
 

 

 University of Groningen

Water in protoplanetary disks
Antonellini, Stefano

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Antonellini, S. (2016). Water in protoplanetary disks: Line flux modeling and disk structure. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/1a48ba44-6645-4d41-91c7-54f349092dba


Water in protoplanetary disks
Line flux modeling and disk structure

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 4 maart 2016 om 11:00 uur

door

Stefano Antonellini

geboren op 23 november 1987
Forlimpopoli, Italië



Promotores
Prof. dr. I.E.E. Kamp
Prof. dr. M.C. Spaans

Beoordelingscommissie
Prof. dr. F.F.S. van der Tak
Prof. dr. C. Dominik
Prof. dr. M.R. Meyer

ISBN 978-90-367-8653-9
ISBN 978-90-367-8654-6 (electronic version)



Alla mia famiglia



Front cover: Celestial plate of Acquarius constellation, Source Alexander
Jamieson Atlas, USNavy Observatory library
Back cover: Art design from the book cover of “Agent 6”, by Tom Rob Smith.
Man ©Arcangel Images; background ©Shutterstock; ©Simon & Schuster UK
Ltd.

Printed by: Gildeprint, Enschede.



Contents
1 Introduction 1

1.1 From clouds to disks . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 From disks to planets . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Disk structure and parameters . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Disk mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Disk size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.3 Disk vertical structure . . . . . . . . . . . . . . . . . . . . . . 8
1.3.4 Disk radial structure . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.5 Dust in disks . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.6 Stellar radiation field interaction with the disk . . . . . . . 9

1.4 Disk chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.1 Chemical rate network . . . . . . . . . . . . . . . . . . . . . . 11
1.4.2 Molecular content in disks . . . . . . . . . . . . . . . . . . . 12

1.5 The role of water in disks . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5.1 Water chemistry in disks . . . . . . . . . . . . . . . . . . . . 13
1.5.2 Water spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 16

1.6 Protoplanetary disk modeling . . . . . . . . . . . . . . . . . . . . . . 18
1.7 This thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2 Understanding the water emission in the mid- and far-IR from proto-
planetary disks around T Tauri stars 23
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Modeling procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.1 Standard model and description of the parameter study . . 28
2.3 Standard model results . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.1 Water chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.2 Water spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.4.1 Dust-to-gas mass ratio . . . . . . . . . . . . . . . . . . . . . . 44
2.4.2 Dust settling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.4.3 Flaring parameter β . . . . . . . . . . . . . . . . . . . . . . . 47
2.4.4 Maximum grain size . . . . . . . . . . . . . . . . . . . . . . . 47
2.4.5 Dust size power law distribution . . . . . . . . . . . . . . . . 48
2.4.6 ISM radiation field . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4.7 PAHs photoelectric heating . . . . . . . . . . . . . . . . . . . 50
2.4.8 Disk gas mass . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.5.1 Discrimination between parameters affecting water line fluxes 51

v



Contents

2.5.2 Comparison with observations . . . . . . . . . . . . . . . . . 54
2.5.3 The future with JWST . . . . . . . . . . . . . . . . . . . . . . 56

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
A.1 Additional figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
A.2 Computation of properties in the line emitting region . . . . . . . 71
A.3 Model details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
A.4 Mid- and far-IR observations . . . . . . . . . . . . . . . . . . . . . . 78

3 Mid-IR spectra of Pre-Main Sequence stars: an explanation for the
non-detections of water lines 81
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.2 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.2.1 Central star . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.2.2 Parameter space exploration of a disk around a typical

Herbig star . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.3.1 Series 1: Different central star . . . . . . . . . . . . . . . . . 86
3.3.2 Series 2: Rockline displacement effect . . . . . . . . . . . . . 88
3.3.3 Series 3: Extended parameter space exploration . . . . . . . 94
3.3.4 Instrumental effects . . . . . . . . . . . . . . . . . . . . . . . 96
3.3.5 Near-IR ro-vibrational water lines . . . . . . . . . . . . . . . 96

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.4.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . 99
3.4.2 Intrinsic disk physics . . . . . . . . . . . . . . . . . . . . . . 100
3.4.3 Instrumental noise . . . . . . . . . . . . . . . . . . . . . . . . 101

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
A.1 Sensitivity limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
A.2 Spectral convolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
A.3 Far UV spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4 The mid-IR water and silicate relation in protoplanetary disks 109
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.2 Spitzer spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.3 Mid-IR water and silicate relation . . . . . . . . . . . . . . . . . . . 113
4.4 Modeling water & silicates . . . . . . . . . . . . . . . . . . . . . . . 115
4.5 Comparison between observations and models . . . . . . . . . . . 118
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
A.1 Observational data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5 Ice lines and disk structure in protoplanetary disks: a chemistry time-
dependent approach 123
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.2 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.2.1 Parameter space of models . . . . . . . . . . . . . . . . . . . 126

vi



Contents

5.2.2 A simplified approach for ice lines in disks . . . . . . . . . 127
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.3.1 Time evolution of ice reservoirs in disks . . . . . . . . . . . 130
5.3.2 Effects of dust opacity on ice reservoirs . . . . . . . . . . . . 131
5.3.3 Effects of chemical heating and ionization rate on ice reser-

voirs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
5.3.4 Approximate ice line definition . . . . . . . . . . . . . . . . 132
5.3.5 Sensitivity to the initial conditions . . . . . . . . . . . . . . . 138
5.3.6 Surface chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.4 ALMA observations and gas mass estimates . . . . . . . . . . . . . 145
5.4.1 ALMA simulations of CO observations . . . . . . . . . . . . 147
5.4.2 CO and isotopologues as disk gas mass estimator . . . . . 148

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
A.1 Standard disk plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.2 Surface density computation . . . . . . . . . . . . . . . . . . . . . . 156
A.3 ALMA velocity channels branches length measurement . . . . . . 156
A.4 Additional tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
A.5 ALMA simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
A.6 CO isotopologues lines emitting regions . . . . . . . . . . . . . . . 175

6 Conclusions 177

Bibliography 182

Nederlandse Samenvatting 193

Sintesi Madrelingua 198

Acknowledgments 202

vii





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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Chapter 1 – Introduction

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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1.3 Disk structure and parameters

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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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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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,
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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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2Understanding the water
emission in the mid- and far-IR
from protoplanetary disks around
T Tauri starsa
a S. Antonellini, I. Kamp, P. Riviere-Marichalar, R. Meijerink, P. Woitke, W.-F. Thi, M.
Spaans, G. Aresu, G. Lee.
Astronomy & Astrophysics, 582, A105 (2015)

Abstract

We investigate which properties of protoplanetary disks around T Tauri stars
affect the physics and chemistry in the regions where mid- and far-IR water lines
originate and their respective line fluxes. We search for diagnostics for future
observations. With the code ProDiMo, we build a series of models exploring
a large parameter space, computing rotational and ro-vibrational transitions of
water in non-local thermodynamic equilibrium (non-LTE). We select a sample
of transitions in the mid-IR regime and the fundamental ortho and para water
transitions in the far-IR. We investigate the chemistry and the local physical
conditions in the line emitting regions. We calculate Spitzer spectra for each
model and compare far-IR and mid-IR lines. In addition, we use mid-IR colors
to tie the water line predictions to the dust continuum. Parameters affecting
the water line fluxes in disks by more than a factor of three are: the disk
gas mass, the dust-to-gas mass ratio, the dust maximum grain size, ISM (Inter
Stellar Medium) UV radiation field, the mixing parameter of Dubrulle settling
(Dubrulle et al. 1995), the disk flaring parameter, and the dust size distribution.
The first four parameters affect the mid-IR lines much more than the far-IR
lines. A key driver behind water spectroscopy is the dust opacity, which sets the
location of the water line emitting region. We identify three types of parameters,
including those (1) affecting global disk opacity and opacity function (maximum
dust size and dust size distribution), (2) affecting global disk opacity (dust-to-gas
mass ratio, Dubrulle settling, disk gas mass), and (3) not affecting disk opacity
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(flaring parameter, ISM UV radiation field, fraction of PAHs). Parameters, such
as dust-to-gas ratio, ISM radiation field, and dust size distribution, affect the
mid-IR lines more, while the far-IR transitions are more affected by the flaring
index. The gas mass greatly affects lines in both regimes. Higher spectral
resolution and line sensitivities, like from the James Webb Space Telescope,
are needed to detect a statistically relevant sample of individual water lines to
distinguish further between these types of parameters.

2.1 Introduction

Water is a fundamental component of protoplanetary disks. Its role is already
pivotal in the disk formation phase as an important coolant in the cloud col-
lapse (see, e.g., recent works, van der Tak et al. 2013, van Dishoeck et al. 2014).
Water ice mantles can facilitate the sticking between dust grains (Machida &
Abe 2010). To date water has even been detected in exoplanetary atmospheres
(e.g., Brogi et al. 2014, Fraine et al. 2014, Crouzet et al. 2014), and is common
throughout the whole solar system in comets, meteorites, moons, and rocky
planets (e.g. Encrenaz 2008, Hartogh et al. 2011a,b, Li et al. 2014). The observed
abundance of water on Earth, Mars, and maybe Venus (combined with D/H
ratio measurements) suggests a delivery process by comets (van Dishoeck et al.
2014).

Water in protoplanetary disks around T Tauri stars has been detected over
a wide spectral range: near-IR, ground-based spectra (Salyk et al. 2008), mid-IR
Spitzer, VISIR spectra (Carr & Najita 2008, Pontoppidan et al. 2010a,b), and far-
IR Herschel spectra (Hogerheijde et al. 2011, Riviere-Marichalar et al. 2012). For
Spitzer, the detected transitions span from 5 to 36 µm, and they originate from
warm water gas layers (T ' 100-2000 K) close to the planet-forming region. At
the low resolution of Spitzer, these lines are blended in complexes with very
close upper level energies (Eup). It is possible to use different Eup of the transi-
tions to probe the radial distribution of water in disks (Pontoppidan et al. 2010b,
Zhang et al. 2013). Spitzer observations found a correlation between water and
HCN in T Tauri stars. The presence of these molecular features can be explained
with low continuum opacity (possibly due to settling; Najita et al. 2013). Riviere-
Marichalar et al. (2012) reported Herschel/PACS observations of o-H2O 63.32 µm
(818-707, Eup = 1071 K). They found them to be consistent with emission from
within 3 AU, as predicted by ProDiMo modeling of a typical T Tauri disk. The
Herschel/HIFI water lines have only been detected for TW Hya (Hogerheijde
et al. 2011) and DG Tau (Podio et al. 2013). Bergin et al. (2010) report a tentative
detection toward DM Tau. The reason for this low detection rate can be due
to water first freezing on dust, then settling and possibly ice transportation to
the midplane beyond the snow line (Meijerink et al. 2009, Hogerheijde et al.
2011), or because of photodissociation in the outer disk (Dominik et al. 2005).
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Two modeling studies for TW Hya and DG Tau performed with ProDiMo show
different gas temperatures in these regions (' 30 K for TW Hya; Kamp et al.
2013; ' 50-600 K for DG Tau; Podio et al. 2013).

Next to these observational studies, disk modeling has been carried out us-
ing various degrees of complexity and self-consistency in the numerical codes.
Meijerink et al. (2008) modeled far-IR water transitions with an X-ray thermo-
chemical code using a typical T Tauri disk model. They show that the far-IR
lines probe the physical conditions in the outer disk (10-100 AU) and the level
of turbulence. These lines are typically in non-LTE because of their large crit-
ical densities (ncr > 108−12cm−3 Meijerink et al. 2009). Using a simplified water
abundance prescription, Meijerink et al. (2009) find that dust depletion (due to
settling, dust growth, lower dust-to-gas ratio) is required to produce the ob-
served line-to-continuum ratio in the far-IR line emitting regions. Glassgold
et al. (2009), using an X-ray irradiated chemical slab model at 1 AU, reproduced
molecular column densities of water consistent with the observations of IR lines
toward T Tauri disks when H2 is efficient formation on dust grains is considered.
A DM Tau study performed with a 1+1D disk model and very simple chemical
network (Dominik et al. 2005) found an extended cold water reservoir (up to the
outer disk, 800 AU). This reservoir is unaffected by the external FUV radiation
field because of a balance between photodesorption and photodissociation. One
of the main formation channels for water is through ion molecule chemistry.
The particular disk model for DM Tau predicted the sub-mm water lines to
be in absorption and undetectable by the Herschel Space Telescope because of
beam dilution.

Woitke et al. (2009b) used a radiation thermochemical disk model for a typi-
cal disk around a Herbig star to identify the presence of three water reservoirs:
an inner one in LTE (logε(H2O)∼10−4; ε(H2O)= nH2O/ntot), extended up to 10 AU
dominated by equilibrium chemistry and endothermic reactions; a cold outer
belt (R ∼ 20-150 AU; z/r . 0.05) with desorption and adsorption in tight equi-
librium, where the water vapour is mainly photodissociated by the stellar FUV
photons; and an intermediate irradiated region (R ∼ 1-30 AU; z/r . 0.1-0.3),
where water is mainly produced by neutral-neutral channels and destroyed by
photodissociation. Far-IR rotational lines with higher Eup are produced from
surface layers (z/r ∼ 0.1-0.3). Woitke et al. also found that a computation of the
level populations using vertical escape probability underestimates the popula-
tion compared to a detailed Monte Carlo computation, affecting the final line
fluxes by 2-45%.

Meijerink et al. (2009) found that the role of X-ray heating (10-40% efficiency)
for neutral-neutral water formation is more important than FUV heating. If X-
ray heating dominates locally, then far-IR lines are stronger. Simultaneously,
also ion-molecule reactions become more important (Meijerink et al. 2012).

Recent modeling by Heinzeller et al. (2011) performed with a thermochem-
ical code found that mixing and settling are important in limiting the water
formation if the high H2 formation rate on dust grains from Cazaux & Tielens
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(2002) is used. Including these effects, they find a better agreement with the
observed column densities. Non-LTE is required to reproduce the observed
mid-IR line fluxes.

Du & Bergin (2014) use radiation thermochemical disk models to study the
impact of the stellar radiation field and disk properties on the water column
densities/masses in a typical T Tauri disk with a focus on the inner warm
reservoir (. 5 AU). At very low dust opacities (dust-to-gas mass ratio < 10−4),
photodissociation can suppress the gas-phase water reservoir inside 1.3 AU.
Large dust grains with a smaller scale height than the small grain population
(mimicking settling) produces a similar effect.

What is still lacking after the history of modeling described above is a de-
tailed systematic study of how the disk and stellar parameters affect the key
water emission lines in the mid- and far-IR. We want to understand what con-
clusions on specific pure disk properties can be drawn, given the existing Spitzer
and Herschel observations, and also in the light of the new capabilities with
JWST/MIRI. This kind of study requires a combination of radiation thermo-
chemical disk models with non-LTE treatment of water level populations, thus
taking the dust for the underlying physical disk structure into account, as well
as the chemical structure for the subsequent computation of emission lines (frac-
tion of water column above the dust continuum). This is the aim of the work
presented here. In chapter 3, we will address the effect of a different central
star on the disk mid-IR water spectroscopy, trying to find the reason for the
different behavior in observations toward low-mass and high-mass pre-main-
sequence stars.

In Section 2.2, we describe our code, the line selection, the standard disk,
and the series of models, also motivating the explored parameter space. In
Section 2.3, we present the results of the standard model, its chemistry, and
water spectroscopy. In Section 2.4, we present the results of our parameter study,
and finally, in Section 2.5 and 2.6, we present the discussion and conclusions.

2.2 Modeling procedure

Our code ProDiMo (Protoplanetary Disk Model) is a radiation thermochemical
code, which self-consistently computes the physical and chemical structure of
disks. The code includes 2D radiative transfer, and gas chemistry, including
freeze-out and desorption processes; it can perform hydrostatic or parametric
description of an axisymmetric disk structure (Woitke et al. 2009a). X-ray chem-
istry has been implemented by Aresu et al. (2011). The code computes the
energy balance of the gas, including photoelectric heating, C photoionization,
H2 photodissociation and formation heating, collisional de-excitation of H2, cos-
mic ray heating, viscous heating, cooling via Ly-α, [OI] 6300 Å, and more than
10000 atomic/molecular emission lines. Thermalization between dust and gas
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and free-free processes complete the energy balance.
The radiation field comprises the central star and the ISM (Inter Stellar

Medium) UV field. The multiwavelength radiative transfer is performed using
accelerated Λ iteration, and ray tracing (generally 100 rays). The statistical equi-
librium of atoms/molecules, however, is computed considering a two-directional
escape probability, assuming that the line source function varies slowly in local
environments, where the optical depths grows quickly, and photon escape is
mainly in the vertical direction. For each species treated in the spectroscopy,
the code ProDiMo computes the statistical equilibrium based on a large set of
molecular and collisional data1. Optionally, a detailed line radiative transfer can
be performed for a selected subsample of transitions.

The code has been updated with several features: a detailed computation
of the photoionization and photodissociation cross-sections from van Dishoeck
et al. (2006), an extension of the collisional partners for the water statistical
equilibrium (Kamp et al. 2010), a soft-edge truncation of the outer disk (Sect.
2.2.1.3), PAH (Polycyclic Aromatic Hydrocarbons) ionization balance and heat-
ing/cooling, UV fluorescence pumping, a parametric description of settling,
pumping by OH photodissocation, H2 pumping by formation on dust grains,
and chemical heating (Woitke et al. 2011). A prescription for the settling fol-
lowing the formalism of Dubrulle et al. (1995) has been implemented and is
described in Section 2.2.1.2.

