Eq. (45)).

As written above, the dust size distribution is defined through the keywords that refer either
to a power-law size distribution with an exponential cut-off or a log-normal size distribution,
defined respectively as follows:

dn a% if a<ay,

an 3

da & a® x exp (— (ag—cat) > if a>a (44)
dn 1 log(a/ap) 2

da g <P (‘ (FER) ). 5)

Based on these input parameters, the temperature distribution function dP/dT (see Sect.2.4)
is determined by iteratively solving Eq.(25) in Desert, Boulanger, and Shore, 1986 in the
approximation where the grain cooling is fully continuous. Afterwards, using the optical
properties together with the temperature distribution function, Eq. (27) is calculated for each
dust type to provides the total SED.

6.2 THEMIS

Here I decribe, the interstellar dust model that I used throughout this work, THEMIS* (The
Heterogeneous dust Evolution Model for Interstellar Solids, see Jones et al., 2013, 2017). First,
the philosophy of THEMIS is presented; second, THEMIS for the diffuse ISM is described;
tinally, THEMIS for starless dense regions is depicted.

6.2.1  Philosophy of THEMIS

Developped at the IAS, THEMIS is the first dust model that provides a description of grain
properties that reflects evolutionary processes. Specifically, the optical properties of grains are
described as a function of their structure (core-mantle) and composition (the C-to-H ratio in
carbonaceous grains). Indeed, in the ISM, dust evolution is mostly driven by UV photons and
collisions between grains or with gas species. The efficiency of these processes, set by the UV
flux Go and the density ny, determines the structure and composition of the dust.

THEMIS is based on two main dust materials:

2 THEMIS is available here : https:/ /www.ias.u-psud.fr/themis/
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6.2 THEMIS

¢ amorphous olivine-type and pyroxene-type silicates with iron and iron sulphide nano-
inclusions a-Silge, Fes;

¢ amorphous hydrocarbons solids a-C(:H) materials, which encompasses a-C:H materials,
that are H-rich and aliphatic-rich and a-C materials that are H-poor and aromatic-rich.
This component is introduced in 3 papers:

- in Jones, 2012a, the link between the composition, the chemical bonds, and the
vibrational modes of a-C(:H) grains is established;

— in Jones, 2012b, the optical properties that cover the electromagnetic range from
the far-UV to the cm, are presented;

- in Jones, 2012c, the size dependance and the evolution of the a-C(:H) optical prop-
erties in response to the local radiation field variations is depicted.

The other major aspect of THEMIS is the Core-Mantle description of dust grains. For the
purpose of understanding this depiction and especially in the context of PDRs, it is important
to understand the influence of UV irradiation which chiefly affects the carbonaceous dust
population. As represented in Fig. 43, UV photons can photo-destroy C-H bonds and there-
fore, engender the creation of C=C bonds. Thus, the irradiation of a-C(:H) materials leads to
their progressive aromatisation3. As the typical penetration depth of a UV photon in a-C(:H)
material is about 20 nm (see Fig. 15, Jones, 2012b), carbonaceous grains that are smaller than
20 nm are entirely photo-darkened and hence aromatic-rich, these are a-C grains.

Regarding larger carbonaceous grains, they are composed of an aliphatic-rich a-C:H core
surrounded by an H-poor/aromatic-rich a-C mantle assumed to be 20 nm thick, which pre-
vents the photo-processing of the core and hence allows it to remain aliphatic-rich. These are
the large a-C:H/a-C grains.

However, one must emphasize that this description is built upon the assumption that these
grains had time to be photo-darkened. In other words, the typical timescale associated with
the photo-darkening of a dust grain is assumed to be smaller than the typical time the grain
has been in existence (i.e. the age of the universe as a first approximation). An analytical
expression of the photo-darkening timescale, t,4(a), is derived from the photo-darkening
rate, Apg(a), in Jones et al., 2014 and defined as follows:

1
T, _= /\_] = , 6
Pd = pd T G Fauy Qubs(a) €(a) (46)

where Fguy ~ 3 x 107 photons s~ Tem~2 is the EUV# photon flux in the local ISM, ocy =~
1071? cm? is the CH bond photo-dissociation cross-section, Qps(a) is the dust absorption
efficiency which depends almost solely on the radius in the EUV range and e(a), is a size-
dependent photo-darkening efficiency, defined as follows:

ela) = (a[jm]) fora>2nm else e(a)=1. (47)

Fig. 44 shows the photo-darkening timescale, T,4, as a function of the grain size. The photo-
darkening timescale takes values around 10° years, a value comparable to the time between

The aromatisation refers to the process that transforms an aliphatic-rich carbonaceous material to an aromatic-rich
material. In that case we will speak of photo-darkening as an aromatic rich material appears dark compared to
an aliphatic rich material.

Extreme ultraviolet photons with energies from 10 eV up to 124 eV (corresponding to 124 nm to 10 nm respec-
tively).
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Figure 43: Representation of a chemical road that an aliphatic-rich carbonaceous material (cyclohex-
ane), under irradiation, follows to become aromatic-rich (benzene). Photo-dissociation of
C-H bonds leads to the creation of C=C bonds.

grain-grain collisions (Stepnik et al., 2003) but shorter than the dynamical timescale 10” years
(Draine, 2011), describing the evolution of a molecular cloud. Therefore, carbonaceous grains
that are smaller than 20 nm have time to be fully photo-darkened as do the 20 nm mantles of
larger grains.

Thus, this view provides us with a continuous description of carbonaceous grains from the
smallest that contain aromatic cycles and are stochatiscally heated to the largest that are in
thermal equilibrium.

In addition, dust observations® (e.g. Planck Collaboration et al., 2011a,b) in the far-IR and
sub-mm of the diffuse ISM are well fitted with a modified blackbody (B ~ 1.8) and a single
temperature (Tgyst ~ 18 K in the diffuse ISM). Therefore the emission in the far-IR can be rep-
resented by a single dust population. In THEMIS, it is assumed that this dust population is
composed of silicate, surrounded by a mantle of carbonaceous material. Furthermore, mod-
elling work done by Li and Greenberg, 2002b showed that the 3.4 um C-H feature is expected
to be polarised. However, using spectro-polarimetric observations along lines of sight ori-
ented towards the Galactic center, Chiar and Tielens, 2006 found that the 3.4 pm C-H feature
is essentially unpolarised, which strongly suggests that the carbonaceous material surround-
ing the silicate core, is H-poor and aromatic-rich (e.g. Jones, 2012a,c). It is therefore assumed
in THEMIS that the carbonaceous mantle around a-Sil grains is aromatic-rich. This mantle is
therefore smaller than 20 nm because conversely, it will not be entirely photo-darkened hence
aromatic-rich (Jones, 2012b). Based on this 20 nm upper limit, and derived from the quantity
of carbon that is left after determining what is in the gas and in the carbonaceous grains, an
a-C mantle of 5 nm arround the a-Sil core is thus assumed. These grains are called a-Sil/a-C.
A representation of these two dust populations can be found in Fig. 14 (left panel).

6.2.2 THEMIS model for the diffuse ISM

6.2.2.1 Size distribution

The THEMIS model for the diffuse ISM is composed of three dust populations that are build
upon the two materials of carbon (a-C(:H)) and silicate (a-Sil), that were described in the
previous section. These three dust populations are defined as follows:

¢ a-C(:H) dust population whose size distribution follows a power-law with an exponen-
tial cut-off. As this population is essentially composed of a-C grains (i.e. grains that
are smaller than 20 nm), we will refer to it as a-C grains, although some a-C:H/a-C
core/mantle grains are included.

5 Observations made with Planck, Herschel and IRAS
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Figure 44: Left: Representation of THEMIS for the diffuse ISM. Black (light grey) parts refers to
aromatic-rich (aliphatic-rich) material. Green parts refers to the silicate material. (Jones et al.,
2013). Right: Photo-darkening timescale for the carbonaceous material, as a function of the
grain size (see Eq.(46)). The darker grey part delimited by the vertical black line at 20 nm
corresponds to the large core-mantle grains.

¢ a-C(:H) dust population whose size distribution follows a log-normal law. As this popu-
lation is essentially composed of a-C:H/a-C core-mantle grains (i.e. grains that are larger
than 20 nm), we will refer to it as a-C:H/a-C grains, although a few a-C are included.

¢ a-Sil/a-C dust population whose size distribution follows a log-normal law.

The size distribution of these three populations are shown in Fig.45 and the associated
parameters are detailed in Table. 2. As these grains are composed of either an a-C:H core or a
silicate core a-Sil surrounded in both cases by an aromatic carbonaceous mantle a-C, we will
refer to THEMIS for the diffuse ISM as Core-Mantle grains (CM) or diffuse ISM-like dust.

Fig. 45 also shows the spectra associated to these three dust populations, obtained with
DustEM and considering a standard ISRF with Gp = 1 and Ny = 102° H.cm 2. It can be
seen that dust emission in the near and mid-IR is entirely coming from a-C grains while dust
emission in the far-IR is mainly coming from a-Sil/a-C grains. The aromatic bands in the near
and mid-IR come from a-C grains, which make sense as most of the aromatic structures are
contained in this population.

6.2.2.2  Optical properties

Optical properties are essential for understanding how a grain will interact with a photon
(see Sect.2.4). Based on laboratory experiments (Jones, 2012b), optical properties for THEMIS
have been derived, following the formalism described in Sect. 2.3.

Fig. 46 shows the absorption efficiency, the scattering efficiency and the anisotropy factor for
both the a-C:H/a-C and a-Sil/a-C populations, as a function of grain size. Regarding the dust
absorption efficiency, it can be seen that regardless of the grain size and the composition (both
a-C:H/a-C and a-Sil/a-C), Q,ps decreases with A. This is hardly surprising since this result is
known, the higher the energy of the incident photon is, the more likely it is to be absorbed by
the grain. One may also note the presence of the aromatic bands for the smallest a-C:H/a-C
grains, that are solely a-C grains given that they are smaller than 20 nm. The behaviour of
the dust scattering efficiency is basically similar to the dust absorption efficiency, the higher
the energy of the incident photon, the more likely it is to be scattered by the grain. One
can also see that in the IR/submm, the absorption efficiencies decrease with A (see Fig. 46,
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Table 2: Size distribution parameters for each dust population. p-law is a power-law with an exponen-

dn/dlna [em® H™!]

a

tial tail and log-n is a log-normal distribution.

Name sizeé & Qmin Omax ac ag ao

[nm] [nm] [nm] [nm] [nm]
Core Mantle grains (CM) - Diffuse ISM-like dust

a-C plaw 5 04 4900 10 50 -
a-C:H/a-C logn - 0.5 4900 - - 7
a-Sil/a-C log-n - 1 4900 - - 8
Aggregated Mantle Mantle grains (AMM)
AMM logn - 479 700 - - 479
Aggregated Mantle Mantle Ice grains (AMMI)
AMMI logn - 912 700 - - 610
aC e a-C:H/a-C ~ ——- a-Sil/a-C
1077 =
1072 i
5
10724 =

10—:5[) 4

relative contribution

10~31

100 10" 102 10° 10° 10! 102 10°
a [nm] A [pm]

Figure 45: Left: Dust size distributions for a-C (black line), a-C:H/a-C (dotted line) and a-Sil/a-C (dot-

ted dashed line). Top right: spectra for a-C (black line), a-C:H/a-C (dotted line) and a-Sil/a-
C (dotted dashed line), computed with DustEM, using the standard ISRF with Gy = 1 and
Ny = 102° H.cm™2. Bottom right: Relative contribution to the total spectrum for each dust
component.
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upper panels) and the scattering efficiencies decrease with A* (see Fig.46, middle panels).
This behaviour is well known and described in the context of the Rayleigh approximation
(see Sect.2.3.1).

Finally, whether it is for a-C:H/a-C or a-Sil/a-C grains, the anisotropy factor for small
grains is close to zero regardless of the wavelength. Photon scattering (see Sect. 2.3) by small
grains is therefore isotropic. Regarding larger grains, the anisotropy factor is non-null in the
UV, visible and near-IR, meaning that photon scattering at these wavelenghts is non-isotropic
and oriented in the same direction as the incident photons.

6.2.2.3 Stochastically heated grains vs. grains in thermal equilibrium

The larger the grain, the higher the heat capacity hence large grains are at thermal equilib-
rium while small grains are stochastically heated (see Sect. 2.4). We represent the temperature
distribution function dP/dT for different sizes of a-C grains with a standard ISRF and Gy = 1
in Fig.22. We note that the larger the grain is, the narrower the distribution is, until reaching
a Dirac, which means that large grains are single temperature.

Here we investigate the size above which we can consider that grain is in thermal equilib-
rium. With this aim, we compare two temperatures:

* Teq the equilibrium temperature of a dust grain, obtained through a thermal balance of
the dust heating and cooling processes (see Sect. 2.4);

® Tmean the average temperature of a dust grain, obtained with the temperature distribu-
tion function dP/dT (see Fig. 22).

Albeit Tean is physically relevant regardless of the dust size, this is not the case for Teq as it
has a physical meaning only for grains that are in thermal equilibrium. For grains that are in
thermal equilibrium, Tmean ~ Teq- We therefore consider that above a difference of 1 K between
those two temperatures, grains are not in thermal equilibrium. In Fig. 47, Tnean, Teq as well as
the absolute difference between these temperatures are shown as a function of the dust size.
Above a = 7 nm, AT, ¢ and AT,_g;/,_c are below 1 K hence all dust grains that are larger
than 7 nm are in thermal equilibrium.

6.2.2.4 Influence of the radiation field on dust emission

Here we study the influence of the radiation field, through the parameter Go, on dust emis-
sion. Fig. 48 shows the dust size limit aj;, beyond which dust grains are in thermal equilib-
rium (following the criterion that was described in the previous section), as a function of Go.
We note that the larger Gy, the smaller the dust size limit. For a given dust size, the absorp-
tion of a photon by a grain leads to an increase in its temperature, then it cools by emitting
infrared photons. If the radiation field is strong enough (i.e. if Go is large enough), some
grains do not have time to cool significantly before the absorption of the next photon hence
they are in thermal equilibrium. Therefore, an increase in Gy results in smaller grains being
in thermal equilibrium, which explains the decrease in aj,, with an increase in Go.

Fig. 48 shows the dust spectra for Gy varying from 1 to 10°. We note that the emission in
the near and mid-IR coming from a-C grains scales linearly with Go. Regarding the emission
from larger grains in thermal equilibrium, it is also scaling linearly with Go but shifts towards
longer wavelengths hence larger grains are warmer.
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Figure 46: Top: Dust absorption efficiency for a-C:H/a-C (left) and a-Sil/a-C (right) with dust sizes
varying from 0.3 nm (blue) to 142.5 nm (red). Middle: Dust scattering efficiency for a-C:H/a-
C (left) and a-Sil/a-C (right). Bottom: Anisotropy factor for a-C:H/a-C (left) and a-Sil/a-C
(right).
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Figure 47: Top: Teq (solid lines) and Tiean (dashed lines) for a-C grains (in blue) and a-Sil/a-C grains (in
red) as a function of the dust radius. Bottom: Absolute difference between Teq and Tmean for
a-C grains in blue and a-5il/a-C grains in red. The darker grey part delimited by the vertical
black line corresponds to the sizes for which grains are in thermal equilibrium (i.e. AT <
1). The vertical orange, green, purple and brown dashed lines corresponds to the sizes
associated with the temperature distribution functions in Fig. 22.

1 102
7 — Gy =1
| - — Gy = 10°
6 ‘w 100_
E 51 g
j %O 10721
£ 41 —
S ~
Y —4
10
31 S
2 . ; ; 106 ;
10° 10! 102 10° 104 10 10! 102 103

Go A [pm]

Figure 48: Left: Dust size limit ay;,, above which dust grains are in thermal equilibrium, as a function
of Go. Right: Dust spectra for Gy varying from 1 (Blue line) to 10° (red line), computed with
DustEM using dust size distributions showed in Fig. 45.
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6.2.2.5 Influence of the dust size distribution on dust emission

Modelling dust emission in PDRs with the aim of fitting the observations necessarily involves
modifying the dust properties for the diffuse ISM through their size distributions. As we will
see in Sect. v, dust emission is affected by both radiative transfer effects and variations of dust
properties. Therefore, in order to disentangle the radiative transfer effects on dust emission,
from those of variations in dust properties, we study the influence of such variations without
radiative transfer with DustEM.

We modified the dust size distribution of the a-C grains through the three following param-
eters:

* The a-C abundance, i.e. the a-C mass to gas ratio, M,_c/Mpy, which we varied from o.01
x 1072 to 0.20 x10~2 in steps of 0.01 x 1072;

¢ The a-C minimum size, amin a—c, Which we varied from 0.4 nm to 0.9 nm in steps of
0.02 NmM;

* The slope of the a-C power-law size distribution, «, which we varied from -7 to -4 in
steps of 0.1;

The dust size distributions described above, as well as the associated spectra computed
with DustEM using a standard ISRF with Gy = 1, are shown in Fig. 49.

A decrease in M,_c/Mpy or an increase in amin a—c Or «, leads to a decrease in the mass
of the smallest a-C grains and therefore, a decrease in the near-IR emission. As the total dust
mass is fixed, an increase in amin a—c Or o leads to a redistribution of the dust mass from the
smallest to the largest a-C grains hence an increase in the mid-IR emission. In the far-IR, dust
emission is unaffected by variations in M,_c/MH, Gmin,a—c and « as a-C grains are barely
responsible for any dust emission at these long wavelengths. However, the dust emission in
the far-IR slightly increases with an increase in o as the mass of the largest a-C increases
significantly, unlike an increase in amin,a—C-

6.2.3 From diffuse to dense regions

As the density increases, larger grains will evolve through processes such as carbon accretion
and coagulation then coagulate together and therefore, change dust optical properties (e.g.
Kohler, Ysard, and Jones, 2015).

As described in Jones et al., 2014, large grains can form a second mantle either through
accretion of C and H atoms, available in the gas phase or through coagulation of a-C grains on
the grain surface. As accretion occurs in dense regions (Ay > 1), the re-hydrogenation process
is sufficiently efficient to leave the mantle H-rich and/or, the UV radiation field attenuated
sufficiently to prevent mantle photo-processing. Photo-processing is efficient in regions where
the UV radiation field is only weakly attenuated (Alata et al., 2014). The influence of this
mantle formation around large grains on their optical properties is described in Kohler, Ysard,
and Jones, 2015. These grains are called Core-Mantle-Mantle grains (CMM).

In denser regions, large grains coagulate together to form grain aggregates. As the coagu-
lation timescale of a-C grains on large grains is shorter than that of large grain coagulating
together (e.g. Kohler et al., 2012), we can assume that all the a-C grains are incorporated in
the large grains thus in coagulated grains. As described in Kohler, Ysard, and Jones, 2015, we
assumed that coagulated grains are composed of one large grain with an aliphatic amorphous
carbon core and three large grains with an amorphous silicate core of olivine and pyroxene
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: Left: Dust size distributions of a-C grains for M, /My varying from 0.01 x 102 (blue
line) to 0.20 x 102 (red line) (top), Amin,a—c varying from o.4 nm (blue line) to 0.9 nm (red
line) (middle), « varying from -7 (blue line) to -4 (red line) (bottom). Dust size distributions
for a-C:H/a-C grains and a-Sil/a-C grains are shown in dotted and dotted dashed lines
respectively. Right: Spectra associated with these dust size distributions. Note that the lines
in colours represent the total spectra and not only the a-C grains spectra.
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Figure 50: Left: Size distributions of the dust mixtures from THEMIS (parameters are listed in Ta-
ble.2) for CM-grains, i.e. diffuse ISM-like dust (grey line), AMM (blue line) and AMMI
(orange line), i.e. grain aggregates typical of starless dense clouds. Black line, dotted-line
and dash-dot line correspond to a-C, a-C:H/a-C and a-Sil/a-C respectively, which are the
sub-components of the CM-grains. Right: Associated spectra, computed with DustEM with
a radiation field corresponding to a star at 34 600 K with Go = 100 and Ny = 102° Hem?.

type with Fe/FeS inclusions. These aggregates of CMM are called Aggregate-Mantle-Mantle
grains (AMM). Above a given threshold into cloud extinction (Ay ~ 1.5), a mantle of water-ice
forms around coagulated grains, these grains are called Aggregate-Mantle-Mantle-Ice grains
(AMMI).

In the following, we use several dust mixtures (see Fig.51) that are labelled in Table 2, as
in Kohler, Ysard, and Jones, 2015 and Jones et al., 2017. The size distributions of these dust
mixtures as well as their associated spectra computed with DustEM, can be found in Fig. 50
where it can be seen that grain aggregates (AMM and AMMI) are more emissive than CM
grains.

6.2.4 A brief history of THEMIS

Behind the development of THEMIS are many hidden studies that have been undertaken by
the core team. Here we summarise the papers that compose the backbone of THEMIS.

