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1Introduction

Several important fundamental questions are behind the topic of protoplanetary
disks: How did our Solar System form? How do planets form? How frequently
occur planets in the Milky Way galaxy and in the Universe? We live in a plan-
etary system that formed more than 4 billion years ago in the Orion arm of the
Galaxy. For a long time people thought that our place was the center of the Uni-
verse, but growing evidence against Aristotelian Geocentrism has changed our
point of view across the centuries. Giordano Bruno’s eroic and progressionist
point of view about the existence of life and extrasolar planetary systems was
the most famous historically known opening view on the topic. Famously, the
first scientific theories about the formation of our Solar System date back to the
18th century, beginning with the “nebular hypothesis” of Immanuel Kant. The
theory has been revised from a physical point of view about half a century later
by Pierre-Simon Laplace.

To date, thanks to indirect clues and direct observations, we know about
the existence of thousands of young stars surrounded by circumstellar material.
Due to conservation of angular momentum, the envelope breaks the spherical
symmetry into cylindrical symmetry, producing a rotating disk composed by
gas and dust, and this is just a first tiny step towards planet formation. Then
from 1995 the confirmed first detection of a super Jupiter planet around 51
Pegasi, opened the view towards the existence of other planetary systems, as a
result of the evolution of protoplanetary disks. To date up to 3000 exoplanets
have been confirmed, and almost 5000 are candidates1. Considering that the
statistic is limited to restricted regions of sky (e.g., the field explored by the
1 more on http://exoplanets.org/
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Chapter 1 – Introduction

Kepler mission is about 15° across; Borucki et al. 2003), this implies that a very
large fraction (if not almost all) stars host planetary system, and that planets are
a common product of the evolution of protoplanetary disks.

Now that we know that young stars are surrounded by disks, and that main
sequence stars host planets, the focus of research has shifted to investigate the
environments in which planet formation happens. The protoplanetary disks
are rich in gas, which carries important information about the local physical
conditions. One of the most abundant molecules is water; it has a rich spec-
troscopy, and is considered an important species for the formation of planets
and eventually the origin of life.

1.1 From clouds to disks
Star formation happens in dense and cold regions of the interstellar medium
called molecular clouds (Fig. 1.1), which are gravitationally unstable (Shu et al.
1987). The collapse starts spherically, until the formation of the first core (an
hydrostatic equilibrium sphere of warm gas and dust powered by accretion), a
process that lasts around 104 yr and in which the central object is completely
embedded in the envelope (Andre et al. 1993). Initially, the mass is mainly in the
core. Then the central object still accretes from a surrounding disk, and its den-
sity and temperature reach the condition to ignite nuclear reactions involving
deuterium and lithium (protostar phase). In this phase dispersion through out-
flows/jets dominates the evolution of the young object (Williams & Cieza 2011).
The outflows progressively produce a cavity in the envelope on a timescale of
104−105 yr, leaving a thin accreting disk. In this stage the central object can be
visible, depending on the orientation. From this stage the disk progressively
looses mass, due to accretion and evaporation driven by the central star, and
FUV and X-ray radiation fields (Gorti et al. 2009), magnetohydrodynamic tur-
bulence (Suzuki & Inutsuka 2009), magnetic reconnections in the inner disk
(Ferreira et al. 2006), stellar winds (Matsuyama et al. 2009), and planet forma-
tion (Machida et al. 2006). The typical accretion rate turns out to be a factor
100 stronger than the mass loss rate (10−6−10−8 M�/yr; Hartigan et al. 1995).
This phase ends with the dissipation of the gaseous envelope and the interrup-
tion of the accretion/ejection process. Meanwhile, during the long dispersal
phase (105−106 yr), the dust experiences a phase of growth and coagulation
(Weidenschilling & Ruzmaikina 1993, Dominik et al. 2007), bringing dust grains
from the µm-size of the ISM up to mm-size grains in a few hundred thousand
years (Ricci et al. 2010b). This could progress until the formation of so-called
planetesimals, km-size bodies large enough to gravitationally accrete and be-
come planets. Observationally, every phase can be distinguished by distinctive
observational features. A first classification has been introduced by Lada &
Lada (2003), and is based on the spectral index in the region 2-25 µm. This
classification is purely photometric, but is at least partially consistent with the
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1.1 From clouds to disks

evolutionary stage of the system (Table 1.1). In the final evolutionary stage of
protoplanetary disks, the so-called debris disks, the IR excess seen in the SED is
due to emission from tiny, warm dust grains that are replenished continuously
by collisions between planetesimals (Wyatt 2008).

Table 1.1 – Lada (1987) classification and evolutionary stage properties

Class n(∗)
2−25 Mass budget Timescale [yr] Properties

0 - Menv>Mstar>Mdisk ∼ 104 No optical or near-IR
emission

I > 0.3 Mstar>Menv∼Mdisk 104 − 105 Generally optically ob-
scured

II (-1.6;-0.3) Mdisk/Mstar∼1%,Menv∼0 105 − 106 Accreting disk; strong Hα
and UV

III < -1.6 Mdisk/Mstar�1%,Menv∼0 106 − 107 Passive disk; no or very
weak accretion

(*) Spectral index defined between 2 µm and 25 µm.