The chemical modeling has been performed using the UMIST 2006 database
(Woodall et al. 2007). Even though the UMIST 2012 database (McElroy et al.
2013) is now available, it was not implemented when our work started. If three-
body reactions are included, however, the results for water are comparable with
the older network (Kamp et al. in prep.). A test performed with the UMIST
2012 database and the standard model shows that the disk gaseous water distri-
bution is unchanged (except a tiny abundance variation, which is very difficult
to quantify in the outer disk), and the line fluxes of the far-IR water lines are
affected by less than 25% and those of the mid-IR lines by about 1%. Our chem-
ical network contains a complete series of gas-phase reactions for 94 atomic,
ionic, and molecular species, involving water and related precursors. Surface
reactions for water are not included in the network, as they are not relevant
for the emitting regions of the transitions that we consider (Kamp et al. 2013).
The chemistry is calculated assuming steady state. The chemical network and
heating/cooling balance are solved iteratively. Gas heating via exothermic re-
actions is approximated via the chemical heating efficiency (Woitke et al. 2011)
using the reaction enthalpies at the reference temperature of 0 K from INST2

and Millar et al. (1997). Dependence of the reaction thermodynamics on the
real temperature is neglected.

We calculate the detailed water statistical equilibrium using a subset of the

1 Main sources are LAMDA & CHIANTI database.
2 http://www.nist.gov/
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first 500 levels, including high-J rotational and ro-vibrational levels. The ro-
vibrational levels are computed from the work of Tennyson et al. (2001) and
Barber et al. (2006); the complete set of levels (824 in total) include 411 o-H2O
and 413 p-H2O ro-vibrational levels, in which rotational levels up to J = 25 (and
projections till Ka,c = 18) and vibrational levels up to v1 = 2, v2 = 2, v3 = 1 are
considered. Our water energy levels, lines, and collisional data (Green et al.
1993, Faure & Josselin 2008, Rothman et al. 2013) are the same as adopted in
Kamp et al. (2013). The analysis of each model is based on the averaged physical
and chemical quantities computed in the line emitting region that produces 50%
of the radially and vertically integrated flux (for details see Appendix A.2).

2.2.1 Standard model and description of the parameter study

The standard model is a parametrized “monolithic” disk (properties defined
in Table 2.1 are the same throughout the whole disk structure) surrounding a
typical T Tauri K-type star with the parameters reported in Table 2.1. It repre-
sents a typical disk around a T Tauri star without viscous heating (αvis = 0.0),
with X-ray irradiation from the central star, a UV excess, a 20% chemical heat-
ing efficiency due to exothermic reactions, a settling prescription for the dust
according to Dubrulle et al. (1995) (Sect. 2.2.1.2), and a tapering off outer edge
(Sect. 2.2.1.3).

We explore individual parameters around this standard model, considering
a series of models in which we vary a single parameter at a time. A list of
the considered parameters in the series and adopted values are reported in
Table 2.3. For each parameter, the range spans from a factor of a few up to
orders of magnitude around the initial standard value. We choose to model
single parameters at a time to disentangle and understand individual effects
on both water spectroscopy and continuum fluxes/spectral index indicators in
the same wavelength regime. Based on our results from model grids, such as
DENT (Woitke et al. 2011, Kamp et al. 2011) and the beta2 grid (Woitke 2012),
the interplay of parameters is often well represented by combining the effects
of the individual parameters.

The series deliberately extends beyond real observed disks to facilitate the
detection of correlations and to disentangle the effects of the various individual
parameters on the water lines. In the following subsections, we provide a short
description of the different parameters investigated in this modeling.

Several other parameters have been studied as well but we do not discuss
them because they do not significantly affect the mid-IR lines, such as the cosmic
ray ionization rate (less than 1% variation), the chemical heating efficiency (factor
less than 3), the disk outer radius (4% variation), the radioactive decay rate of
unstable nuclei and related heating (less than 1%), the tapering-off radius (about
10%), and the surface density power law index (about 10%). Some of these
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Table 2.1 – Overview of the fixed model parameters for the standard T Tauri model

Central star and radiation field parameters
Parameter Symbol Value

Photospheric temperature Teff [K] 4400
Stellar mass M∗ [M�] 0.8

Stellar luminosity L∗ [L�] 0.7
FUV excess LUV/L∗ 0.01

UV power law exponent pUV 0.2
X-ray luminosity LX [erg/s] 1030

X-ray minimum energy Emin,X [keV] 0.1
X-ray Temperature TX [K] 107

Disk parameters of the standard model fixed in the series
Parameter Symbol Value

Radial × vertical grid points Nxx ×Nzz 70 × 70
Outer radius Rout [AU] 300
Inner radius Rin [AU] 0.1

Surface density power law index ε 1.0
Minimum dust size amin [µm] 0.05
Reference radius R0 [AU] 0.1

Scale height at reference radius H0 [AU] 3.5×10−3

Tapering-off radius Rtaper [AU] 200
Chemical heating efficiency - 0.2

Settling description - Dubrulle
Cosmic ray ionization rate ζCR [s−1] 1.7×10−17

Distance d [pc] 140
Turbulence viscosity coefficient αvis 0

Disk inclination [deg] 30

Table 2.2 – Disk parameters varied in the series

Parameter Symbol Series values
Flaring power law index β 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.13, 1.15, 1.2, 1.25
Dust-to-gas mass ratio d/g 0.001, 0.01, 0.1, 1, 10, 100
Gas mass Mgas [M�] 10−5, 10−4, 0.001, 0.01, 0.05, 0.1
Mixing parameter αset 10−5, 10−4, 10−3, 10−2, 0.05, 0.1
ISM radiation field χISM [G∗0] 0.5, 1, 10, 100, 1000, 104, 105, 106

Fraction of PAH∗∗ fPAH 0.0001, 0.001, 0.01, 0.1, 1.0
Maximum dust size amax [µm] 250, 400, 500, 700, 1000, 2000, 5000, 104, 105

Dust size power law index apow 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
Table 2.3 – Bold numbers refer to standard model values; (*) Draine units G0 = 1.6 ×
10−3 erg cm−2 s−1 (Draine 1978); (**) Relative to ISM abundance (∼ 3×10−7 per H nucleus;
Tielens 2008)
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parameters particularly affect the optically thick regions of the disk, and will be
discussed in a future paper on ice reservoirs.

2.2.1.1 Dust-to-gas mass ratio

In the interstellar medium, dust represents approximately 1% of the total mass
(Flower & Pineau des Forets 1995), while this value can be different in en-
vironments in which dust grows, settles and the gas photoevaporates (as in
protoplanetary disks). For example, an extreme ratio can occur in the case of
a debris disk, in which the disk is essentially composed of dust, probably of
secondary origin (recent review by Wyatt 2008). A common hypothesis is that
the dust-to-gas mass ratio is related to the age of the object, and expected to
increase with age. However, this picture might be oversimplified, since there
are detected objects in millimeter observations with low dust content, but still
high accretion rates, for example, toward star formation environments like Cep
OB2 (Sicilia-Aguilar et al. 2011). This suggests that the dust content of the disk
alone cannot be considered a diagnostic for the disk age.

In our series of models, we explore a range of dust-to-gas mass ratio spanning
from 10−3 up to 100.0 to reproduce the situation of dust poor and dust-rich
protoplanetary disks. The highest dust-to-gas mass ratio represents the most
evolved systems.

2.2.1.2 Turbulent viscosity and settling

A description of the dust settling has been implemented in ProDiMo following
the approach of Dubrulle et al. (1995). The description of the adopted settling is
based on the balance between gravity and vertical mechanical gas mixing effects
in disks on dust grains. Since the effect is grain size dependent, it produces a
different corresponding scale height for each dust grain size. Dubrulle et al.
(1995) describe settling as a function of the grain size, density, relative dust
and gas velocity, and the mixing parameter (αset). The prescription of the gas
vertical mixing is conceptually the same as the turbulent motion responsible for
the angular momentum redistribution through the disk and accretion, i.e.,

ν = αviscsH (2.1)

Here, ν is the kinematical viscosity of the gas, cs is the sound speed, and H
the gas scale height (Shakura & Sunyaev 1973). The two α’s are physically the
same quantities, but here we model passive disks (without viscous heating and
accretion, and so αvis = 0) and use αset to describe the amount of settling in the
disk. The relation between settling, viscous accretion, and UV excess is still not
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fully understood and additional factors, such as stellar activity and dead zones,
possibly contribute as well.

We consider a range of αset that spans from 0.1 to 10−5. The dust settling
changes the corresponding dust scale height with respect to the gas scale height.
As a consequence, settling produces a local variation of the dust-to-gas mass
ratio. In particular, a low value of αset means that the dust is less homogeneously
mixed with the gas and hence strongly settled.

2.2.1.3 Structure of the disk

The geometrical shape of the disk is determined by the flaring index β and the
tapering-off radius Rtaper. The scale height H of the disk is parametrized as a
power law function of the radius r

H(r) = H0

(
r

R0

)β
. (2.2)

The surface density prescription follows that often used in observational studies
(de Gregorio-Monsalvo et al. 2013, Guilloteau et al. 2013), i.e.,

Σ(r) =

∫ zmax

0
ρ(r, z)dz ∝ r−εe

−

(
r

Rtaper

)2−γ

. (2.3)

It includes an exponential radial cut-off (beyond the tapering-off radius Rtaper),
which affects the flaring structure in the outer disk. The parameter ε is the
power law index of the surface density; γ is an exponent that regulates the
radial cut-off, γ = min(2, ε); and ρ(r, z) is the disk density, integrated from the
midplane up to the surface. The vertical mass distribution of a disk follow
hydrostatics, and the density decreases exponentially with z, accordingly to the
radial scale height (H),

ρ(r, z) =
Σ(r)
√

2πH
exp

(
−

z2

2H2

)
. (2.4)

Observations of protoplanetary disks are often found to be consistent with
the previous theoretical description, and have flared structures, with a scale
height increasing with the radius (Kenyon & Hartmann 1987). HST scattered
light images of disks in Taurus (Burrows et al. 1996, Stapelfeldt et al. 1998,
Padgett et al. 1999) and in Orion (Smith et al. 2005) show the flared silhouette

31



Chapter 2 – Water emission in mid- and far-IR from T Tauri stars disks

directly. Flaring is important for the thermal, ionization, and chemical struc-
ture of the disk. It is a relevant aspect of disk evolution, since the amount of
irradiation of the outer regions affects photoevaporation (see recent review by
Williams & Cieza 2011). The tapered disk profile can for example explain the
differences in size of CO rotational emission and continuum images (e.g., Piétu
et al. 2005, Isella et al. 2007, de Gregorio-Monsalvo et al. 2013). Viscous accre-
tion models indeed predict this kind of exponential outer cut-off (Lynden-Bell
& Pringle 1974, Hartmann et al. 1998). In our series of models we explore very
flat (β < 1.0) to very flared disks (up to β = 1.25) to study a wide dynamic
range.

2.2.1.4 Dust grain sizes and size distributions

Dust grows in protoplanetary disks beyond sizes found in the ISM. This can
be inferred from the SED slope in the mm range (F ∝ ναmm ). In particular,
the slope in the range 0.5-1 mm is much shallower in protoplanetary disks
(αmm ≈ 2-3 Beckwith & Sargent 1991, Mannings & Emerson 1994, Andrews &
Williams 2005, 2007) than in the diffuse ISM (αmm ∼ 4; Boulanger et al. 1996).
There is evidence that the growth continues during the disk lifetime, since a
change in the slope has been detected for class I (median αmm = 2.5) and class II
objects (median αmm = 1.8; Andrews & Williams 2005). These mm observations,
however, only provide a lower limit to the dust size, since the free-free emission
from an ionized stellar wind can contaminate the emission for λ & 1 cm (Natta
et al. 2004). Assuming that the 3.5 cm emission detected from TW Hya (Wilner
et al. 2005) is entirely from thermal emission of dust, a bimodal dust model
(Draine 2003) suggests the presence of grains up to ∼ 10 cm, extended out at
least to tens of AU to match the observations. However, growth of dust grains
should proceed faster in the inner disk because of their dependence on orbital
timescale and density. Hence the size distribution can also be a function of
radius (e.g., Dullemond & Dominik 2005, Isella et al. 2006, Blum & Wurm
2008).

During the growth of dust particles, competitive processes of depletion start
to happen, like settling, differential mixing, and fragmentation, which are all
size dependent. Fragmentation can explain the presence of small grains in pro-
toplanetary disks (a < 100 µm) after 104 yrs (Dullemond & Dominik 2005, Zsom
et al. 2011). Small grains experience a complex interplay between collisions and
coagulation (Dullemond & Dominik 2008). Large dust bodies (in particular,
around a meter in size) are also affected by radial drift, which can enhance local
selective dust depletion (e.g., Brauer et al. 2008, Ormel et al. 2011). In the inter-
stellar medium and in protoplanetary disks, the dust size distribution is often
described as a power law in the form n(a) ∼ a−apow . The previous described
effects can lead to a change in the power law distribution over the lifetime of
protoplanetary disks with clear deviations from the MRN distribution (Mathis
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et al. 1977, Testi et al. 2014, Birnstiel et al. 2011). From the observation of the
continuum in the mm, the power law index αmm (see previous section) can be
used to estimate the opacity function (κ ∝ νβ), where β is the power law index
for the opacity function. From this, the dust size power law distribution can
be inferred. β is smaller than 1 for amax & 0.5 mm in a range of power law
indices apow from 2.5 to 3.5 (Natta et al. 2004, Draine 2006). Indexes that are
smaller than 3.5 are to be expected as a consequence of the dust growth, while
a value above 3.5 is indicative of a regime of fragmentation (Weidenschilling
1997). Many observations are consistent with indexes between 2.5 and 3.3, e.g.,
objects like TW Hya, CQ Tau, and HD 142666 (Natta et al. 2004). The dust size
power law index is degenerate with the maximum dust size, however, values ≥
4.0 do not fit the observations (Natta et al. 2004). To probe slightly beyond the
observed range, we extended the upper limit to 4.5. The smaller the power law
index, the higher the fraction of the total dust mass in big grains, thus lowering
the UV opacity of the dust.

2.2.1.5 The ISM UV radiation field

Star formation mostly happens in large clusters with hundreds to thousands of
stars (McKee & Williams 1997, Lada & Lada 2003) with a relevant population of
O and B-type stars. These are intense sources of UV radiation, which generate
local UV radiation fields that are several orders of magnitude stronger than
the local UV field in the solar neighborhood. This strong radiation bath can
erode the external surface regions of the disk. Examples of these objects are
cocoons embedded in an ionized sheath, like those observed in Orion by the
Hubble Space Telescope (Bally et al. 2000). In these objects, the far-UV (FUV)
photons produce a thick photon dominated region (PDR), whose exposed gas
layers reach T ≥ 1000 K.

The ISM UV radiation field has been extensively studied by Draine (1978).
He defined the solar neighborhood integrated flux G0 = 1.6×10−3 erg s−1 cm−2.
To probe the effects of the external radiation field, we create models with χISM
spanning from less than the local solar neighborhood flux (0.5 G0) up to 106 G0.
The high limit reproduces extreme cases like the Orion Bar (Marconi et al. 1998)
or active galaxies (van der Werf et al. 2010), which should also host protoplan-
etary disks as part of the star formation process.

2.2.1.6 PAHs in disks

From a study of the interstellar medium opacity function (Draine & Lee 1984),
dust is assumed to be a mixture of silicates and carbon compounds; however,
polycyclic aromatic hydrocarbons (PAHs) contribute as well to the total opacity
function. PAHs are of major importance for the gas physics of the disks, since
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they represent an important source of heating in the irradiated layers (Kamp
& Dullemond 2004). Usually, for protoplanetary disks, the fraction of PAHs
( fPAHs) is assumed to be 0.01 with respect to the ISM abundance (∼ 3×10−7 per
H nucleus; Tielens 2008). However, there are no clear observational constraints
because for T Tauri stars the PAH features are absent with relatively few ex-
ceptions (Gürtler et al. 1999). A more detailed study concerning embedded
YSOs suggests that the carriers of the PAHs are depleted by at least an order of
magnitude with respect to the ISM (Geers et al. 2009).

The PAH abundance can affect lines produced in the upper layers of the disk
or in optically thin regions. The model series assumes a range of fPAH from 10−4

to 1.0. In the current implementation, fPAH only affects the heating of the gas
and is not treated as an additional opacity source.

2.2.1.7 Gas masses

Gas generally dominates the total mass of protoplanetary disks, at least for the
youngest objects. However, its detection is more challenging than the dust, since
the emission is in discrete lines and bands. Their detection often requires high
spectral resolution. Emission lines can only be detected if the gas excitation
temperature (Tex) is larger than the dust temperature (Tdust).

The mass of the disk can be inferred from line observations in the (sub)mm,
using tracers as CO and CO isotopologues (13CO, C18O) (e.g., Zuckerman et al.
1995, Dent et al. 2005, Miotello et al. 2014). Kamp et al. (2011) propose a method
for the gas mass estimation based on the [OI] 63 µm and CO J = 2-1 transi-
tions for low-mass disks (Mgas < 10−3 M�). Alternatively, sub-mm continuum
observations can be used to derive a disk mass from the dust mass, making
assumptions on the dust-to-gas mass ratio (Beckwith & Sargent 1991, Andrews
& Williams 2005, 2007). Continuum observations toward Taurus-Auriga and ρ
Oph are consistent with disk masses in the range 10−4 - 0.1 M�. To analyze the
situation of the most extreme disks observed toward several SFRs, we investigate
a range of Mgas from 10−5 to 0.1 M�.

2.3 Standard model results

Our standard disk model (Fig. 2.1) shows three main water gas reservoirs (A,B,C)
and an ice reservoir (I). A similar structure has been found previously for a
generic Herbig disk (Woitke et al. 2009b). The classification of the different
reservoirs adopted here is, however, different. Because of the overall lower disk
temperature compared to Herbig disks, the ice reservoir is more extended in the
case of the T Tauri disks. In general, models of circumstellar disks find similar
structures for the water vapour distribution, but the size of the reservoirs change
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according to the detailed physical conditions (van Dishoeck et al. 2014). The
radial extent of each reservoir is defined here using the density and the emitting
regions of the water lines in the standard model. The ice reservoir is shaped by
the disk opacity. At AV ≥ 10, the dust temperatures and photodesorption rates
are so low that H2O freezes onto dust grains. The exact position of the snow
line is a function of the gas temperatures and pressure (Lecar et al. 2006).