THEMIS came to light, partly motivated by the fact that the wide disparity of physical con-
ditions in the ISM triggers an evolution of dust grains, such as their composition, size, and
shape. Indeed, dust irradiation by UV photons leads to the destruction of C-H bonds in a-
C(:H) grains, and therefore to their progressive aromatisation (see Fig. 43). It was therefore nec-
essary to define a framework in which to study the consequences of the (de)-hydrogenation
of a-C(:H) grains on their emission. This was based on the formalism of eRCN® models for
H-rich a-C(:H) grains (Phillips, 1979; Dohler, Dandoloff, and Bilz, 1980; Thorpe, 1983; Jones,
1990) and DG models for H-poor a-C(:H) grains (Tamor and Wu, 1990). These studies lead to
the three founding papers of THEMIS (Jones, 2012a,b,c) that were later used to create THEMIS
(Jones et al., 2013). Eversince, further studies have improved upon this dust model.

Bocchio et al., 2012, 2013 found that small a-C(:H) grains (with N¢ < 1000 or a < 3 nm) are
efficiently destroyed in hot gas (10%-108 K), due to UV photons heating and collisions with
electrons, and that therefore they cannot be abundant in such regions. They also studied in

6 extended Random Covalent Network
7 Defective Graphite
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Figure 51: Schematic view of the dust evolution from the diffuse ISM to denser regions, mainly
through photo-processing, accretion and coagulation (Jones et al., 2017).
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Bocchio, Jones, and Slavin, 2014, dust destruction in shock waves (50-200 kms~') and showed
that a-C(:H) grains are efficiently destroyed in these regions. As observations were pointing
towards larger abundances of a-C(:H) grains in the ISM, which was not in agreement with
this large a-C(:H) grain destruction efficiency, they proposed that dust grains must reform in
the dense regions of the ISM.

As discussed in the introduction of this thesis, the observed far-IR dust opacity increases
from diffuse to dense regions of the ISM. Kohler et al., 2012 showed that the coagulation of
small grains (a = 3.5 nm) onto the surface of grain aggregates (that are composed of four
large grains with a = 60 nm), can explain both the increase in the far-IR dust opacity and
the decrease in dust grain temperature, from diffuse to dense regions. This study showed
that aggregates, which will later be at the origin of the so-called AMM and AMMI used in
this thesis, is required to understand the observations from dense regions of the ISM. Using
the radiative transfer code CRT (the previous version of SOC) together with DustEM, Kohler,
Ysard, and Jones, 2015 studied the influence of using grain aggregates (with or without an
ice mantle) in dense regions instead of using diffuse ISM-like grains. They showed that using
aggregates instead of diffuse ISM-like dust, implies an increase in the far-IR opacity by a
factor of 3, up to 7 if using aggregates with an ice mantle. They showed that dust evolution
through coagulation and accretion can explain the observed variations of the dust emission,
from the diffuse ISM to denser regions.

Regarding the silicate component, Kohler, Jones, and Ysard, 2014 showed that using amor-
phous olivine-type and pyroxene-type silicates better matches the interstellar silicate absorp-
tion band profiles, than the astronomical silicates of Draine and Li, 2007. The silicates of
Kohler, Jones, and Ysard, 2014 were therefore used in THEMIS after this study.

The H; formation process was also studied in the framework of THEMIS and in the case of
low to moderate ratiation field intensities (1 < Go < 102). Hydrogen molecules are released
from a-C(:H) grains through UV photolysis. This new road for H, formation was studied
in Jones and Habart, 2015 and seems to be a viable route to form H; in regions where the
radiation field is moderate.

Later, Ysard et al., 2015 added constraints on the aromatic-rich carbonaceous mantle around
both carbonaceous and silicate grains, using Planck observations of the diffuse ISM. They
also showed that dust properties must evolve as variations of the radiation field alone cannot
explain the observed variation of the dust emission within the ISM.

In dense interstellar clouds, dust scattering of the incident interstellar radiation can be ob-
served in the near-IR and mid-IR. This phenomenon was labelled as Cloudshine for the near-IR
(Foster and Goodman, 2006) and Coreshine for the mid-IR (Pagani et al., 2010). Later, (Lefevre
et al., 2014) showed that these observations can be explained in terms of grain growth. Within
the THEMIS framework, Jones et al., 2016; Ysard et al., 2016 showed that these observations
can be well explained with a combination of an aliphatic-rich silicate mantle around CM
grains and coagulation of these grains into aggregates (AMM, AMMI).

Similar to the first paper that describes THEMIS (Jones et al., 2013), a second general pa-
per about THEMIS presents the updated version of THEMIS (Jones et al., 2017), taking into
account the studies described above.

Then, as dust grains evolve from diffuse to dense regions, Ysard et al., 2018 studied the
variation in optical properties of both the large grains in THEMIS (a > 50 nm) and the
grain aggregates, as a function of their size, composition, and structure. They found that the
optical properties are highly dependant on grain properties and therefore, that it is required
to consider the detailed grain structure in order to understand how dust evolves with physical
conditions such as the radiation field and the local density.
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For seven years, THEMIS has been used by many researchers around the world. An exhaus-
tive list of about 40 papers where THEMIS is used, can be found here.


https://www.ias.u-psud.fr/themis/users_papers.html
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In astrophysics, most of the information comes through light. However, photons strongly
interact with dust and gas species. It is therefore important to understand how light travels
throughout the matter, from the stellar inferno to the deepest part of the human eye. This
domain is known as radiative transfer.

7.1 ABOUT RADIATIVE TRANSFER

An important quantity in radiative transfer is the specific intensity, I,, which is why we
define it first. We consider photons crossing, during a time interval dt, the surface element
dX centered in M and whose normal vector is n (see Fig.52). The total energy of photons,
with frequencies in [v, v + dv] and whose directions are inside the solid angle dQ) around the
direction' k, is proportional to dt, the frequency internal dv, the surface element dX, and to
the solid angle dQ. This energy can therefore be written as follows:

dEy (1) = I, (1)dZdQdtdv, 48)

1 In that case, it is assumed that k is perpendicular to the surface element dZ hence k = n.
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where I, (1) is the specific intensity. More generally, when 6 = (n, k) is introduced, Eq. 48
become

dE, (1) =1, (1) cos(0)dxdQdtdv. (49)

cdt

Figure 52: Definition of the notation that is used to describe the specific intensity I.. The latter is
expressed across an elementary surface dXZ (in green), in a direction k (in red) inside a solid
angle element dQ.

The Universe is far from being empty hence the specific intensity varies under the influence
of absorption, emission, and scattering. We therefore need to study the spatial variations of
the specific intensity throughout the matter.

In Sect.7.1.1 we describe how the specific intensity varies under the influence of the ab-
sorption and emission. In Sect.7.1.2 we describe how the specific intensity varies under the
influence of the absorption, emission, and scattering.

7.1.1 Radiative transfer without scattering

In order to define the radiative transfer equation, with or without scattering, the general idea
is to consider an elementary volume and to perform an energy balance inside this volume.
We therefore consider an elementary cylinder oriented in the direction k, with a surface dX
centered in M with a height dl = c dt, where 1 is the position along this axis defined by M
and k (see Fig. 53).
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A
Y

dE, (1) dE, (1 + di)

Figure 53: Definition of the notation that is used to express the variation of energy dzEv(l), between
L and 1+ dl, across a cylinder oriented in the direction k, with a surface dX centered in M
with a height dl, where 1 is the position along this axis defined by M and k. In this case, only
absorption and dust emission are taken into account. The black/grey dots correspond to the
particles. As the particles are located at different depths inside the cylinder, the intensity that
we receive is different from one particle to another, hence the different shades of grey.

We first define the quantity that contributes to a decrease in energy inside this elementary
cylinder and then, the quantity that contributes to an increase in energy. Thence, we perform
the energy balance to establish the radiative transfer equation without scattering.

7.1.1.1  Dust absorption and emission from a theoretical vantage point

DUST ABSORPTION The (negative) variation of energy dZEV, abs Of dE+ (1) between 1 and
1+ dl, because of the processus of absorption, can be expressed as follows:

d?Ey aps = —Kv dLdE, <0, (50)
where
= j Qubs(a, v) a2 dn(a), (51)
Amin

with n(a) the number of particles* with a radius a per unit of volume, amin and amin are
the minimum and maximum radii of the particles size distribution, and Q,s the absorption
efficiency of the particle (see Sect. 2.3).

From this quantity k, stems an important notion in astrophysics, the optical depth T, that
is defined as follows:

dt, = Kk, dl (52)

This quantity is dimensionless. We talk about an optically thin medium when 1, << 1 and
an optically thick medium when t, >> 1.

2 We assume here and all along this work that particles are spherical.
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DUST EMISSION The presence of radiative sources in the considered cylinder contributes
to variations in dE+(1). The (positive) variation of energy dZEV, em Of dE+ (1) between | and
1+ dl can be expressed as follows:

d%Ey em = €,dVAQdtdv > 0, (53)

where €., is the emissivity and dV = dXdl is the volume of the elementary cylinder. This is
the power emitted per unit volume, per unit solid angle, and per frequency interval towards
the direction k. It is expressed in Wm 3 Hz ' sr—'.

7.1.1.2  Generation of the radiative transfer equation without scattering

In the case where only the processes of absorption and emission occur and using the quanti-
ties defined above, the energetic balance is written as follows:

dEy (14 dl) — dEy (1) = d®Ey(1) = d*Ey, abs + A°Ev,em. (54)

As dl << 1, we can approximate dE, (1 + dl) with its first order Taylor expansion dE (1 +
dl) = dE (1)/dl+ dE (1). Thus, Eq. (54) can therefore be simplified as follows:

dEy (1)
dt

= dzEv,abs + dzEv,em- (55)

Using Eq. (48), Eq. (50), and Eq.(53) inside Eq.(55), the radiative transfer equation without
scattering can be written as follows:

dly (1)
dt

= —ky (VI (1) + e (1), (56)

and if ky # 0, in terms of optical depth (see Eq. (52)):

dly (T)
dt,,

=—I,(1)+Sv(1), (57)

where S, (T) = e+ (T)/k+(T) is the source function. With I, (ty = 0) = Iy, the solution of this
tirst-order differential equation can be written:

Tv (1)
L(1) = Loy e ™ +J Sy (1)) exp (= (o (1) — 1)) . (58)
0
In a purely absorbing medium (that is, S, = 0), the previous equation can be simplified to
yield the well-known Beer-Lambert law.

7.1.2 Radiative transfer with scattering

In the previous section, we described radiative transfer with only absorption and emission.
However, if we want to perform radiative transfer in the ISM accurately, it is necessary to
take into account scattering. The major difficulty with scattering is that all the regions are
connected. Moreover, conversely to absorption (emission) that only contributes to a negative
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(positive) variation of dE, (1), scattering has two contributions to variations of dE (1): a posi-
tive contribution d*E ., and a negative contribution d?E, ., (see Fig. 54).

dl

dE, (1 + dl)

Figure 54: Definition of the notation used to express the variation of energy d?E (1), between 1 and
1+ dl, across a cylinder oriented in the direction k, with a surface dX centered in M with a
length dl, where 1 is the position along this axis defined by M and k. In this case, dust ab-
sorption, emission and scattering, are taken into account. The black/grey dots correspond to
the particles. As the particles are located at different depth inside the cylinder, the intensity
received is different from one particle to another, hence the different shades of black.

When a photon with a incident direction k is scattered by a particle in a direction k’
(negative contribution to dE. (1)), we can express the energy d?EZ ... associated with this
negative contribution, as follows:

v,sca

d?Ey g = —0vdldEy = —0, 1, dVdQdtdv < 0, (59)
where
Amax
oy = J Queala, v) ma? dn(a), (60)
Amin

with n(a) the number of particles with a radius a per unit of volume, amin and amax are the
minimum and maximum radii of the particles size distribution, and Qsc. the scattering effi-
ciency of the particle (see Sect.2.3). Note that o, has the same dimension as k- (see Eq.(51)),
i.e. inverse length.

In order to express the positive contribution of scattering to dE (1), it is necessary to first
define the differential scattering cross-section 3§y, sca(k — k'), which characterizes the scat-
tering efficiency of an incident photon with a direction k (inside the solid angle dQ) to-
wards a direction k' (inside the solid angle dQ’). The differential scattering cross-section
Sv,sca(k — k') is related to the differential scattering coefficient & (k — k') through the rela-
tion &y (k — k') = n 3y, sca(k — k'), where n is the number of particles per unit volume. With
this definition, & (k — k') is linked to oy by the following relation:

aQ’. (61)

Fv(k = k')
T T4
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Note that if the scattering isotropic &(k — k’) does not depend on the direction, o, =
5v(k — k).

Thence, it is possible to express the energy d?EY

v,sca @ssociated with the positive variation
of dE (1), as follows:

2r+
d Ev,sca

1

(k) = <471J Gy (K = k) I (K) dQ’) dvdQdtdv > 0. (62)
Q/

As the positive and negative contributions of the scattering to dE. (1) are now defined, it

is possible to establish the radiative transfer equation with scattering, from the quantities

defined above, and the energetic balance defined as follows:

dEy(1+dl) — dEy (1) = d*Ey (1) = d?Ey, abs + d*Evy,em + A E5 o + A2ES oo (63)

As dl << 1, we can approximate dE, (1 + dl) with its first order Taylor expansion dE, (1 +
dl) = dE,(1)/dl+ dE+ (1) and using Eq. (48), Eq. (50), Eq.(53), Eq.(59), and Eq.(62) inside
Eq. (63), the radiative transfer equation with scattering is therefore defined as follows:

dly (1)
dt

= (e () + oy (D) 1 (V) enlU) + 1 JQ/ oy (K - ) T, (K) dQ. (64)

This equation clearly highlights the further challenge imposed by scattering in radiative trans-
fer as even if the emissivity, as well as the absorption and scattering coefficients do not depend
on the radiation field, we need to resolve this integro-differential equation.

7.2 DUSTPDR, A 1D RADIATIVE TRANSFER CODE

DustPDR is a 1D radiative transfer code that has been developed at the IAS and used in
previous studies (e.g Compiegne et al., 2008; Arab et al., 2012). During the first part of my
PhD and before using a more sophisticated radiative transfer code (that is, SOC, see Sect.7.3),
I used DustPDR, which is described here.

7.2.1 Presentation of DustPDR

DustPDR is built upon the semi-infinite plane-parallel approximation, which is valid if the
star is far from the cloud. The latter is defined as an infinite slab that receives radiation
orthogonally. Hence, radiative transfer is only considered along the star-cloud axis (i.e. along
the z-axis in Fig. 55).

In order to perform radiative transfer along the PDR, several quantities that define the
radiation field and the PDR are required:

¢ the radiation field at the edge of the PDR, I, o;
¢ the density profile along the PDR, ny(z);
¢ the width of one cell, A;

¢ the dust-to-gas ratio for each dust population along the PDR, (Mdust, i/ MH) (z) where j
refers to the dust population (e.g. a-C, a-C:H/a-C, a-Sil/a-C, ...).

8o



7.2 DUSTPDR, A 1D RADIATIVE TRANSFER CODE
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Figure 55: Schematic illustration of a PDR illuminated by a radiation field (from the left) described
by its specific intensity I, o. The quantities I, ¢(i;), I p(i2), and (v (i) correspond to the
transmitted intensity, back-scattered intensity, and the dust emission per proton, respec-
tively. The width of a cell A, is represented in green. The red shades correspond to the dust
temperature, that is decreasing from the illuminated edge of the PDR to the denser part.

As DustPDR is linked with DustEM in order to compute the dust emission, the dust prop-
erties are therefore provided through DustEM. From there, radiative transfer is performed
and provides us with the specific intensity along the PDR, I, (z), that is defined as:

Iv(iz) = Iv,t(iz) + Iv,b(iz) + IV,IR(iz)~ (65)

As described theoretically in the previous section, there are three contributions (see Eq. (65))
to this intensity:

* I, t(z), the transmitted intensity from the star that is attenuated by both dust absorption
and dust scattering (back-scattering contributes negatively to this transmitted intensity
and forward-scattering contributes positively to this transmitted intensity), between z =
0 and z;

* I, r(z), the intensity (essentially in IR) emerging from the dust that has been heated;

* I, p(z), the back-scattered intensity by parts of the clouds that are located between z
and Zmax.

In the following section, we describe these three different intensities by bridging the an-
alytical equations described in Sect.7.1 and their numerical expressions in the context of
DustPDR. Although the treatment of the dust absorption and emission with this geometry is
not difficult, the treatment of scattering is still complicated, hence we will also describe the
assumptions that are made.
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7.2.2  Dust emission and absorption from a numerical vantage point

We here present how dust emission and absorption are treated in DustPDR. In an environ-
ment where only absorption exists (i.e. Sy (t) = 0), Eq. (57) can be simplified, and the solution
of this equation is:

Iy t(z) =Ly, 0 exp (—Tv(2)). (66)

This is an analytical expression that needs to be adapted numerically. By defining i,, the index
of a cell located at position z, the previous equation can be numerically written:

Iv,t(iz) = I‘V,O exp (_Tv(iz)) . (67)

In Sect.7.1, T, was described by taking into account only the absorption (see Eq.(51) and
Eq. (52)). As seen in Sect. 7.1.2, photons that are back-scattered contribute negatively to varia-
tions of I,,. We can therefore define an effective k-, defined as Ki,ff = Ky + 0y p, where o, }, is
the backward scattering cross section (see Sect.2.3.2.2). Thence, we can express numerically

Ty as:

i, i,
T(iz) =) «JDA=) (ky(i)+oyp(i) A (68)
i=0 i=0
In an environment with only emission (i.e. ky(T) = 0), Eq.(56) can be simplified, and the
solution of this equation is:

Iy, r(z) = Jomax ev(z') exp (— (tv(z) — 1y (2"))) d2’. (69)

In DustPDR, it is assumed that dust IR emission is not absorbed within the cloud hence
Ty << 1. This implies that exp (— (tv(z) —Tv(2’))) ~ 1 and Eq. (69) can therefore be simpli-
fied as follows:

Zmax

Iy r(z) = Jo ev(z')dz, (70)

and numerically:

lmax

L,r(iz) = ) ev(i)A, (71)
i=0

with ey (iz) = nu(iz)Cv(iz)/4mv where (, is the dust emission per proton, computed by
DustEM and expressed in Wm™2.
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7.2.3 Dust scattering from a numerical vantage point

Back-scattered photons from cells that are located deeper into the PDR, i.e. beyond the posi-
tion z, contribute positively to the total intensity I, (z) that is emerging from the cell located
at the position z. The elementary back-scattering intensity dI (z’), emerging from a cell lo-
cated at the position z’ > z, is attenuated by dust extinction. We can therefore define the
back-scattered intensity as follows:

Iy p(z) = J " dIv,b(Z,) exp (_Tv (z' — Zmax)) ’ (72)
where
T (2 = Zma) = j " S (2)dz = j "™ (kv(2) + 0y b(2)) dz. 73)

The elementary back-scattering intensity dI ¢(z’) can be expressed as the difference between
the transmitted intensity and the same intensity with a dilution factor that corresponds to
what has been back-scattered along an elementary back-scattered depth, dt,, << 1. Thus:

dly b(2) = Iy,t(2) (1 —exp (dTv,b(2))) = Iv,t(2) Ty b (2). (74)

By integrating the previous equation between z and zmax, the back-scattered intensity can be
expressed as follows:

I, b(2) = J I, (2') exp (—Ty (2’ — Zmax)) ATy p(2'), (75)

z

and numerically written:

Lyliz) = ) Iy i) exp (—Ty (i = iz,,)) ATy,p(i), (76)
where
Aty (1) = 0y (1) A (77)

This description of the scattering in DustPDR is built upon the assumption that a photon can
be back-scattered once, which is not strictly true. In practice, a photon can be back-scattered
an infinite number of times. However, among the 12 % of photons that are back-scattered (see
Sect.2.3.2.2), only 12 % of these photons will be back-scattered a second time (that is, only 1
% of the initial number of photons). Considering that a photon is back-scattered only once is
therefore a reasonable assumption.

Thence, using the expressions of the transmitted intensity (see Eq. (67)), the intensity emerg-
ing from dust (see Eq.(71)), and the back-scattered intensity (see Eq. (76)), the total intensity
(see Eq. (65)) is defined as follows:

1zmax Tzmax

L(iz) =Iy,0exp (—Tv(i)) + D) ev(i)A+ Y Ly () exp (—ty(i — iz,,)) ATy b(i). (78)

i=0 i=i,
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7.2.4 Dust self-absorption along the line of sight

Radiative transfer is performed along the star-PDR axis (i.e. the z-axis). However, the intensity
I, obs received by the observer is attenuated by dust self-absorption in the PDR along the line
of sight (i.e. the observer-PDR axis). We therefore need to take this effect into account, which
is not negligible in the near-IR (see Sect. 9.4).