Figure 1.1 – Phases of the evolution from a collapsing molecular cloud to the formation
of a central star and the disk, courtesy of Dr. Tsukamoto Yusuke.
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1.2 From disks to planets
To date there is general agreement on the fact that planets form in disks around
pre-main-sequence stars (hereafter PMSs). The most accepted scenario for planet
formation is the core accretion. This process is long and complex, because it is
affected by a series of obstacles not yet completely understood, such as bouncing
(grains collide in a kind of elastic process), fragmentation (when the collision is
disruptive) and barriers (the gas drag effects prevent to overcome certain size,
stopping the growth). The general accepted idea can be described briefly in four
steps (Haghighipour 2013):

• small grains coagulate to form 1-10 cm-size solids

• solid bodies grow up to form km size planetesimals

• the first embryos for terrestrial or rocky planets form in the inner disk,
and rocky cores for giant planets form in the outer disk

• the planets in the outer disk accrete gas in a runaway process, while the
inner planets finalize their mass.

The initial phase is understood relatively well, and described in Weiden-
schilling (1977), Blum & Wurm (2008), Dullemond & Dominik (2008), Zsom
et al. (2011). The second critical step is still not fully understood, due to the
more complex dynamics involved: grains beyond a certain size are no longer
tightly coupled to the gas and experience settling (Dubrulle et al. 1995), ra-
dial drift of grains promoted by the friction with the sub-Keplerian rotating gas
(Whipple 1972), and gas turbulence in general. All these processes are responsi-
ble for different relative velocities among dust grains (Voelk et al. 1980, Mizuno
et al. 1988, Ormel et al. 2007). In this regime, collisions turn out mainly to be
ineffective or catastrophic (Blum & Wurm 2008, Güttler et al. 2009, Zsom et al.
2010, Beitz et al. 2011), and radial drift is particularly important for meter-sized
bodies, that move very fast towards the central star, producing the so-called
meter-size barrier. The drift is so fast that dust does not have time to grow, and
this apparently sets a kind of limit to the size of solids in protoplanetary disks.

A possible explanation for the presence of planetesimals in disks (and finally
planets) is the presence of pressure inversion regions, which are able to miti-
gate the radial drift and accumulate dust grains until streaming instabilities are
activated (Haghighipour & Boss 2003b,a, Haghighipour 2005). Dust can also be
trapped in vortices (Barge & Sommeria 1995, Klahr & Henning 1997, Lyra et al.
2009a) or regions of pressure inversion produced at the evaporation front of
volatiles such as water (Kretke & Lin 2007, Brauer et al. 2008, Lyra et al. 2009b).
The evaporation is promoted also by the radial drift of icy bodies up to the
snow line (Aumatell & Wurm 2011). In some cases of massive disks, following
the formation of large dust grains, self-gravitation can produce planetesimals
and planets (Gibbons et al. 2012, Shi & Chiang 2013).
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1.2 From disks to planets

Once planetesimals reach km-size, the gravitational attraction enhances the
collisional cross section which leads to fast, runaway accretion and eventually
the formation of a planet (e.g., Safronov & Zvjagina 1969, Weidenschilling 1997).

In the outer disk, the relative speed of solids is lower, and the presence of
icy grains increases the sticking efficiency. As a consequence, massive cores are
formed (several MEarth), which subsequently attract a thick and massive gas en-
velope (Pollack et al. 1996, Hubickyj et al. 2005, Movshovitz et al. 2010, Lissauer
et al. 2012). The core accretion scenario, described so far, requires a planet for-
mation timescale that is comparable to, or larger than, the expected disk lifetime
(Strom et al. 1993, Haisch et al. 2001, Maercker et al. 2006, on average 3 Myr).
This timescale can be shortened by increasing the disk surface density (Hubickyj
et al. 2005, Lissauer et al. 2012) or reducing the disk dust opacity (Movshovitz
et al. 2010).

One final but important aspect is that planets have so far been assumed
to form and stay in the same place in protoplanetary disks. Observations of
massive exoplanets very close to the central star (Wright et al. 2012), and also
dynamical models of the formation of our Solar System (Tsiganis et al. 2005),
suggest otherwise. Very likely migration has played an important role in shap-
ing our Solar System; hence this should be taken into account in models of planet
formation. This has been theorized to be a consequence of angular momentum
exchange between massive planets and the surrounding gas in the disk. During
the planet migration itself also minor bodies are scattered because of gravita-
tional interaction (Fernandez & Ip 1984). We can distinguish two fundamental
types of migration. Type I is the typical of small planets, that induce small
perturbations on the disk thermal and physical structure. In Type II migration,
the torque produced on the gas is strong enough for open a gap (for a review;
Armitage & Rice 2005).