The inner zone of the disk (A) is a warm reservoir with high density
(≥ 109 cm−3), which produces the Spitzer lines. Disk (A) zone is that with the
largest water column density in the disk, and is extended from the inner wall
up to the snow line. The lowest abundance gas reservoir is the outer reservoir
(C). In this region, the density is below 100 cm−3, and the optical depth is low.
Hence, transitions from this cold outer region of the disk probe deeper into
the disk; examples are the Herschel/HIFI lines as 538.29 µm and 269.27 µm.
Reservoir C is extended from the outer end of the snow line (45 AU) up to
the outer disk radius. The intermediate region above the ice is the reservoir B
(z/r ∼ 0.1-0.25); it is radially extended between the reservoirs A and C. In this
region, physical conditions (densities of H2, H, e−, temperatures of dust and gas)
show large changes with radius. Many of the Herschel PACS and Spitzer Space
Telescope high excitation lines (200 < Eup < 1000 K, not analyzed in this work)
arise in this disk zone. Below this region, water is predominantly in the form
of ice (I). The icy reservoir in Fig. 2.1 is here defined by a combination of the
Tdust ' 100 K line and the location of the continuum opacity3 AV = 10. In the
ice reservoir, the water abundances of the gas phase are depleted by 5 orders
of magnitude with respect to the upper reservoir B. The ice reservoir can be
indirectly probed through ice features arising from dust covered by mantles of
frozen water. The 3 µm NIR ice feature has been detected by Terada et al. (2007),
while McClure et al. (2012) reported the tentative detection of the 63 µm far-IR
feature. Gas and dust are thermally coupled in the regions of the line emission
of reservoir A and C (Fig. 2.16). In reservoir B, dust and gas temperatures are
partially decoupled.

In general, dust settling produces a lower local dust content in the surface
layers of all models (Fig. 2.16) and steepens the local dust power law distribution
with respect to a completely unsettled case. The effect of settling is particularly
relevant in the outer disk, where the mixing is not strong enough to stir up
the dust grains. This makes the average grain size 〈a〉 close to the midplane
larger with respect to an unsettled model. In the line emitting region of the
12.407 µm water line (Fig. 2.2) for the standard model the average dust size is
0.45 µm, while in the region of the 538.29 µm this size drops to 0.36 µm. The
standard model has a high mixing parameter, and is thus close to an unsettled
disk model. In the water line emitting regions of all reservoirs (z/r ' 0.15-0.2),
above the AV > 1 layer, chemical heating and H2 formation heating are the main

3 AV is the optical extinction in magnitudes; r and z are the radial and vertical coordinates:
AV(r, z) = min(AV(r); AV(z); AV(Rout) − AV(r)).
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Figure 2.1 – Water reservoirs in the standard disk; the white line represents the contour
of Tdust = 100 K, the black and red dashed curved lines represent the contours of optical
extinction for AV = 1 and AV = 10, respectively. The water ice reservoir is outlined
by the white contour and the dashed line corresponds to AV = 10. Vertical red dashed
lines and the orange rectangle delimit the water reservoirs.
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heating processes (Fig. 2.16). The cooling is dominated by H2O rotational and
ro-vibrational emission and CO rotational and ro-vibrational emission. Deeper
in the disk, gas-grain collisions couple Tgas and Tdust. Additional plots on the
standard model properties can be found in Appendix A.3 (Fig. 2.16).

2.3.1 Water chemistry

A complete list of the main reactions involving water in the disk model is re-
ported in Table 2.4. The most important reactions in the emitting region of every
transition are summarized in Table 2.5. They are sorted by their relevance with
respect to the timescale and the number of grid points in which they dominate.
The kinetical reaction constants of the gas phase are expressed in a parametrized
manner with three coefficients (α, β, γ). The calculation of the various types of
reaction rates, using these coefficients, is described in Woodall et al. (2007) and
Woitke et al. (2009a).

The emitting regions of the Spitzer transitions (except the 33.510 µm line) are
co-spatial (Fig. 2.2). Hence the main processes and chemical rates are very sim-
ilar. For these transitions, the main formation channels are the neutral-neutral
reactions of H2 and OH, and due to the presence of X-rays, the dissociative
recombination of H3O+. For the 33.510 µm line, there is an additional neutral-
neutral nitrogen chemistry channel via NH2 and NO. The reaction rates (for a
two-body reaction, ki,j · ni · nj [s−1]) in these dense and hot regions of the disk
are above 103 s−1. Water in these regions is chemically mainly depleted through
neutral-neutral reactions involving atomic hydrogen and through photodissoci-
ation.

In the outer disk (reservoir C), water is produced mainly through dissocia-
tive recombination of H3O+ and radiative association of OH and H. Secondary
formation channels are the neutral-neutral reactions involving NO and NH2. In
this reservoir, several processes deplete water vapor: photoionization, charge
exchange with He+ and ion-neutral reaction with Si+ (driven by X-rays, cosmic
rays and collisional ionization with electrons), water photodissociation, and ice
formation. The reaction rates here are lower than in reservoir A, of the order of
10−5 s−1 (∼ 1 day), but the timescales are still shorter than the disk lifetime.

Previous studies found differences in terms of nitrogen chemistry for T Tauri
disks. The channels mentioned above are an important formation path for water
precursors (as OH) in the outer disk of TW Hya, and in a tiny region in the
inner rim where water is directly formed from NO and NH2 (Kamp et al. 2013).
In the Najita et al. (2011) chemistry network, atomic nitrogen is a competitor
that depletes OH in the disk atmosphere, making it harder to produce water.
However, this model only includes X-rays and not FUV and also lacks water
rotational cooling. Water in the inner disk is formed through the activated
channel involving OH and H2, in agreement with our modeling. The Glassgold

37



Chapter 2 – Water emission in mid- and far-IR from T Tauri stars disks

Table 2.4 – Main reaction channels in order or relevance for water formation and de-
struction in the standard disk model

Reaction number Reaction α [cm3 s−1] or [s−1] β [-] γ [K] Type References
1 H2 + OH → H2O + H 2.05×10−12 1.52 1740.00 Neutral-Neutral 1
2 NH + OH → H2O + N 3.11×10−12 1.20 0.00 Neutral-Neutral 2,1
3 NH2 + OH → H2O + NH 7.78×10−13 1.50 -230.00 Neutral-Neutral 1
4 NH2 + NO → N2 + H2O 4.27×10−11 -2.50 331.00 Neutral-Neutral 2,1
5 OH + OH → H2O + O 1.65×10−12 1.14 50.00 Neutral-Neutral 3
6 OH + H2CO → HCO + H2O 2.22×10−12 1.42 -416.00 Neutral-Neutral 1
7 NH2 + H3O+ → H2O + NH+

3 9.70×10−10 0.00 0.00 Ion-Neutral 4
8 H3O+ + Si → SiH+ + H2O 1.80×10−9 0.00 0.00 Ion-Neutral 4
9 H3O+ + SiO → SiOH+ + H2O 2.00×10−9 0.00 0.00 Ion-Neutral 5
10 H3O+ + e− → H2O + H 1.08×10−7 -0.50 0.00 Dissociative Recombination 6
11 H− + OH → H2O + e− 1.00×10−10 -5.22 90.00 Associative Detachment 4
12 H + OH → H2O + hν 5.26×10−18 -5.22 90.00 Radiative Association 7
13 H3O+ + hν → H2O + H+ 2.00×10−11 0.00 2.00 Photodissociation 8
14 H∗2 + OH → H2O + H 3.60×10−11 0.00 0.00 Neutral-Neutral(a) 1
15 H2O(ice) + dust → H2O + dust - - 4800.00 Desorption(b) 9,19
16 H2O(ice) + C.R.P. → H2O + dust - - 4800.00 Cosmic-rays-desorption(b) 19
17 H2O(ice) + hν → H2O - - 4800.00 Photodesorption(b) 9,19
18 PAH− + H3O+ → PAH + H2O + H 1.70×10−8 0.50 0.00 PAH Dissociative Recombination 18
1 H2O + H → OH + H2 1.59×10−11 1.20 9610.00 Neutral-Neutral 1
2 H+

3 + H2O → H3O+ + H2 5.90×10−9 0.00 0.00 Ion-Neutral 10
3 C+ + H2O → HCO+ + H 9.00×10−10 0.00 0.00 Ion-Neutral 4
4 CH+

5 + H2O → H3O+ + CH4 3.70×10−9 0.00 0.00 Ion-Neutral 10
5 H2O + Si+ → SiOH+ + H 2.30×10−10 0.00 0.00 Ion-Neutral 11
6 H2O + HCO+ → CO + H3O+ 2.50×10−9 0.00 0.00 Ion-Neutral 12
7 H2O + HN+

2 → N2 + H3O+ 2.60×10−9 0.00 0.00 Ion-Neutral 13
8 H2O + SiH+ → Si+ + H3O+ 8.00×10−10 0.00 0.00 Ion-Neutral 5
9 H+ + H2O → H2O+ + H 6.90×10−9 0.00 0.00 Charge Exchange 14
10 He+ + H2O → He + H2O+ 6.05×10−11 0.00 0.00 Charge Exchange 15
11 H2O + hν → OH + H 5.90×10−10 0.00 1.70 Photodissociation 16
12 H2O + hν → H2O+ + e− 3.30×10−11 0.00 3.90 Photoionization 16
13 H2O + dust → H2O(ice) - - - Adsorption(b) 19
14 Ne+ + H2O → Ne + H2O+ 8.00×10−10 0.00 0.00 Charge Exchange 17

(1) Mallard, W. G., Westley, F., Herron, J.T., Hampson, R.F., Frizell, D.H. (1994); (2)
McElroy et al. (2013); (3) Woodall et al. (2007); (4) Prasad & Huntress (1980); (5) Herbst
et al. (1989); (6) Tielens & Hollenbach (1985); (7) Field et al. (1980); (8) Jensen et al. (2000);
(9) Hollenbach & Gorti (2009); (10) Kim & Huntress (1975); (11) Fahey et al. (1981); (12)
Adams et al. (1978); (13) Rakshit (1982); (14) Smith et al. (1992); (15) Mauclaire et al.
(1978); (16) van Dishoeck et al. (2006); (17) Anicich (1993); (18) Flower & Pineau des
Forêts (2003); (19) Aikawa et al. (1996)

(a) H2 in a vibrationally excited state, populated by fluorescence from the electronically
excited states; (b) For desorption processes, γ is the adsorption energy.
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Table 2.5 – Main reaction channels in the emitting regions of the considered transitions
in the standard model

Species & wavelength [µm] Formation reaction number Destruction reaction number
o-H2O 12.396 1,10 1,11
p-H2O 12.407 1,10 1,11
o-H2O 12.445 1,10 1,11
o-H2O 12.453 1,10 1,11
p-H2O 12.832 1,10 1,11
p-H2O 12.894 1,10 1,11
o-H2O 33.510 1,10,4 1,11
p-H2O 269.27 12,10,4 12,10,13,11,5
o-H2O 538.29 12,10,4 12,10,13,11,5

Reaction numbers in order of relevance.

et al. (2009) model does not include FUV and its network is limited to 125
reactions and 25 species, including only H, He, C, and O. This model agrees with
our study on the water formation mechanism through neutral-neutral reaction of
OH and H2, and finds that reactions with H+ are the main destruction channels
of water in the upper layers.

In the modeling of Herbig disks, performed with a comparable chemical
network, Woitke et al. (2009b) found that dissociative recombination is not im-
portant in the inner disk, contrary to the case of T Tauri disks. The outer disk
water reservoir of Herbigs is then fueled by photodesorption processes from the
ices, while the depletion is again due to photodissociation. The main difference
from the chemistry in T Tauri disks is the lack of channels involving ions.

2.3.2 Water spectroscopy

Water has an extremely rich spectroscopy, making it necessary to select a sub-
sample of lines for this study. We thus focus here on the list of transitions
shown in Table 2.6, which are based on Spitzer and Herschel/HIFI line detec-
tions in disks around T Tauri stars. A detailed investigation of each single line
regarding the chemistry is only performed for the reference model (parameters
are reported in boldface in Table 2.3).

The mid-IR transitions originate from the warmest water reservoir (A,
Fig. 2.2), consistent with their high upper level energies (Table 2.6). The two
sub-mm lines are produced in the outer cold disk (reservoir C). We chose the
mid-IR 12 µm lines because they are also observable from the ground with
VISIR on the VLT (Pontoppidan et al. 2010a) and they are physically unblended.
This last aspect is very important, because our modeling is based on individual
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Table 2.6 – Water lines selected for this work

Species λ [µm] Instrument Reservoir Eup [K] Quantum numbers
JKa,Kc,up-JKa,Kc,low

p-H2O 12.407 Spitzer IRS/VISIR VLT A 4945.0 163,13-152.14
o-H2O 12.396 Spitzer IRS/VISIR VLT A 5781.0 174,13-163.14
o-H2O 12.445 Spitzer IRS/VISIR VLT A 3629.0 118,3-105,6
o-H2O 12.453 Spitzer IRS/VISIR VLT A 4213.0 137,6-124,9
p-H2O 12.832 Spitzer IRS/VISIR VLT A 3243.0 108,2-95,5
p-H2O 12.894 Spitzer IRS/VISIR VLT A 3310.0 125,7-112,10
o-H2O 33.510 Spitzer IRS/VISIR VLT A/B 2275.0 104,7-93,6
p-H2O 269.27 Herschel HIFI B/C 53.43 11,1-00,0
o-H2O 538.29 Herschel HIFI B/C 60.96 11,0-10,1

line radiative transfer. The strongest detections in the Spitzer regime are the
blends around 15 µm and 17 µm (Pontoppidan et al. 2010b, Carr & Najita 2011,
Zhang et al. 2013), but the difference from the 12 µm lines is within a factor
10. We verified that the behavior of the single components of the blends in
the Pontoppidan et al. (2010b) work is the same as that of the individual lines
we discussed. In the following, we plot all the line fluxes as a function of the
selected parameters. The focus of this study is to understand the discrepancy
in detection between Spitzer/IRS and Herschel/HIFI, i.e., between the inner
and outer disk, and to find a possible connection/explanation with the physical
properties of the disks.

Fig. 2.2 shows the observed and detected Spitzer lines considered here;
(Eup ≥ 3000 K). Since reservoir A is very compact compared to the disk size,
these transitions largely overlap in their emitting volume, and as a consequence,
the physical conditions are very similar for all the lines. As long as the radial
and vertical temperature and density gradients in these line emitting regions
are small, a simplified slab approach as employed, e.g., in Carr & Najita (2008)
presents a reasonable approximation. The transitions below 12.5 µm are pro-
duced in a region that is partially optically thick. A vertical integration of the
dust extinction (see Appendix A.2) confirms that the τdust = 1 surface at the wave-
length of the line is above the mean vertical height of the line emitting region,
so that the lines are partially buried in the continuum. Lines from reservoir B
are produced in an optically thinner region, about 50% of the emitting region
is optically thin. More than 30% of the 269.27 µm and 70% of the 538.29 µm
line emitting regions (reservoir C) are vertically extended above the τdust = 1
contour at the respective wavelengths.

The far-IR transitions are very close to LTE because the average density of
H2 is close to the critical density (within an order of magnitude), and so we
expect them to be sensitive to Tgas and ngas variations. Our mid-IR lines, instead,
are produced in a very dense region of the disk, and so they form under LTE
conditions. Table 2.7 shows that H2 is the main collisional partner for all consid-
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Figure 2.2 – Water lines from different reservoirs in the standard model; top left: reservoir
A, top right: reservoir A-B, bottom: reservoir B-C. the blue dashed curved lines are con-
tours for gas densities of 108 and 1010 cm−3, the yellow contours are for gas temperatures
of 50 K, 150 K, 600 K. Vertical red dashed lines delimit the reservoirs.
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Table 2.7 – Radiative and collisional rates of the considered transitions

species λ [µm] Aul [s−1] 〈
nH2

〉
C(a)

H2,ul [s
−1] 〈nH〉C

(a)
H,ul [s

−1] 〈ne−〉C
(a)
e−,ul [s

−1]
p-H2O 12.407 4.217 4.489×1012 (o-H2 & p-H2) 2.838×109 8.918×10−3

o-H2O 12.396 7.665 4.823×1012 (o-H2 & p-H2) 3.076×109 1.757×10−2

o-H2O 12.445 2.937×10−1 4.982×1011 (o-H2 & p-H2) 2.990×108 4.089×10−4

o-H2O 12.453 1.160 1.660×1012 (o-H2 & p-H2) 9.963×108 1.431×10−3

p-H2O 12.832 1.564×10−1 1.375×1012 (o-H2 & p-H2) 8.253×108 2.399×10−4

p-H2O 12.894 2.596×10−1 5.856×1011 (o-H2 & p-H2) 3.154×108 3.956×10−4

o-H2O 33.510 4.691 1.877×1011 (o-H2 & p-H2) 6.689×107 2.862×10−2

p-H2O 269.27 1.852×10−2 1.817×10−3 (p-H2)
7.943×10−3 (o-H2)

1.070×10−6 4.145×10−5

o-H2O 538.29 3.477×10−3 1.348×10−3 (p-H2)
1.274×10−2 (o-H2)

5.985×10−7 5.869×10−5

Table 2.8 – (a) Collisional rates; the average densities used are computed within the emit-
ting region of the considered line and the Tgas for the collisional constants are averaged
inside the emitting region (see Appendix A.2)

ered transitions because the H/H2 ratio is always below 0.1. Because of changes
in the physical conditions of the different models, the previous statements are
strictly valid only for our standard disk model.