To this end, we introduce lppg, the length of the PDR along the line of sight. Thence, the
intensity received by the observer is defined as follows:

oR exp(—1y (1, 1,))

Iv,obs(iz) = Iv (iz) X J

0 dl, (79)
0 PDR

where I, (i) is the total intensity emerging from the cell located at the position i, (see Eq. 78),
and T (1,1,) the optical depth inside the cell located at the position i,, defined as:

lpDR

ni) =] i (80)
0

The dust opacity k. (see Eq.(51)) depends on the dust properties (Q.ps(a, Vv)), size (a), and

density (n). These three quantities are fixed for a given cell, ky(l,1,) = ky(i,) and we can

therefore simplify Eq. (80) to:

Tv(L1iz) = kv (i) lpDR- (81)

Thence, Eq. (82) becomes

Iv,obs(iz) =1y (iz) exp(_Kv (iz) 1PDR)- (82)

The major drawback of DustPDR, which is a consequence of the 1D plane parallel approx-
imation, is that the total intensity only takes into account photons that are emitted by dust
and not those that are scattered by dust towards the observer. As scattering is not negligible
in the near-IR, we therefore need to use a radiative transfer code that takes into account the
contribution of scattered photons to the total intensity received by the observer.

7.3 TOWARDS A 3D MONTE-CARLO RADIATIVE TRANSFER CODE : SOC

In the second part of my PhD, I used the 3D radiative transfer code SOC (Scattering with
OpenCL), which is described here. We first present an overview of this code, followed by a
presentation of the Monte Carlo approach upon which this code is constructed. Finally, we
describe the input files that are required to use this code, as well as the output files that it
provides us with.

7.3.1 Presentation of SOC

SOC (Juvela, 2019) is a 3D Monte Carlo radiative transfer code, parallelised using OpenCL
libraries which computes dust emission and scattering. SOC was benchmarked with other
radiative transfer codes in Gordon et al., 2017 and used in Juvela et al., 2018a,b, 2019. In SOC,
clouds can be defined on regular Cartesian grids or octree grids.
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Figure 56: Schematic illustration of a PDR illuminated by a radiation field (from the left) described by
its specific intensity 1, o, modeled in 3D with SOC. The red shades correspond to the dust
temperature, that is decreasing from the illuminated edge of the PDR to the denser part.
Ny, Ny, and N, correspond to the number of cells along the %, y, and z axis, respectively.
Each cell is a cube with a size A (that is, Ax = Ay = A, = A).

7.3.2  Monte-Carlo

SOC uses the Monte-Carlo method, that is based on random draw. The idea is to simply
follow the trajectory of the photons, using probability to determine how far a photon travels
before interacting, then whether this interaction is scattering or absorption, and finally, if it is
scattering, the direction of the photon. The benifit of this approach is its simple description
and implementation in codes. However, in order to get a significant statistic (that is, to reduce
the noise), the number of photons that have to be followed in a simulation needs to be large
enough (see Sect. ??).

7.3.2.1 Scattering from the probability point of view

Here we describe how scattering is treated from the probability point of view. With this aim,
we define the albedo that quantifies the contribution of scattering to the extinction:

Oy
Wy =——<1. 8
YV Ky + 0y (83)
We first introduce the notion of Mean free path, that is required to define quantities such as the
average number of times a photon is scattered before being absorbed, as well as the average
distance beyond which a photon can propagate before being absorbed. These notions are

useful to understand the basics of Monte-Carlo simulations for radiative transfer.

MEAN FREE PATH It can be seen that if w, = 0, photons are always absorbed by dust and
if w, = 1, photons are always scattered by dust. Thence, the probability that a photon is
scattered is w+ and the probability that a photon is absorbed isn =1 — w- .



7.3 TOWARDS A 3D MONTE-CARLO RADIATIVE TRANSFER CODE : SOC

We now define the probability? Py;(T ) that a photon will not interact with a dust grain after
a given optical depth T,. We can then consider a number of photons Ny, with frequencies
between v and v + dv, that propagate across a uniform environment containing dust. The
number of photons that are left at the optical depth T, is provided by the Beer-Lambert law
(see Eq. (58), with S, = 0) and defined as: N(ty) = No exp(—7) where 1, = (ky + 0+) L. The
probability that interaction takes place before T is therefore:

Pri(ty) = exp(—Tv). (84)

From there, we can also define the probability P;(t+) that a photon will interact with a dust
grain after a given optical depth T :

Pi(ty) =1 —=Ppi(ty) =1 —exp(—Tv). (85)

Then, the probability dPi(ty) that a photon will interact between T, and T, + d1, can be
written:

dPi(tv) = Pi(Ty) X Pni(dty) = exp(—71+)(1 —exp(—dTty)). (86)
As dty << 1, we can approximate exp(—dt. ) with its first order Taylor expansion exp(—dty) =
1 — dty. We can therefore simplify Eq. (86) as follows:

dP; = exp(—T1y)dTy. 87)

Finally, the average distance (1) beyond which a photon will interact with a grain (that is, the
mean free path), is:

+o0 +o0 Ty 1
L= 1dP; = exp(—Ty)dty = 88

< > JO h JO Ky + 0y p( ) Ky + 0y ( )
It is clear from this that the larger k, and/or o, are, the lower the mean free path is. This makes
sense as an increase in both k, and o, entails an increase in the probability that a photon
will be absorbed or scattered by a dust grain.

NUMBER OF SCATTERINGS BEFORE ABSORPTION AND THE ASSOCIATED LENGTH In
order to define the average number of times a photon is scattered before being absorbed,
we first introduce the probability p(N) that a photon is scattered exactly N times before
being absorbed. As these events (scattering and absorption) are independent, this probability
corresponds to the multiplication of the probability that a photon is scattered N times (that
is, (wy)N) by the probability that a photon is absorbed only one time (that is, 1 = 1 — ws).
The probability p(N) that a photon is scattered exactly N times before being absorbed can
therefore be written:

P(N) :(wv)N(]*wv)- (89)

3 The subscrit 'ni” is for 'non-interaction’.
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Hence, as successive scattering of a photon is comparable to a random walk with independant
successive steps, the average distance where a photon is absorbed, compared to its initial
position, is:

+o0 “+o00
(Ny) =Y Np(N) = (1=wy) Y~ N{w )N (90)
0 N=0 M

To simplify this equation, it is possible to use a power series expansion as w~ < 1:

+o00 1 +o00

_ Wy
glwy) = Z (wv)N = T—w thus gl(wv) = Z N(WV)N = T—w (91)
N=0 v N=0 M
and Eq. (90) can therefore be simplified to:
Wy
(Nv) = (1= wy)wy g'(wy) = 7= 92)

We note that when w, — 0, (Ny) — 0, expected because such value of w- entails that there
are no scattering at all but only absorption. A photon is therefore directly absorbed by a dust
grain and never scattered. In contrast, if w, — 1, (N) — 400, again as expected because
such value of w, implies that there are no absorption but only scattering. A photon will
consequently always be scattered and never absorbed by a dust grain. In this case (w- — 1),
it is possible to simplify Eq. (92) as follows:

1 Ky + Oy
Ny) ~ = .
(Nv) 1—wy Kv

(93)

Thence, the average distance at which a photon is absorbed, compared to its initial position,

is:
Wy 1
lm = <N'V> X <l'> = -l _wwv X (Ky + O_V)I (94)

and if wy, — 1:

Ky + Oy " 1 B 1 _l (95)
K-y (kv +0v) /Ky X /Ky + 0y K’ 95

where k!, = /Ky X /Ky + 0+, which is the geometric mean of ky and k- + 0.
As k!, > Ky, Eq. (95) reveals the increase in the distance travelled by a photon before being
absorbed, a direct consequence of multiple scattering.

lm =~

7.3.2.2  Application to Monte-Carlo simulations

A JOURNEY OF A PHOTON As seen in the previous section, the optical depth through
which the photon travels until its next scattering follows an exponential law whose probability
density function is

f(1y) = exp(—Ty). (96)
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Figure 57: Schematic illustration of a photon that propagates (yellow line) throughout a PDR until an
interaction with a grain (black dot). The red shades correspond to the dust temperature,
decreasing from the illuminated edge of the PDR to the denser part. For the sake of simplic-
ity, we represent this PDR in 2D, although Monte-Carlo simulations are described by a 3D
geometry in Sect.7.3.2.2.

It is therefore possible to define a random optical depth which follows this probability density
function. For this, we can draw a random number x uniformly distributed in [0, 1] and we
obtain the random optical depth as follows:

Ty = —1In(1—xy). (97)

Thence we follow the propagation of a photon cell by cell in order to determine in which cell
this photon will interact with a dust grain. From a mathematical point of view, we search for
the cell index p in which an interaction between a photon and a grain occurs, in such a way
that

p—1 P
D> ATy <Ty <) ATy, (98)
i=0 i=0

where At - is the optical depth through which a photon passes in the i-th cell (see Fig. 57).
Sometimes, based on the trajectory of the incident photon, the random optical depth takes a
photon outside of the cloud. In that case, either another photon is created and we follow it,
or the previous photon is forced to stay inside the cloud based on boundary conditions.
Knowing the cell in which an interaction takes place, there are two possible scenarios:

¢ the incident photon is absorbed by a grain and heats it accordingly. Then, the dust grain
cool down by emitting IR photons, without any preferred direction (isotropic radiation);

¢ the incident photon is scattered in a randomly drawn direction, taking into account the
non-isotropic behaviour of the scattering, quantified by the Henyey-Greenstein phase
function (see Sect. 2.3.2).
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Figure 58: Schematic illustration of the influence of increasing the observer size in order to increase
the number of photons received by the observer. The red shades correspond to the dust
temperature, that is decreasing from the illuminated edge of the PDR to the denser part.
For the sake of simplicity, we represent this PDR in 2D, although Monte-Carlo simulations
are described in a 3D geometry in Sect.7.3.2.2.

onbb.'l dh(zobsz < onbb.'l

FOLLOWING MULTIPLE PHOTONS: PHOTON PACKAGES As all the stars in the ISM emit
a huge number of photons, it would be convenient to follow all of these photons in a Monte-
Carlo simulation. However, this would be too time consuming. Thus, these photons are gath-
ered into photon packages based on the assumption that photons in the same package follow
the same trajectory and undergo the same treatment (absorption or scattering). In order to get
significant statistics, it is necessary to run Monte-Carlo simulations with enough photon pack-
ages hence to perform a convergence study to find a satisfactory number of photon packages
(that is, high enough to get a low signal-to-noise ratio, and low enough to get a reasonable
computation time). We will talk about such convergence study in more details in Sect. ??.

7.3.2.3 Treatment of photons received by the observer

With radiative transfer, photons that are scattered towards the observer and those that are
emitted by dust grains towards the observer, are gathered. However, the probability that a
photon package is scattered or emitted towards the observer is proportional to dQ,s/47,
where dQps is the solid angle inside which photons that are received are observed by the
observer. In practice, dQ,ps << 1 hence most of the photons that emerge from the PDR will
not be observed and consequently, the signal-to-noise ratio will be low.

Different methods exist to bypass this problem and one of these is called the peeling method.
It consists of removing part of the radiation from the photon package as it passes through
the cloud, and extracting from it what the observer sees. It is also possible to artificially
increase the observer size (that is, increase d(Q,s) in order to increase the probability of
receiving photons emerging from the PDR. However, this method entails a decrease in the
spatial resolution seen by the observer (see Fig. 58).

7.3.3 Input and output files

Albeit exhaustive information regarding the input and output files is available on SOC web-
site, I describe the basics of SOC, as well as the keywords that I used extensively.

Following the example of many radiative transfer codes, it is necessary to provide the
information below to use SOC:
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¢ the cloud description is provided through the value of the density of hydrogen atoms
per cm? (thus express in H.cm™3) in each cell. It is possible to use a hierarchical grid
but I did not have to use such grid as the computation time was satisfactory given the
grid I chose;

¢ the dust description is provided through dust optical properties (g(a,v), Qseala, V),
Qabs(a,Vv)), for each dust type (e.g. a-C, a-C:H/a-C, a-Sil/a-C, ...);

* the radiation field of an extended source is described by its intensity in Wm =2 Hz ! st~

and for a point source, described by its luminosity in ergs~' Hz~'. Note that it is possi-
ble to add as many sources as needed. If the source is an isotropic background (typically
the interstellar radiation field), there is obviously no need to describe the position of the
source. However, for both extended and point sources, it is necessary to specify their po-
sitions, relative to the cloud. Moreover, for extended sources, one needs to give a value
for the opening angle, which is the angular diameter of the source as seen from the cloud.
We will discuss this parameter in more detail in Sect. ??;

¢ the dust-to-gas ratio for each dust population in each cell of the cloud, (Mdust, i/ MH) (x,y,2)
where j refers to a particular dust component (e.g. a-C, a-C:H/a-C, a-Sil/a-C, ...);

¢ general information provided in a file (ini-file) where SOC extracts paths regarding the
other input files and parameters such as:

— the number of photon packages per frequency, emitted by the isotropic background
source (called bgpackets in the ini-file);

— the number of photon packages per frequency, emitted by dust grains inside the
cloud (called cellpackets in the ini-file);

— the position of the point source (x,y, z, see Fig. 56) as well as the location of the file
that contains its luminosity;

— the position of the extended source (x,y, z, see Fig. 56) as well as both the location
of the file that contains its intensity and the opening angle;

— the direction towards the observer that is used to define the 2D dust emission map;

— the number of iterations. Zero iterations means that dust emission is not taken
into account in the simulation. One iteration entails that dust emission is taken
into account upon the assumption that dust is only heated by the radiation of
the source that has been attenuated by dust extinction. Two iterations implies that
dust emission is taking into account upon the assumption that dust is heated by
radiation of the source that has been attenuated by dust extinction but also by dust
emission from the previous iteration, albeit this contribution is often negligible.
This number can be larger than two;

— the method used for the simulation of the point source. Depending on this choice,
photon packages are sent from the source either in the 27 solid angle that contains
the cloud or only towards the visible surface element of the cloud.

We would like to emphasize that these files and parameters are only a part of the options
available in SOC. We only described those that were used in this study. SOC provides us with
the following files:

* a binary file that contains the 2D dust emission map (depending on the position of the
observer, that is defined in the ini-file) for each frequency. In other words, if the observer
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is located on the x-axis, the 2D dust emission map is an array with dimensions (N, N,
N.) where N, is the number of frequencies, N, and N, are the number of cells along
the y-axis and the z-axis (see Fig. 56), respectively;

a binary file that contains the 2D scattered map. As for the 2D dust emission map, it
depends on the position of the observer. In addition to the three dimensions in the 2D
dust emission map, it is possible to get the scattered emission map for different angles.
In other words, if the observer is located on the x-axis, the 2D scattered map is an array
with dimensions ((N~, Ngir, Ny, N;)), where Ng;, is the number of directions in the
orthogonal plan defined by the y-axis and the z-axis;

91



PartV

DUST MODELLING ACROSS PDRS



FROM 1D TO 3D RADIATIVE TRANSFER CODE

If somebody tells you there is a rule, break it. That’s the only thing to move things forward.

Hans Zimmer
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DustPDR is a 1D radiative transfer code while SOC is a 3D radiative transfer code, and so
here we present here the differences between them and the consequences for the computation
of dust emission in the Horsehead Nebula.

8.1 PHYSICAL CONDITIONS AND DESCRIPTION OF THE SIMULATIONS

In order to compare dust emission computed with both DustPDR and SOC, it is necessary
to perform simulations under the same physical conditions (that is, the density profile and
the radiation field) and to make sure that the numerical convergence (that is, the number of
photon packages and the number of iterations in the case where we take dust emission into
account in the dust heating) as well as the spatial convergence (that is, the choice of the spatial
grid), have been reached.

We chose the density profile that is used to study the Horsehead as well as the radiation
field that is illuminating it, both are described in Sect. 5.2.

Regarding the spatial grid, we chose the same number of bins along the z-axis, N, = 77,
with the same sizes, A = 0.0025 pc. As SOC is a 3D radiative transfer code, it is also required
to specify the number of bins along the x-axis and the y-axis. For the y-axis, we chose N =7,
that is a relatively low number but large enough to avoid side effects. As for the x-axis, we
chose Ny = 40 which implies lppr = 0.10 pc.

Concerning the numerical convergence, we took a number of photon packages that is large
enough to reach it.

The spectra at each position along the z-axis were extracted and integrated in the ten pho-
tometric bands (see Sect. 4.2) and convolved with the appropriate PSFs (see Sect. 4.3).

Fig. 59 shows the dust emission profiles (that is, the specific intensity along the z-axis) in
the ten photometric bands, for four different cases:

¢ using SOC with zero iteration (blue lines), meaning that dust emission is not used
in the simulation to heat dust, only the attenuated radiation field emerging from the
illuminating star is used;

¢ using SOC with one iteration (red lines), meaning that dust emission is used in the
simulation to heat dust grains, in addition to the attenuated radiation field emerging
from the illuminating star;
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Figure 59: Modelled dust emission profiles across the Horsehead. Each of the ten figures corresponds
to the dust emission profile across the Horsehead in the ten following photometric bands:
3.6 um, 4.5 um, 5.8 um, 8 um, 24 um, 70 pm, 160 um, 250 um, 350 um, 500 um. Blue lines
refer to the dust emission profiles modelled using SOC with zero iteration (without taking
into account the dust emission in the radiative transfer) and red lines with one iteration
(taking into account the dust emission in the radiative transfer). Blue dashed lines refer
to the dust emission profiles modelled using DustPDR with zero iteration and red dashed
lines with one iteration.

¢ using DustPDR with zero iteration (blue dashed lines);

¢ using DustPDR with one iteration (red dashed lines).

We chose to compare DustPDR and SOC with zero and one iteration because it allows us
to disentangle the differences that are due to the scattering only and those that are due to the
scattering and dust emission. Indeed, with zero iteration, dust emission is computed but not
added to the radiation field that is used to compute dust emission, although it is taken into
account with one iteration.

8.2 COMPARISON BETWEEN DUST EMISSION PROFILES FROM 1D TO 3D

We first present the cross-comparison between SOC and DustPDR obtained with zero iteration
and then, with one iteration.

8.2.1  Comparison with o iteration : influence of the scattering

In the near- and mid-IR, the difference between the dust emission profiles computed with
SOC and DustPDR is relatively small and less than 5 %. As stochastically heated grains
mostly emit at these wavelengths, the difference between SOC and DustPDR is solely due to
the treatment of these grains that are not in thermal equilibrium.

In the far-IR, the dust emission profiles computed with DustPDR are slightly higher than
those computed with SOC. The treatment of the large grains is the same regardless of the
code used hence the differences are due to radiative transfer effects. DustPDR is built on the
assumption that 88% of the scattered photons are forward scattered and 12% are back scat-
tered, regardless of the dust type. In SOC, the treatment of the scattering is more thorough.
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Figure 60: Schematic illustration of the influence of the geometry used in DustPDR (left) and SOC
(right) on dust emission. For the sake of simplicity, the cloud representation in SOC is
shown here in 2D.

Indeed, scattering is treated separately for each dust type and size using the anisotropy co-
efficient. In practice, there are less photons that are forward scattered with SOC than with
DustPDR. As a consequence, there are slightly more photons in the denser part of the PDR
to heat large grains with DustPDR than with SOC. Therefore, the intensity in the far-IR is a
little higher with DustPDR than with SOC.

8.2.2  Comparison with 1 iteration : influence of dust emission

In the DustPDR framework, when dust emission is included® in the radiation field that is
heating dust grains, it is assumed that one cell receive 50% of the dust emission emitted in
each of the other cells. This is a straightforward consequence of the 1D geometry used in
DustPDR. In other words, it means that one cell receives photons from other cells within a
solid angle of 27t (see Fig. 60).

In SOC, one cell only receives photons within the solid angle from which the latter is
seen by an other cell, which is lower than 27 and decreases for cells further away from the
considered cell.

The main consequence is that the IR dust emission in one cell is strongly overestimated in
the DustPDR framework, which has consequences in regions where the infrared energy is not
negligible compared to the UV /visible energy, typically in the denser part of the PDRs where
the UV radiation field has been absorbed.

Indeed, Fig. 61 (left panel) shows the radiation field received with DustPDR at two different
positions in the Horsehead (at i, = 15, where the maximum of emission in the near-IR is and
at i, = 23, where the maximum of emission in the far-IR is (see Fig. 59)). We see that the UV
radiation field is strongly damped when moving deeper in the PDR (from i, = 15 to i, = 23),
contrary to the IR radiation field, which is expected because dust extinction is very efficient
at UV-Visible wavelengths but not at IR wavelengths. Moreover, we can see that the received
IR power (see Fig. 61, top right panel) barely varies with depth inside the Horsehead, which
is a consequence of the low extinction by dust in the IR. This means that, to first order, we
can approximate the IR radiation field in one cell by the sum of all the dust IR contributions
from the other cells. Conversely, the UV-Visible radiation field is strongly diminished and
dust heating is dominated by dust IR emission (see Fig. 61, (bottom right panel)) beyond a
given depth into the Horsehead, typically where the maximum of the far-IR emission occurs.