Planet formation is a consequence of the evolution of protoplanetary disks.
This depends on both global and internal properties of protoplanetary disks,
like the disk mass and size, the amount of gas or solids, but also the heating
and cooling balance of the gas and the dust, that drives temperature profiles
and densities. Gas composition is one of the key factors in the energetic balance
of disks, through the capability of certain molecules to play a role in the cooling
of the disk. Some molecules (as H2O, CO, NH3, etc.) are so called volatiles, and
in certain conditions of low temperature, high pressure, and low radiation field,
can freeze on dust grains. Water is one of the most abundant volatiles in disks
(van Dishoeck et al. 2011), so its study is fundamental for the understanding of
these objects, both in terms of chemical content, but also as a cooling agent of
the gas, a sticking agent in planet formation, it contributes to the solid surface
density, thus promoting rocky cores formation for planets. Finally, it contributes
to the planetary atmospheres, and maybe to the formation of life in planetary
systems.
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1.3 Disk structure and parameters
Protoplanetary disks are complex systems. The properties of these objects can
be defined through a number of quantities and parameters that describe the
distribution of gas and dust in the disk, its physical geometry and the physical
processes happening in the disk (Fig. 1.2).

Figure 1.2 – Sketch of a protoplanetary disk structure around a T Tauri star (PMS with
M∗ < 2 M�. The molecular structure is shown on the right side, dynamical processes
and the snow line are shown on the left side (Henning & Semenov 2013).

1.3.1 Disk mass

Canonically, the initial dust-to-gas ratio in a protoplanetary disk is assumed to
be 1:100, as inherited from the interstellar medium. During the disk lifetime,
gas is affected by photoevaporation and accretion, while the mass of solids con-
tent remains more or less constant, thus the dust-to-gas ratio increases (Balog
et al. 2008). However, the picture is more complex, and there are observa-
tional evidences that tiny dust grains are dragged along by the photoevaporative
flow, producing local differences in the disk dust properties (Owen et al. 2012,
Miotello et al. 2012). At least in the initial phase, the mass of protoplanetary
disks will be dominated by the gas.

Disk masses are usually estimated indirectly through the mm and sub-mm
continuum flux and assuming a dust-to-gas ratio of 100 (Williams & Cieza 2011);
an assumption that strictly should hold for very young disks. This is possible
because the outer disk is optically thin in the submm, while corrective factors
are needed to include the contribution from the inner disk, which is optically
thick even in the submm (e.g. Beckwith & Sargent 1991). However, there are
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molecules whose line emission can be used to directly trace the gas mass, for ex-
ample CO isotopologues, whose rotational lines are in the optically thin regime
and the column density of emitting gas probe till the midplane (e.g. Dutrey et al.
1996, van Zadelhoff et al. 2001). Another tracer that can be used is HD, whose
abundance is more directly correlated with the main gas component H2, but
lines are weak and cannot be observed from the ground (hydrogen deuteride;
Bergin et al. 2013). Disk masses computed from accretion rates and disk life-
times are in the range 0.01-0.2 M� (Hartmann et al. 1998). Inferred disk masses
in Taurus from continuum observations show a median value of 5 × 10−3 M�,
but the distribution shows a scatter of 0.5 dex (Andrews & Williams 2005). Gas
mass estimates in a sample of T Tauri disks based on CO isotopologues are
consistent with an average below the Minimum Mass Solar Nebula (hereafter
MMSN; 10−2 M�) and an average gas-to-dust ratio of 16 (Williams & Best 2014).
Several uncertainties are behind these measurements, due in part also to uncer-
tainties in the dust opacity and so in the frequency spectral index β (Fν ∝ ν

−β;
which deviates from the canonical “1”), related to the dust properties and size
distribution (Hartmann 2008). More discussion on dust properties can be found
in Section 1.3.5. In the models used in this thesis, we consider 0.01 as standard
value for the disk gas mass.

1.3.2 Disk size

Sizes of protoplanetary disks are ill-defined and show a wide distribution. This
is due to sensitivity limitations of the telescopes, the disk structure itself (e.g.,
some disks are flat and self-shadowed, so their size is badly constrained from
continuum and scattering emission; Garufi et al. 2014b), or due to the tracer
used (there are evidences that the gas disk is more extended than the dust
one; Piétu et al. 2005, Isella et al. 2007). Scattered-light observations of Orion
proplyds with HST (Hubble Space Telescope) suggest radii in the range 50-
194 au (Vicente & Alves 2005), with some cases of very large disks (338, 621 au).
The median of these observations suggests an average radius of about 75 au.
Hughes et al. (2008) found that critical radii for the surface density tapering-
off are 30−200 au in Taurus, with the gaseous disk extending to about twice
this value. Constraining the 850 µm visibility and the far-IR SEDs, Andrews
et al. (2009, 2010) defined a critical radius Rc from which the surface density
encounters an exponential drop-off, in the range 14-198 au in Ophiucus. With
the same surface density prescription defined in Hartmann et al. (1998) and
Lynden-Bell & Pringle (1974), Isella et al. (2009) deduced disk radii of 30-230 au
in Taurus-Auriga. The typical disk size value considered in the models of this
thesis is 300 au.
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1.3.3 Disk vertical structure