2.4 Results

The previously discussed standard model is a starting point from which we
build a series of models, modifying a single parameter per disk model. In the
following, we discuss the results from this series.

The line fluxes have been treated as independent transitions, hence, as phys-
ically unblended. The results reported here are based on vertical escape prob-
ability. This approach agrees within a factor of two with a more detailed and
computationally more expensive radiative transfer (Fig. 2.3). In particular, far-IR
lines agree within 30%, while mid-IR lines agree within 70%. The lines from
vertical escape probability show a systematical stronger value than detailed RT
lines. The reason for this mismatch is twofold: the disk inclination (30 deg)
causes larger column densities of gas and dust in the detailed RT calculation
with respect to the vertical escape treatment. In addition, the vertical escape
does not take the line self-absorption into account. The vertical escape method
is a fast and powerful method to compute tens of thousands of lines for differ-
ent species. Cases in which the vertical escape probability is unreliable are rare
cases of absorption lines. Those are limited to very few flat models (β < 0.8),
to models with apow ≥ 4.0, or dust-to-gas mass ratio ≥ 100, and our conclusions
are not affected.

To illustrate the results, the theoretical Spitzer spectrum of each model is
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Figure 2.3 – Comparison between the vertical escape probability flux and a detailed
radiative transfer computation for the standard model. Green dashed and blue dot-
dashed lines are confidence intervals of 30% and 70% from the red line, respectively.

computed with a resolution of 600 (the maximum of IRS, of LH and SHmodules;
Houck et al. 2004). These spectra give a first qualitative result, which can be
compared to observations. We also define a “mid-IR color” as the ratio of the
continuum fluxes at 13.5 and 30 µm as indicator of the SED slope in the Spitzer
wavelength range.

In the following subsections, we discuss the behavior of the selected transi-
tions, considering the representative mid-IR and far-IR lines. We also describe in
detail some average physical quantities in the line emitting regions. The compu-
tation of these quantities is described in detail in Appendix A.2. We compare the
predicted fluxes with the sensitivity limits for Spitzer/IRS (5 · 10−18 W/m2, 1 σ,
deduced from the typical upper limits; Pontoppidan et al. 2010b), Herschel/HIFI
(9 · 10−19 W/m2, 1 hr, 5 σ; de Graauw et al. 2010, Roelfsema et al. 2012), and
finally JWST/MIRI (10−20 W/m2, 2.7 hrs., 10 σ; Glasse et al. 2010)4. Additional
plots with the 538.29 µm o-H2O line flux and line ratios 538.29 µm/12.407 µm
are included in Appendix A.3 (Fig. 2.15 & 2.17).

4 http://www.stsci.edu/jwst/instruments/miri/sensitivity/ & http://www.stsci.edu/jwst/science
/sensitivity
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2.4.1 Dust-to-gas mass ratio

A variation of this parameter means changing the dust mass since the gas mass
is fixed to 0.01 M�.

The water total column densities in the inner disk are unaffected by the dust
content (Fig. 2.4b). However, the Spitzer line at 12.4 µm is produced by a volume
in which the column density is suppressed up to 14 orders of magnitude from
the low to high dust-to-gas mass ratio (Fig. 2.4a). The emitting region of the
Spitzer line becomes radially more extended between the low and high dust-to-
gas case (Fig. 2.4c). This is because the total water reservoir is unaffected, while
the emitting region moves upward to the disk surface with increasing dust mass
(Fig. 2.4c); this causes the densities in the emitting region to drop by 8 orders
of magnitude. The continuum opacity in the line emitting region grows with
increasing dust mass (Fig. 2.4h).

In summary, mid-IR line fluxes are driven indirectly by the increase in dust
opacity; it forces the lines to move upward in the disk into lower density re-
gions (Fig. 2.4c & h). The continuum optical depth increase reduces the column
density of emitting water. The deviation beyond a dust-to-gas ratio of 10.0 is
due to the extremely optically thick disk, which forces the lines to be produced
from more optically thin surface layers beyond 0.5 AU.

In the outer disk, which hosts the ice reservoir, changes in the opacity affect
the photoevaporation process, increasing the total water vapor column density
(Fig. 2.4b). The emitting region of the fundamental water lines gets progressively
close to AV = 1. The emitting region’s radial displacement with the increase of
dust mass is less pronounced than in the mid-IR case (Fig. 2.4c), but the vertical
displacement is significant. Also, the line flux of the far-IR water lines is driven
by an opacity effect, but to a lesser extent compared to the mid-IR. Also, the
emitting region moves upward with increasing dust mass, however, the emitting
water column density is only reduced by two orders of magnitude between the
most extreme models (Fig. 2.4a). The situation is less extreme, because the outer
disk is only marginally optically thick (Fig. 2.4a).

All Spitzer transitions show a strong dependence on the dust-to-gas mass
ratio (Fig. 2.4e & f). The line-to-continuum ratio changes by a factor 2.5 between
the smallest and largest dust-to-gas ratio, and in the dust-rich models all line
features disappear from the Spitzer/IRS spectra. This is in agreement with
previous results of Meijerink et al. (2009). The continuum fluxes decrease with
decreasing dust content, and the 13.5/30 µm continuum flux ratio decreases
with increasing dust content in the disk.
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Figure 2.4 – Plots for dust-to-gas mass ratio models. (a) Emitting region water column
density comprises 15-85% of the radially and vertically integrated flux. Vertical dotted
green lines distinguish the reservoirs. (b) Total water column densities as a function
of radius. (c) Average extension of the line emitting region that comprises 50% of the
line flux radially and vertically for 12.407 µm. (d) Average extension of the line emitting
region for 538.29 µm (50% of radially and vertically integrated flux). (e) Theoretical
Spitzer SH/LH modules spectra (R = 600) for this model series, continuum subtracted
and arbitrarily shifted. (f) Theoretical Spitzer SH/LH modules spectra (R = 600) for
this model series. (g) Spitzer line fluxes with sensitivity limits (green dotted lines) for
Spitzer/IRS, JWST/MIRI. (h) Radiation field and optical extinction in the line emitting
regions of 12.407 µm and 538.29 µm.
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Fig. 2.4 – Continued.

2.4.2 Dust settling

Settling affects the water line emission much less than the dust-to-gas mass ratio.
In fact, the largest systematic difference in water column density can be found
in the outer disk, r> 10 AU (Fig. 2.8b). The Spitzer emitting region only shows
a change in the water emitting column density in the most settled model; that
is also the only one producing a slightly stronger line flux (Fig. 2.8g). The most
settled model has a higher column density in the water emitting regions of the
mid-IR and far-IR lines because of the reduced continuum opacity that boosts
the thermally activated water formation channels. In the inner disk, the density
is very high, and therefore the dust is largely unsettled. In cases of extremely
low mechanical mixing only(αset ≤ 10−5), the disk has such a low opacity that
the line emitting region moves upward because of increased radial extension in
the disk, and the column density of the emitting region is higher than in an
unsettled case (Fig. 2.8b). In the emitting region of the far-IR lines, the column
density is more affected (Fig. 2.8b); for αset<0.01, the total water column density
grows about an order of magnitude (Fig. 2.8d). Because of the migration of
the far-IR line emitting region, dust extinction fades quickly from a marginally
optically thick regime to an optically thin regime (Fig. 2.8h). The outer disk
is affected by settling only for αset < 10−3; this threshold can be found in the
evolution of several properties, such as the opacity (Fig. 2.8h).

In the outer disk the photodesorption of water (Sect. 2.3.1) and photodis-
sociation processes are not strong enough to deplete water significantly. This
produces an upward migration of the emitting region for the far-IR transition in
the most settled models. The Spitzer line emitting region migration (Fig. 2.8c)
and larger emitting water column density are negligible given numerical uncer-
tainties.

The reduction of the mixing parameter produces a moderate enhancement
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in the mid-IR line-to-continuum ratio (Fig. 2.8e & f), along with a reduction of
the continuum flux because of the decrease of dust in the surface layers of the
inner disk. The 13.5/30.0 µm continuum flux ratio decreases with increasing
the mixing coefficient αset.

2.4.3 Flaring parameter β

In the parametrized modeling, the disk structure can be set through the scale
height at a reference radius H0 and the flaring index β. Here, we only change
the flaring and fix the scale height at the inner disk radius. A value of β < 1.0
produces a disk collapsed vertically behind the inner radius and completely
shadowed by the vertical extent of the inner disk rim.

An increasing flaring index decreases the water column density of the emit-
ting region by up to two orders of magnitude, and the emitting region becomes
up to a factor 1.5 more radially extended (Fig. 2.9h). As consequence of the
increased radial extension, the emitting region of the Spitzer lines also moves
upward with increasing flaring index (Fig. 2.9c). The line fluxes show a min-
imum for β = 1.0 (Fig. 2.9g) and increase for β > 1.0 up to a factor 1.5.
The mid-IR spectral changes can be explained by a pure geometrical effect. Al-
though the variation in the inner disk is small (since the inner disk scale height
is fixed), it is enough to increase the heating of the surface layers of the inner
disk to the central star radiation.

The outer disk total water column density is more affected than the inner
disk, and the total amount of water (beyond 80 AU) is a factor ∼ 2 larger in
the most flared case with respect to the flattest case (Fig. 2.9b). With increasing
flaring, the emitting region moves upward and gets vertically more extended
(Fig. 2.9d) because of an increase of the line opacity. The column density of water
vapor in the emitting region becomes smaller, but the Tgas becomes larger. This
is consistent with the monotonic increase of the Herschel/HIFI line flux.

With increasing flaring, the disk surface is irradiated more strongly by the
central star. This increases the dust temperature through the entire disk (espe-
cially in the surface layers) and hence the mid-IR color value decreases (Fig. 2.9f).

2.4.4 Maximum grain size

The total column density of water beyond 1 AU is affected by the maximum grain
size; the models with bigger grains have a larger water vapor column density
(Fig. 2.10b). The lower the opacity, the more depleted is the ice reservoir, both
vertically and radially, thus enriching the gas phase. The water column density
in the emitting region of the Spitzer transition also increases (Fig. 2.10a). That
region moves upward and becomes more extended with increasing maximum
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grain size (Fig. 2.10 g). Since the total dust mass remains constant with in-
creasing amax, the population of small grains is reduced. As a consequence, the
average continuum opacity (Fig. 2.10h) in the emitting region decreases with the
increase of maximum grain size because the radial gas and dust temperature
gradient flattens and the emitting region becomes radially more extended. This
is a consequence of the increased FUV flux through the whole disk. The verti-
cal displacement is a consequence of a radially more extended emitting region
because the disk is flared and the emitting region moved outward also becomes
more extended vertically (Fig. 2.10c). The mid-IR line fluxes increase monoton-
ically with increasing maximum dust size because of increased emitting area
and lower continuum opacity (Fig. 2.10c & h).

The emitting region of the Herschel lines (Fig. 2.10d) moves closer to the
midplane of the disk for larger amax, maintaining roughly the same radial extent
and position (Fig. 2.10d). This is again due to the lower dust optical depth for the
models with larger grains. The water column density increase with increasing
amax translates into larger fluxes since the lines are optically thin.

The modeled Spitzer spectrum (Fig. 2.10e & f) shows a decreasing mid-IR
dust continuum for models with larger maximum grain sizes. There is, however,
no significant variation of mid-IR color (within a factor 2).

2.4.5 Dust size power law distribution

The total water column density inside 1 AU remains constant when varying
the power law index of the grain size distribution, while it decreases by several
orders of magnitude in the outer disk (Fig. 2.11b). The water column density in
the Spitzer line emitting region becomes lower, and the region shrinks radially
by more than a factor of 3 (Fig. 2.11a & c). The migration is, however, not
monotonic (Fig. 2.11c). This is because in the models with a power law index
above 3.0, the continuum optical depth in the Spitzer emitting region increases
strongly. Below 3.0, the optical depth stays constant (τcont ∼ 100). The increase
in opacity causes the line emitting region to move inward, where the gas still
reaches the line excitation temperatures.

In the Herschel/HIFI emitting region, dust and gas are thermally coupled
above a threshold of apow = 3.5. The emitting region becomes progressively
optically thick for larger apow, but it never reaches AV = 1. The line is emitted
deeper in the disk in the models with apow = 2.0 up to 3.0. This is due to enhanced
photodesorption, which increases the water column density in the sub-mm line
emitting region. The lower column densities of water vapour in the outer disk
lead to lower fluxes in the sub-mm water lines (Fig. 2.11a & b). The emitting
region of the far-IR lines moves upward for apow >3.0. In this case, the opacity
is so high that water is not efficiently photodesorbed anymore and the line has
to be produced higher up in the disk, where water is still in gaseous form.

48



2.4 Results

The modeled Spitzer spectrum (Fig. 2.11e & f) shows an increase of the
continuum in the near-IR to mid-IR range and a lower line-to-continuum ratio for
the models with a larger amount of small dust (high values of apow). The mid-IR
color variation is very high and the 13.5/30 µm continuum flux ratio decreases
by more than a factor 2. The change in continuum flux is a consequence of
settling (present in all the models). For larger apow, the disk has more smaller
grains (that are not settled), and so the warm surface layers contain a higher
dust mass, which contributes to the continuum. In this case, the dust consists
mainly of small grains and the opacity is high. As discussed in Sect. 2.4.1, the
line-to-continuum ratio is then very low. The flat grain size distribution model
has a lower opacity (flatter and more than 4 dex weaker in the UV-optical range),
and the dust and gas temperature gradients are radially and vertically steeper
than in the case of a steeper grain size distribution. Then, the dust becomes
colder overall, producing less mid-IR continuum.

2.4.6 ISM radiation field

The ISM FUV radiation field affects the outer regions of the disk and changes the
water column density beyond 30 AU in a complex way (Fig. 2.12b). In the most
irradiated model, the total water column density decreases from photodissocia-
tion. In the emitting region of the Spitzer lines, the column density is unaffected
below χISM =103 G0 (Fig. 2.12a). The Spitzer line emitting region for χISM>103 G0
extends over the entire disk, overlapping with the sub-mm lines. This happens
because of a strong change in the thermal structure of the irradiated disk, and
the formation of a hot layer of gas extending into the outer disk (beyond 10
AU). The hot gas extends down to the midplane for the χISM = 106 G0 model.
Water is then eroded through photodissociation in the outer disk and the line is
produced at smaller radii and closer to the midplane (Fig. 2.12d). The increase
in Tgas for the more irradiated models (χISM > 103 G0) makes the line emitting
regions radially more extended, and the mid-IR line fluxes increase (Fig. 2.12g).

In the outer disk, the opacity in the emitting region of the far-IR lines drops
of an order of magnitude at χISM =104 G0, but then it raises again for larger χISM.
This is because of a complex variation in the total water column density in the
outer disk (Fig. 2.12b & a), which also affects the emitting region’s extension and
position (Fig. 2.12c & d). The far-IR lines first moves outward and then above
χISM = 103 G0 inward and closer to the midplane. The line optical depth drops
below 1.0 for χISM > 103 G0 (Fig. 2.12d). Increasing the FUV radiation field, the
emitting column density becomes larger because of enhanced photodesorption
(Fig. 2.12a). The emitting region, however, is radially less extended because of
increasing photodissociation, which removes water from the outer disk and even
partially depletes the ice reservoir (Fig. 2.12b). The gas temperature in the emit-
ting region increases from less than 100 K to 500 K and decouples from the dust
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temperature for models with χISM>100G0. The interplay between the increased
temperature, the larger column density and the decreasing emitting area in the
outer disk limits the sub-mm line flux increase to an order of magnitude.

The theoretical Spitzer spectrum (Fig. 2.12e & f) shows an increase of the
line-to-continuum ratio for an increasing χISM up to 10 G0. For fluxes larger
than 1000 G0, the continuum starts to become stronger, reducing the line-to-
continuum ratio. This is due to the fact that χISM > χstar (χstar ∼ 104 G0 within
2 AU). Beyond 103 G0, the mid-IR color becomes much smaller than 1.

2.4.7 PAHs photoelectric heating

PAHs affect the total water column density by less than an order of magnitude
in the outermost regions of the disk (Fig. 2.13a). The Spitzer transitions are
almost unaffected (Fig. 2.13b). Their emitting region moves slightly upward and
outward due to the increase in heating caused by PAHs (Fig. 2.13c). However,
this displacement is too small to affect the line fluxes in the mid-IR. The column
density in the emitting region of the far-IR lines increases by less than a factor of
two with increasing fPAH. The sub-mm line emitting region moves outward and
upward (Fig. 2.13d), but the gas temperature hardly changes. The line fluxes
increase by a factor ∼ 2.

Since the dust opacities stay constant, the Spitzer spectra all show the same
continuum; the 13.5/30 µm continuum flux ratio is thus also unaffected. The
line-to-continuum ratio grows with increasing PAH abundance because of the
heating effect on the gas.

2.4.8 Disk gas mass

The total gas mass in the disk affects almost proportionally the total water col-
umn density in the disk (Fig. 2.14b). All reservoirs are enhanced by the same
amount with increasing gas mass. In the Spitzer emitting region, the gas density
progressively increases for larger Mgas. The water column density in the Spitzer
water line emitting region follows a nonlinear trend (Fig. 2.14a). From Mgas 10−5

to 10−4 M�, the emitting region moves outward and upward (Fig. 2.14c). Then,
for masses larger than Mgas = 10−4 M�, the migration of the line emitting region
is inverted. Below a certain water column density (NH2O = 1.6 − 8 · 1017 cm−2,
Bethell & Bergin 2009), self-shielding becomes inefficient and water is strongly
photodissociated. For the Spitzer line fluxes, the driving mechanism is first the
increase of gas column density in the emitting region and, subsequently, the
growth of the emitting region itself.