We can indeed see this effect in Fig. 59. In the near and mid-infrared, there is no difference
between zero and one iteration, whether using DustPDR or SOC because as the stochastically

1 That is, with at least one iteration.
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Figure 61: Left: Radiation field received in the DustPDR framework, by a cell located at the position
i, = 15 (blue line) and i, = 23 (red line). The darker grey part corresponds to the radiation
that is mostly coming from the illuminated star and the white part, from the heated dust.
Top right: Received IR (0.8 to 500 um) power as a function of the depth in the Horsehead
(red line) and received UV-Visible (0.04 to 0.8 um) power as a function of the depth in
the Horsehead (blue line). Bottom right: Contribution of the received IR power to the total
received power as a function of the depth in the Horsehead. The two vertical dashed lines
correspond to the position of the maximum emission (see Fig. 59) in the near-IR (at 3.6 um)
and in the far-IR (at 500 pm).

heated grains emits at the edge of the PDR where the heating by IR dust photons is negligible
in comparison to heating by UV photons from the illuminating star. Thus, even if there is
more IR energy when dust IR emission is included, it is the heating by UV photons that
dominates dust heating. In the far-infrared, dust emission is larger with DustPDR than with
SOC because the maximum emission is located in the denser part of the PDR where the
UV radiation field is lower hence dust heating by IR dust photons is no longer negligible in
comparison with heating by UV photons. Thus, in the DustPDR case, there is more IR energy
from dust that is received in one cell than in SOC hence dust heating by dust IR photons is
higher in the DustPDR framework.

8.3 CONSEQUENCES

To summarise, results obtain with DustPDR will always leads to an overestimation of the IR
emission received by dust grains in the far infrared, compared to those obtain with SOC. Large
grains in the DustPDR frawework are therefore hotter than those in SOC. In the following and
during all of the study, radiative transfer is performed with SOC.
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La poésie de la terre ne meurt jamais.

John Keats - Poésie & Terre
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9.1 ON THE CREATION OF THE DUST EMISSION AND SCATTERING PROFILES

From the description of the PDR (density profile and illuminating source) to the comparison
between the dust modelled and the dust observed emission profiles, there are different steps
that are described here. Unless otherwise stated, the results presented below are obtained
with diffuse ISM-like dust (that is, CM grains with M, _c/Mp = 0.17 x 1072, o = —5, and
Qmin,a—C = 0.4 nm, see Fig. 45) and lppr = 0.10 pc. The density profile used is the one of the
Horsehead hence ng = 2 x 10> Hem ™3, zy = 0.06 pc, and v = 4 (see Fig. 42). The radiation
tield illuminating the Horsehead edge (that is, i, = 0) corresponds to a blackbody at 34 600 K
with Go =100. Here are the procedural steps:

¢ run SOC to compute radiative transfer that provides us with dust emitted and scattered
spectra for each value of i, and i, (see Fig. 56 for the notation);

¢ integrate these spectra over the ten photometric bands (3.6, 4.5, 5.8, 8, 24, 70, 160, 250,
350, and 500 um) (see Sect. 4.2), which provides us with the intensity in each of these
ten photometric bands for each value of i, and 1.

Fig. 62 shows the dust emission intensity in each of the ten photometric bands as a
function of both i, and i,. Note that the longer the wavelength, the deeper the position
of the dust maximum emission, which indicates that radiative transfer effects induce a
stratification of the emission;

* extract the emission and scattering profiles for i, = 3 (which corresponds to the middle
of the y-axis, in order to avoid possible side effets);
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¢ convolve these emission and scattering profiles in the ten photometric bands with the
linear PSFs (see Sect. 4.3).

Fig. 63 shows the dust emission profiles in the ten photometric bands, both convolved
and not convolved with the PSFs. Note that the effects of convolution are not significant
in the near-IR because the width of the PSF at these wavelengths is smaller than the
width of the emission profile. These effects are significant in the far-IR because the PSFs
are larger at these wavelengths;

From now on, the procedure described above is applied to compute the dust emission and
scattering profiles, used in the following sections.
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Figure 62: Dust emission profiles across the Horsehead in the ten photometric bands (3.6, 4.5, 5.8, 8, 24,
70, 160, 250, 350, and 500 um). These profiles are not convolved with the PSFs. The iy and i,
indexes are described in Fig. 56. This modelling was done using diffuse ISM-like dust and
the density profile that describes the Horsehead (see beginning of Sect. 9.1 for more details).
The illuminating star is on the right.
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Figure 63: Dust emission profiles across the Horsehead in the ten photometric bands (3.6, 4.5, 5.8, 8,
24,70, 160, 250, 350, and 500 pum) for i, = 3 see Fig. 62. Profiles that are convolved with the
PSFs are in blue and those that are not convolved with the PSFs are in red. This modelling
was done using diffuse ISM-like dust and the density profile that describes the Horsehead
(see beginning of Sect. 9.1 for more details).

9.2 INFLUENCE OF DUST PROPERTIES ON DUST EXTINCTION

With the aim of understanding the influence of variations in dust properties on dust scattering
and emission, it is first important to describe the influence of variations in dust properties on
the dust absorption and scattering cross sections.

The dust absorption cross section per unit gas mass, ), and the dust scattering cross section
per unit gas mass, &, both expressed in cm? g~!, are defined as:

1 Qmax ] Qmax
6abs,A = NLHJ' Qabs(a/ }\) 7'[(12 dn(a) and 6-sca,?\ = ]leJ Qsca(a/ }\) 7'[(12 dTl((l) (99)

Amin Amin

where Q,ps and Qgca are the absorption and scattering efficiencies, respectively (see Fig. 46,
upper and bottom panels), dn(a) is the number of grains of radius between a and a + da,
and My is the gas mass equal to M;/Y; with M; the total mass and Y; the mass fraction of
grains of type i (that is, a-C, a-C:H/a-C, or a-Sil/a-C).

Fig. 64 shows the dust absorption and scattering cross sections per unit gas mass for diffuse
ISM-like dust. We see that a-C grains dominate the absorption in the UV while other grain
types dominate the absorption in the visible-IR. In fact because of the steep power law size
distribution of a-C grains (see Sect. 6), this absorption is dominated by the smallest a-C grains
of radii < 2 nm.

Fig. 65 shows the behaviour of the absorption of a-C grains with variations in the a-C mass
fraction M,_c/Mpy (upper left panels), the minimum size amin,a—c (middle left panels), and
the o« power law exponent of the a-C grain size distribution (lower left panels). It is clear
that the corresponding UV absorption is sensitive to changes in M,_c/Mp and « while little
affected by variations in amin,a—c. As for scattering, it is dominated by the contribution of
a-Sil/a-C and a-C:H/a-C grains (see Fig. 65, right panels). However, we can see that a large
increase in « leads to a non-negligible contribution of a-C grains to the scattering.

Fig. 65 show the behaviour of the absorption (left panels) and scattering (right panels) cross
sections with variations in the a-C grain mass fraction M,_c/Mp (upper panels), the mini-
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mum size amin,a—c (middle panels), and the « power law exponent of the a-C grains size dis-
tribution (lower panels). The UV absorption is mainly due a-C grains, and appears very sensi-
tive to changes of M,_c/Mp and o while little affected by variations of amin a—c. By contrast
scattering is dominated by the contribution of a-Sil/a-C and a-C:H/a-C grains (see Fig. 65,
right panels). However, we can see that a large increase in o can lead to a non-negligible
contribution of a-C grains to the scattering. To summarise:
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Figure 64: Absorption cross section per unit gas mass, using diffuse ISM-like dust, for a-C grains
(black line), a-C:H/a-C grains (black dashed line), and a-Sil/a-C grains (black dotted line).
Top right: Same for scattering cross section per unit gas mass.

* adecrease in M,_c/Mpy implies a decrease in the dust mass of a-C grains (see Sect. 6.2.2.5
and Fig. 49, upper left panel) hence a decrease in the a-C dust extinction. As the UV dust
extinction is dominated by a-C grains, a decrease in M, _c/Mgy entails a decrease in the
UV total dust extinction. Moreover, small a-C grains do not dominate dust scattering
hence even if a decreases in M,_c/Mpy entails a decrease of the a-C dust scattering, the
total dust scattering is unaffected by variations in M,_c/Mgp.

® an increase in amin »—c implies a moderate redistribution of the a-C dust mass from
small a-C grains towards large a-C grains (see Sect. 6.2.2.5 and Fig. 49, middle left panel).
As small a-C grains dominates the dust extinction in the UV, an increase in amin a—c en-
tails therefore a slight decrease in the UV dust extinction. Moreover, as large a-C grains
can contribute to the scattering, an increase in amin,a—c implies a slight increase in the
a-C dust scattering, but negligible to affect the total dust scattering.

* an increase in « implies a larger redistribution of the a-C dust mass from small a-
C grains towards large a-C grains (see Sect.6.2.2.5 and Fig. 49, bottom left panel). As
small a-C grains dominate the dust extinction in the UV, an increase in « therefore
entails a large decrease in the UV dust extinction. Moreover, as the a-C dust mass re-
distribution towards large grains is important, an increase in « leads to a huge increase
in the a-C dust scattering, which is no longer negligible compared to a-C:H/a-C and
a-Sil/a-C scattering for high values of «. Therefore, an increase in « leads to an increase
in the total dust scattering.

Now that the influence of variations in the dust properties on both dust extinction and scat-
tering cross sections have been described, we will present the consequences of such variations
on the dust emission and scattering across the Horsehead.
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Figure 65: Top left: Absorption cross section per unit gas mass for a-C grains (black line), a-C:H/a-
C grains (black dashed line), and a-Sil/a-C grains (black dotted line). Top right: Same for
scattering cross section per unit gas mass. Middle left: Absorption cross section per unit
gas mass for a-C grains with apin a—c that varies from 0.4 nm (blue line) to 1 nm (red
line) in steps of 0.02 nm, a-C:H/a-C grains (black dashed line), and a-5il/a-C grains (black
dotted line). Middle right: Same for scattering cross section per unit gas mass. Bottom left:
Absorption cross section per unit gas mass for a-C grains with « that varies from —7.4 (blue
line) to —2.6 nm (red line) in steps of 0.2, a-C:H/a-C grains (black dashed line), and a-Sil/ a-
C grains (black dotted line). Bottom right: Same for scattering cross section per unit gas

mass.
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9.3 INFLUENCE OF DUST PROPERTIES ON DUST EMISSION AND SCATTERING IN PDRS

Variations in the dust properties will change the dust absorption and scattering cross sections
(see Sect.9.2), and therefore the dust emission spectrum (see Sect.6.2.2.5 and Fig. 49, right
panels). Up to now we have presented computations done in the optically thin case although
the medium in PDRs is generally optically thick. With the aim of conducting a systematic
study of dust properties in PDRs by comparison with the observed dust emission and dust
scattering, we need to understand the influence of radiative transfer in order to disentangle
its effects from variations in the dust properties.

To this end, I performed radiative transfer modelling across the Horsehead for different
dust properties. In the following, the density profile used is the one already defined for
the Horsehead with ng = 2 x 10° Hem ™3, zp = 0.06 pc, and v = 4. The radiation field
illuminating the Horsehead from the right side corresponds to a blackbody at 34 600 K with
Go =100. Also, spectra are shown for two positions in the Horsehead, which will be referred
to in the following at the positions:

* i, =23, that corresponds to the position of maximum dust emission in the far-IR at 500
um (see Fig 66, first vertical black line from the left). This position is located in the inner
part of the Horsehead, where the UV radiation field is low (Go attenuated by a factor
~ 100 at least) and the density is high (ng > 103 Hem3);

* i, = 15, that corresponds to the position of maximum dust emission in the near-IR at
3.6 um (see Fig 66, second vertical black line from the left). This position is located in
the outer part of the Horsehead, where the UV radiation field is high (Go ~ 100) and the
density is low (nyg ~ 10— 100 Hem™3).

Then, to study the influence of dust properties on dust emission and scattering, the follow-
ing grids were explored:

* M, c/Mpy varying from 0.01 x 1072 to 0.20 x 1072 in steps of 0.01 x 10~2. The dust
emission and scattering spectra are shown in Fig.67 (top panels) and the associated
dust emission profiles are shown in Fig. 68 (top panel);

® Omina—c varying from 0.4 nm to 1 nm in steps of 0.02 nm. The dust emission and
scattering spectra are shown in Fig. 67 (middle panels) and the associated dust emission
profiles are shown in Fig. 68 (middle panel);

* o varying from —7 to —2.6 in steps of 0.1. The dust emission and scattering spectra are
shown in Fig. 67 (bottom panels) and the associated dust emission profiles are shown in
Fig. 68 (bottom panel);

9.3.1  Dust emission

Large grains (a-C:H/a-C and a-Sil/a-C) are warmer at i, = 15 (see Fig. 68, right panels) than
at i, = 23 (left panels) as we see that the maximum intensity associated with their emission
(that is the modified blackbody bump in the far-IR) shifts towards longer wavelengths. The
nano-grains (a-C) are also warmer at i, = 15 than at i, = 23 (left panels) because their
emission, which is proportional to Gy, decreases from i, = 15 to i, = 23. This effect is due to
the damping of the radiation field with increasing depth into the Horsehead, because of dust
extinction.
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Figure 66: Left: Wavelength limit A}, as a function of the depth in the Horsehead. Below this limit,
dust scattering is larger than dust emission. Blue line corresponds to this limit if only the
dust scattering of the star radiation is considered. Red line corresponds to this limit if both
the star radiation and the dust re-emission is considered in the scattering. Dust emission
profiles are shown at 3.6 pm (orange line) and at 500 pm (green line). Right: Contribution of
the dust scattering of photons that emerge from the heated dust, to the total dust scattering
(red line) and contribution of the dust scattering to the total dust emission (scattering +
emission) (blue line) at the position i, = 15. The green part corresponds to wavelengths
where scattering dominates the emission (that is, where Iy scatot > 0.5 X Iy,em). The grey
part corresponds to wavelengths where scattering of photons that emerge from the heated
dust, dominates the scattering (that is, where I, scar > 0.5 X Iy, scatot). These results were
obtained using diffuse ISM-like dust and the density profile used for the Horsehead.

At i, = 15, the dust emission in the far-IR does not vary with M,_c/Mpy (see Fig. 68, top
right panel), in contrast to what we show at i, = 23 (top left panel). Because dust emission in
the far-IR is unaffected by variations in M, _c/Mgp in the optically thin case (see Sect. 6.2.2.5),
this is strictly a radiative transfer effect. The a-C grains exhibit a large fraction of the total dust
cross-section and an increase in M,_c/My therefore significantly increases the extinction. As
M,_c /My increases, the radiation field is therefore increasingly damped at i, = 15, and fewer
photons are available at i, = 23 to heat the larger grains. The right panel in Fig. 68 shows that
the wavelength associated with the highest emission shifts towards longer wavelengths with
an increase in M,_c/Mgy. This means that dust emission in the far-IR varies with M, _¢/My,
as a result of radiative transfer effects.

At i, = 15, dust emission in the far-IR varies little with M,_c/Mpy (see Fig. 68, top right
panel), in contrast to what we see at i, = 23 (top left panel). Indeed, towards the cloud interior
(i, = 23), a decreasing M,_c/Mpy enhances the UV photon flux which then dominates the
heating of large grains. Conversely, at the cloud border (i, = 15) the unattenuated visible
radiation field is more efficient at heating the large grains: this is why the far-IR peak is only
weakly sensitive to UV extinction changes (which are controlled by M,_c/Mgy, see Fig. 65,
upper panels).

The other changes in the spectra are not consequences of radiative transfer effects but are
due to variations in dust properties. They are explained in Sect.6.2.2.5.
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Figure 67: Top left: Scattering spectra at the position i, = 23 for M, ¢ /Mgy that varies from 0.01 x 10~2
(blue line) to 0.20 x 10~2 (red line). In dotted lines, same for emission spectra. Top right:
Same at i, = 15. Middle left: Scattering spectra at the position i, = 23 for amin a—c that
varies from 0.4 nm (blue line) to T nm (red line). In dotted lines, same for emission spectra.
Middle right: Same at i, = 15. Bottom left: Scattering spectra at the position i, = 23 for
« that varies from —7.4 (blue line) to —2.6 (red line). In dotted lines, same for emission

spectra. Bottom right: Same at i, = 15.
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Figure 68: Top: Dust emission profiles across the Horsehead in the ten photometric bands (3.6, 4.5, 5.8,
8, 24, 70, 160, 250, 350, and 500 pm) for M, /My that varies from 0.01 x 10~2 (blue line)
t0 0.20 x 1072 (red line). Middle: Same for Qmin,a—c that varies from 0.4 nm (blue line) to 1
nm (red line). Bottom: Same for « that varies from —7 (blue line) to —2.6 (red line).
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9.3.2 Dust scattering

In this section, we focus on dust scattering. We first present the scattering spectra using diffuse
ISM-like dust and then describe the influence of variations in dust properties (M,_c/Mpy,
Gmin,a—C, and «) on dust scattering. Second, we study the contribution of the scattering of
the photons that emerge from the heated dust in the PDR on the total scattering, which
includes the scattering of the incident radiation and the scattering of the dust emission. Finally,
we study the wavelength limit above which dust scattering is marginal compared to dust
emission, both with diffuse-ISM like dust and dust with properties that vary.

9.3.2.1  Dust scattering with diffuse ISM-like dust

Fig. 69 shows scattering and emission spectra computed with SOC and using diffuse ISM-like
dust (that is, CM grains with M,_c/Mpy = 0.17 x 1072, « = —5, and Qmin,a—C = 0.4 nm).
Dust scattering has two contributions:

¢ dust scattering of photons that emerge from the illuminating star (essentially UV /visible
photons);

* dust scattering of photons that emerge from the heated dust in the PDR (essentially IR
photons).

It is therefore important to disentangle these two contributions in order to understand how
dust scattering varies with the dust properties. It is usually understood that the scattering
seen in PDRs is of photons from the illuminating source. Albeit mostly so, there is a range of
wavelengths for which this is not the case. Fig. 66 (right panels) shows the contribution of the
dust IR photons to the total scattering, as well as the contribution of the total scattering to the
total emission.

We see that there is a narrow wavelength range around 1 um where the total scattering is
larger then the dust emission and, at the same time, that this total scattering is mostly due to
the scattering of near-IR photons emitted by the dust.

Fig.69 compares the dust emission spectrum (black line), the spectrum of the scattered
photons which are coming from the illuminating star (blue line), and the spectrum of the
scattered photons which are coming from both the illuminating star and heated dust (red
line). We can see that the dust total scattering dominates the dust emission up to A ~ 1.2 um at
i, =23 and A ~ 0.65 um at i, = 15. Regardless of the position in the PDR, dust scattering
dominates in the UV and part of the near-IR because it is efficient at these wavelengths (see
Sect.9.2 and especially Fig. 65, right panels). We also see that dust scattering in the visible
decreases from i, = 15 to i, = 23 while it barely changes in the IR. This is due to dust
extinction, which is more efficient in the UV /visible (see Sect.9.2 and especially Fig. 65, left
panel). This implies that there are less UV photons to be potentially scattered at i, = 23 than
at i, = 15, although the number of IR photons barely decrease from i, = 15 to i, = 23.

Fig.66 (left panel) shows dust emission profiles at 3.6 pm and 500 pum, as well as two
wavelength limits as a function of depth in the Horsehead, defined as:

¢ the wavelength limit Ajp, , below which dust scattering of only photons that emerge
from the star, dominates the total scattering (blue line);

¢ the wavelength limit Ay, , below which dust scattering of both photons that emerge
from the star and those that are emitted by dust grains, dominates dust emission (red
line).
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Figure 69: Top left: Dust emission (black line), dust scattering of both the stellar radiation and the dust
emission (red line), and dust scattering of the stellar radiation only (blue line), for i, = 23
(the position of the maximum dust emission in the far-IR). Top right: Same at i, = 15 (the
position of the maximum dust emission in the near-IR). Bottom left: contribution of the
scattering to the total emission (scattering + emission) for dust scattering of both the star
radiation and the dust re-emission (red line), and dust scattering of the stellar radiation
only (blue line), for i, = 23. Bottom right: Same at i, = 15. The two vertical dashed lines
correspond to the wavelength where dust emission is equal to dust total scattering.

Regardless of the depth, Ajim , > Alim, ;- This is expected as the total scattering is higher
than the scattering of photons that only emerge from the star (see Fig. 69). We also see that
both Ajim,; and Ay , increase with depth into the Horsehead. As the UV /visible radiation
field decreases with depth in the Horsehead because of dust extinction, there are two causes
for this:

¢ the scattering in the visible-UV decreases with depth because it is proportional to the
visible-UV field;

¢ less heated by the decreasing visible-UV field, the a-C grains emit less and the associated
scattering in the near-to-mid IR falls off.

Finally, in the region where most dust emission occurs (that is, between the positions of the
dust maximum emission at 3.6 pm and 500 pm), the wavelength limit Ay, , is less than 1.5
um. We can therefore conclude that in the Horsehead, and using diffuse ISM-like dust, dust
scattering is marginal in the wavelengths covered by the ten photometric bands (3.6, 4.5, 5.8,
8, 24,70, 160, 250, 350, and 500 pm) I used in my study. Nevertheless, I expect that the future
JWST data between 0.6 and 2 um should have a significant scattering contribution.

However, diffuse ISM-like dust are not representative of dust in PDRs (see Sect. 10). In the
following section, I describe how scattering is influenced by variations in the dust properties.