Vertically, protoplanetary disks are not flat structures. Several direct observa-
tions of silhouettes against background light in Taurus (Burrows et al. 1996,
Stapelfeldt et al. 1998, Padgett et al. 1999) and Orion (Smith et al. 2005) support
that disks are flared. Also ALMA provides evidences of flaring disks, e.g. in
CO/13CO observations of the disk around HD 163296 (de Gregorio-Monsalvo
et al. 2013). Disk flaring can be parametrized using a flaring index β (Chiang
& Goldreich 1997) that follows a power law H(r) = H(0)

(
r

R0

)β
. Here, H(r) is the

disk gas scale height at radial distance r, and R0 is the reference radius at which
the disk has scale height H(0). Class II disks in Ophiucus star formation region,
show scale heights between 5-20 au at a radius of 100 au (Andrews et al. 2010).
Our standard value for the models is 10 au at 100 au.

1.3.4 Disk radial structure

The surface density Σ is the vertical integration from the midplane up to the
maximum vertical extension of the disk (zmax). Naturally, Σ decreases with radius
following a power-law with index ε. Beyond a critical radius Rc, it is necessary
to apply an exponential correction, which depends on another power law index
γ. In the most typical cases, this mass distribution is consistent with a positive
index ε that leads to most of the mass being in the inner disk. Observations
indicate that the surface density power law index (Eq. 1.1) is smaller than the
minimum-mass solar nebula (MMSN; ε = 1.5; Weidenschilling 1977), with val-
ues in the range 0-1 (e.g. Kitamura et al. 2002). There are also cases where ε can
be < 0, like in the inner 30 au of the transitional disk HD 135344B (Carmona
et al. 2014). The critical radius Rc defines the radial distance from which the sur-
face density deviates from a simple power-law description, which is supported
by observational evidence (de Gregorio-Monsalvo et al. 2013, Guilloteau et al.
2013).

Σ(r) =

zmax∫
0

ρ(r, z)dz ∝ r−εe−
(

r
Rc

)2−γ

. (1.1)

The prescription adopted in the code ProDiMo (our code is described in
Section 1.6) includes also a description for this tapering-off of density in the
outer disk. Our code can compute two kinds of disk structures: the first is
based on the pure hydrostatic vertical structure, which is computed iteratively
and consistently with the heating/cooling (Woitke et al. 2009a). The second is
a parametric description of the disk structure, in which the disk is assumed to
be in hydrostatic equilibrium with a scale height and a flaring index forced as
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1.3 Disk structure and parameters

input parameters. The scale height sets the term of the hypsometric equation
that defines the vertical density profile according to

ρ(r, z) = ρ0(r)e−
z2

2H(r)2 . (1.2)

The density at a certain radius r decreases exponentially with the height z from
the midplane; this decrease depends on the vertical scale-height at that distance
H(r).

1.3.5 Dust in disks
Dust grains in protoplanetary disks are expected to be evolved compared to
interstellar medium dust, and observational evidence confirms this (Beckwith
& Sargent 1991, Mannings & Emerson 1994, Andrews & Williams 2005, 2007).
Observations of dust in protoplanetary disks show sometimes the presence of
large dust grains, which indicate the occurrence of grain growth. A signature of
dust evolution is a diminished IR excess in the SED (considered also a signature
of an evolved disk). Furthermore, radio continuum observations at centimeter
wavelengths can be used as an indicator of large dust grains in disks (e.g.,
Wilner et al. 2005). A survey towards the ρ Oph, Taurus and Auriga star forming
regions shows that the disk SED slope at mm wavelength is shallower than the
observed ISM, consistent with the presence of mm-/cm-size dust grains (Ricci
et al. 2010a,b). The commonly adopted prescription is a size distribution based
on a single power law (Mathis et al. 1977, Testi et al. 2014, Birnstiel et al. 2011), in
which the maximum dust size amax, and the power law index apow, are different
from the ISM value.
The number of dust grains of a certain size n(a) follows the distribution
n(a) ∝ a−apow . The dust composition in protoplanetary disks has been extensively
studied through mid-IR observations, in which a variety of amorphous and
crystalline dust species (mainly silicates) have been found (Sargent et al. 2009).
Disks also show evidence of water ice features in the near-IR (3 µm; Terada
et al. 2007) and far-IR (44 µm; van den Ancker et al. 2000; 60 µm; Malfait et al.
1999; 62 µm; McClure et al. 2012) spectra.

1.3.6 Stellar radiation field interaction with the disk
The different photospheric temperatures of PMS stars reflected by their spectral
types, also imply differences in the amount of UV radiation. Herbig stars (PMS
with M∗ ≥ 2 M�) will naturally provide UV radiation due to photospheric tem-
perature while T Tauri stars (PMS with M∗<2 M�) are too cool for this emission.
Low mass PMSs can also emit FUV radiation, that is an emission excess due
to magnetospheric accretion, which can cause hot spots on the stellar surface
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(Calvet & Gullbring 1998). Since low mass PMS stars are also convective in their
envelope and fast rotators (Bouvier et al. 1997), they host strong magnetic fields
of the order of kG. These can be responsible for a very active corona and possi-
bly extra FUV (∼ 10−2 L�) and X-ray emission (∼ 10−3 L�) (Imhoff & Giampapa
1982). Herbig stars are more massive but can have significant X-ray emission as
well, because of coronal activity (maybe due to fading dynamo effects) or the
presence of an unidentified low mass companion (Stelzer et al. 2006).