The water column density in the outer disk increases with Mgas (Fig. 2.14b)
and also the optical depth of the lines. This causes the transition to be emitted
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progressively outward and higher up in the outer disk (Fig. 2.14d). Thus, the
increase in the far-IR line flux with Mgas has the same explanation as the increase
in the mid-IR lines.

The theoretical Spitzer spectrum (Fig. 2.14e & f) clearly shows an increase
in the line fluxes with the gas content of the disk. The different continuum
level is a consequence of the dust settling. In the formalism adopted here, the
corresponding dust scale height depends on the gas density, which is directly
proportional to the mass of the gas in the disk. This means that increasing Mgas
produces less settling, and hence a stronger IR continuum with a steeper slope.
As a consequence, the mid-IR color becomes smaller.

2.5 Discussion

2.5.1 Discrimination between parameters affecting water line
fluxes

The main goal of this work can be summarized in two questions:

1. Why do disks sometimes lack the detection of water?

2. Why are the water lines from the outer disk absent in disks that have clear
detections of inner water reservoirs?

To answer these questions, we divide the parameters into three categories:
those that strongly affect the line ratios (line flux variation ≥ 1 dex, parameter
variation < 1 dex); those that produce a relevant variation (line flux variation
same order of magnitude as parameter variation); and parameters that pro-
duce a weak variation (line flux variation less than parameter variation). An
overview of the effects of the parameters on continuum and line fluxes is listed
in Table 2.10.

The Spitzer transitions around 12 µm are not those typically detected since
their flux is weaker compared to other blends. We verified, however, that the
same conclusions also hold for other mid-IR lines around 15, 17, and 29 µm. The
conclusions about the far-IR lines are limited to the fundamental ortho and para
water lines. The line forming regions of other far-IR lines suffer very large radial
and vertical displacements in these model series, hence, making the discussion
even more complex. They will require a dedicated study.

The Herschel/HIFI lines would be largely undetectable with a standard ob-
servational setup and 1 hr of exposure, however, our modeling results suggest
that the lines become detectable in many disks at a 5 σ sensitivity level of
5·10−20 W/m2. TW Hya required a total 181 min on-source integration with
Herschel/HIFI to detect the 538.29 µm line (Hogerheijde et al. 2011).
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Figure 2.5 – Overview of the line ratios Herschel/Spitzer (538.29 µm/12.407 µm) for all
the parameters as a function of the explored range of values.

In the first category, we find parameters such as the flaring index β and the
power law dust size distribution exponent apow. These parameters are hard to
constrain from observations of SEDs alone. The Herschel and Spitzer line fluxes
are very sensitive to their exact values. Flaring affects the Herschel/HIFI lines
strongly (2 dex) and the Spitzer transitions only marginally (less than a factor
3). The exponent of the dust grain size distribution produces larger changes in
the Spitzer regime than in the Herschel regime. These flux variations are due
to geometrical effects (in the outer disk, because of flaring, the emitting column
of water and the area of the emitting region increase) and opacity/temperature
changes (the inner disk in the flared models is directly exposed to the radiation,
and so is warmer). In the case of the dust size distribution exponent, the far-IR
is always emitted in an optically thin region, and therefore are less affected by
any opacity change, while in the mid-IR regime the variation is about 4 dex
and the line flux is suppressed. The external part (at larger radii) of reservoir B
and all of reservoir C are optically thin in the continuum. This means that the
line flux is directly affected by the variation in the dust opacity, and partially
by a change in the local thermal conditions. For the transitions produced in
the inner disk (as the Spitzer ones), the situation is driven by a change in the
thermal structure since the lines are optically thick, with the exception of very
peculiar models explored in our series of models.

52



2.5 Discussion

In the second category, we find almost all other parameters: dust-to-gas mass
ratio, d/g; maximum dust size, amax; ISM radiation field, χISM; and gas mass
of the disk, Mgas. Excluding the ISM radiation field, that is an environmental
property, all the other properties are good candidates to understand the absence
of a correlation between detections in the mid-IR and far-IR wavelength range.
In these cases, the Spitzer lines are more affected by the parameter variations,
and are strongly enhanced (3-4 dex) in disks with Mdust < 10−4 M� and/or
Mgas> 0.01 M�, dust grains larger than 400 µm and few small grains (apow< 3.5).
The continuum is enhanced in the presence of larger dust masses or smaller
dust grains that absorb more FUV radiation and become warmer. Herschel
lines show the same trend, but the magnitude of the variation is smaller. The
effect of these parameters on the spectrum of the outer disk is not as important
as in the inner disk.

The last category of parameters, mixing coefficient αset and fraction of poly-
cyclic aromatic hydrocarbons fPAH, do not significantly affect the Spitzer nor the
Herschel water emission lines. All water transitions respond in the same man-
ner to the mixing coefficient. We stress here that the treatment of the mixing is
disconnected from the viscous heating, which is set to zero in all our models.
The PAHs are more important in the outer disk, which is optically thin, and is
thus be warmed up by the increased photoelectric heating from PAHs. PAHs are
not treated consistently as an opacity source, otherwise the enhanced opacity
(especially in the UV-optical regime) would have produced effects comparable
to an increased dust-to-gas mass ratio in the disk.

Since every parameter affecting the line flux also modifies the emitting region
position and extension in the disk, the line profiles are consequently affected,
and outward displacements of the emitting regions produce narrower transitions
(Keplerian velocity decreases with radial distances).

Our work finds that the main driver of water spectroscopy in the mid- to
far-IR wavelengths range is the continuum opacity. Changes occur because of
differences in the disk dust content or the opacity function (amax, apow varia-
tion). These directly affect the line flux (extinction) or indirectly affect the local
thermal conditions (temperature change). The second effect is the disk geome-
try. A flared disk geometry exposes more water to the central stellar radiation
field. Hence the total column density is depleted in the outer disk because of
photodissociation. An increase in the ISM FUV radiation field also produces a
suppression of water in the outermost reservoir C.

As discussed in Section 2.3.2, the mid-IR water lines are in LTE, while the
outer disk water lines are marginally in non-LTE. Hence the far-IR line fluxes
can be affected by uncertainties in the collision cross sections, as discussed in
Kamp et al. (2013). We perform a sensitivity check on the standard model
making a random variation (increase/decrease) of an order of magnitude in the
water collisional constants. The results confirm the robustness of the conclusions
presented in this paper: the line fluxes of the Spitzer transitions are unaffected,
while the Herschel line variations are within 10%.
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The disk water distribution found from the modeling is in qualitative agree-
ment with recent modeling performed by Du & Bergin (2014). In particular, we
reproduce the change of the column densities of water in the inner and outer
disk due to the variation of dust-to-gas mass ratio and settling. A quantitative
comparison is not possible because we use a more physical approach in our
models (non-parametric settling; Dubrulle et al. 1995).

2.5.2 Comparison with observations

Observationally, it will be difficult to assess the exact properties of a certain disk.
Previous observational studies of mid-IR water spectroscopy used continuum
diagnostics in the same spectral region to connect to disk properties of the
targets. We expect to find such correlations, and we want to use them to define
the position of each model produced by a parameter space exploration (that
starts from our standard disk model), in a plot of the line flux vs. continuum
flux. Here, we decide to use a mid-IR color (13.5/30; similar to what is used
in Acke et al. 2009) because it traces slope changes in the Spitzer spectrum,
and we found that that every parameter produces its own fingerprint. For the
far-IR, we decided to use a diagnostic connected with the outer disk properties.
We choose the SCUBA flux at 850 µm because it is available for many objects
and traces dust mass to first order. We search for a direct relation between
mid-IR colors, submm photometry, and simulated line fluxes at 12.407 µm and
538.29 µm. We distinguished three types of parameters (not to be confused with
the categories defined in Sect. 2.5): parameters that change the dust opacity
function (amax, apow), parameters that change only the total opacity (Mgas, d/g,
αset), and parameters that do not affect the opacity (ISM radiation field, fPAH,
β). Every parameter produces its own signature on the SED and line fluxes,
and Fig. 2.6 and Table 2.11 summarize the main findings. The parameter Mgas
produces a limited variation in the mid-IR continuum, and a more important
effect on the submm (82% in sub-mm, 10% in mid-IR, due to the settling). It
produces a strong variation in the line flux both in the mid- and far-IR. Settling
only modestly affects the line fluxes in both the regimes, but the mid-IR slope
is strongly changed by up to 50% and the submm continuum flux changes by
87%. The dust-to-gas mass ratio does not strongly affect the mid-IR continuum
(about 25%); however it changes the submm flux by almost a factor 2. Flaring
significantly affects both the mid-IR continuum (90% relative variation) and the
submm (more than 95% between extreme models), but the Spitzer lines are
hardly affected. The ISM FUV radiation flux produces a stronger change in the
Spitzer lines compared to the Herschel/HIFI lines, and a steepening of the IR
excess beyond 10 µm. For the far-IR lines, the flux grows with increasing FUV
radiation field until a certain limit and then levels off. The fraction of PAHs
does not affect the SED, since the PAH opacity is not taken into account in the
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Table 2.9 – General overview of the series of models results. All the variations refer to
an increase of the respective parameter value.

Parameter∗ IRS
lines

mid-IR continuum HIFI
lines

IRS line
profiles

HIFI line
profiles

d/g −− + (bolometrically) − narrower unaffected
far-IR de-
tectable

β + + (bolometrically,
changes slope
around 17 µm)

++ narrower unaffected

αset − + (stronger with in-
creasing λ)

− unaffected unaffected

amax ++ − + narrower unaffected

apow −− + (variation weaker
around 15 µm)

− wider unaffected,
far-IR
lines
weaker

χISM ++ (1) ++ (1) + narrower unaffected

fPAH x x + unaffected unaffected

Mgas ++ + (stronger with in-
creasing λ)

++ narrower narrower

Table 2.10 – Symbols meanings: + increase < 1 dex, − decrease < 1 dex, ++ increase
≥ 1 dex, −− decrease ≥ 1 dex, x constant; (1) for χISM > 104G0
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continuum radiative transfer.
A comparison of the modeling results with observations toward T Tauri disks

shows that our simplified model predictions define a parameter space that is in
good agreement with a number of objects: AA Tau, DG Tau, RW Aur, DM Tau
for the mid-IR spectral region (top plot of Fig. 2.6), DG Tau, DM Tau, and
TW Hya for the far-IR spectral region (bottom plot of Fig. 2.6). These targets
have spectral types and properties compatible with our central star, and are not
heavily affected by the presence of companions, either because they are too faint
(case of RW Aur A+B; White & Ghez 2001) or because the members are widely
separated (DG Tau A+B; Mundt & Fried 1983). Appendix A.4 describes how the
12.4 µm blend flux was extracted from Spitzer spectra for the above targets and
how continuum errors were propagated; fluxes are listed in Table 2.13. Fig. 2.6
compares the model results with the observational data: line blends around
12.4 µm versus our mid-IR color and 538.29 µm versus the SCUBA 850 µm
flux. Our model series does not pretend to describe the situation of each target,
which is a complex interplay of properties, but the position of the targets agree
nicely with our models and support the predictional power of mid- and far-IR
observations. The direct comparison with the sensitivities of Spitzer/IRS and
JWST/MIRI (or Herschel/HIFI for the far-IR plot) shows the discovery potential
of these facilities.

Fig. 2.6 shows that it is not possible to build trends that clearly connect
line fluxes with continuum properties because different parameters affect the
relation between these two quantities in a different manner. Hence, it is logical
to expect a large amount of scatter in observations. Previous observational work
(e.g., Pontoppidan et al. 2010b) show several plots with scattered observations in
the continuum properties or line vs continuum fluxes or even continuum versus
continuum. Any individual parameter produces a complex displacement in each
of these plots, and every disk can be a different combination of parameters.

2.5.3 The future with JWST

The low resolution of the IRS spectrograph (R = 600) does not enable an inves-
tigation of the line profiles; the blends usually contain several transitions (Ban-
zatti 2013). The problem is particularly important when the line profiles deviate
from Keplerian rotation because of other kinematical components caused by
winds/outflows/jets (Baldovin-Saavedra et al. 2011, 2012). The future facility to
study mid-IR water lines is the James Webb Space Telescope (Greenhouse et al.
2014). The larger mirror and higher spectral resolution of the MIRI spectrograph
( /© = 6.5 m, R ' 3000; Clampin 2011) will overcome the technical limitations
of IRS. Fig. 2.7 shows a comparison of the mid-IR spectrum of our standard
model in the Spitzer/IRS range with the resolution of the IRS and MIRI spec-
trographs. The higher sensitivity and the spectral coverage (5-28.5 µm) similar
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Table 2.11 – Line flux and color variation for the different parameters changes

Parameter typea Extreme ratiosb 538.29µm Flux variation 850 µm [%] Extreme ratiosb 12.407 µm Flux ratio 13.5/30 variation
apow 1 0.208 77.6 0.007 -0.453
amax 1 3.216 85.0 24.507 0.119
Mgas 2 271.825 82.2 2600.789 -0.276
d/g 2 0.047 98.8 5.360 -0.253
αset 2 0.456 87.5 0.454 -0.484
β 3 38.236 95.2 4.070 -0.911

χISM 3 12.255 89.1 274.378 -0.532
fPAH 3 2.362 0.18 1.127 0.003

aType 1: parameters affecting global opacity and the opacity function; type 2: parameters
affecting global opacity; type 3: parameters not affecting the opacity. bDefined as ratio
between the maximal and minimal value if the flux increases and viceversa if the flux
decreases. This gives the maximum variation of line flux because of the parameter range
considered.

to Spitzer IRS, will allow us to detect water lines in almost all the cases modeled
in this study, within a 2.7 hr exposure (10 σ; Fig. 2.6). Fig. 2.7 also shows that
JWST/MIRI can make a decomposition of line blends into individual lines fea-
sible, allowing, possibly for the first time, a quantitative analysis of the physical
conditions in their emitting region.

2.6 Conclusions

We explore here the parameter space around a standard T Tauri disk model to
identify the main drivers of mid- and far-IR water spectroscopy. We primarily
analyze two transitions, a mid-IR line at 12.407 µm and a far-IR line at 538.29 µm,
representative of the whole group of transitions considered. In our series of
models, we find that the gas mass and dust-to-gas mass ratio simultaneously
affect water lines in the Spitzer and Herschel/HIFI wavelength ranges. Disks
with a low gas content or high dust content are undetectable in both regimes. In
the first case, the lack of emitting gas explains the non-detections, in the second
case, the continuum opacity hides the water reservoirs. These two parameters
could explain the occurrence of disks without any water features.

Dust properties (amax, apow) only affect the mid-IR transitions, and can explain
the non-detections of Spitzer lines, while the Herschel/HIFI transitions would
be detectable in case of several hours of integration. On the other hand, flaring
strongly affects the far-IR regime; so the non-detection of far-IR water lines can
also be due to disk geometry.

Models with strong external FUV radiation field (χISM>103 G0) show strong
mid-IR lines with narrow profiles. Herschel/HIFI lines are less affected and
increase only by a factor of a few due to the external irradiation.

Our choice of implementing the PAHs only as a heating source and not as an
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Figure 2.6 – Line fluxes vs continuum. Top: 12.407 µm versus 13.5/30 IRS continuum
flux ratios. Bottom: 538.29 µm versus the 850 µm SCUBA flux. Color code: blue for
parameters not affecting the opacity, red for parameters affecting the total continuum
opacity, green for parameters affecting the opacity function. Overplotted are the sen-
sitivity limits for Spitzer/IRS, Herschel/HIFI, and JWST/MIRI (references in the text).
The magenta data points are Spitzer/IRS observations available for stars with spectral
type similar to our model central star, and blend fluxes have been extracted from Spitzer
spectra following the procedure described in Appendix A.4. Cyan data points are the
only Herschel/HIFI observations published for this submm line. All line fluxes have
been scaled to 140 pc. Arrows indicate upper limits.
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2.6 Conclusions

Figure 2.7 – Mid-IR spectra of the standard disk model, continuum subtracted, convolved,
and properly rebinned with the resolution of Spitzer/IRS LH/SH modules (R = 600) and
JWST/MIRI (R = 3000) and arbitrarily shifted by 0.05 Jy. The bottom panel shows a
zoom in the range 12.35-12.39 µm, JWST spectrum is again shifted by 0.05 Jy. The range
of MIRI is artificially extended up to 37 µm to compare the performances.
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opacity source causes the PAHs fraction to only weakly affect both mid- and far-
IR lines. Our prescription of the settling is based on a physical description of the
effects of gas vertical mixing on dust grains, but it is not related to the heating
associated with the mechanical turbulence in the disk; the two phenomena are
disconnected. In that case, the settling affects the inner disk physics very little.

We demonstrate the importance of future telescopes such as JWST in the
investigation of water in disks. The higher sensitivity is capable of increasing
dramatically the number of disks detected in water. The higher spectral reso-
lution will permit us to detect unblended transitions, and to study in detail the
physical conditions in the inner water reservoir.
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Appendix

A.1 Additional figures
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Figure 2.8 – Plots for mixing coefficient models. For further details see Fig. 2.4.
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Fig. 2.8 – Continued.
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Figure 2.9 – Plots for flaring index exponent models. For further details see Fig. 2.4.
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Fig. 2.9 – Continued.
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Figure 2.10 – Plots for maximum dust size models. For further details see Fig. 2.4.
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Fig. 2.10 – Continued.
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Figure 2.11 – Plots for dust size distribution power law index models. For further details,
see Fig. 2.4.
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Figure 2.12 – Plots for ISM radiation field models. For further details see Fig. 2.4.
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Fig. 2.12 – Continued.
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Figure 2.13 – Plots for the fraction of PAHs models. (a) Emitting region water column
density for dust-to-gas mass ratio models; this region comprises 15-85% of the radially
and vertically integrated flux. Green vertical dotted lines distinguish the reservoirs. (b)
Theoretical Spitzer SH/LH modules spectra (R = 600) for a dust-to-gas model series,
continuum subtracted, and arbitrarily shifted. (c) Average extension of the line emitting
region, which comprises 50% of the line flux radially and vertically for 12.407 µm. (d)
Average extension of the line emitting region, which comprises 50% of the line flux
radially and vertically for 538.29 µm.
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Figure 2.14 – Plots for the gas mass content models. For further details see Fig. 2.4.
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Fig. 2.14 – Continued.