9.3.2.2 Influence of the dust properties on dust scattering

Dust scattering is mainly due to scattering by large grains (that is, a-C:H/a-C and a-Sil/a-
C grains). In the near- and mid-IR (between the two black vertical lines in Fig. 67, upper
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panels), dust scattering is dominated by the scattering of IR photons emitted by heated a-
C grains. Thus, as the dust IR radiation is only marginaly affected by dust extinction, near-
and mid-IR scattering follows the same dependence on M, _c/Mpy (see Fig.67, upper pan-
els), amin a—c (see Fig. 67, middle panels) , and « (see Fig. 67, bottom panels) as the IR dust
emission.

However, opposite to the IR scattering, UV /visible scattering does depend on the dust
properties, regardless of the position:

¢ it decreases with an increase in M, _c/Mpy (Fig. 67, upper panels). As dust extinction
increases with M,_c /Mgy, the number of UV /visible photons therefore decreases with
an increase in M,_c/Mpy, due to the high efficiency of dust extinction in the UV /vis-
ible. As a consequence, there are fewer UV /visible photons available for scattering as
M,_c/Mpy increases;

¢ it barely varies with an increase of amin,a—c (Fig. 67, middle panels). As the total dust
mass is fixed for variations in amina—c and «, an increase in Qmin,a—c implies a re-
distribution of the dust mass towards the larger a-C grains. Because dust extinction
depends on both the dust mass and the opacity, the latter being almost unchanged in
the UV /visible, dust extinction barely varies in the UV /visible. As a consequence, vari-
ation in amin, a—c have almost no effect on the number of UV /visible photons available
to potentially be scattered;

¢ it increases with an increase in « (Fig. 67, bottom panels). An increase in «, as well
as an increase in Qmin, a—c, implies a redistribution of the dust mass from the smaller
a-C grains to the larger a-C grains. However, such an increase in « leads to a signifi-
cant increase in the number of larger a-C grains, that can efficiently scatter UV /visible
photons. An increase in « will therefore increase dust scattering in the UV /visible.

We see that the dust properties have a strong influence on dust scattering hence, and espe-
cially on the wavelength limit below which dust scattering dominates dust emission.

9.3.2.3 Dust emission vs. dust scattering

As we will see in Sect. 10, the two a-C grain parameters that vary widely in the Horsehead,
compared to the values of the diffuse ISM, are M,_c/Mp and amin a—c. In this section, we
study the wavelength limit Ay, below which dust scattering is larger than dust emission, in
the 2D-space (Ma—c/MH, Qmin,a—c) defined by:

* M,_c/My varying from 0.01 x 1072 to 0.20 x 1072 in steps of 0.01 x 1072;

® Omin,a—c varying from 0.4 nm to 1 nm in steps of 0.02 nm.

Fig.70 shows this wavelength limit in the 2D-space (Ma—c/MH, Qmin,a—c) at two different
positions in the Horsehead (i, = 15 and i, = 23).

First, we note that regardless of the position and M,_c /Mgy, the wavelength limit increases
with an increase in amin a—c. As explained in Sect.9.3.2.2, variations in amin,a—c barely affect
the number of UV /Visible photons that can potentially be scattered hence dust scattering is
almost unaffected by such variations in amin a—c. However, an increase in amin a—c implies
a large decrease of dust emission in the near-IR (see Fig. 67, middle panels). Consequently,
as dust scattering is only weakly affected by variations in amin,.—c but that dust emission
strongly decreases with an increase in amin,a—c, the wavelength limit is shifted towards larger
wavelengths when amin, a—c increases.
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Figure 7o: Left: Wavelength limit Ay, at i, = 23 in 2D-space (Ma—c/MH, Qmin,a—c) for Ma_c/Mpy that
varies from 0.01 x 1072 t0 0.20 x 102 and Gmin,a—c that varies from 0.4 to 1 nm. Below this
limit, dust scattering is greater than dust emission. Right: Same at i, = 15.

Second, we note that regardless of amina—c, the evolution of the wavelength limit with
M,_c /My depends on the position:

¢ for i, = 23, the wavelength limit slightly increases with an increase in M,_c/Mgpy. As
seen in Sect.9.3.2.2, an increase in M,_c/Mpy implies an increase in dust scattering. At
this position, despite the fact that dust emission increases with M,_c/Mgp (see Fig. 67,
upper left panel), the overall dust emission is less than at i, = 15 because the UV
radiation field is lower than at i, = 15 due to dust extinction. As a consequence, the po-
sition of the wavelength limit is dominated by dust scattering dynamics with M, _c/Mg.
The wavelength limit is therefore slightly shifted towards larger wavelengths when
M,_c /My increases;

e for i, = 15, the wavelength limit slightly decreases with an increase in M,_c/Mpy. As
seen in Sect.9.3.2.2, an increase in M, c/Mgpy implies an increase in dust scattering.
At this position, dust emission increases with M,_c /My (see Fig. 67, upper right panel),
the overall dust emission is greater than at i, = 15. As a consequence, the position of the
wavelength limit is dominated by dust emission variations with M,_c/Mgpy. The wave-
length limit is therefore slightly shifted towards lower wavelengths when M,_c/My in-
creases.

When we use diffuse ISM-like grains (that is, CM grains with M,_c/Mpy = 0.17 x 1072,
Qmin,a—C = 0.4 nm, and o = —5), the wavelength limit is A, ~ 1.2 pm at i, = 23 and Ay, ~ 0.65
um at i, = 15 (see Fig.69 or Fig.70). In Sect.10, we will see that in the Horsehead, the
abundance of nano-grains is 6 — 10 times lower than in the diffuse ISM (that is, M,_c/Mp ~
0.01 x 1072) and that the minimum size of these grains is 2 — 25 times higher than in the
diffuse ISM (that is, amin,a—c ~ 0.85 nm). These values corresponds to wavelengths limits of
Mlim ~ 2 um at i, = 23 and Ay, ~ 1.9 um at i, = 15.

As a consequence, dust scattering is negligible in our study as our observations of the
Horsehead cover a range of wavelengths from 3.6 to 500 um. Nevertheless, this result is
important for the future mission and especially for the JWST because a decrease in the nano-
grain abundance together with an increase in the nano-grain minimum-size entails a more
important contribution of dust scattering in the near-IR.
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9.4 DUST SELF-ABSORPTION ALONG THE LINE-OF-SIGHT

In this section, it is necessary to define the column density along the line sight (that is, the
x-axis, see Fig. 56):

LppR
NH(U/ Z) — J TlH(X/ Y, Z) dX, (100)
0

where x,y, and z are defined in Fig. 56, and as we assume here that ng(x,y,z) = nu(z), the
column density along the line of sight can be simplified and numerically be written:

Ny
Nu(y,z) = ) nu(z)A =nu(z) Ny A, (101)

ix=1

where A is the bin size and Ny, the number of bins along the x-axis (that is the axis along
which the line of sight is oriented). These quantities are also defined in Fig. 56. As explained
in Sect.9.1, we focus on iy = 3 and therefore define, for the sake of simplicity, Ny (iy =
3,1z) = Nu(iz).

We also show in Fig.72, the dust spectra from which these profiles were integrated, for
different values of lppg, at the position i, = 23 where dust emission is maximal in the far-
IR (left panel) and at the position i, = 15 where the dust emission is maximal in the near-IR
(right panel). Along the line of sight, dust self-absorption depends on both the column density
Ng(i2) and the dust opacity kv (i,).

9.4.1 Dust self-absorption along the line of sight with diffuse ISM-like dust

Here I study the influence of the dust self-absorption, which is sometimes neglected in the IR,
albeit may be important in some cases. To this end, I performed radiative transfer across the
Horsehead using diffuse ISM-like dust (CM grains with M,_c/Mp = 0.17 X 1072, Qmin,a—C =
0.4 nm, and « = —5) with lppr that varies from 0.005 pc to 0.5 pc in steps of 0.005 pc (that is,
N, that varies from 2 to 200 in steps of 2).

Fig.71 shows the associated dust emission profiles in the ten photometric bands (3.6, 4.5,
5.8, 8, 24,70, 160, 250, 350, and 500 um), convolved with the PSFs. It is interesting to see that
dust emission seems to increase linearly with lppg in all of the ten photometric bands and that
the position of the maxima in each of these ten bands is unaffected by variations in lppr. We
also show in Fig. 72, the dust spectra from which these profiles were integrated, for different
values of lppg, at the position i, = 23 where dust emission is maximal in the far-IR (left panel)
and at the position i, = 15 where the dust emission is maximal in the near-IR (right panel).

First, one can see that for a given lppg, the dust spectrum is slightly less intense for i, = 23
than for i, = 15. As there is dust extinction between 1, = 15 and i, = 23, dust is therefore less
heated further in the cloud. Moreover, another consequence of this dust extinction between
those two positions is the shift towards higher wavelengths of the peak position associated
with the maximum of emission of the larger grains, which implies that big grains are colder
further into the cloud.

Second, regardless of the position in the cloud, we clearly see that these spectra evolve
non-linearly with lppr in the near-IR, which is due to dust self-absorption. In the mid- and
far-IR, the dust spectra seem to evolves linearly with lppr, which is expected since dust self-
absorption is negligible at these wavelengths. We also see that this non linear increase in the
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Figure 71: Dust emission profiles across the Horsehead in the ten photometric bands (3.6, 4.5, 5.8, 8, 24,
70,160, 250, 350, and 500 um) for lppr varying from 0.005 pc (blue line) to 0.5 pc (red line) in
steps of 0.005 pc. This modelling was done with diffuse ISM-like dust (that is, M,_c/Mpy =
0.17 x 1072, Qmin,a—C = 04 nm, and « = —5). The radiation field that is illuminating the
Horsehead on the right side (that is, i, = 0) corresponds to a blackbody at 34 600 K with
Go =100. All these dust emission profiles are convolved with the PSFs.

dust spectra with lppg in the near-IR is stronger at i, = 23 than at i, = 15 because the column
density along the line of sight increases with depth inside the Horsehead and therefore, dust
self-absorption increases too.

To go further, I performed linear regressions at i, = 15 of I)(i,, lppr) for each value of A
with lppr that varies from 0.005 pc to 0.5 pc. Fig. 73 shows the squared correlation coefficient
of the linear regression of I(i, = 15, lppr) as a function of the wavelength. Two different
cases are considered:

e R? < 0.99: I\ (i, = 15, lppr) does not evolve linearly with lppgr, and dust self-absorption
is therefore non-negligible along the line of sight in the lppr range we consider. This is
the case for A < 4.8 um;

e RZ > 0.99: I\ (i, = 15, lppr) does evolve linearly with lppgr, and dust self-absorption is
therefore negligible along the line of sight in the lppr range we consider. This is the case
for A > 4.8 um.

As this study was done with diffuse ISM-like dust and because these grains are not repre-
sentative of dust in PDRs (see Sect. 10), we study the influence of variations in dust properties
on dust self-absorption in the following section.

9.4.2 Dust self-absorption along the line of sight with varying dust properties

In order to study the influence of variations in the dust properties on dust self-absorption,
the following grid was explored:

* M, c/Mpy varying from 0.01 x 1072 to 0.20 x 102 in steps of 0.01 x 102. The squared
correlation coefficients associated are shown in Fig. 74 (left panel) for i, = 15;
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lppr,2 = 0.5pc
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Figure 72: Left: Dust spectra for lppr varying from lppr ; = 0.005 pc (blue line) to lppr , = 0.5 pc (red
line) in steps of 0.005 pc, at the position i, = 23 (that is, the position of the dust maximum
emission in the far-IR, at 500 pm). Right: Same at the position i, = 15 (that is, the position
of the dust maximum emission in the near-IR, at 3.6 um).
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Figure 73: Squared correlation coefficient of the linear regression of I (i, = 15, lppr) as a function of
the wavelength. The grey part corresponds to wavelengths where R? < 0.99 hence where
dust self-absorption along the line of sight is not negligible.
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Figure 74: Left: Squared correlation coefficient of the linear regression of I (i, = 15, lppr) as a function
of the wavelength, for M, _c/Mpy varying from 0.01 x 10~2 (blue line) to 0.20 x 10~ 2 (red

line) in steps of 0.01 x 1072, Right: Same for amin o—c varying from 0.4 nm (blue line) to 1
nm (red line).

® Qmin,a—c varying from 0.4 nm to 0.8 nm with steps of 0.02 nm. The squared correlation
coefficients associated are shown in Fig. 74 (right panel) for i, = 15.

We see that regardless of M,_c/Mp and amin,a—c, dust self-absorption is negligible long-
ward of A ~ 4.8 um. This result is expected because dust extinction in the IR is mostly due to
large grains (that is, a-C:H/a-C and a-Sil/a-C, see Fig.64) and variations in M,_c/Mp and
Gmin,a—c barely affect a-C dust extinction (see Fig. 65, upper and middle panels). In our study,
dust self-absorption is taken into account with SOC.
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CONSTRAINING DUST PROPERTIES IN THE HORSEHEAD NEBULA

L’art est une démonstration dont la nature est la preuve.

George Sand - Art & Nature
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10.1 INTRODUCTION

In this paper submitted to Astronomy & Astrophysics on 12 March 2020, accepted on 30 April
2020, and published in the volume 639 of A&A, we studied dust evolution in the Horsehead
Nebula. The first two sections are dedicated to the introduction and the presentation of the
Horsehead Nebula. In Sect. 3, we detail the dust model that we used, THEMIS, as well as
the local dust emission tool, DustEM. We also present the effects of variations in the dust
properties on its emission in the optically thin case with DustEM in order to distinguish
variations in the dust spectrum that are due to changes in dust properties and those that are
due to radiative transfer effects. In Sect. 4 we present SOC, the 3D radiative transfer code we
used, as well as the effect of variations in the dust parameters on the dust emission in the
optically thick case, in the case of the Horsehead. In Sect.5 we compared our model with
the observations and presented the best parameters we obtained. In Sect. 6 we discussed our
results and proposed a scenario of dust evolution in the Horsehead. Finally, we presented our
conclusions in Sect. 7.

10.2 PAPER
In the following paper, we show that only by including dust evolution, both in terms of the

size distributions (in the outer part of the Horsehead) and compositions (in the inner part of
the Horsehead), it is possible to get a good fit to the data.
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ABSTRACT

Context. Micro-physical processes on interstellar dust surfaces are tightly connected to dust properties (i.e. dust composition, size, and
shape) and play a key role in numerous phenomena in the interstellar medium (ISM). The large disparity in physical conditions (i.e.
density and gas temperature) in the ISM triggers an evolution of dust properties. The analysis of how dust evolves with the physical
conditions is a stepping stone towards a more thorough understanding of interstellar dust.

Aims. We highlight dust evolution in the Horsehead nebula photon-dominated region.

Methods. We used Spitzer/IRAC (3.6, 4.5, 5.8 and 8 um) and Spitzer/MIPS (24 um) together with Herschel/PACS (70 and 160 yum)
and Herschel/SPIRE (250, 350 and 500 um) to map the spatial distribution of dust in the Horsehead nebula over the entire emission
spectral range. We modelled dust emission and scattering using the THEMIS interstellar dust model together with the 3D radiative
transfer code SOC.

Results. We find that the nano-grain dust-to-gas ratio in the irradiated outer part of the Horsehead is 6-10 times lower than in the
diffuse ISM. The minimum size of these grains is 2-2.25 times larger than in the diffuse ISM, and the power-law exponent of their size
distribution is 1.1-1.4 times lower than in the diffuse ISM. In the denser part of the Horsehead nebula, it is necessary to use evolved
grains (i.e. aggregates, with or without an ice mantle).

Conclusions. 1t is not possible to explain the observations using grains from the diffuse medium. We therefore propose the follow-
ing scenario to explain our results. In the outer part of the Horsehead nebula, all the nano-grain have not yet had time to re-form
completely through photo-fragmentation of aggregates and the smallest of the nano-grain that are sensitive to the radiation field are

photo-destroyed. In the inner part of the Horsehead nebula, grains most likely consist of multi-compositional mantled aggregates.

Key words. ISM: individual objects: Horsehead nebula — photon-dominated region — dust, extinction — evolution

1. Introduction

Interstellar dust plays an essential role within the interstellar
medium (ISM) through different microphysical processes that
occur on dust surfaces that can heat the gas, such as the photo-
electric effect (e.g. Bakes & Tielens 1994; Weingartner & Draine
2001a), or cool the gas through gas-grain collisions (Burke &
Hollenbach 1983). By acting as a catalyst, allowing atoms and
molecules to react on its surface, dust is strongly involved in
the chemistry of the ISM (e.g. Hollenbach & Salpeter 1971;
Bron et al. 2014; Jones & Habart 2015; Wakelam et al. 2017).
Dust also plays a role in the redistribution of UV-visible stel-
lar radiation into IR-millimeter radiation, a process that depends
on the dust mass and the volume of dust grains (e.g. Draine
2003; Compiegne et al. 2011). The efficiency of these processes
strongly depends on dust properties such as the grain size, com-
position and shape. It is therefore important to constrain dust
properties in order to understand the different phenomena that
take place in the ISM. To this purpose, several dust models
have been developed and are classified into three categories: dust
composed of silicate and of graphite (e.g Mathis et al. 1977,
Draine & Lee 1984; Kim et al. 1994), and an extension of these
models that uses polycyclic aromatic hydrocarbons (PAHs; e.g.
Siebenmorgen & Kruegel 1992; Li & Draine 2001; Weingartner
& Draine 2001b). As a result of fragmentation and coagula-
tion processes in the ISM, dust models with grains that have a
core-mantle structure (e.g. Desert et al. 1990; Jones et al. 1990;
Li & Greenberg 1997) and dust composite models composed

of silicate and carbon grain aggregates (e.g. Mathis & Whiffen
1989; Zubko et al. 2004) have been proposed. In this paper, we
use the THEMIS dust model (see Jones et al. 2013, 2014, 2017;
Kohler et al. 2014, 2015; Ysard et al. 2015), which was devel-
oped in combination with the results of laboratory experiments
and astronomical observations. The cornerstone of this model is
its self-consistent view of the evolution of the dust constituents
through the ISM. This view is required for understanding dust
evolution in response to the local ISM conditions (i.e. density
and radiation field).

Some of the first evidence of dust evolution was shown
by Fitzpatrick & Massa (1986) through the variation in the
2175 A interstellar bump from diffuse (Ry = 3.1) to denser
regions (up to Ry ~ 5.5). Similarly, other studies (e.g. Cardelli
et al. 1989; Cardelli & Clayton 1991; Campeggio et al. 2007)
found the same variations, which were for the first time explained
by Kim et al. (1994) by stating that these observations are consis-
tent with a decrease in the carbonaceous nano-grain abundance
(relative to the gas) together with an increase in larger grain
abundance. It is also possible to follow dust evolution from its
emission in the mid-IR (due to stochastically heated nano-grain)
and in the far-IR (where large grains at thermal equilibrium
emit). This has led to a wealth of studies (e.g. Boulanger et al.
1990; Laureijs et al. 1991; Abergel et al. 1994; Bernard et al.
1999; Stepnik et al. 2003; Flagey et al. 2009) revealing that nano-
grain disappear in dense regions as they coagulate onto larger
grains. Dust evolution is also highlighted by variation of its
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far-IR opacity with the local environment (e.g. Juvela et al. 2011,
2015; Planck Collaboration XXIV 2011; Martin et al. 2012; Roy
et al. 2013; Ysard et al. 2013; Kohler et al. 2015), which has been
explained with dust coagulation and accretion of ice mantles.
This scenario is supported by numerical simulations of dust evo-
lution in dense regions (e.g. Ossenkopf & Henning 1994; Ormel
et al. 2011; Kohler et al. 2015).

Photon-dominated regions (PDRs; Hollenbach & Tielens
1997, 1999) correspond to the interface between HII regions and
molecular clouds that are irradiated by energetic stars that are
located close by. In these regions, the physical conditions vary
widely, and hence PDRs are a unique place to study how do dust,
gas, and local physical conditions evolve with depth. Based on
dust emission variations in the mid-IR observed with Spitzer in
several PDRs (Ced 201, NGC 7023, and the western filament of
p Ophiuchi), Berné et al. (2007) construed that such variations
can be explained by the photo-processing of carbonaceous nano-
grain, a scenario that was later reinforced in other PDRs (Abergel
et al. 2010; Pilleri et al. 2012, 2015; Boersma et al. 2014). Using
far-IR observations from Herschel together with the near- and
mid-IR observations from Spitzer, Arab et al. (2012) found that
the carbonaceous nano-grain abundance decreases together with
an increase in the opacity of the large grains in the Orion bar.
They claimed that these variations are likely due to coagulation
processes in the denser part of this region. Evidence of dust evo-
lution has also been shown in IC 63 based on extinction mapping
(Van De Putte et al. 2019).

In this paper, we focus on a well-known PDR, the Horsehead
nebula (Horsehead for short), which has previously been stud-
ied from the perspective of dust observations (e.g. Abergel et al.
2003; Teyssier et al. 2004; Compiegne et al. 2007, 2008; Pety
etal. 2005; Arab 2012), gas observations (e.g. Habart et al. 2005;
Goicoechea et al. 2006; Gerin et al. 2009; Guzman et al. 2011;
Pety et al. 2012; Le Gal et al. 2017) and laboratory experiments
(Alata et al. 2015). The most important question we try to answer
is the way in which the dust properties change with physical con-
ditions. We investigate whether it is possible to understand these
observations with grains from the diffuse ISM. Alternatively,
there might be a viable dust evolution scenario that can explain
the observations and is consistent with the physical conditions in
the Horsehead.