The shape of the radiation field is very important in setting the gas heating
rate and for driving certain chemical processes. Dust grains absorb radiation
bolometrically until thermal equilibrium is reached. Gas has specific absorp-
tion wavelengths, related to the specific cross section of the molecules. These
generally fall in the UV/X-ray regime and can give rise to electronic transitions
among bound states. They can also lead to photodissociation of the molecule.
X-rays mainly ionize the atoms of metals and/or generate fast secondary elec-
trons. FUV radiation is responsible for the photoelectric effect from dust grains
or PAHs, which promotes gas heating via fast electrons.

The products of high energy radiation from the star and the ISM (radicals,
free electrons, molecular and atomic ions), are principal actors of chemistry, with
quick (and often barrierless) reactions, so that processes are able to happen on
relatively short timescales even in the coldest regions of disks.

1.4 Disk chemistry

The main component of protoplanetary disks is gas, which constitutes initially
99% of the disk mass, and is mainly molecular. The vertical disk structure can
be divided into three regions: a photon-dominated surface (photon-dominated
region, PDR, like layer; Henning & Semenov 2013), a warm molecular layer, and
a cold midplane in which volatiles condensate (Aikawa et al. 2002, Bergin &
Tafalla 2007, Henning & Semenov 2013). The inner regions lack ice reservoirs,
since volatiles sublimate at different distances depending on the adsorption en-
ergy of each molecule. The hot surface is directly irradiated by the FUV radiation
field, which is able to photodissociate molecules and ionize atoms (species are
O, C, C+, N, H, O). The local gas temperature in this layer is a few thousand K.
The warm molecular layers have a rich gas phase chemistry, due to the presence
of warm gas (Tgas > 100 K, species are H2O, CO, HCN, OH, H2, N2). The cold
midplane contains ices. In these regions, chemistry processes on the surfaces
of ice grains are able to produce more complex organic molecules (Walsh et al.
2014). For example CH3CN has recently been detected in MWC 480 (Öberg et al.
2015b).
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1.4 Disk chemistry

Table 1.2 – Type of chemical reactions

Neutral-neutral A + B → C + D
Radiative association A + B → AB + hν

Dissociative recombination AB+ + e− → A + B
Ion-neutral A + B+ → C+ + D

Charge transfer A + B+ → A+ + B
Three-body A + B + C → AB + C

Associative detachment A + B− → AB + e−
Photodissociation AB + hν → A + B
Photoionization A(B) + hν → A(B)+ + e−

Cosmic-ray ionization A(B) + CRP → A(B)+ + e−

1.4.1 Chemical rate network
The chemistry considered in this work is based on a gas-phase network with
a large range of reaction types (Table 1.2) that contains mainly reactions from
UMIST database (McElroy et al. 2013). Generally the rate constants k of gas-
phase processes are parametrized by three coefficients α, β, γ. The rate constants
depend also on the gas temperature Tgas.

k = α
( T
300K

)β
e−γ/T (1.3)

Besides gas phase processes, we also consider adsorption and desorption pro-
cesses onto dust grains, and formation of H2 on dust. We consider in our
network up to three-body processes (Rijk = kijkninjnk), which happen only in
very dense environments e.g., in the inner disk (nH > 109 cm−3, Tgas > 300 K).
More likely are two-body reactions, that require only collisions between two
species (Rij = kijninj). Particularly interesting for the outer disk or optically
thin surface regions are the reactions involving only one species like thermal
and non-thermal desorption processes of volatiles from ice, or photodissocia-
tion/photoionization. The latter reaction rates are functions of the shape of
the local radiation field, dust size and composition (sticking properties). These
reactions often depend on other local factors in the disk such as FUV/X-ray
radiation field, cosmic-rays, and sticking coefficient on dust grains.

The ProDiMo code (Sect. 1.6) is able to perform simulations using two ap-
proaches: steady-state chemistry and time-dependent chemistry. The first ap-
proach is the one we used in Chapters 2, 3, 5. It is based on an ODE (ordinary
differential equation) solver in our code. The time-dependent approach, used in
Chapter 4, requires integration of the rate equations with time up to the epochs
we decided to consider.
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1.4.2 Molecular content in disks

According to the initial mass function (Scalo 1986), that sets the number of
stars as a function of stellar mass, there are many more low-mass stars than
there are high-mass stars. Objects with M∗<2 M� are called T Tauri stars, and
they are the progenitors of solar-type stars. The more massive PMS stars, with
M∗>2 M�, are called Herbig stars (Herbig 1960). There is no evidence that disks
around intermediate mass PMSs should be different from the ones around low
mass objects, except that certain properties are scaled, like disk mass and inner
radius. From observations, Mdisk/M∗ is around 0.01 (Williams & Cieza 2011),
with a dispersion of 0.5 dex. However, this ratio increases for M∗ > 10 M�
(Mann & Williams 2009). A more recent survey spanning through very low
mass up to intermediate mass PMSs decreases the ratio Mdisk/M∗ to 10−2.4, but
the ratio is closer to the canonical 0.01 for isolated solar-type T Tauris, and is
about 0.001 for close binaries (separation < 100 au, Mohanty et al. 2013).