A.2 Computation of properties in the line emitting
region

The different water lines are divided in groups based on their spatial origin.
The latter is defined as that part of the disk from which a cumulative radially
and vertically integrated flux of 15% to 85% of the total flux is produced. For
each of these regions, averaged physical conditions 〈X〉 are derived, such as the
density of water, density of the collisional partners (e−, H, H2), Tgas and Tdust by
numerically integrating over the emitting region (Eq. 2.5), i.e.,

〈X〉 =

rout∫
rin

zhigh∫
zlow

Xngas2πrdrdz

rout∫
rin

zhigh∫
zlow

ngas2πrdrdz

. (2.5)

In order to determine the continuum extinction, a vertical integration is per-
formed from the disk surface to the midplane. τν is the continuum optical depth
at the frequency of the line. It is related to the dust density ρdust and dust mass
extinction coefficient κν. The integration is performed numerically, as follows:

τν(z) =

z(r,τν=1)∫
zmax(r)

ρ(r, z)κνdz. (2.6)

Through interpolation, we find the value at which τν = 1. The optical depth is
evaluated at the radial midpoint of the emitting region.
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A.3 Model details
The following appendix shows a number of additional plots. These can be useful
for the interpretation of the main results and conclusions reported in the paper.

Here we show the Herschel/HIFI fundamental o-H2O and p-H2O lines fluxes
behavior with the different parameters.
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Figure 2.15 – Line fluxes behavior for Herschel/HIFI lines 538.29 µm and 269.27 µm for
different model series. First row left: dust-to-gas mass ratio, d/g. First row right: mixing
parameter, αset. Second row left: disk flaring, β. Second row right: maximum grain size
amax. Third row left: power law index of grain size distribution, apow. Third row right:
strength of UV radiation field, χISM. Third row left: PAH abundance, fPAH. Bottom right:
disk gas mass, Mgas.
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Fig. 2.15 – continued.

Here, we also present plots collecting the main properties of the standard
model: Tgas, Tdust, the local dust-to-gas mass ratio, local average dust size, and
the main heating and cooling processes.
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Figure 2.16 – Standard model, from top to bottom and from left to right: Tgas with
overplotted gas temperature contours (white/black) and AV = 1, 10 (red), Tdust with
overplotted temperature contours (black/white) and AV = 1, 10 (red), dust-to-gas mass
ratio, average dust grain size, main cooling processes (CII fine structure lines, dust grain-
gas thermal exchange, Ly α line, neutral O line cooling, CO rotational and ro-vibrational
cooling, water rotational and ro-vibrational cooling, formaldehyde rotational cooling, am-
monia rotational cooling, OIII line cooling), main heating processes (collisional excitation
of vibrationally excited H2, chemical heating due to H2 formation on dust grains, dust
grain-gas thermal exchange, heating from the superthermal photo-electrons produced by
C, heating by cosmic rays, heating by the photo-electrons produced by polycyclic aro-
matic hydrocarbons, IR heating due to the water transitions, heating by mutual electron
collisions, Coulomb heating, produced by X-rays photoionization, reaction free energy
heating from exothermic reactions).
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A.3 Model details

Fig. 2.16 – continued.

Line ratio plots are used to compare the relative behavior of the mid- and
far-IR lines, considering two representative Spitzer water transitions and the
Herschel fundamental ortho and para water lines. To show the trend clearly,
we add a parabolic regression to the data (magenta lines).
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Figure 2.17 – Ratios between Herschel/HIFI & Spitzer/IRS lines 538.29 µm/12.407 µm
and 269.27 µm/12.453 µm for different model series. First row: dust-to-gas mass ratio, d/g.
Second row: mixing parameter, αset. Third row: disk flaring, β. Fourth row: maximum
grain size, amax. Fifth row: power law index of grain size distribution, apow. Sixth row:
strength of UV radiation field, χISM. Seventh row: PAH abundance, fPAH. Last row: disk
gas mass, Mgas.
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Fig. 2.17 – continued.
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A.4 Mid- and far-IR observations

Table 2.12 – Line and continuum observations of the targets discussed in the main paper.

Object d [pc] 12.407 µm blend flux∗∗ 13.5/30 µm continuum 538.29 µm line flux 850 µm continuum(5)

[10−17 W/m2] flux ratio(1) [10−20 W/m2] [Jy]
AA Tau 140 <1.33 0.663±0.027 n.a. n.a.
DM Tau 140 n.a. n.a. <1.15(4) 0.237±0.012
DG Tau 140 <10.63 0.388±0.008 67.00±7.00(2) 1.180±0.118
RW Aur 144 <13.51∗ 0.702±0.010∗ n.a. n.a.
TW Hya 56 n.a. n.a. 2.72±0.12(3)∗ 0.182±0.018∗

Table 2.13 – (1) Ratios have been computed from c2d IRS spectra (Evans et al. 2009); (2)
from Podio et al. (2013); (3) scaled to 140 pc from Hogerheijde et al. (2011); (4) from Bergin
et al. (2010); (5) scaled to 140 pc from Di Francesco et al. (2008); (*) flux scaled to 140 pc;
(**) 12.407 µm fluxes extraction procedure is described in the text of this Appendix.

Far-IR line fluxes have been obtained from the literature. Mid-IR blends
have been extracted from IRS spectra fitting a Gaussian function plus a linear
continuum, computing the error in the flux as noise of the continuum,

F(λ) = A × e(λ−λ0)2/(2σ)2
+ B × λ + C. (2.7)

This procedure is formally identical to that used in (Pontoppidan et al. 2010b).
Table 2.13 lists all the observational data shown in Fig. 2.6 with respective ref-
erences.

The mid-IR color 13.5/30 continuum flux is defined as pure ratio between the
Spitzer/IRS fluxes at 13.5 µm and 30 µm, similarly to what is done in Acke et al.
(2009) for the 30/13.5 continuum ratio. The observations overplotted include
the errors propagated accordingly to

σratio =
F13.5

F30
·

√(
σ13.5

F13.5

)2

+

(
σ30

F30

)2

. (2.8)
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“The weaker the body is, the more it commands, the stronger it is, the more it obeys”
(Jean-Jacques Rousseau)
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3Mid-IR spectra of Pre-Main
Sequence stars: an explanation for
the non-detections of water linesa
a S. Antonellini, I. Kamp, F. Lahuis, P. Woitke, W.-F. Thi, R. Meijerink, G. Aresu, M. Spaans,
M. Güedel, A. Liebhart.
Astronomy & Astrophysics, 585, A61 (2016)

Abstract

The mid-IR detection rate of water lines in disks around Herbig stars disks is
about 5%, while it is around 50% for disks around T Tauri stars. The reason
for this is still unclear. In this study, we want to find an explanation for the
different detection rates between low mass and high mass pre-main-sequence
stars (PMSs) in the mid-IR regime. We ran disk models with stellar param-
eters adjusted to spectral types B9 through M2, using the radiation thermo-
chemical disk modelling code ProDiMo. We explored also a small parameter
space around a standard disk model, considering dust-to-gas mass ratio, disk
gas mass, mixing coefficient for dust settling, flaring index, dust maximum size,
and size power law distribution index. We produced convolved spectra at the
resolution of Spitzer IRS, JWST MIRI, and VLT VISIR spectrographs. We ap-
plied random noise derived from typical Spitzer spectra for a direct comparison
with observations. The strength of the mid-IR water lines correlates directly
with the luminosity of the central star. The models show that it is possible to
suppress the water emission; however, current observations are not sensitive
enough to detect mid-IR lines in disks for most of the explored parameters. The
presence of noise in the spectra, combined with the high continuum flux (noise
level is proportional to the continuum flux), is the most likely explanation for
the non-detections towards Herbig stars. Mid-IR spectra with resolution higher
than 20 000 are needed to investigate water in protoplanetary disks. Intrinsic
differences in disk structure, such as inner gaps, gas-to-dust ratio, dust size and
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Chapter 3 – Mid-IR water lines from different Pre-Main Sequence stars

distribution, and inner disk scale height, between Herbig and T Tauri star disks
are able to explain a lower water detection rate in disks around Herbig stars.

3.1 Introduction

Water has been detected successfully towards many T Tauri disks in the IR (Salyk
et al. 2008, Carr & Najita 2008, Pontoppidan et al. 2010a,b, Bergin et al. 2010,
Hogerheijde et al. 2011, Riviere-Marichalar et al. 2012). In contrast, disks around
Herbig stars do not show warm water lines in either the mid-IR (15.17, 17.22,
29.85 µm blends from Pontoppidan et al. 2010a) or the near-IR (2.9345 µm ro-
vibrational lines from Fedele et al. 2011). Far-IR water lines have been detected
towards the Herbig star HD 163296 (Meeus et al. 2012, Fedele et al. 2012). Ten-
tative detections are reported towards other targets, such as HD 31648 (63 µm),
HD 97048, and HD 100546, but the blend with the CH+ at 90 µm and 179.5 µm
prevents any firm claim of detecting water at this wavelength (Meeus et al.
2012). Finally, six successful detections of the OH molecule have been reported
from the Keck II NIRSPEC instrument towards AB Aur and MWC 758 (Mandell
et al. 2008) and from CRIRES towards V380 Ori, HD 250550, HD 259431, and
HD 85567 (Fedele et al. 2011).

Several possible explanations have been considered for the non-detections of
water and other molecular features towards Herbig stars: veiling due to stronger
continuum (Pontoppidan et al. 2010b), difference in dust content of the emit-
ting layers (due to a different dust-to-gas mass ratio or settling, Meijerink et al.
2009), different efficiency in the heating of the surface layers, a difference in the
chemistry between Herbig and T Tauri disks, or the transitional nature of the
observed disks. The inner disk physical conditions seem to be independent of
the mass of the central star (Salyk et al. 2008, Mandell et al. 2008), since the OH
and water lines are consistent with the same gas temperature and location of
the emitting regions of both T Tauri and Herbig stars. We know that some disks
around Herbig stars are transitional, and in some of these, OH, CO-rovibrational
and OI lines have been detected (e.g. HD 100546 Liskowsky et al. 2012). How-
ever, in some cases the inner cavity is not totally gas depleted, and transitions
such as the CO-rovibrational band at 5 µm are still detectable (Salyk et al. 2009).
The last hypothesis, the role of FUV radiation field in photodissociating water
in the inner disk, seems supported by NIRSPEC & CRIRES observations of OH
(respectively, Mandell et al. 2008, Fedele et al. 2011). Multi-epoch Spitzer spectra
of the variable star EX Lup (Banzatti et al. 2012) support the idea that photo-
chemistry must be responsible for organics depletion, enhanced OH column
density, and reduced water column density.

Modelling of Herbig stars performed with the radiation thermo-chemical
code ProDiMo (Woitke et al. 2011) suggests that disks around Herbig Ae stars
are not dry and are still able to emit far-IR lines. The presence of the gaseous
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reservoir in the outer disk is due to an interplay between photodissociation and
photodesorption. This interplay means that water vapour is present even in
disks around bright stars (e.g. Herbigs, which have stronger FUV flux), but the
water ice reservoir is less extended with respect to the case of disks around low
mass stars (van Dishoeck et al. 2014). The inner disk water vapour reservoir
is radially more extended in disks around earlier type stars (higher effective
temperature, Teff , Du & Bergin 2014).

In a previous work (Antonellini et al. 2015b), we investigated the effects of
different disk parameters on the chemistry and water spectroscopy in the mid-
and far-IR. We identified key parameters affecting the continuum opacity and the
gas content of the disk as drivers of the mid- and far-IR lines. The explanation
for the low detection rate of the far-IR water lines with Herschel/HIFI is very
likely sensitivity; the observations were often not deep enough.

In this work, we focus on the difference between low and high mass Pre
Main-Sequence stars (hereafter PMSs). We searched for factors that can be re-
sponsible for the absence of mid-IR water lines in disks around Herbig stars,
comparing the results with what we find for T Tauri and intermediate mass
PMS. We model here a different central star, inner disk properties, and instru-
mental properties. In Section 3.2, we describe the code and modelling approach.
In Section 3.3, we report our results. In Section 3.4, we discuss the results, and
finally in Section 3.5, we present our conclusions.

3.2 Modelling

We modelled protoplanetary disks using the radiation thermo-chemical code
ProDiMo (“Protoplanetary Disk Model”) and including X-ray photoprocesses
(Woitke et al. 2009a, Aresu et al. 2011). The code computes the chemistry (steady
state) self consistently with the heating/cooling balance. The eating processes
that were implemented include PAH/photoelectric heating, C photoionization,
H2 photodissociation, formation heating, and collisional de-excitation, cosmic
rays heating, viscous heating, pumping by OH photodissocation, H2 pumping
by formation on dust grains, and chemical heating and several others. Cooling
processes occur through more than 10 000 atomic/molecular emission lines.
Finally, gas and dust thermalization is also taken into account. Other features
include a computation of the photo rates using detailed cross-sections and an
extension of the collisional partners for water (Kamp et al. 2010), a soft-edge
description of the outer disk, the PAH ionization balance and heating/cooling,
UV fluorescence pumping, and a parametric description of settling (Woitke et al.
2011).

We computed the detailed statistical equilibrium of a subset of 500 ro-vibrational
levels from the complete set (Tennyson et al. 2001, Barber et al. 2006), which in-
cludes up to 411 o-H2O and 413 p-H2O ro-vibrational levels (rotational levels up
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to J = 25; projections up to Ka,c = 18; vibrational levels up to v1 = 2, v2 = 2, v3 = 1).
This study focuses on the 12 µm series of lines observed from the ground by
Pontoppidan et al. (2010b) and also described in our previous work (Antonellini
et al. 2015b). In addition, we consider the blends centered at 15.17 µm observed
by Spitzer IRS and reported in Pontoppidan et al. (2010a). Our line fluxes were
derived from level populations computed through vertical escape probability.
This approach was also used in our previous work (Antonellini et al. 2015b),
and it provides line fluxes that can be trusted within a factor two of a more com-
putationally expensive detailed radiative transfer. The transitions we consider
in this work are from very warm gas layers and have Eup larger than 500 K. The
transitions contributing to the 12.407 µm blend have Eup > 3000 K, while the
lines contributing to the 15.17 µm blend have Eup > 2700 K.

3.2.1 Central star

For the basic model, we use the same standard disk as in our previous work on
T Tauri stars (properties are described in Table 3.2). We then consider different
central star spectra corresponding to real observed PMS targets, including the
non photospheric contributions due to accretion1 and X-rays. The spectra are
built by constraining the photometric observations in the optical and the UV by
fitting Teff , RV, pUV, and fUV, using literature values for the distance and Mstar
(Woitke et al. submitted). We use the Kurucz and Phoenix stellar atmosphere
libraries (Husser et al. 2013, Murphy & Meiksin 2004), and the high energy spec-
tra merging IUE, HST, and FUSE observations for the FUV, and XMM Newton
and Chandra for the X-rays after a post-processing described in Dionatos et al.
(in prep). The FUV data for the stars we considered are in Appendix A.3.

The ten different central stars we consider are based on observed available
data (Table 3.1). The sample includes spectral types from M2 to B9 in order
to probe the effects of a different photospheric temperatures and luminosities,
but also different non-photospheric contributions. The input spectra used for
the code are the result of the merging of three spectral regions: photospheric
(optical, near-IR, photospheric UV), UV excess, and X-rays. Each of these con-
tributions has its own luminosity: Lstar is the photospheric luminosity, LUV the
UV excess (from 3300 Å up to 1150 Å, variable from source to source), and LX

the X-ray luminosity (from 5 Å up to 35 Å, variable from source to source).
We check the consistency of the fitted stellar parameters with the Siess track
isochrones (Siess et al. 1999)2, taking the published age of the star and the mass
and verifying the consistency with the expected Teff , Lstar, and Rstar.

1 In this work as in the previous one, we did not treat the presence of UV excess consistently with
the presence of viscous heating. Our disks are passive. FUV excess is considered as an extra UV
radiation field emitted isotropically from the central star.

2 http://www.astro.ulb.ac.be/ siess/pmwiki/pmwiki.php/WWWTools
/Isochrones
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Table 3.1 – Central star properties

Star Sp.type(∗) Mstar [M�] d [pc] AV [mag] Rstar [R�] Teff [K] (fit) Lstar [L�] (fit) LFUV/Lstar LX−ray/Lstar

HD 100546 B9V 2.50(1) 103±6(2,26) 0.36(20) 1.9(Siess) 11412 42.3 0.226 9.779·10−7

HD 97048 A0 2.50±0.20(3,25,27) 158(25) 1.24(1) 2.12(25) 10000 33.5 0.151 4.345·10−7

HD 163296 A4 (A1Ve) 2.47(5) 122.0(4,25,26,27) 0.5(19) 2.3±0.1(19) 8907 38.3 0.088 5.345·10−7

HD 142666 A8V 1.6(6) 145±43(27) 0.8(6) 1.483(21) 7297 6.4 0.030 2.114·10−6

HD 135344B F5V (F8V) 1.70+0.2(8)
−0.1 140.0(25,26,27) 0.4(17) 2.2(25) 6950 8.1 0.007 2.871·10−5

RY Tau F8V (F8Ve-K1IV-Ve) 2.24±0.07(24) 140.0(9) 2.2(9) 2.9(9) 5496 10.9 0.067 5·10−4

RY Lup G0V 1.38(11) 120±35(28) 2.48 1.67(11) 5200 2.6 0.221 9.845·104

DN Tau K6V 0.65±0.05(12) 140.0(14) ' 0.5(12) 1.9±0.2(12) 3904 0.8 0.002 6.946·10−4

CY Tau M2V (M1.5) 0.48±0.05(24) 140.0(14) 0.1(16,24) 1.4(16) 3628 0.4 0.003 7.482·10−5

DO Tau M6 (GV:e) 0.56±0.05(24) 140.0(14,16) 2.64(24) 2.4(16) 3777 1.3 0.090 1.07·10−4

For all stars, we assumed RV = 3.1. The radius for HD100546 has been retrieved from
the Siess evolutionary track (Siess et al. 1999).