The paper is organised as follows. In Sect. 2 we describe pre-
vious studies and the observations of the Horsehead. In Sect. 3
we detail the dust model we use, THEMIS, as well as the local
dust emission tool, DustEM. We also present the effects of vari-
ations in dust properties on its emission in the optically thin case
with DustEM in order to distinguish variations in the dust spec-
trum that are due to changes in dust properties and those that are
due to radiative transfer effects. In Sect. 4 we present SOC, the
3D radiative transfer code we use, as well as the effect of vari-
ations in the dust parameters on dust emission in the optically
thick case, in the case of the Horsehead. In Sect. 5 we compare
our model with the observations and present the best parameters
we obtain. In Sect. 6 we discuss our results and propose a sce-
nario of dust evolution in the Horsehead. Finally, we present our
conclusions in Sect. 7.

2. Prototypical PDR: the Horsehead nebula

As physical conditions vary widely and are spatially resolved
in nearby PDRs, they are the ideal place to study dust evolu-
tion as a function of physical conditions. First, we introduce
the different studies that have been made of the Horsehead;
second, we present the observations of the Horsehead obtained
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with Spitzer and Herschel; and third, we describe the density
profile that we used to perform radiative transfer across the
Horsehead.

2.1. Well studied PDR

The Horsehead is an archetypal PDR situated at ~400 pc
(Anthony-Twarog 1982) that is illuminated by the binary star
0-Orionis which is an 09.5V binary system (Warren & Hesser
1977) with an effective temperature of T ~ 34 600 K (Schaerer
& de Koter 1997) located at a projected distance degge ~ 3.5 pc
from the Horsehead edge. Observations of the Horsehead have
been made in the visible (e.g. de Boer 1983; Neckel & Sarcander
1985) and at millimeter wavelengths for '>CO and '*CO (e.g.
Milman et al. 1975), CS (e.g. Lada et al. 1991), C* (e.g. Zhou
et al. 1993) and *CO (e.g. Kramer et al. 1996).

Later, mid-IR observations (Abergel et al. 2003) with ISO-
CAM highlighted that the Horsehead is likely to be seen edge-on
and therefore offers us a unique opportunity to study dust, gas
and the evolution of local physical conditions with depth into
the Horsehead. This has led to many studies at millimeter wave-
lengths for CO (Pound et al. 2003), C'80 (Hily-Blant et al.
2005), CS, C3*S and HCS* (Goicoechea et al. 2006), CI and CO
(Philipp et al. 2006), DCO™* (Pety et al. 2007), HCO and H'3*CO*
(Gerin et al. 2009), H'3CO*, DCO*, and HCO* (Goicoechea
et al. 2009), H,CO (Guzman et al. 2011), CF* (Guzman et al.
2012), 1-C3H* (Pety et al. 2012), CH3CN, HC3N, and C3N
(Gratier et al. 2013), H,CO and CH30H (Guzman et al. 2013),
and HCOOH, CH,CO, CH3CHO and CH3;CCH (Le Gal et al.
2017).

Teyssier et al. (2004) found for the dust that although small
hydrocarbons are expected to be photo-destroyed by the intense
UV field at the edge of the Horsehead, they still exist. The
authors suggest that the photo-erosion of carbonaceous nano-
grain into small hydrocarbons is more efficient than the photo-
destruction of small hydrocarbons at the Horsehead edge. This
scenario is reinforced by observations in Pety et al. (2005), who
found hydrocarbons such as CCH, c-C3;H;, and C4H in the UV-
irradiated outer part of the Horsehead. It is also supported by
laboratory experiments on thermal processed and UV-irradiated
dust grains analogues (see Smith 1984; Zubko et al. 2004; Alata
et al. 2014, 2015; Duley et al. 2015). Based on Spitzer observa-
tions, Compiegne et al. (2007) proposed a scenario where PAHs
survive in HII regions, and Compiegne et al. (2008) reported that
spectral variations in the mid-IR cannot be explained by radia-
tive transfer effects alone and therefore are a consequence of the
dust evolution across the Horsehead.

2.2. Observations with Spitzer and Herschel

We used Spitzer and Herschel observations (see Appendix B)
of the Horsehead in ten photometric bands from 3.6 to 500 um,
which cover almost the entire dust spectrum. The processing of
the Spitzer maps is detailed in Bowler et al. (2009). Data were
processed in the HIPE environment, with standard Herschel cor-
rections for instrumental effects and glitches. PACS 70 ym and
160 4m maps were obtained after the superposition of two obser-
vations with a scan speed of 20”s™!, whose directions were
perpendicular to one another. The overall duration of these obser-
vations is 4122 s, and they cover 8.8’ x4.5” of the Horsehead.
In SPIRE 250, 350 and 500 um, they were obtained after the
superposition of two observations with a scan speed of 30" s7!,
whose directions were perpendicular to one other. The overall
duration of these observations is 1341 s, and they cover 8’ x 8’ of
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Fig. 1. Top: Horsehead seen with IRAC at 3.6 um. The three white
solid lines correspond to the three cuts we used in our study. Bottom:
Horsehead seen with SPIRE at 500 ym.

the Horsehead. Striping induced by offsets in the flux calibration
from one detector to another was removed using the Scan Map
Destriper module included in the HIPE environment.

We studied the observed emission profiles through three dif-
ferent cuts across the Horsehead (see Fig. 1). The calibration
uncertainty in the IRAC bands (IRAC;3 6, IRACy 5, IRACs g, and
IRACs ) is 2% (Reach et al. 2005), 4% in MIPS,4 (Engelbracht
et al. 2007), 5% in PACS;y (Gordon et al. 2007), 12% in
PACS 6o (Stansberry et al. 2007), and 15% in the three SPIRE
bands (Swinyard et al. 2010). We considered all these errors to
be independent of the wavelength to first order. We also consid-
ered that the emission in all of these ten bands comes from dust,
which is not completely the case in IRAC; ¢ and IRAC,5. We
estimated with a model of atomic and molecular gas in PDRs,
the Meudon PDR Code (Le Petit et al. 2006), that gas can con-
tribute less than 10% of the flux. However, this contribution does
not affect the bulk of our results, therefore we consider that the
observed emission is dust emission. Nevertheless, we must be
careful in interpreting the observations because gas emission can
be higher than dust emission in photometric bands that cover
shorter wavelengths.

2.3. Density profile across the Horsehead

We performed radiative transfer calculations, which require
information on the density profile across the Horsehead. We
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Fig. 2. Top: assumed density profile across the Horsehead (black
line, see Sect. 2.3). Normalised dust-observed emission (blue line) in
IRAC; (see Fig. 1). Normalised dust observed emission (green line) in
SPIREs(. The grey part corresponds to the inner part of the Horsehead,
defined in Sect. 4.4. Bottom: density profile in 2D-space defined by the
distance to the star, d,, and the length of the Horsehead along the line
of Sight, lpDR.

used the profile described in Habart et al. (2005). Because the
H;, 1-0 S(1) fluorescent emission is very sensitive to both the
radiation field and the gas density, they observed this line with
the SOFI instrument at the NTT. This observation was combined
with previous observations of H, and dust mid-IR emission in
order to constrain the density profile at the edge of the Horse-
head. Habart et al. (2005) also used CO millimeter observations
from the IRAM 30 m telescope (Abergel et al. 2003; Teyssier
et al. 2004) and the Plateau de Bure Interferometer (Pety et al.
2005), as well as 1.2 mm dust continuum emission obtained
with MAMBO at the IRAM 30 m telescope (Teyssier et al.
2004) to constrain the density profile in the inner part. All
these observations were interpreted with the Meudon PDR code.
This density profile (see Fig. 2, upper panel) was also used
in Compiegne et al. (2008) and Arab (2012) and is defined as

follows:
¥ .
mo={ mx(5)  ifz<z 1)
no if z > zo,
where

np=2x10°Hem™; z9 = 0.06pc; y = 2.5; z = dy — degge, (2)

with z the position from the edge of the Horsehead, y the power-
law exponent of the gas density profile and zy the depth beyond
which constant density n is reached.

The authors also estimated the length of the Horsehead along
the line of sight, /ppr. They found that this parameter is con-
strained to be between 0.1 and 0.5 pc. We assumed that the
density profile is independent of the position along the line of
sight (see Fig. 2, bottom panel).

3. Dust modelling

The interpretation of the multi-wavelength observations of the
Horsehead depends on its structure, the incident radiation field,
and the dust model. We therefore need a dust model and mod-
elling tools to compute dust emission based on the local physical
conditions. First, we describe our adopted dust model THEMIS;
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second, we introduce DustEM, which we used to compute the
local dust emission, and we describe the evolution of dust
emission with its properties in the optically thin case using
DustEM.

3.1. THEMIS

The Heterogeneous dust Evolution Model for Interstellar Solids,
THEMIS! (e.g., Jones et al. 2013, 2017; Kohler et al. 2014) is
based on observational constraints and laboratory measurements
on interstellar dust analogues that are amorphous hydrocarbons,
a-C(:H) (e.g., Jones 2012a,b,c), and amorphous silicates, a-Sil.
This model includes dust evolution through processes such as
photo-processing, fragmentation, and coagulation resulting from
wide variations in the physical condition of the ISM.

THEMIS for the diffuse ISM (Jones et al. 2013; Kohler et al.
2014; Ysard et al. 2015) is composed of amorphous silicates (a-
Sil/a-C) surrounded by a mantle of aromatic-rich carbon, and
amorphous hydrocarbon solids that encompass a-C:H material
that is H-rich and therefore aliphatic-rich, and a-C material that
is H-poor and therefore aromatic-rich. When the typical penetra-
tion depth of a UV photon in an amorphous carbon grain is about
20 nm (see Fig. 15 in Jones 2012b), carbonaceous grains that are
smaller than 20 nm are entirely photo-processed and therefore
aromatic. Larger grains are composed of an aliphatic core and
surrounded by an aromatic mantle that is 20 nm thick, which
prevents photo-processing of the core and therefore allows the
core to remain aliphatic. This view provides us with a contin-
uous description of carbonaceous grains from the smallest that
mostly contain aromatic cycles and are stochastically heated to
the largest that are at thermal equilibrium. Details about the size
distribution are listed in Table A.l. Because these grains are
composed of either an a-C:H core or a silicate core surrounded in
both cases by an aromatic carbonaceous mantle, they are called
core-mantle grains (CM).

In the dust evolution framework assumed by THEMIS (Jones
et al. 2014), large grains can form a second mantle either through
accretion of C and H atoms, available in the gas phase or through
coagulation of a-C nano-grains on the surfaces of larger grains.
These grains are called core-mantle-mantle (CMM) grains.
In denser regions, CMM grains coagulate together to form
aggregates (Kohler et al. 2015) called aggregate-mantle-mantle
(AMM) grains. Where the shielding from energetic photons
is efficient enough, a mantle of water ice can form around
AMM grains, leading to aggregated-mantle-mantle-ice (AMMI)
grains.

In the following, we use several dust mixtures (see Fig. 1 in
Jones et al. 2017). Parameters associated with the size distribu-
tion of these dust mixtures are listed in Table A.1 and the size
distributions are shown in Fig. 3 (upper panel) with the associ-
ated spectra (see Fig. 3, bottom panel) computed with DustEM
(see Sect. 3.2) using a radiation field corresponding to a star at
34 600 K with Gy = 100, where

1 13.6eV

Go I, dv. 3)
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In the near-IR (1-5 ym) and mid-IR (5-30 yum), dust emis-
sion comes mainly from the a-C grains. In the far-IR (from 50
to 500 um), dust emission comes mainly from a-Sil/a-C and
a-C:H/a-C grains.
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Fig. 3. Top: size distributions of the dust mixtures from THEMIS
(parameters are listed in Table A.1) for CM-grains, i.e. diffuse ISM-
like dust (grey line), AMM (blue line), and AMMI (orange line), i.e.
grain aggregates typical of starless dense clouds. The black line, the
dotted line, and the dash-dotted line correspond to a-C, a-C:H/a-C, and
a-Sil/a-C respectively, which are the sub-components of the CM grains.
Bottom: associated spectra, computed with DustEM with a radiation
field corresponding to a star at 34 600 K with G, = 100.

3.2. Influence of dust properties on dust emission with
DustEM

DustEM? (Compiggne et al. 2011) is a modelling tool that
computes the extinction, the emission, and the polarisation of
interstellar dust grains heated by photons in the optically thin
case (i.e. no radiative transfer).

In order to distinguish the effects of radiative transfer from
variations in the dust properties on emission, we studied the
influence of such variations with DustEM. We modified the
following parameters:

1. The a-C abundance, i.e. the a-C mass to gas ratio, M,_c/My,
which we varied from 0.01 x 1072 to 0.20 x1072 in steps of
0.01 x 1072,

2. The a-C minimum Size, dmin a—c, Which we varied from
0.4 nm to 0.9 nm in steps of 0.02 nm.

3. The slope of the a-C power-law size distribution, @, which
we varied from —6 to —4 in steps of 0.1.

I THEMIS is available here : https://www.ias.u-psud. fr/themis/ 2 DustEM is available here: http://www.ias.u-psud. fr/DUSTEM
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Fig. 4. Dust size distributions for different values of M,_c/My (panel a), amin,o—c (panel b) and « (panel c¢). Panels d—I: dust spectra for the size
distributions shown in the corresponding top-row panels. The spectra are computed with DustEM (panels d—f) and with radiative transfer for the

near-IR (panels g—i) and the far-IR (panels j—I) peak positions.

The results are shown in Fig. 4, where the spectra in panels d,
e, and f are associated with the size distributions in panels a, b,
and c, respectively. All the spectra are obtained with a radiation
field that corresponds to a blackbody at 34 600 K scaled so that
Go = 100 (i.e. the radiation field illuminating the Horsehead).

A decrease in M,_c/Mpy or an increase in apiy, 4—c Or « leads
to a decrease in the smallest a-C grains and accordingly to a
decrease in the near-IR emission. Because the total dust mass
is fixed, an increase in apin, 4—c Or @ leads to a redistribution of
the dust mass from the smallest to the largest a-C grains and
therefore to an increase in the mid-IR emission. In the far-IR,
dust emission is unaffected by variations in M,_c/Myu, Gmin,a—C>

and a because a-C grains are barely responsible for any dust
emission at these long wavelengths. However, the dust emission
in the far-IR slightly increases with an increase in « as the mass
of the largest a-C increases significantly, unlike an increase in

Amin,a—C-

4. Radiative transfer modelling within the
Horsehead

The Horsehead is an optically thick region that requires radiative
transfer modelling to properly interpret our multi-wavelength
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observations. We present the 3D radiative transfer code SOC that
we used here. Performing radiative transfer is time consuming,
and we here therefore explore the influence of the Horsehead
length along the line of sight /ppgr, and dust properties (i.e.
M,_c/My, amin,a-c, @) on dust emission after radiative transfer
calculations.

4.1. Radiative transfer code : SOC

SOC is a 3D Monte Carlo radiative transfer code, parallelised
using OpenCL libraries (Juvela 2019). It computes dust emission
and scattering. SOC has been benchmarked with other radiative
transfer codes in Gordon et al. (2017) and used in Juvela et al.
(2018a,b, 2019).

The radiation field corresponds to that of a blackbody at
34600 K produced by a star to which a dilution factor has been
applied to obtain G = 100 at the Horsehead edge. This radiation
field is estimated on a logarithmic grid of 334 frequencies that
extends from 3 x 10° Hz to 3 x 10'® Hz. Because the Horsehead
edge is located outside the HII region, there are no photons above
13.6 eV, hence we applied the Lyman cut to the radiation field
that heats the Horsehead edge. Each frequency was simulated
with 10% photons.

In SOC, clouds can be defined on regular Cartesian grids or
octree grids. We modelled the Horsehead using a Cartesian grid
that contains Nx X Ny X Nz cubes that measure 0.0025 pc per
side. Ny is equal to 77 and corresponds to the number of cubes
along the Horsehead-star axis. Ny is equal to 7 and corre-
sponds to the number of cubes along the axis perpendicular
to the Horsehead-star axis and the line-of-sight axis (i.e. the
observer-Horsehead axis). Nz corresponds to the number of
cubes in the Horsehead along the line of sight and therefore
depends on the value of lppr: Nz = lppr/0.0025 pc. For each
cube, we associated a value of the gas density as described
in Sect. 2.3.

We computed only dust emission because regardless of the
dust properties, dust scattering contributes less than 1% to the
total dust brightness in the near-IR photometric bands. After the
integration along the line of sight, dust emission profiles across
the Horsehead were integrated into the different photometric
bands and convolved with the PSFs.

4.2. Influence of Ippr on dust emission

In the following, we study dust emission at two positions : the
near-IR peak position (NIR PP) in the Horsehead, and the far-IR
peak position (FIR PP). These positions corresponds to the peak
of emission in IRAC; ¢ and SPIREsq, respectively, shown in the
Fig. 2. In order to facilitate reading the results we obtained, we
also introduce Iiod, max (1) = max(lyeq, (z)) Where Iyoq, i(z) is the
dust-modelled emission in the ith band at the position z along the
cut.

Whether it is at the NIR PP or at the FIR PP, dust emis-
sion increases in all bands with lppg (see Fig. 5, top and middle
panels) because the dust mass increases along the line of sight
as the column density3 increases with lppr. Moreover, the dust
emission increases linearly with lppg (see Fig. 5, bottom panel)
revealing that dust self-absorption, which depends on both the
column density and on the wavelength, is negligible at these
wavelengths in the lppr range we considered. Consequently,
we considered that the intensity increases linearly with lppgr in
the near-, mid-, and far-IR and does not affect the shape of the

3 Nu(z) = nu(2) lppr
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Fig. 5. Top: dust-modelled spectra with SOC and using CM grains,
i.e. diffuse ISM-like dust, at the near-IR peak position (NIR PP) for
Ippr varying from 0.01 pc (blue line) to 0.30 pc (red line) with a step
of 0.01 pc. The ten photometric bands are shown in colours behind the
lines. Middle: same at the far-IR peak position (FIR PP). Bottom: nor-
malised Iynod, max (i) for each band as a function of lppg. Colours refer to
the different photometric bands shown in the upper panels. Lines are
shifted for clarification (from top to bottom in the order of decreasing
wavelength).

dust spectrum. In the following, we therefore consider lppg as a
multiplying factor on the dust spectrum.

4.3. Influence of dust properties on dust emission after
radiative transfer

In contrast to Sect. 3.2, where we studied the influence of dust
properties on dust emission in the optically thin case, we study
here the influence of these properties in the optically thick case
by performing a radiative transfer calculation. These results are
shown in Fig. 4, where the spectra in panels g/j, h/k, and i/1 are
associated with the size distributions in panel a, b, and c, respec-
tively. Spectra in panels g, h and i are located at the NIR PP, and
those in panels j, k, and 1 are located at the FIR PP.

Dust grains are warmer at the NIR PP (see Fig. 4, panels g, h
and 1) than at the FIR PP (panels j, k and 1) because the maximum
intensity shifts towards longer wavelengths. This effect is due to
the damping of the radiation field with increasing depth into the
Horsehead.

At the NIR PP, dust emission in the far-IR does not vary with
M,_c/My (see Fig. 4, panel g), in contrast to what we show in
the inner part (panel j). Because dust emission in the far-IR is
unaffected by variations in M,_c/My in the optically thin case
(see Sect. 3.2), this is strictly a radiative transfer effect. Because
the a-C grains bear a large fraction of the total dust cross-section,
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Fig. 6. Dust-modelled emission profiles in the ten photometric bands for case a (blue lines), case b (orange lines) and case c (purple lines). The
darker grey parts correspond to the inner Horsehead where AMM and AMMI grains are used in cases b and c, respectively.

an increase in M,_c/My increases the extinction significantly.
As M, /My increases, the radiation field is therefore increas-
ingly damped at the NIR PP, and fewer photons are available
at the FIR PP to heat the larger grains. Panel j shows that the
wavelength associated with the highest emission shifts towards
longer wavelengths with an increase in M,_c/My. This means
that dust emission in the far-IR varies with M,_c/Mpy, as a result
of radiative transfer effects.

The other changes in the spectra are due to variations in dust
properties and are explained in Sect. 3.2.

4.4. With evolved grains

Previously, we used only CM grains throughout the Horsehead.
To study the influence of dust evolution on the emission across
the Horsehead, we used CM grains with modified size distribu-
tions (i.e. CM grains with values of M,_c/My, amin,a—c, and @
that differ from the diffuse ISM) in the outer part of the Horse-
head where the dust is likely to be more diffuse ISM-like, and
aggregate grains (AMM, AMMI) above a density threshold of
7 x 10* Hem™3, where dust grains are assumed to be coagulated.
In order to simplify our study, we define three different cases
depending on the dust we use:

— Case a: CM grains with modified size distributions through-
out the Horsehead.

— Case b: CM grains with modified size distributions in the
outer part of the Horsehead and AMM in the inner part of
the Horsehead.