However, spectra show interesting differences, since disks around T Tauri
stars often show rich near- and mid-IR molecular spectra. Detected molecules
in disks around low mass PMSs are OH, H2O, CO ro-vibrational, (Pontoppidan
et al. 2010b,a), HCN, C2H2, CO2, NH3 (Lahuis et al. 2006, Bast et al. 2013, Pascucci
et al. 2013), H, [NeII] (Pascucci et al. 2007). For disks around Herbig stars, there
are mostly non-detections of the main molecules such as H2O (Pontoppidan
et al. 2010a), and only near-IR detections of OH (Mandell et al. 2008) and CO ro-
vibrational transitions (e.g. Dent et al. 2005, Guilloteau et al. 2013, Hein Bertelsen
et al. 2014). In the far-IR, the Herbig star disk detections are more successful,
and species such as OH, [OI], H2O, [CII], CH+ have been observed (Thi et al.
2011, Riviere-Marichalar et al. 2012, Meeus et al. 2012, Fedele et al. 2012, 2011).
An SMA survey towards T Tauri and Herbig star disks found a higher detection
rate of molecules around M & K spectral type stars, than around A & F spectral
types. This fact supports the idea that small molecules survive in disks where
the embedded inner regions are more protected from photodissociation (Öberg
et al. 2010). A survey performed with IRAM (Guilloteau et al. 2013) detected
CN, HCN and SO in about 17% of the sources, and is mainly associated with
outflow sources. The fundamental water lines are detected successfully only
in TW Hya (Hogerheijde et al. 2011), and DG Tau (Podio et al. 2013), while an
upper limit flux is reported for DM Tau (Bergin et al. 2010).

Lines emitted at short wavelength suffer from continuum optical depth ef-
fects, and are detectable only if they are emitted from the warm surface layers
of the disk. The situation is different for the sub-mm and mm lines, which
can be observed even if produced deeper in the disk (Henning & Semenov
2013). Thermo-chemical models suggest that disks around both T Tauri and
Herbig stars are rich in molecules, in particular water, and should be detectable
(Woitke et al. 2009b).
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1.5 The role of water in disks
Water has been detected in the universe in a wide range of environments rang-
ing from our Solar System (in planets, moons, asteroids, comets, the Sun), the
interstellar medium, to other galaxies even at high redshift (Encrenaz 2008, van
der Werf et al. 2010, 2011, Williams & Cieza 2011, Wallace et al. 1995, Weiß et al.
2010, Shimonishi et al. 2010). More than 40 years ago, water was detected as
a 22 GHz maser in the Orion nebula (Cheung et al. 1969). Later, it has been
found in protostellar environments, with the first detection of IR ice features
(Gillett & Forrest 1973), IRAM and HIFI detections towards high and low mass
protostars (van der Tak et al. 2006, van Dishoeck et al. 2011). Finally, water has
been detected in protoplanetary disks thanks to observations performed with
the Spitzer Space Telescope (Carr & Najita 2008, Salyk et al. 2008, Pontoppidan
et al. 2009, Furlan et al. 2011, Zhang et al. 2013; see also Fig. 1.3), Herschel PACS
(Riviere-Marichalar et al. 2012) and HIFI (Hogerheijde et al. 2011, Podio et al.
2013). Water represents an important player in the thermodynamics of gas in
protoplanetary disks, because it acts as one of the main coolants in the inner
disk (within 1 au) and in particular in the inner upper layers till about 10 au
radially (Fig. 1.4).
Also, water is a volatile and can freeze onto dust grains, which increases the
sticking probability of these grains and thus increases the efficiency of planetes-
imal formation (Machida & Abe 2010). The last aspect is the role of water in the
origin of life. Thanks to its solvent properties, it allows a rich organic pre-biotic
chemistry and plays an important role in planetary climates (van Dishoeck et al.
2014).

Under the physical conditions encountered in protoplanetary disks, water
can exist both in gas and ice phases. Below ∼ 150-170 K depending on gas
pressure (Podolak & Zucker 2004, Hayashi 1981), water is frozen onto dust
grains. This produces the so called “snow line”. The presence of water ice
is particularly relevant for planetesimal formation, where sticking coefficients
between µm-sized water ice grains are up to 10 times greater than between
bare grains as supported by recent experiments (Gundlach & Blum 2015). The
presence of a sink of ice water on solids is a direct source of volatiles for future
planets that will be formed by these blocks. This explains the presence of
water in the interior of rocky planets, and the outgassing into their atmospheres
(Morbidelli et al. 2000, Drake 2005).