(*) http://simbad.u-strasbg.fr/simbad/sim-fid; (1) van den Ancker et al. (1997), (2) Per-
ryman et al. (1997), (3) van Leeuwen (2007), (5) Tilling et al. (2012), (6) Garcia Lopez
et al. (2006), (8) Müller et al. (2011), (9) López-Martínez & Gómez de Castro (2014), (11)
Manset et al. (2009), (12) Donati et al. (2013), (14) Luhman et al. (2010), (16) Hartigan
et al. (1995), (17) Carmona et al. (2014), (19) Ellerbroek et al. (2014), (20) Ardila et al.
(2007), (24) Bertout et al. (2007), (25) Maaskant et al. (2014), (26) McJunkin et al. (2014),
(27) van Boekel et al. (2005), (28) Fedele et al. (2013)

3.2.2 Parameter space exploration of a disk around a typical
Herbig star

We also built a small parameter series, exploring a subset of disk properties
listed in Table 3.2: scale height radial power law index β, dust-to-gas mass ratio,
disk gas mass, scale height of the disk at the inner disk radius, inner disk radius,
mixing coefficient for the dust settling (accordingly to the settling prescription
from Dubrulle et al. 1995), dust size distribution power law index, and dust
grains’ maximum size. Each model contains all the quantities fixed and equal
to our standard model ones, except the ones indicated in Table 3.2. A more
detailed description of the previous disk properties can be found in Antonellini
et al. (2015b). This kind of exploration allows us to disentangle the effects of
single parameters on disks irradiated by a central Herbig star. In this small
parameter series, the disk is irradiated by a typical Herbig star (2.2 M�, 32 L�,
8600 K). The disk we considered is the same as the standard disk model of our
previous work (Antonellini et al. 2015b), with the exception of the inner radius,
which is computed consistently with the sublimation temperature of the dust
(Rin = 0.365 au; Table 3.2).
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Table 3.2 – Herbig disk grid

Standard disk model parameters
Parameter Symbol Value
Grid points Nxx/Nzz 70 × 70
Outer radius Rout [au] 300
Surface density power law index ε 1.0
Minimum dust size amin [µm] 0.05
Tapering-off radius Rtaper [au] 200
Chemical heating - 0.2
Settling description - Dubrulle
Cosmic ray ionization rate ζCR [s−1] 1.7×10−17

distance d [pc] 140
Turbulence viscosity coefficient αvis [-] 0
Dust properties - astrosilicates(1)

Disk parameters varied in the series of models irradiated by a typical Herbig star(2)

Parameter Symbol values
Flaring power law index β -0.8, -0.5, -0.1, 0.0, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05,

1.1, 1.13, 1.15, 1.2, 1.25
Dust-to-gas mass ratio d/g 0.001, 0.01, 0.1, 1, 10, 100
Disk gas mass Mgas [M�] 10−5, 10−4, 0.001, 0.01, 0.05, 0.1
Inner disk scale height (at R = Rin) H0 [au] 1.8(-3), 4.4(-3), 9.0(-3), 1.76(−3), 3×10−2, 0.1
Inner radius Rin [au] 0.1, 0.365, 0.5, 1.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0
Mixing coefficient αset 10−5, 10−4, 0.001, 0.01, 0.05, 0.1
Dust power law index apow 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
Dust maximum size amax [µm] 250, 400, 500, 700, 1000, 2000, 5000, 104, 105

Elemental abundance of O ∆YO = YO,i−YO,std -0.5, -0.4, -0.3, -0.2, -0.1, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5
Bold numbers refer to standard model values. In parenthesis: the orders of magnitude
for the values of the models with different scale heights. (1) Draine & Lee (1984); (2)
Mstar = 2.2 M�, Lstar = 32 L�, Teff = 8600 K

3.3 Results

3.3.1 Series 1: Different central star
The general trend is shown in Fig. 3.1, where the flux of the 12.407 µm wa-
ter blend is plotted for our models with different central stars. The mid-IR
transitions get stronger with increasing photospheric temperature, although the
progression is not linear. This can be explained by a combination of different
stellar spectrum properties (e.g. hardness of the X-ray component, colour of the
FUV excess), which can affect the heating/cooling and/or water abundance in
the inner reservoir in a complex manner. In a previous study, Aresu et al. (2012)
explored the effect of X-rays on far-IR water lines, finding that the 179 µm flux
grows with LX independently from the UV. The situation becomes more complex
when analysing transitions produced in the inner disk. There is an LUV thresh-
old above which X-ray affects the far-IR water line fluxes. In our previous work
(Antonellini et al. 2015b), we found that mid-IR transitions originate in regions
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in which water is produced by thermally activated channels and depleted by
photodissocation. The spectroscopy in this region is affected by FUV radiation.
Overall, the line flux of the mid-IR lines correlates with the stellar bolometric
luminosity (Fig. 3.2), and it is correlated with the FUV and uncorrelated with
X-ray luminosities (blue and magenta symbols in the same plot). However, the
sample of stellar spectra studied is too small to go into a deeper analysis.
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Figure 3.1 – Line fluxes and luminosities from the central star versus effective temperature
for the Spitzer 12.407 µm blend. The blue dots are the line fluxes of the models for the
different central stars. The stars indicate the luminosities in the different wavelength
bands. Detection limits for Spitzer IRS observations towards the same central star disks
are plotted as thick green dashes (see Appendix A.1). Light green curve shows a fit to
the sensitivity limits. The central stars are labelled with the name reported in Col. 1 of
Table 3.2.

The theoretical Spitzer spectra (Fig. 3.3) predict that the earliest spectral types
have a richer mid-IR spectrum. A zoom into the 12 µm region shows that the
trend is not dictated only by the spectral type: DN Tau (K6V) and CY Tau
(M2V) are the only two objects with Lstar < 1 L� (and FUV less than 5% of the
bolometric), and they show weaker mid-IR water lines. For example, the M2V
spectral type star (Lstar = 0.4 L�) 12.407 µm flux is a factor 17 weaker than the
M6 case (Lstar = 1.3 L�). This suggests again that the bolometric luminosity is
the real driving force behind the mid-IR spectroscopy.

From Spitzer IRS observations towards the central stars, that we modelled
(blue dots with thick green dashes in Fig. 3.1), we find that the sensitivity
anticorrelates with the stellar luminosity, indicating that observations around
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Figure 3.2 – Line fluxes for Spitzer 12.407 µm blend versus LFUV (stars cyan) and LX

(magenta hexagons).

brighter stars are less sensitive. The sensitivity limit for HD 163296 (Spectral
type A4) in Spitzer spectra is very close to our standard disk model generated
for the spectral type A4 (HD 163296 in Fig. 3.1). The disk structure around
this Herbig star has been robustly fitted by Tilling et al. (2012) using multi-
wavelength observations, and it is very similar to our standard disk model.
This may point to the fact that observations for this object were simply not deep
enough to detect the mid-IR water lines.

The modelled IRS spectra for different central stars seem to disagree with
the observations towards a large sample of Herbig stars whose spectra are fea-
tureless (Pontoppidan et al. 2010a). The are two reasons for the disagreement
between observations and modelling: either the structure of Herbig disks is
different from T Tauri disks or instrumental effects affect the spectra of these
two types of PMS disks differently. In the next two paragraphs, we test the first
hypothesis comparing the result of modelling with observations, and then we
apply instrumental characteristics to test the second hypothesis.

3.3.2 Series 2: Rockline displacement effect

The results from the standard disk irradiated by a different central star contain
an inconsistency (since we wanted to isolate the effect of a changing central
star from that of disk changes). The inner disk radius remains fixed at 0.1 au.
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Figure 3.3 – Theoretical Spitzer SH/LH spectra (convolved at R = 600 and rebinned)
for models with different central stars; full continuum subtracted spectrum, artificially
shifted for all the models (top ); zoom on the 12 µm region (middle); zoom on the 26.5 µm
region (bottom).

89



Chapter 3 – Mid-IR water lines from different Pre-Main Sequence stars

Taking 1500 K instead as the sublimation temperature for the dust (silicates) as
adopted in Min et al. (2011), Fig. 3.4 shows how the disk inner radius is shifted
outwards for earlier type stars. For T Tauri stars with Lstar < 1.5 L�, the inner
radius is even truncated inward of 0.1 au.
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Figure 3.4 – Rockline position for the disks around different central stars. The thick black
line indicates the disk contour at the gas density of 5·103 cm−3 for all our disk models,
and we consider it as delimitation of our disk, because the erosion happens at more
then 4 disk scale heights. The different colour and line styles delimit the contours of the
disk with Tdust = 1500 K assumed as sublimation temperature of silicates.Upward and
inward of this contour, the dust is sublimated, and the disk is truncated. It describes
the effective extension of the disk according to the dust sublimation temperature. For
late type stars, disk temperatures are too low, and the contour is replaced by a vertical
line that indicates the distance from which the dust in thermal equilibrium should be
photoevaporated. The position of the central star is indicated by the star symbol.

To study the impact of a disk truncated by dust sublimation, we ran a series
of models considering different disk inner radii and another series of models
with different scale heights always using the same central star, a typical Herbig
star (see Notes of Table. 3.2). The larger inner disk radii produce a suppression
of the whole mid-IR spectrum, in particular if the gap extends beyond 10 au
(Fig. 3.5). For inner radii less than 1.0 au, the Spitzer features become weaker
again from a geometrical effect: the line is emitted further inwards, and the
total emitting area becomes smaller. Increasing the scale height of the same
disk will strongly reduce the continuum opacity. As a consequence, the water
ice reservoir is totally depleted and the water-vapour reservoir is radially more
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extended (in particular the innermost one). The emitting water column density
increases and mid-IR water lines become stronger. This is particularly true for
disks with a scale height larger than 2×10−3 au at R = 0.1 au.
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Figure 3.5 – Continuum-subtracted theoretical Spitzer spectra for Rin variation, artificially
shifted, convolved at the resolution of R = 600, and rebinned (top). Zoom of the complete
spectrum for the 12 µm region (middle). Zoom on the 26.5 µm region (bottom).
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Figure 3.6 – Continuum-subtracted theoretical Spitzer spectra for H0 variation, artificially
shifted, convolved at the resolution of R = 600, and rebinned. The second plot is a zoom
of the complete spectrum on the 12 µm region. The third plot is a zoom on the 26.5 µm
region.
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The true rockline displacement is limited to few tenth of astronomical unit,
and the lowering in scale height is about a factor 2 with respect to our standard
disk for the brightest Herbig star we considered (Fig. 3.4). To suppress the
Spitzer water line emission, it would be necessary to open a gap larger than 5-
10 au and contract the disk vertically by more than a factor 2. In particular, the
15.17 µm blend drops below the typical sensitivity range we defined for Spitzer
IRS observations of Herbig stars (8×10−17-8×10−18 W/m2) for Rin>20 au and H0
smaller than 9×10−3 au. This numerical test rules out that a simple difference
in the disk structure is responsible for the water non-detections towards Herbig
disks.

3.3.3 Series 3: Extended parameter space exploration
For a direct comparison with Spitzer observations of Herbig disks, we expand
the parameter space exploring also the dust-to-gas mass ratio, the flaring index,
the gas mass, the C/O ratio, the settling (through the αset turbulent coefficient
from Dubrulle et al. 1995), and the dust maximum size and power law distri-
bution (apow), around the typical central Herbig star (Sect. 2.2). Fluxes extracted
for mid-IR water blends at 15.17 µm (Pontoppidan et al. 2010a) are compared
to the results from our series of models. As mid-IR continuum tracer, we used
the same ratio as considered in our previous work (13.5/30 µm, Antonellini
et al. 2015b). Fig. 3.7 shows the same plot as for the T Tauri disk model series
(Fig. 13 top panel, Antonellini et al. 2015b). In our previous paper we showed
that the transitions contributing to this blend behave in the same manner as
our representative 12.407 µm line, and the same holds for the blends at 17 and
29 µm. Any conclusion on this blend will be representative of the entire mid-IR
water spectrum.

The standard Herbig star disk, which is the base model of the parameter
space exploration (Table 3.2) is located in the central part of Fig. 3.7, where
all the model series intersect. We notice that a certain fraction of the targets
and of our parameter space study is below the range of detection threshold
deduced from the sensitivity limits reported in Fig. 3.1. Part of the targets that
would be detectable at 140 pc are too distant, and the exposure time length
was not optimal for these objects. That our typical Herbig model is close to
the sensitivity range in Fig. 3.7 suggests that instrumental factors may have
played an important role in the chance of detecting water lines in Spitzer IRS
observations.

94



3.3 Results

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Continuum ratio 13.5/30µm [-]

10-18

10-17

10-16

10-15

Li
n
e
 f
lu
x
 b
le
n
d
 1
5
.1
7
µ
m
 [
W
/m

2
]

BFOri

HD98922

HD101412

VVSer

LkHa348

RRTau

HD163296

HD36112

HD244604HD36917
HD37258HD37357

HD37411

HD38120
HD50138

HD72106

HD95881

HD144668

HD150193

HD179218

HD190073
LkHa224

β<0.8

Rin

d/g
Mgas

H0

β

YO

amax

apow

αset

Figure 3.7 – Herbig parameter space for the water line blend at 15.17 µm. In the plot
the data points (all upper limits, in grey) are from Pontoppidan et al. (2010a). All the
fluxes are scaled to 140 pc. The shaded yellow area contains the range of sensitivity we
retrieved from the Spitzer spectra of Herbig stars HD 135344B and HD 100546. All the
fluxes of the disks considered are scaled to 140 pc. The trend toward disks being flatter
than β = 0.8 is shown with a black arrow, since models that are too flat will be self-
shadowed, and the derived mid-IR colour cannot be compared in a trustworthy manner
with observations, in which the shadowing can be partial owing to a more complex disk
structure.
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3.3.4 Instrumental effects

The previous discussion is based on spectra unaffected by instrumental noise.
Observations of water towards disks in the mid-IR wavelength range have been
performed with the Spitzer Space Telescope and from the ground with the VLT
(e.g. Pontoppidan et al. 2010b). The future of near- and mid-IR water studies is
JWST. To take instrumental effects into account, we rebinned our oversampled
modelled spectra and applied random noise effects (see Appendix A.2) to the
convolved spectra (Spitzer R = 600, Houck et al. 2004).

The rebinning procedure and the application of the random noise to the cen-
tral stars models (Fig. 3.8) have the effect of suppressing the water line fluxes
in the mid-IR spectra. The effect is particularly dramatic for the earlier type
stars, since they show a stronger continuum, hence stronger noise. The pos-
sibility of using space- or ground-based instruments (in the mid-IR windows)
with higher spectral resolution and sensitivity would increase the detections of
spectral features in the mid-IR towards both Herbig and T Tauri stars.

Theoretical spectra of the global mid-IR spectrum and some zoom on two re-
gions (12.4 µm and 26.6 µm) convolved at the resolutions of Spitzer IRS (Houck
et al. 2004), JWST MIRI (Clampin 2011) and VISIR on VLT (Lagage et al. 2000)
(see Appendix A.2), are plotted in Fig. 3.9. The plot shows that the improvement
due to higher spectral resolution will allow detection of unblended water tran-
sitions with a larger line/continuum ratios. The resolution of JWST/MIRI will
improve the detection rate, but the gain is potentially still too low for Herbig
stars, and higher resolution (R � 3000) is needed. The comparison between
Herbig and T Tauri disks shows that the features are stronger for the earlier
type objects (see Fig. 3.3), but the lines are also buried in a stronger continuum.
The related stronger noise then makes the water lines even more difficult to
detect for Herbig PMS stars. T Tauri disks show weaker water line fluxes, but
the lower continuum translates into a lower noise and so into a higher detection
rate. This agrees with the more successful detection of mid-IR water blends
towards T Tauri stars (about 50%).

3.3.5 Near-IR ro-vibrational water lines

As a sanity check of the quality of our models, we computed the predicted
line flux for a ro-vibrational water transition at 2.934 µm (Fig. 3.10) targeted by
Fedele et al. (2011). Our models, in agreement with the observations, predict
that this ro-vibrational line should be undetectable in both T Tauri and Herbig
star disks, owing to the sensitivity limits of the CRIRES spectrograph on the
VLT (Kaeufl et al. 2004).
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Figure 3.8 – Theoretical Spitzer SH/LH spectra (R = 600) for models with different central
stars rebinned and noisy; full continuum-subtracted spectrum, artificially shifted for all
the models (top left), zoom on the 12 µm region (top right), zoom on the 26.5 µm region
(bottom).
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Figure 3.9 – Theoretical spectra convolved and re-binned at different resolutions (Spitzer
IRS, R = 600; JWST MIRI, R = 3000 at 5.5 µm; VLT VISIR, R = 25000), and zoom in the
26 µm region. The ranges adopted are the same as the instruments spectrographs. VISIR
is ground-based, and the main limits are due to atmospheric transmission: we plotted
only the region in which the transmissivity is ≥ 80%. The Spitzer spectrum with noise is
also plotted in magenta. The strong feature at 12.93 µm in the VISIR modelled spectrum
of a T Tauri star disk is due to H2 (J = 7 − 6, v = 0). Water lines contributing to the
blends at 26 µm are indicated by vertical red arrows.
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Figure 3.10 – p-H2O 2.394 µm ro-vibrational line prediction from models with a different
central star. Typical sensitivity limits from the observations in Fedele et al. (2011) (10-40
minutes exposure) are shown as a red dashed line.