— Case c: CM grains with modified size distributions in the
outer part of the Horsehead and AMMI in the inner part of
the Horsehead.

The Dust-modelled emission profiles for the three cases are
shown in Fig. 6.

Because the highest emission in the near- and mid-infrared
is located in the outer part of the Horsehead, the dust emis-
sion at these wavelengths is not modified because we always
use modified CM grains. The dust emission in the far-infrared
increases when coagulated (AMM and AMMI) dust grains are
used because they are more emissive. AMMI grains are more
emissive than AMM grains because the dust mass in AMMI
grains is higher than in AMM grains because of the ice mantle.

5. Comparison with observations

In this section we constrain our dust model with the obser-
vations. First, we present our results using diffuse ISM-like
dust (i.e. CM grains); second, we introduce the method we use
in the following parts; third, we constrain the four parameters
M,_c/My, amin,a—c, @, and Ilppg for the three cases of evolved
grains as defined in Sect. 4.4 and across the three cuts (see
Fig. 1).

5.1. Diffuse case

The results are shown in Fig. 7. The ten upper panels correspond
to the modelled emission across the Horsehead using CM grains,
with lppgr varying from 0.1 to 0.5 pc, for the ten photometric
bands. The observed emission is shown for cut 2. The bottom
panels show the corresponding ratios of the highest observed and
modelled intensities.

Regardless of the cut considered, it is not possible to simul-
taneously fit the observations in all the photometric bands (see
Fig. 7, upper panel), independently of the /ppg value. With
lppr = 0.1 pc, we are able to roughly reproduce the observa-
tions in the near- and mid-infrared, but in the far-infrared, the
modelled dust emission is too low by a factor ~10 (see Fig. 7,
bottom panels). With lppr = 0.5 pc, we are able to reproduce
the observations in the far-infrared but in the near- and mid-
infrared, the modelled dust emission is too high by a factor of at
least ~10.

If Ippr is higher than 0.10 pc (see Sect. 2.3), near- and mid-
infrared modelled dust emission will always be too high, which
implies that reducing the dust abundance that is responsible for
the emission at these wavelengths decreases the a-C dust-to-
gas ratio, M,_c/My (see Sect. 4.3). On the other hand, the ratio
between the modelled dust emission and the observations is not
the same in the five near- and mid-IR bands. The shape of the
spectrum therefore needs to be changed by varying dmin a—c and
a (see Sect. 4.3).

To summarise, it is not possible to reproduce the observa-
tions across any of the three cuts in the Horsehead for any value
of Ippr using diffuse ISM-like dust alone. We must therefore
consider evolved dust.
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Fig. 7. Top: modelled dust emission for /ppr varying from 0.1 pc (blue lines) to 0.5 pc (red lines) in steps of 0.01 pc for the ten photometric bands
with diffuse ISM-like dust. The observed dust emission for cut 2 is shown by green lines. Bottom: ratio between the highest observed and modelled
dust emissions in the ten photometric bands for the three cuts and /ppr varying from 0.01 pc (blue lines) to 0.5 pc (red lines) in steps of 0.01 pc.

5.2. Method

To reduce computation time, instead of exploring the 4D space
defined by M,_c/Mu, Gmin,a-c. @, and lppr, we explored the
3D space defined by M, c/My, amin,a-c, and a as variation
in lppg does not affect the shape of the dust spectrum (see
Sect. 4.2), in contrast to variations in M,_c/My, Gmin,a—c, and
a (see Sect. 4.3). Therefore, Ippr can be adjusted after the fact.

Adjusting the shape of the modelled dust spectra to the
observed dust spectra means that the ratio between b, max (i) and
I1nod, max (?) has to be roughly the same in every band. Therefore
we minimised the following parameter:

2
=) (u) , @)

i efilters i

with
Lobs max (1) -

X; = 22 = rons(D) X H = {Xiiefiters o)
Imod,max(l)

where ro,s 1s the relative error for each filter and defined in
Sect. 2.2 and Iyps, max () = max (Iobs,i(z)) With Iy i(z), the dust
observed in the ith band at the position z along the cut.

The following procedure was thus applied. We constrained
M,_c/My, amin, a—c and a with a fixed lppr in order to adjust the
shape of the modelled dust spectrum to the observed dust spec-
trum by minimising 2. We used the dust properties (M,_c/My,
amin,a—c and @) associated with sznin (i.e. the minimum value of
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y?inthe 3D space defined by M,_c/My, amin,a—c, and @), and we
adjusted the overall modelled dust spectrum to the observed dust
spectrum by multiplying the flux in all bands by the same factor
to obtain u = 1, which constrains lppg.

We chose to remove the IRAC, 5 and PACS;, bands because
it is not possible to simultaneously fit the observations in the ten
bands with these two included. We discuss this decision further
in Sect. 6.1.

In contrast to cut 2, along which there is only one maximum
in the near- and mid-IR, cuts 1 and 3 are composed of two max-
ima. The far-IR contains only one maximum because the spatial
resolution is not sufficient to separate these two maxima. Cuts 1
and 3 contain two maxima and we chose to fit the brightest peak
in each cut. We discuss this choice in Sect. 6.2.

5.3. Constrain Ippr and dust properties Ma_c /My, amin, ac;
and a

First, we studied the y? distribution in the 3D space (M,_c/My,
Amin,a—C> and @) for each of the three cuts and the three cases in
order to obtain the best set of parameters in these nine cases. The
3D space is defined as follows:

1. M,_c/My varies from 0.001 x 1072 to 0.041 x 1072 in steps

of 0.002 x 1072,

2. Qmin, a—c varies from 5 to 10 nm in steps of 0.25 nm.

3. a varies from —13 to -3 in steps of 0.5.
Second, we studied the y? distribution in 2D space (dmin,a—c and
@), (My_c/My and anin, a—c), and (M,_c/My and «). Finally,
we concluded with the comparison between the observed and
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Table 1. Best set of parameters (M,_c/My, dmin,a—c> @, and Ippg) and the y

2
min

associated with all cuts and cases.

Case a Case b Case ¢
cutl cut2 cut3 cutl cut2 cut3 cutl cut2 cut3
102 x M,_o/My 0.009 0.011 0.011 0.011 0.017 0.013 0.013 0.021 0.017
Amin, a—c [NM] 0.825 0.825 0.925 0.825 0.8 0.925 0.825 0.8 0.9
a -70 -60 -75 -65 -55 -75 -65 -55 -65
Ippr [pc] 0.283 0.297 0.273 0.290 0.267 0.282 0.275 0.254 0.265
sznin 496 451 360 51.0 339 369 413 305 30.7

modelled dust emission profiles for each of the three cuts and
the three cases with the best sets of parameters.

For more clarity, we defined /\/rznm op (Ma_c/Mp), which is the

minimum value of y? in 2D space (dmin,a—c and @) for a given
value of M,_c/My. We also defined y2. , which is the minimum
value of )(2 in 3D space (M,—c/My, amin,a—c, and @), that is, the
lowest value of szni n.2D (M,_c/My).

5.3.1. x* distribution in 3D space (Ma—c /My, @min, a—c, and a)

Figure 8 shows y 7. op (
results.

First and foremost, M,_c/My is between 0.01 x10~2 and
0.03 x1072, that is, between 6 and 10 times lower than in the
diffuse ISM (0.17 x1072) regardless of the cut or the case con-
sidered. Second, apin,a—c is between 0.8 and 0.925 nm, that is
between 2 and 2.25 times larger than in the diffuse ISM (0.4 nm).
Third, « is between —7 and —5.5, that is, between 1.1 and 1.4
times lower than in the diffuse ISM (-5).

Regardless of the cut, M, /My increases from case a to
case c (see Fig. 8). In case a, we only used modified CM grains
(i.e. CM grains with values of M,_c/My, amin,a—c, and @ that
differ from the diffuse ISM) in the outer part and in the inner
part of the Horsehead, but we use modified CM grains in the
outer part of the Horsehead and AMMI grains in the inner part
in case c. Because AMMI grains are more emissive in the far-
IR than CM grains, emission in this wavelength range must
decrease to fit the observations, which can be achieved by reduc-
ing lppr (see Sect. 4.2), hence lppr decreases from case a to case
c. This decrease in Ippr implies a decrease in emission in the
near- and mid-IR, which means that M,_c/My must increase to
counterbalance this variation.

M,_c/My) and Table 1 summarises these

5.3.2. x? distribution in 2D space (amina-c and a),
(Ma_c/My and apmina-c), and (M,_c/My and a)

We show in Fig. 9 the y? distribution for cut 2 in 2D space
(@min,a—c and @), (M,_c/My and @min,a—c), and (M,_c/My and
). We chose to focus on only one cut because we are interested
in the behaviour of the )(2 distribution here, which is the same
regardless of the cut.

The most important result is that regardless of the case, there
is a unique minimum in all 2D spaces. Moreover, as explained in
Sect. 3.2, a decrease in M,_c/My, to first order, is similar to an
increase in amin o—c and @, regarding dust emission in the near-
and mid- IR. An increase in ay;y, o—c 1S therefore counterbalanced
by a decrease in a to keep low values of y?, and an increase in
M,_c/My is counterbalanced by an increase in dp;n, ,—c and in @,
which explains the banana-shape of the low y? values in each of
the 2D spaces.

Furthermore, from case a to case c, the position of Xz min-
imum value moves. From case a to case c, dust emission in the
far-IR increases (see Fig. 6), which shows that this effect is coun-
terbalanced by a decrease in Ippg that also reduces dust emission
in the near- and mid-IR. To compensate for this decrease in dust
emission in the near- and mid-IR, the value of M,_c/My associ-
ated with the y*> minimum value increases from case a to case ¢
in 2D spaces (M,_c/My and apip, 4—c) and (M,_c/My and @). In
2D space (amin,o-c and @), this effect is counterbalanced by a
decrease in @ and an increase in apy;p, a—c-

5.3.3. Comparison between dust-modelled emission and
dust-observed emission profiles

Here, we use the best set of parameters (M,_c/My, amin,a—c> @
and /ppr) that are listed in Table 1 and compare the modelled

Al44, page 9 of 16



A&A 639, A144 (2020)

x? for Cut 2 | M,_c/My = 0.021 x 1072 | Left : Casea | Middle : Caseb | Right : Case c
10° 10° 10

x? for Cut 2 | a = —5.5 | Left : Casea | Middle : Case b | Right : Case c
102 103 104

0.6 0.8 1.0 06 0.8 1.0 0.6 0.8 1.0

Gmin,a—C [ nm ] Gmin,a—C [ nm ] Qmin,a—C [ nm ]

x? for Cut 2 | @pin a—c = 0.80 nm | Left : Casea | Middle : Case b | Right : Case ¢
102 103 104

1072x Ma—C/MH

-8 —6 —4 -8 —6 —4 -8 —6 —4

Fig. 9. Top: x* in 2D space (dmin, o_c and @) for cut 2 with M,_c/My = 0.021 x 1072, From left to right: subplots correspond to case a (left), case b
(middle), and case c (right). Middle: * in 2D space (M,_c/My and Amin,a—c) for cut 2 with @ = =5.5. Bottom: x? in 2D space (M,_c/My and «) for
cut 2 with dpin, a—c = 0.80 nm.
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emission profiles in the ten photometric bands for the three cases
with the observed emission profiles in the three cuts (see Fig. 10).
We focus on three aspects: the highest intensity in each of the
ten bands, the position of these maxima, and the width of these
profiles.

In the near- and mid-IR, except in IRAC,s, the maxi-
mum emission is well reproduced, regardless the case or the
cut. In PACS, although the maximum of emission is never
reproduced, the discrepancy between the maximum modelled
emission and the maximum observed emission decreases from
case a to case c. From SPIRE;sy to SPIRE;5yy, the maximum
emission is in the error bars, regardless of the case or the cut,
and the discrepancy between the maximum modelled emission
and the maximum observed emission decreases from case a to
case c¢. In PACS ¢, the maximum emission is within the error
bars only for case c for cuts 2 and 3, but never for cut 1, regardless
of the case.

The position of the maximum emission is well reproduced
from IRACs¢ to PACSy regardless of the cut and the case.
Cut 1 shows a small discrepancy between the position of the
maximum emission and the position of the observed emission
from PACS7y to SPIREs. For cut 2, there is the same discrep-
ancy in SPIRE3sg and SPIREsq, regardless of the case. For cut
3, all the positions are well reproduced.

The width of the profiles are well reproduced from
IRAC;34 to PACS 40, but slightly different from SPIRE;s, to
SPIREspy. This might be due to large structures in the
Horsehead.

To summarise, the observed dust emission is well reproduced
in the near- and mid-IR, except in IRAC, 5, regardless of the case
and the cut. In the far-IR, the discrepancy between observed dust
emission and modelled dust emission decreases from case a to
case C.

6. Discussion

First, we discuss the discrepancy between the dust-modelled
emission and the dust-observed emission in IRAC45 and in
PACS7y; second, the results obtained are described; third,
we propose a scenario of dust evolution in agreement with
the results obtained. We conclude with a discussion of dust-
processing timescales in support of this scenario.

6.1. Discrepancy in IRAC4 5 and PACS7y

In IRAC, 5, the modelled dust emission is always overestimated
(see Fig. 10) by a factor 2—4. Because this filter covers the dust
continuum and the wings of the IR bands from a-C:H nano-
grain, this suggests that the wings of the IR bands in this region
are different (i.e. weaker and/or narrower, see e.g. Boutéraon
et al. 2019 for more details about the variability of the IR-band
widths) from those in the diffuse ISM. We here study dust that
evolves from dense cloud dust in response to interaction with UV
photons.

Moreover, a-C:H nano-grain freshly produced may not yet
have had time to be entirely photo-processed and therefore have
a high band-to-continuum ratio because of their high fraction of
aliphatic bonds, as opposed to aromatic bonds. As discussed in
Jones et al. (2013), this requires a-C:H nano-grain with a band
gap larger than 0.1 eV, the value adopted in the diffuse ISM.

However, because we lack dust spectroscopic information of
the Horsehead in the near-IR, we are unable to answer to these
previous questions. In the near future, JWST spectroscopic data

should allow us to understand such changes in the structure of
a-C:H nano-grains.

In PACS7y, models always overestimate the emission (see
Fig. 10) by a factor 3-4. This suggests that large grains (a-Sil/a-
C and a-C:H/a-C for case a, AMM grains for case b and AMMI
grains for case c) are somewhat too warm and not emissive
enough. This is supported by recent laboratory experiments in
which the mass absorption coefficient of silicates in the far-IR
is larger (up to an order of magnitude) than the coefficient that
are currently used in THEMIS (see Fig. 5 in Demyk et al. 2017).
As a consequence, the large grains we used here are probably
not emissive enough. The incorporation of these new laboratory
results in THEMIS will most likely reduce the discrepancy in
PACS7g.

6.2. Main results

Using the 3D radiative transfer code SOC together with the dust
model THEMIS, we can reproduce the Horsehead observations
in eight of the ten photometric bands of Spitzer and Herschel.

The main results for the outer part of the Horsehead are the
following:

1. The nano-grain (i.e. a-C grains) dust-to-gas mass ratio,
M,_c/My, is 6-10 times lower than in the diffuse ISM.

2. The minimum size of the nano-grain, dmin a-c, 1S 2 to
2.25 times larger than in the diffuse ISM.

3. The power-law exponent of the nano-grain size distribution,
a, is 1.1-1.4 times lower than in the diffuse ISM, that is, the
size distribution is steeper.

The best size distributions for the three cuts and case ¢ are shown
in Fig. 11. For the inner part of the Horsehead, we tested three
different types of dust, diffuse ISM-like dust (CM) with modi-
fied size distributions in case a, aggregates of grains (AMM) in
case b, and aggregates of grains with ice mantles (AMMI) in
case c. At long wavelengths (from PACS;¢o to SPIREsq), the
results are significantly better when we used AMMI instead of
CM grains. For PACS7, even though we are unable to repro-
duce the observed emission with our model, using aggregates
(AMM or AMMI) instead of diffuse ISM-like dust (CM) with
modified size distributions, significantly improved the fit in this
band.

The length of the Horsehead along the line of sight, /ppg, is
found to be within the range of 0.26 and 0.30 pc. This agrees
with previous gas studies (Habart et al. 2005).

We note that M,_c/My is higher for cut 2 than cuts 1 and 3
(see Table 1). In these two cuts, the peak in the FIR is composed
of two substructures that are spatially unresolved, in constrast
to the near- and mid-IR. Consequently, /ppr has to be larger
for cuts 1 and 3, in contrast to what would have been expected
if these two peaks had been resolved. Because an increase in
Ippr implies an increase in the near- and mid-infrared emission,
it is therefore required to decrease M, c/My. We conclude that
the different values of M, /My in Table 1 for the three cuts do
not reveal any difference in dust properties.

6.3. Dust evolution scenario

Our results show significant variations of the dust size distribu-
tion, and in the following, we outline a possible scenario of dust
evolution across the Horsehead interface. Because of the strong
incident radiation field, we assume that the dominant process
is the exposure of dust grains from the dense molecular cloud
(the inner region) to the UV light of o-Ori. This suggests two
main photo-processing sequences: (i) the partial fragmentation
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Fig. 10. Top: comparison between observed emission profiles for cut 1 (green line) with modelled emission profiles obtained with the best set of
parameters (see Table 1) for case a (blue line), case b (orange line), and case ¢ (purple line). Middle: same for cut 2. Bottom: same for cut 3. The
grey parts correspond to the inner Horsehead, where AMM and AMMI grains are used in case b and case c, respectively.
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Fig. 11. Size distribution for diffuse ISM-like dust (CM) in blue. Mod-
ified size distributions using the best set of parameters (see Table 1) in
case c for cut 1 (orange), cut 2 (green), and cut 3 (red).

of aggregate grains from the inner region and (ii) the destruction
of the smallest a-C:H nano-grain. We discuss the significance of
these sequences by comparing their timescales to the advection
timescale 7,, that is, the time that the incident UV light needs to
heat up and dissociate the molecular gas at the cloud border.

The advection timescale is defined as 7, = L/vpr where L ~
0.05 pc is the width of the outer part of the Horsehead, and vpg ~
0.5 km s7! is the velocity of the dissociation front (Hollenbach
& Tielens 1999). With these values, we find 7, ~ 10° VI.

Due to the lack of studies, we took the photo-darkening
timescale as a lower limit to photo-fragmentation of aggregate
grains and photo-destruction of a-C nano-grain, described by
Tph. Photo-darkening involves the dissociation of CH-bonds, a
process that is more likely faster than the breaking of CC-bonds
that must occur in photo-fragmentation (Jones & Habart 2015).
We therefore express 7p, at the cloud edge in terms of the
photo-darkening rate Ayq (Jones et al. 2014),

1

oc Yy Quns(@) (@)’

(6)

~ A1 =
TPh_Apd =

where F, {)N ~ 3.8 x 10° photons s~! cm™? is the unattenuated UV

field, e(a) = min(1, ﬁ) is the size-dependent photo-darkening

efficiency, ocy ~ 107! cm? is the CH bond photo-dissociation
cross-section, and Qps(a) is the dust absorption efficiency which
depends almost solely on the radius in the UV range. In the case
of AMMI, 7, is larger in reality because the ice mantle needs
to be vaporised first, but we did not take this effect into account
because the time 7,, we estimate is already a lower limit.

We show tpy(a) in Fig. 12 for CM, AMM, and AMMI grains.
As discussed in Ysard et al. (2016), more than 50% of the
AMM(I) dust mass is contained in grains larger than 250 nm.
This figure shows that aggregate grains can be photo-fragmented
because Tp, ~ T,. Moreover, a-C nano-grain can be efficiently
destroyed as 7, < 7, for a-C nano-grain. Similar results were
found by Alata et al. (2014), from laboratory experiments on a-
C:H grain analogues that were later applied to the Horsehead
(Alata et al. 2015).

From this analysis emerges the following scenario. Within
an advection timescale, the a-C nano-grain formed by fragmen-
tation of aggregate grains are also partially destroyed by UV

e
AMM
—— AMMI
.? 104 ]
g
=]
&
103 ]
small a-C large a-C:H /a-C
10? , , ,
10° 10! 10? 10
a [nm ]

Fig. 12. Photo-fragmentation timescale at the Horsehead edge as a func-
tion of the grain radius, a. The blue line refers to CM grains, the orange
line to AMM grains, and the green line to AMMI grains. The horizon-
tal black line corresponds to the advection timescale 7, ~ 10° yr in the
outer part of the Horsehead. The vertical black line corresponds to the
limit at 250 nm beyond which more than 50% of the AMM(I) dust mass
is contained (Ysard et al. 2016). The darker grey part corresponds to
sizes that cover large a-C:H/a-C grains.

photons. This naturally explains the depletion of a-C:H grains
around a = 10 nm seen in Fig. 11. We note that the size dis-
tribution of these freshly formed small grains is significanlty
different from the diffuse ISM case (blue curve in Fig. 11). This
evolved size distribution could reflect the photo-evaporated layer
described by Bron et al. (2018).

7. Conclusion

With Herschel and Spitzer data, we studied the Horsehead using
ten photometric bands from 3.6 to 500 um, that cover the
entire dust spectrum. We modelled the dust emission across the
Horsehead using the THEMIS dust model together with the 3D
radiative transfer code SOC.