1.5.1 Water chemistry in disks
Water in protoplanetary disks is formed through gas phase reactions and surface
processes. The gas phase main formation routes are neutral-neutral reactions in
the warm gas layers (Tgas > 300 K; Fig 1.5)

O + H2 → OH + H,

13
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Figure 1.3 – Mid-IR spectrum of a typical protoplanetary disk. Top plot Spitzer IRS
spectrum (Houck et al. 2004) of the T Tauri AA Tau, in which several of the lines are
due to water emission (Carr & Najita 2008). Bottom plot, ProDiMo simulated Spitzer
spectrum with some transitions labeled (R=600).
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Figure 1.4 – Heating and cooling main processes for a typical ProDiMo model of a disk
around a T Tauri star. Top plot, main heating processes in each region of the disk.
Bottom plot, main cooling processes in each region of the disk.
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OH + H2 → H2O + H.

In the cold gas regions, the ion-neutral chemistry channels are responsible for
the gas phase water formation (Tgas < 100 K)

OH+ + H2 → H2O+ + H,
H2O+ + H2 → H3O+ + H,
H3O+ + e− → H2O + H.

In the outer disk, in regions where the ion-neutral mechanism is not efficient
any more, more exotic formation paths can occur (Meijerink et al. 2012)

NH2 + NO→ N2 + H2O

In the midplane of the disk, in the outer disk (beyond few au), where the disk
is optically thin to Ly series photons, the water chemistry is dominated by wa-
ter adsorption on grains and photodesorption processes of frozen water (H2O#)
(Dominik et al. 2005)

H2O# + hν→ H2O,
H2O + dust→ H2O#.

In the ice reservoir, water can be formed through channels involving adsorbed
precursors (Hollenbach et al. 2009)

H# + OH# → H2O#,
H2O#

2 + H# → H2O# + OH#.
The previous plethora of processes shows that this molecule can be formed in
efficient and multiple ways through gas phase and surface reaction chemistry,
under the physical conditions encountered in protoplanetary disks.

1.5.2 Water spectroscopy
The water molecule has a permanent dipole moment, and a rich spectrum. The
molecule is an asymmetric top, so its rotational energy levels are described by
a combination of three quantum numbers: the rotational quantum number J
and the projections on the main inertial axis Ka and Kc. Since the molecule is
triatomic, it shows 3 vibrational normal modes (two stretching and a bending),
which enrich the spectrum (Fig. 1.6).

Electronic levels give rise to transitions in the UV regions. Water ro-vibratio-
nal and pure rotational transitions cover the whole IR regime, from the near-IR
up to far-IR (van Dishoeck et al. 2013). The energy levels responsible for the
mid-IR lines have very high upper level energies (Eup > 1000 K, Salyk et al. 2008,
Pontoppidan et al. 2010a). From modeling we know that these lines are usually
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Figure 1.5 – Water abundance distribution in a typical disk around a T Tauri star from
thermo-chemical modeling. Boxes indicate main physical conditions and chemical pro-
cesses happening, and the wavelength range where water lines are produced.
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Figure 1.6 – Energy level diagram of water of the fundamental vibrational state from
(van Dishoeck et al. 2013). Energy levels are labelled as JKa ,Kc . Main transitions in the
spectral range of Herschel-HIFI and PACS are labeled. Ortho water is the nuclear spin
state of the two hydrogens of higher multiplicity I = 1, Para is the low multiplicity state
I = 0.

in LTE and emitted from the innermost regions of the disk (Pontoppidan et al.
2010b, Zhang et al. 2013), where the main water reservoir in the disk is located
(Woitke et al. 2009b, Du & Bergin 2014). Far-IR lines are produced farther out in
disks (Dominik et al. 2005, Woitke et al. 2009b, Riviere-Marichalar et al. 2012).
In particular, the HIFI fundamental o-H2O and p-H2O lines originate in the
outermost regions of the disk, due to their low upper level energies (Eup < 70 K,
Kamp et al. 2013).

1.6 Protoplanetary disk modeling
The entire study presented in this thesis has been performed with the radiation
thermo-chemical code ProDiMo (Woitke et al. 2009a) (Fig. 1.7). It is based on
a gas chemistry network using mainly UMIST2 (Woodall et al. 2007, McElroy
et al. 2013). The gas energy balance is computed from several heating mech-
anism such as radiative heating from the central star and the ISM, PAHs &
dust photoelectric effects, chemical heating, cosmic-ray heating, viscous heat-
ing, and dust/gas thermalization (Fig. 1.4). Cooling occurs through more than
10000 atomic and molecular lines, and it is based on the vertical escape prob-
ability approach. The ProDiMo code can produce hydrostatic disk structures
2 http://udfa.ajmarkwick.net/
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self-consistent with the heating/cooling. Alternatively, the disk structure can be
fixed following a parametrized approach, that allows the user a wider control of
the disk structure. In our study, we choose only the second approach. Thanks
to the development of advanced graphic tools and interfaces with other codes,
ProDiMo results can be easily visualized. On individual lines can be performed
detailed radiative transfer (RT ), whose quality can be used efficiently for line
predictions. Finally, line cubes that can be used in the software for radio data
analysis CASA3 to perform simulations of observations. The code has been
interfaced with two continuum radiative transfer codes, based on the Monte
Carlo algorithm (MCFOST, MCMax; Pinte et al. 2006, Min et al. 2009). The
output of these codes can be directly used as input to ProDiMo to obtain results
faster by carring out only the chemical computation. Another interface with
the line radiative transfer code FLiTs (Min, in preparation) allows to compute
detailed radiative transfer and accurate spectra simulation for a wide sample
of transitions, saving computational time. ProDiMo can then be used to either
constrain parameters from observations of individual disks or to carry out a
detailed study of the structure and chemistry of specific cases protoplanetary
disks.

1.7 This thesis
The goal of this thesis is to investigate several aspects of water in protoplanetary
disks. Water is one of the most abundant species in the circumstellar environ-
ment, and it plays a pivotal role in the cooling processes due to its very rich
spectrum, which spans from the far- to near-IR (van Dishoeck et al. 2011). The
richness of its spectra makes this molecule a tracer of a wide range of physical
conditions from the inner to the outer disk. The large column densities ex-
pected for this molecule, and the large Einstein Aij coefficients for several lines,
should make the emission particularly strong and potentially easily detectable.
However, disks are relatively small objects and the emitting surface area can be
tiny compared for example to a pre-stellar cloud. Also, the cooling radiation
is spread over a large number of lines, due to the richness of energetic lev-
els and transitions, making the individual lines not extremely bright. Indeed,
multi-wavelength observations often fail to detect water in disks, but a clear
explanation for the frequent non-detection of mid- and far-IR water lines is still
missing. The detection rate is particularly low for Herbig PMS stars.

Water is also a volatile, which means that this species can freeze onto dust
grains and produce a large reservoir of icy grains. The consequences of this are
particularly interesting for the disk structure and composition. The icy grains
are potential building blocks of planets, and can enrich the forming planets in
water and/or subsequently provide water by bombardment of icy bodies at a

3 http://casa.nrao.edu/
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Figure 1.7 – Overview of a ProDiMo computation for a typical disk around a T Tauri star.
The first plot on the left is the disk total H number density n〈H〉, with the red contours for
the location of the optical extinction boundary integrated radially and vertically up to 1
and 10 mag. The second plot on the right is the gas temperature in the disk, with the red
contours delineating the integrated optical extinction at 1 and 10 mag. The first plot on
the bottom left is the dust temperature, with overplotted the same extinction contours of
1 and 10 mag. The second plot on the bottom right is the SED of disk and central star,
with overplotted some spectral features at R = 5000.
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later stage. The ice reservoir of water is very hard to detect directly, and to date
only a few cases of detection of ice features have been reported; this is likely
directly associated with the presence of water ice reservoirs embedded deeply
in the disk. With few observations and the lack of a systematic study about
the dependence of the ice reservoir on chemistry, disk structure and properties,
the work done so far does not provide an accurate description of these disk
regions. Looking beyond protoplanetary disks, water is one of the molecules
found in exoplanetary atmospheres (e.g. Kempton 2014). It is not only funda-
mental for the climate and geophysics of a planet itself, but also for the eventual
development of life.

Explaining the physics and chemistry of water in disks, and reconciling the-
ory with observations, represents a pivotal step in the understanding of pro-
toplanetary disk properties, structure and evolution. These results will be the
starting point to treat topics as the capacity of disks to form planets, the type
of planets that a disk can form, and their final atmospheric composition. A de-
tailed knowledge of the gas composition allows a more accurate description of
the heating/cooling processes in disk; this is a basic element in hydrodynamical
simulations of disks and planet formation.

Chapter 2 addresses the first point, providing an explanation for the obser-
vations of mid- and far-IR water lines towards T Tauri star disks based on the
difference in disk properties and geometry. Chapter 3 treats the second part of
the first point about the explanation behind water line fluxes detections/non-
detections, focusing on the apparent difference in the mid-IR detection rate
between PMSs of different masses. Chapter 4 through statistical analysis of ob-
servations and modeling, tries to connect mid-IR water lines with a dust feature
emitted in the same disk region. In this chapter we search for correlations be-
tween mid-IR water line fluxes and the strength of the 10 µm silicate feature.
It points out the diagnostic power of this solid state feature to disentangle var-
ious disk properties. Chapter 5 discusses aspects of the ice reservoir of water
and other volatiles in protoplanetary disks. It shows the effect of different disk
properties and time-dependent chemistry on the upper boundaries of these ice
reservoirs. Finally, I present a summary of our new view on water in protoplan-
etary disks, developed in this thesis and give an outlook about how observations
of water performed with new facilities (JWST, SPICA) will improve our knowl-
edge about disk structure and properties. I will also discuss our conclusions
in the context of alternative modeling approaches, and which kind of improve-
ments some of our modeling results can bring to more complex models, treating
for example disk dynamics.
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“Everyone of us has three lives, a public one, a private one, and a secret one”
(Garcia Marquez)
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