We show that it is not possible to reproduce the observa-
tions in the Horsehead using dust grains from the diffuse ISM.
It is therefore required to modify their size distributions and
compositions. Dust therefore evolves across the Horsehead.

In the outer part of the Horsehead, the a-C nano-grain dust-
to-gas ratio is 6-10 times lower and their minimum size is 2-2.25
times larger than in the diffuse ISM. The power law of the
size distribution is steeper than in the diffuse ISM. In the inner
part of the Horsehead, we showed that using aggregate grains
with or without ice mantles significantly reduces the discrep-
ancy between our model and the observations. The discrepancy
between the observations and our model at 4.5 um might be due
to the shape of the aromatic band wings, whence the overestima-
tion of the dust-modelled emission. We also find that large grains
are too warm because our modelled dust emission at 70 um is
overestimated. However, laboratory studies show that large sili-
cate grains are more emissive than those used in dust models and
are therefore cooler. These new results will soon be implemented
in THEMIS.

Based on a timescale analysis, we propose a scenario where
the a-C nano-grain form by the partial photo-fragmentation of
aggregate grains and are processed by the UV photons, leading
to a size distribution depleted in grains of size from 5 to 10 nm.
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In the denser regions of the Horsehead, the dust composition is
typical of dense clouds.

Spectroscopic observations of the Horsehead are required
to proceed on the structure and size distribution of a-C nano-
grain. Observations with the JWST will for the first time spatially
resolve the individual IR dust signatures across the Horsehead,
offering an unprecedented look at the evolution of the interstellar
matter in photon-dominated regions.
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Appendix A: Size distribution

Size distributions of dust in THEMIS follow either a power law
with an exponential cut-off, defined as

dn a® if a<a

= 3

da ) a*x exp (— (?) ) if a>a, (AD)
or a log-normal law, defined as

dn 1 1 :

da a o

where all the parameters for each dust distribution are listed in
Table A.1.

Table A.1l. Size distribution parameters for each dust population (see
Appendix A for the equations).

Name Size @ Amin  Amax ac a ao

[nm] [nm] [nm] [nm]

Core Mantle grains (CM) — (Diffuse ISM-like dust)

[nm]

a-C p-law 5 04 4900 10 50 -
a-C:H/a-C logn - 0.5 4900 - - 7
a-Sil/a-C log-n - 1 4900 - - 8
Aggregated Mantle Mantle grains (AMM)
AMM logn - 479 700 - - 479
Aggregated Mantle Mantle Ice grains (AMMI)
AMMI logn - 912 700 - - 610

Notes. p-law is a power law with an exponential tail, and log-n is a
log-normal distribution.
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Appendix B: The Horsehead seen with Spitzer and Herschel
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Al44, page 16 of 16

5.8 pm

70 pm

50 pm

900

800

700

=
]
3

500

Ly st

400

I, [V

300

200

100

400

350




10.3 SUMMARY AND CONSEQUENCES

10.3 SUMMARY AND CONSEQUENCES

Here I summarise here the main results of the paper presented above, as well as the conse-
quences of these results for the physics and the chemistry of the dust and the gas, and their
evolution, in the Horsehead.

10.3.1 Summary

Using Herschel and Spitzer data, we studied the Horsehead using ten photometric bands from
3.6 to 500 um, which cover the entire dust spectrum. We modelled the dust emission across
the Horsehead using the THEMIS dust model together with the 3D radiative transfer code
SOC.

We show that it is not possible to reproduce the observations in the Horsehead using dust
grains from the diffuse ISM. It is therefore necessary to modify their size distributions and
compositions. Dust therefore evolves across the Horsehead. We therefore concluded that dust
is not the same everywhere in the Horsehead and therefore that its properties must evolve
across this region.

Indeed, in the outer part of the Horsehead, we found that:

¢ the nano-grain dust-to-gas ratio (that is, M,_c/Mp) is 6 — 10 times lower than in the
diffuse ISM;

¢ the nano-grain minimum size (that is, amin,a—c) is 2 —2.25 times larger than in the
diffuse ISM;

¢ the power-law exponent of their size distribution (that is, «) is 1.1 — 1.4 times lower than
in the diffuse ISM.

In the inner part of the Horsehead, we found that it is necessary to use evolved grains (i.e.
aggregates, with or without an ice mantle). Therefore, dust is in the form of aggregates (that
is, AMM or AMM]I, see Sect. 6) and neither nano-grains (that is, a-C grains) nor large grains
(that is, a-C:H/a-C and a-Sil/a-C grains) are present but thaat they must both be incorporated
into these AMM(I) aggregates.

We therefore proposed that in the outer part of the Horsehead nebula, all the nano-grains
have not yet had time to completely re-form through photo-fragmentation of the aggregates
and that the smallest of the nano-grains that are sensitive to photo-destruction in intense
radiation fields. In the inner part of the Horsehead nebula, the grains most likely consist
of multi-compositional mantled aggregates, as would be expected in dense regions (Kohler,
Ysard, and Jones, 2015).

Using simple analytical models, we discussed here the consequences of the nano-grain
depletion for the physics and chemistry in the Horsehead.

10.3.2 COTZSE[]METICES

Variations in the dust properties strongly affect the dust extinction (see Fig. 65, upper panels).
In the outer part of the Horsehead, the variations in dust size distribution (see Fig. 75, left
panel) entails a large decrease in the dust UV /visible extinction (see Fig.76), by a factor of
2 —5. As a consequence, the UV radiation can penetrate deeper into the Horsehead.
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Figure 75: Left: Dust size distribution of diffuse ISM-like grains (blue line). The green band corre-
sponds to the range of dust size distributions in the outer part of the Horsehead (see
Sect. 10). Right: Same for dust surface area distribution. The black line shows the a-C dust
distribution, black dashed line the a-Sil/a-C dust distribution, and black dotted line the
a-C:H/a-C dust distribution.

Also, these variations in the dust size distribution imply large variations in the dust surface
area distribution (see Fig. 75, right panel). In particular, the a-C dust surface area decreases
by a factor 6 — 13 from the diffuse ISM to the outer part of the Horsehead (see Table 3), which
is due to the decrease in M,_c/Mgp. Regarding the increase in amin,a—c, this implies the total
removal of all a-C grains smaller than amin,a—c ~ 0.9 nm (see Fig.78) or that conditions are
not favourable for their (re-)formation in such regions.

These variations, which imply a strong depletion of a-C grains, have a strong influence
on the physics and chemistry in PDRs. In order to illustrate this, I now focus on two major
consequences concerning the formation of Hj (that is sensitive to the nano-grain total surface
area) and the gas heating through the photoelectric effect (that is sensitive to the nano-grain
dust-to-gas ratio).
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Sy (a-C) Sy(a-C:H/a-C) Sy(a-Sil/a-C) Sy(Tot)
[em?H '] [em?H '] [em?H '] [em?H ']

Diffuse ISM-like dust | 4.3 x1072" 48 %) 13 x1072' (14 %) 3.5x 102" (38 %) | 9.1 x 102!
Horsehead (Max) 70x 10722 (12%) 13x1072" (24 %) 3.5x 102" (64 %) | 5.5 x 107!
Horsehead (Min) 3310722 (6%) 13x1072" (26 %) 3.5x 102" (68 %) | 5.1 x 10~21

Table 3: Summary of the dust surface amount per proton for each dust population (a-C, a-C:H/a-C,
and a-Sil/a-C), for both the diffuse ISM-like dust and inside the outer part of the Horsehead.

10.3.2.1 Hj formation and H — H; transition

I here investigate the consequences of variations in the dust properties for the H; formation.
We first determine the influence of such variations on the H; formation rate, R¢, expressed in
cm3 s~!. My analysis is based upon the assumption that H, formation occurs only on nano-
grains (that is, a-C grains). As these grains are stochastically heated, they spend most of their

time at low temperature (below 20 K, see Bron, Le Bourlot, and Le Petit, 2014) which allows
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Figure 76: UV to near-IR extinction of diffuse ISM-like grains (blue line). The green band corresponds
to the range of dust extinction in the outer part of the Horsehead, using the range of dust
size distributions in Fig. 75 (left panel).
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H, formation to occur. Conversely, large grains (that is, a-C:H/a-C and a-Sil/a-C grains) are
in thermal equilibrium and are too warm in the outer part part of the Horsehead, hence H;
cannot form onto these grains. We therefore consider that variations in R¢ are proportional
to variations in the a-C total surface area. As the dust surface area per proton decreases by
a factor 6 — 13 from the diffuse ISM to the outer part of the Horsehead (see Table 3), the H
formation rate decreases by the same factor as well.

In the classical static, equilibrium picture widely used in PDR models, the H, number
density n, is found from the balance between formation (left term in the following equation)
and destruction (right term) rates:

nnpRe = naPyaGo exp (—14) B, (102)

where ny is the number density of H atoms with ng = ng + 2n;, P4 the unattenuated pho-
todissociation rate of H; in the ISRF of Mathis, Mezger, and Panagia, 1983, 14 the dust opacity
at A ~ 100 nm and (3 the self-shielding factor of Hj.

At the H — H, transition, ny = 21, which corresponds to a H; fraction 2n,/(ny +2n;)
of 50 %. The position of the H — H; transition is then set by the value of Go/ny (and
therefore, Ay) which describes the competition between H; destruction (Gy) and formation
(ny) processes. In the Horsehead, Habart et al., 2005 find Go/ng ~ 3 x 1073 ecm3. Using this
value in Eq. 102 at the H — H) transition (that is, n; = 2n;), we find:

2R

exp (—14) B = P—dfg—z[ ~4x 1074
As the H; formation rate decreases by a factor 6 — 13 while 14 ~ Ay (see Fig. 76, the extinction
in the Horsehead is roughly flat from the visible to the UV) and assuming the UV attenuation

to be dominated by the dust, this implies that:

(103)

1 1
exp (— (AV,min —0.1)) ~ g and exp (— (AV,max —0.1)) ~ E/ (104)
leading to:
AV min~1.9 and Ay max~2.7, (105)

where Ay min and Ay, max are the minimum and maximum positions of the H — H transition
in the Horsehead with the new evolved a-C grains.

The H — H; transition would therefore occur deeper into the PDR (Ay ~ 1.9 —2.7) with
evolved grains than with diffuse ISM-like dust (Ay ~ 0.1). Note that these values were ob-
tained with the assumption that H, can only form on a-C grains and hence the H, formation
rates derived here are lower limit estimates. Therefore, the estimates of the positions of the H
— H transition are the largest possible (Ay ~ 1.9 —2.7).

Despite of the decreased UV extinction due to the a-C grain depletion, the UV flux (A =
100 nm) at Ay = 2 is around 5 times lower than if using diffuse ISM-like dust, leading
to a significant reduction in the H; excitation, which occurs by direct UV pumping or by
collisions with gas species. In particular, for the moderate densities of the Horsehead PDR
edge (nyg < 10 Hem3), the rovibrational emission of H; is proportional to the UV flux at
100 nm (sternberg_89). Moreover as we show in the next section, the decrease in the a-C grain
abundance leads to a strongly reduced gas temperature quenching the collisional excitation
of H; rotational levels.
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10.3.2.2  Gas heating through the photoelectric effect

The thermal balance and the gas temperature of PDRs are also strongly affected by variations
in a-C grain properties. For instance, in the outer part of the Horsehead, the gas is mainly
heated by the photoelectric effect due to a-C grains (see Fig.24) and mainly cooled by O and
C* emission (see Fig.25). As the treatment of the cooling of the oxygen atom is more difficult
than the one of C*, we focus on this one. Even though this is a strong hypothesis to take
only C* for the thermal equilibrium, it will provide us with an idea of the influence of the
a-C depletion on the gas heating. The thermal equilibrium with only C* as a cooling species
is therefore:

nyg Go H = nene+ C(T), (106)

where H is the photoelectric heating rate per proton and C(T) the cooling rate coefficient for
the 158 um line. In the outer part of the Horsehead, the excitation of the C" line is dominated
by the contribution of electrons (wolfire_g5). Assuming that n(C*) = 1.4 x 10~%, we have:

Nenes C(T) = “%I:T: x 14 x 10723 exp (—92/T) T~°5  ergem 3577, (107)

Assuming H ~ 3 x 1072¢ ergs~! (see e.g. Weingartner and Draine, 2001b) and using Eq. (107)
in Eq. (106), we have:

GoT'/2
nygx

~ 470 exp (—92/T). (108)
At the position of the H — H; transition and for a constant pressure model at 4 x 10° Kcm ™3,
we estimate Go/ny = 3 x 1073 (Habart et al., 2005). Assuming x = ne/nyg = 1.6 X 1074, Eq.

gives T ~ 100 K.

As Bakes and Tielens, 1994 showed that the dust photoelectric effect is only efficient for nano-
grains (that is, a-C grains) and because the a-C dust total surface decreases by a factor 6 — 13,
we can consider that the photoelectric heating rate per proton H decreases by the same factor
as well, leading to:

Tmin ~ 21K and  Tpax ~ 27K (109)

This simple calculation shows that the depletion of a-C grains we observe in the Horsehead
has a strong impact on thermal balance of the gas.
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CONCLUSION

Dans I'abime sans fond mon regard a plongé. De I'atome au soleil j'ai tout interrogé.

Alphonse de Lamartine - Oeuvres de Lamartine de I'’Académie Francaise

All along the cycle of interstellar matter in galaxies throughout the Universe, gas and dust
are constantly evolving, due to the wide disparity in physical and dynamical conditions en-
countered from diffuse clouds to regions where stars and planetary systems form. The micro-
physical processes that occur on interstellar dust surfaces are tightly connected to the dust
properties (dust composition, size distribution, structure, and shape) and play a key role in
numerous phenomena in the ISM. The analysis of how dust evolves with the physical con-
ditions is a stepping stone towards a more thorough understanding of interstellar matter.
During my PhD, I focused on understanding how dust evolves with physical conditions at
the very beginning of the condensation processes of interstellar matter that can lead to star
formation, i.e. at the edge of molecular clouds. To this end, I studied dust evolution in a
nearby photon-dominated region, the Horsehead Nebula, where the physical conditions vary
widely and can be spatially resolved.

In order to model the local dust emission, I have used DustEM. It allowed me to understand
THEMIS, the interstellar dust model that I used throughout this work. As PDRs are optically
thick, radiative transfer computation was essential. To this end, I first have used DustPDR,
a 1D radiative transfer code, to model dust emission across the Horsehead. However, as this
code is based upon a strong assumption (plane parallel geometry) and because it does not
compute dust scattering, I needed a more rigorous 3D radiative transfer code, SOC. With the
aim of understanding the difference between these two codes, I compared both codes for the
same case and showed the necessity of using a 3D code (SOC) in order to properly describes
how dust evolves in the Horsehead.

Radiative transfer is complex, and the results are rarely intuitive. Therefore I decided as
a first step to study the influence of variations in the dust properties on the dust emission
and dust scattering with radiative transfer, in order to disentangle radiative transfer effects
from variations in the dust properties. Then I focused on the dust scattering, and showed that
it can be neglected in the spectral range I used in my study (3.6 — 500 um). I also showed
that there is a narrow wavelength range around 1 um where the scattering is mostly due
to the scattering of the photons emitted by the dust, albeit it was usually understood that
the scattering seen in PDRs is of photons from the illuminating source. I pointed out that
variations in the nano-grain dust-to-gas ratio (M,_c/Mp), minimum size (amin,a—c), and the
power-law exponent (o) of its size distribution, have a strong influence on the dust modelled
emission.

Based on this preliminary study, I used Spitzer /IRAC (3.6,4.5, 5.8 and 8 um) and Spitzer /MIPS
(24 pm) together with Herschel /PACS (70 and 160 um) and Herschel /SPIRE (250, 350 and 500
um) data to map the spatial distribution of dust in the Horsehead nebula over the entire
emission spectral range of the dust emission. I found that it is not possible to explain the ob-
servations using diffuse ISM-like grains from THEMIS and in all probability those from any
other diffuse ISM dust model. I therefore proposed the following scenario to explain these
observed data. In the outer part of the Horsehead nebula, all the nano-grains have not yet had
time to (re-)form completely through photo-fragmentation of the large aggregates and that the
smallest of the nano-grains which are sensitive to the radiation field are photo-destroyed. In
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the inner part of the Horsehead nebula, the grains most likely consist of multi-compositional
mantled aggregates, as would be expected in high density regions.

Nano-grains contain only a small fraction of the total mass of interstellar dust grains, but
most of the grain surface is in nano-grains. Therefore, our results have a strong impact on the
H, formation which is directly sensitive to the nano-grain total surface, and on gas heating
through the photoelectric effect which is sensitive to the nano-grain dust-to-gas ratio. More-
over, these two processes strongly influence other processes such as the H, excitation and
emission in the H — H transition region.

In order to better understand the processes at the origin of dust evolution and with a view
to modelling these, this work needs to be extended to other PDRs with different physical
conditions, such as IC 63 or the Orion Bar. In particular, spectroscopic observations of the
dust and the gas are needed to constrain the nature (composition, size distribution, structure,
and shape) of a-C nano-grains but also to derive the physical conditions triggering their
evolution. Besides, and in order to go further, spectroscopic observations of the Horsehead
are required in order to proceed further with our understanding of the structure and size
distribution of a-C nano-grain. Observations with the JWST will for the first time spatially
resolve the individual IR dust signatures across the Horsehead, offering an unprecedented
look at the evolution of the interstellar matter in photon-dominated regions.
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Résumeé: Les processus microphysiques a la sur-
face des poussiéres interstellaires sont étroitement
liés & leurs propriétés (i.e. la taille et la forme
des poussiéres) et jouent un role clé dans de nom-
breux phénoménes du milieu interstellaire (MIS).
La grande disparité des conditions physiques (i.e.
la densité et la température du gaz) dans le MIS
déclenche une évolution des propriétés des pous-
siéres. L’analyse de l’évolution de la poussiére
en fonction des conditions physiques est un trem-
plin vers une compréhension plus approfondie de
la poussiére interstellaire. Etant donné que les
conditions physiques varient considérablement et
sont spatialement résolues dans les régions photon-
dominées (PDRs) proches, elles constituent le lieu
idéal pour étudier ’évolution de la poussiére en
fonction des conditions physiques. Dans cette
thése, je me concentre sur la facon dont la pous-
siére interstellaire évolue en fonction des conditions
physiques dans les PDRs proches. A cette fin, j’ai

Evolution des poussiéres interstellaires dans les régions photon-dominées

nano-poussiére carbonées, régions photon-dominées, observations IR, modélisation

modélisé I’émission et la diffusion de la poussiére
en utilisant le modéle de poussiére interstellaire
THEMIS ainsi que le code de transfert radiatif 3D
SOC. J’ai utilisé les observations Spitzer et Her-
schel pour confronter les résultats de ma modélisa-
tion afin de contraindre les propriétés de la pous-
siére. J’ai constaté que les nano-grains sont forte-
ment déplétés dans la partie irradiée de la téte de
cheval et que les grains coagulent pour former des
agrégats dans la partie dense de la téte de cheval.
J’ai proposé un scénario dans lequel, dans la par-
tie irradiée de la nébuleuse de la téte de cheval,
tous les nano-grains n’ont pas encore eu le temps
de se reformer par la photofragmentation des agré-
gats et les plus petits des nano-grains sensibles au
champ de rayonnement sont détruits par le rayon-
nement. Dans la partie intérieure de la nébuleuse
de la Téte de cheval, les grains sont constitués
d’agrégats, comme attendu dans les régions & haute
densité.
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Abstract: Micro-physical processes on interstel-
lar dust surfaces are tightly connected to dust prop-
erties (i.e. dust composition, size, and shape) and
play a key role in numerous phenomena in the inter-
stellar medium (ISM). The large disparity in phys-
ical conditions (i.e. density and gas temperature)
in the ISM triggers an evolution of dust proper-
ties. The analysis of how dust evolves with the
physical conditions is a stepping stone towards a
more thorough understanding of interstellar dust.
As physical conditions vary widely and are spa-
tially resolved in nearby photon-dominated regions
(PDRs), they are the ideal place to study dust evo-
lution as a function of physical conditions. In this
thesis, I focus on how does interstellar dust evolves
with physical conditions in nearby PDRs. To this
end, I modelled dust emission and scattering using

Dust evolution in photon-dominated regions

Carbonaceous nano-dust, photon-dominated regions, IR observations, modelling

the THEMIS interstellar dust model together with
the 3D radiative transfer code SOC. I used Spitzer
and Herschel observations to confront the results of
my modelling in order to constrain the dust prop-
erties. I found that nano-grains are strongly de-
pleted in the outer irradiated part of the Horse-
head and that grains coagulate together to form
aggregates in the inner dense part of the Horse-
head. I proposed a scenario where in the outer part
of the Horsehead nebula, all the nano-grain have
not yet had time to re-form completely through
photo-fragmentation of aggregates and the small-
est of the nano-grain that are sensitive to the radi-
ation field are photo-destroyed. In the inner part of
the Horsehead nebula, grains most likely consist of
multi-compositional mantled aggregates, as would
expected in high density regions.
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