3.4 Discussion

In this work, we investigate a couple of explanations for the non detection of
mid-IR water towards more massive PMSs, based on modelling physics and
capabilities. The real disks can be more complex than the parametrized models
studied here. In the following sections, we address the possible explanations
for the low water detection rate in Spitzer spectra of Herbig stars individually.

3.4.1 Modelling assumptions

We consider here parametrized disk structures with monotonic shapes and ra-
dial mass distributions. Several previous studies have pointed out that the
stronger irradiation from a hotter central star should produce a puffed-up in-
ner disk (e.g. Dullemond 2002). Observations towards some Herbig stars disks
suggest that this scenario could be common (e.g. HD 163296, HD 141569A, and
HD 150193A; Garufi et al. 2014b). This change in the inner disk is able to cast
strong shadows, but apparently from hydrostatic modelling it is not enough to
produce lower temperatures in the inner few astronomical units (Meijerink et al.
2012), so mid-IR line fluxes should not be affected.
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Our code is able to compute hydrostatic equilibrium disks, but we are limited
by the heating/cooling processes implemented, and the results tend towards a
maximum flaring angle (Meijerink et al. 2012), which is generally not seen in
detailed fitting results of individual objects (e.g. Tilling et al. 2012, Garufi
et al. 2014a). The hydrostatic assumption itself is a limitation since it suppresses
winds in disks, and this aspect is in conflict with the theory on photoevaporation
(e.g. Hollenbach et al. 1994).

The rockline displacement in disks around bright PMSs is not large enough to
explain the water non-detections. Our models suggest that in order to suppress
the mid-IR water spectra, it is necessary to open a gap larger than 20 au or to
lower the disk scale height below 10−3 au in the inner disk within 0.5 au. From
a recent near-IR interferometry survey of Herbig stars, about 5% of the objects
are consistent with a gap larger than 20 au (Menu et al. 2015).

3.4.2 Intrinsic disk physics

Following the outcome of the first series of models, we performed a parameter
space exploration to understand whether physical differences between low and
high mass PMSs disks could be an explanation for the non-detections. We found
that indeed several properties are able to suppress the mid-IR water lines below
the typical sensitivity range we considered (8×10−17-8×10−18 W/m2): very low
disk scale height, large gaps (see previous section), and high dust opacity (due
to high dust content or grain size). These results agree with our previous results
for T Tauri stars.

Then the standard model we took as fiducial case of a typical disk surround-
ing an Herbig star is also very close to the sensitivity range. The observations
of Herbig stars overplotted on the parameter space explored, shows that disks
largely populate the region we explore, and several objects could in principle
have been detected only if they were close enough. In Pontoppidan et al. (2010a),
we found that many of these targets were at distances greater than 220 pc.

Again our model seems consistent with the observations. From our results,
we are not able to exclude intrinsic differences in disks around Herbig stars
with respect to lower mass PMS stars. However, observations from Acke et al.
(2009) conclude that 50% of the Herbig stars analysed show scale heights en-
larged by a factor 2 or 3 with respect to hydrostatic prediction. This strongly
puffed-up inner region is able to cast a shadow that makes the disk cooler, as for
HD 95881 (Verhoeff et al. 2010), possibly also for HD 144432 (Chen et al. 2012),
and finally HD 163296 and HD 150193A (Garufi et al. 2014b). Then recent con-
tinuum radiative transfer modelling suggests that the mid-IR emitting regions
of disks around different PMS stars (from brown dwarfs through Herbigs) are
self-similar in surface density, vertical distribution of dust and gas, and grain
size distribution (Mulders & Dominik 2012).
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3.4.3 Instrumental noise
Finally we consider the instrumental noise that is able to affect the detection
rate towards bright PMSs disks. Our study suggests that the low resolution and
sensitivity of Spitzer IRS is the main cause of mid-IR water non-detections in
disks around Herbig stars. Mid-IR lines are buried in a stronger continuum and
in the corresponding larger noise. We consider here a linear relation between
noise and continuum, which is a conservative criterium given the trend showed
in Fig. 3.11. Pattern noise and fringing3 produce systematically stronger noise
at high signal levels (i.e. for stronger continuum, Fig. 3.11). This noise can
be reduced by adopting deeper integration or multiple integration cycles. The
observations analysed in Pontoppidan et al. (2010a) were deep enough for a
relevant number of T Tauri stars, but not for Herbig stars.
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Figure 3.11 – Noise level versus continuum flux at the wavelengths of 12.407 µm (blue
dots) and 15.17 µm (red squares). Overplotted are the fit to the data, green for 12.407 µm
and magenta for the 15.17 µm.

Higher spectral resolution is needed to investigate water and likely other
weaker mid-IR lines in disks around early type PMS stars, overcoming noise and
integration time problems. JWST/MIRI will already unblend several Spitzer wa-
ter lines and will allow a better line/continuum ratio, but this could not be still
high enough for Herbig stars. Ground-based facilities with spectral resolution
> 20000 (like VISIR on VLT) are needed to improve the detection of water to-

3 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/features/
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wards a wider sample of Herbig stars. However, ground-based observations will
always be limited in wavelength coverage (and excitation temperatures) owing
to atmospheric transmission and telluric lines, and would limit the detections
to some energetic rotational transitions such as the 12.4 µm blend observed in
Pontoppidan et al. (2010a).

3.5 Conclusions
From the outcome of our model, we have provided a scenario that can explain
the observations in the mid-IR towards a Herbig star: we considered some
limitations in our description of disks around Herbig stars, and we think that
these would not be problematic for the correct physical description of the mid-IR
spectroscopy.

Observations have been performed up to now with facilities affected by low
spectral resolution and lower sensitivity. These two elements limit any possible
firm conclusion about the nature of disks around Herbig stars, which can be
intrinsically different from the ones surrounding T Tauri stars. Low S/N is the
most likely explanation for the low detection rates of mid-IR water lines around
early type PMSs. This problem also partially affects later type PMSs. T Tauri
stars spectra are less noisy; however, mid-IR water line fluxes are lower, and the
detection rate is only a factor two more than for Herbig stars. Better performing
instruments with resolution > 3000 and longer integration times are definitively
needed to detect water successfully in the 1-20 µm range in protoplanetary disks.
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Appendix

A.1 Sensitivity limits

Our analysis sample includes a selection of T Tauri and Herbig Spitzer-IRS high
resolution observations. BCD data products were retrieved from the Spitzer
archive4. The data were reduced with the c2d IRS science pipeline using the
PSF extraction method (see Lahuis et al. 2007, Lahuis 2007, for details), which
provides higher S/N spectra than the standard tapered aperture extraction used
to populate the Spitzer archive. After extraction, additional defringing (Lahuis
& Boogert 2003) was applied to remove any low-level fringe residuals.

Sensitivity limits were determined by calculating the line flux for synthetic
lines with an amplitude equivalent to the 1-σ noise level in the IRS spectrum at
the respective blend wavelengths and a width comparable to the blend width
at a spectral resolution of 600.

A.2 Spectral convolution

We applied Gaussian convolution and rebinning to the theoretical spectra from
our models. For this task we used the ISO spectral analysis package (Kessler
et al. 1996), considering the three resolutions of Spitzer IRS LH/SH modules
(R = 600; Houck et al. 2004), VLT VISIR (R = 25000; Lagage et al. 2000). For
JWST MIRI we split the range into four spectral windows: R = 2800 for 7.63-
11.71 µm, R = 2500 for 11.71-13.59 µm, R = 2300 for 13.59-18.14 µm, R = 1600 for
18.14-28.43 µm, accounting for the variable spectral resolution (Clampin 2011).
We add noise through a random generator according to

N = Fcont ·
U([0, 1])

100
(3.1)

where N is the computed noise and a function both of the continuum flux (Fcont)
multiplied for a random generator between 0 and 1 (U([0, 1])) and of the selected
S/N. Here we consider 100 as claimed in Pontoppidan et al. (2010a).

4 http://irsa.ipac.caltech.edu/data/SPITZER/docs/spitzerdataarchives/
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Table 3.3 – Far UV spectra data source, and number of epochs for each source.

Star IUE FUSE STIS COS ACS
HD 100546 9 6 8 0 0
HD 97048 12 0 0 0 0
HD 163296 31 6 8 0 0
HD 142666 7 2 0 0 0
HD 135344B 0 2 0 8 0

RY Tau 107 0 6 0 1
RY Lup 4 0 4 0 1
DN Tau 19 0 0 0 1
CY Tau 0 0 5 0 2
DO Tau 0 0 0 0 1

A.3 Far UV spectra
FUV data are produced by combining observations from IUE, FUSE, HST/STIS,
HST/COS, and when available, HST/ACS archival data (Fig. 3.3). These data
were taken in multiple observations of the same objects, and they have different
resolution, integration time, spectral range, and noise. Owing to the complex
dataset, the best spectra we use is an average performed through a sophisticated
procedure described in detail in Dionatos et al. (in prep).
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Figure 3.12 – Far-UV component for each of the stars we modelled. The black line is the
best fit of the multiple epochs of observations. Spectra data points are colour-coded, and
the original files are labelled.
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Fig. 3.12 - Continued.
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“The difference between a common man and a warrior, is that the common man takes
everything as a benediction or a malediction. The warrior takes everything as a

challenge.”
(Paulo Coelho)
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Abstract

Mid-IR water lines from protoplanetary disks around T Tauri stars have a de-
tection rate of 50%. Models have identified multiple physical properties of disks
such as dust-to-gas mass ratio, dust size power law distribution, disk gas mass,
disk inner radius, and disk scale height as potential explanation for the current
detection rate. In this study, we aim to break degeneracies through constraints
obtained from observations. We search for a connection between mid-IR water
line fluxes and the strength of the 10 µm silicate feature. We analyse observed
water line fluxes from three blends at 15.17, 17.22, 29.85 µm published earlier
and determine the value of the 10 µm silicate feature strength from Spitzer spec-
tra to search for possible trends. We use a series of published thermo-chemical
models, performed with the code ProDiMo, that explore a wide parameter space
of dust and gas properties, as well as a series of models considering different
central stars. We use the trend produced by our sets of models to understand
the observed relationship between the water blends and the silicate feature. No
statistical significant correlation is found between the observed mid-IR water
lines and the 10 µm silicate strength. 2/3 of targets in our sample (35 objects)
show crystalline dust features, and the disks are mainly flaring. Our sample
shows the same difference in the peak strength between amorphous and crys-
talline silicates that was noted in earlier studies. The water line fluxes are also
unrelated to the nature of the dust. Our model series that vary properties of the
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grain size distribution (dust opacity) suggest that mid-IR water emission anti-
correlates with the strength of the 10 µm silicate feature. The models also show
that the stellar bolometric luminosity affects the strength of this dust feature
and the water lines in the same way and that the gas mass (gas-to-dust) ratio
beyond a threshold affects only the water emission. The pronounced regular
trends seen in the model results are washed out in the data due to the larger
diversity in stellar and disk properties compared to our model series. The in-
dependent nature of the water line emission and the 10 µm silicate strength
found in observations leaves as the most plausible explanation that the disks
with stronger mid-IR water line fluxes are depleted in dust or enhanced in gas
in the inner 10 au. Observations of larger unbiased samples with ALMA/JWST
are essential to verify this hypothesis.

4.1 Introduction

Water has been observed in protoplanetary disks from near-IR (Salyk et al.
2008), through mid-IR (Carr & Najita 2008, Pontoppidan et al. 2010a,b), to far-
IR (Hogerheijde et al. 2011, Podio et al. 2013, Riviere-Marichalar et al. 2012).
The main water reservoir, with an abundance of 10−4 with respect to the total
hydrogen number density, is located in the inner few au; this reservoir is re-
sponsible for water emission at wavelengths below 30 µm. A survey of mid-IR
water lines produced a complex picture, with a detection rate of about 50% for
T Tauri and 5% for Herbig stars (Pontoppidan et al. 2010a). Our previous work
(Antonellini et al. 2015b), found that the continuum opacity due to differences
in dust properties is one of the main reasons for changing the strength of the
mid-IR water emission. In a subsequent paper (Antonellini et al. 2015a), we
explain the non-detections of mid-IR water lines around early type Pre Main-
Sequence stars (PMSs), with the stronger mid-IR continuum and instrumental
noise.

Dust is assumed to constitute only 1% of the disk mass, but it is a bolo-
metric source of opacity, able to suppress line fluxes. Dust also plays a role
in the thermal balance of the disk, due to the photoelectric effect. In environ-
ments such as protoplanetary disks, dust grains grow (as inferred from mm
flux and spectral indexes, Beckwith et al. 1990, Mannings & Sargent 2000, An-
drews & Williams 2005, 2007) and settle (D’Alessio et al. 1999, Chiang et al.
2001). Silicate grains produce two solid state features around 10 and 20 µm.
The features originate mainly from µm-size grains where the dust temperature
is around 200-600 K (Natta et al. 2007). The 10 µm feature hosts information
about the thermal and physical history of dust grains, and also the composition
(Kessler-Silacci et al. 2005). According to van Boekel et al. (2005), the more the
dust is processed (crystallized), the wider the feature and the lower the peak
strength. The strength of the 10 µm peak is also inversely correlated with the
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dust grain size. Bouwman et al. (2008) found a correlation between the shape of
the 10 µm amorphous feature and the SED shape, that is consistent with both
dust growth and subsequent settling. Turbulent mixing however seems efficient
in maintaining µm-sized grains in the atmospheres of T Tauri disks (Olofsson
et al. 2009). Mass transport can also explain the presence of a relevant fraction
of cold crystallized dust in disks around T Tauri stars (Olofsson et al. 2010).

In this paper we investigate a potential relation between the mid-IR water
lines and the 10 µm silicate feature strength, that we take as a proxy for the
local dust opacity. We also discuss this in the context of the thermo-chemical
modeling results published earlier in (Antonellini et al. 2015b,a).

4.2 Spitzer spectra

We analyze in this work Spitzer-IRS high (14 spectra; R = 600) and low res-
olution (21 spectra, R . 120) spectra of a sample of 35 T Tauri stars. We
consider T Tauri stars for which measurements of line fluxes for the blends at
15.17 µm, 17.22 µm and 29.85 µm, are available from Pontoppidan et al. (2010a).
We then took spectra from CASSIS database1 and reduced Basic Calibrated Data
(hereafter BCD) from the Spitzer archive2. We reduce the second set of high
resolution data following a pipeline developed by the c2d team (Evans et al.
2009), and applying the PSF extraction procedure (Lahuis et al. 2007, Lahuis
2007). The data are then post-processed, applying defringing (Lahuis & Boogert
2003) to remove residuals due to low-level fringes. Spectra from CASSIS are
all low resolution, and already reduced following a pipeline described in detail
in Lebouteiller et al. (2011). Both the pipelines produce spectra of comparable
quality beside the different resolution.

The strength of the 10 µm Silicate feature S λ,peak is computed as

S λ,peak =
Fλ,peak − Fλ,cont

Fλ,cont
, (4.1)

where Fλ is the flux at 10 µm. Fλ,cont is the local linearly fitted continuum. The
error computation is taken from the covariance matrix of the fitting function3.
The definition of silicate peak strength adopted in this work, differs from the
one used in Olofsson et al. (2009), which is based on Bouwman et al. (2008).
Here, the peak strength is defined as

Fpeak =1+
Fν − Fν,continuum

〈Fcontinuum〉
, (4.2)

1 The Cornell Atlas of Spitzer/IRS Sources (CASSIS) is a product of the Infrared Science Center at
Cornell University, supported by NASA and JPL.

2 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/features/
3 http : //docs.scipy.org/doc/scipy − 0.14.0/reference/generated/ scipy.optimize.curve_fit.html
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Figure 4.1 – Comparison of the peak strength definition adopted in our work and the
one obtained by Olofsson et al. (2009). Blue stars are data extracted from c2d program
Spitzer spectra (Evans et al. 2009), while yellow squares are data extracted from CASSIS
(Lebouteiller et al. 2011) Spitzer spectra. The red solid line is our visual reference. Dot-
dashed lines indicate 50% of deviation from the red visual reference.Olofsson et al. (2009)
data are based on c2d spectra, and they do not report error bars.
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where Fν is the spectral flux at the frequency of the peak, Fν,continuum is the fitted
value for the continuum at the peak frequency, and 〈Fcontinuum〉 is the average
continuum in the fitted wavelength range 8-13 µm.

Fig. 4.1 shows that our definition produces systematically weaker peak fluxes,
around -0.5, and the average deviations scatter from the red line is around one.
In some cases, our selected spectra are from a different program, and some of
the targets are known to be variable in the mid-IR. Olofsson et al. (2009) fluxes
are from c2d spectra, and their values agree better with our peak fluxes in the
case where we used c2d spectra as well. Agreement between the two peak
strength definitions is on average better than 13%, meaning that any conclusion
produced will be valid independently of the definition used for the silicate
feature strength.

4.3 Mid-IR water and silicate relation

We classify our observed sample, in order to discover possible trends with dif-
ferent geometry or dust properties. At first, we consider the different outer disk
scale height and flaring as possible discriminator, based on the mid-IR slope
F30/F13 and on the classification reported in Oliveira et al. (2010). Almost all of
our targets are flared disks (cyan objects in Fig. 4.3), with a few cases of cold
disks or edge on objects. Considering individual dust properties as the crys-
tallinity degree, adopting the criterium used in several works (e.g. van Boekel
et al. 2005, Bouwman et al. 2008), we found that 2/3 of our targets have crys-
talline dust grains, and there is no correlation between crystallinity and disk
geometry.

Disks with crystalline silicates seem to cluster in a region of smaller silicate
peak fluxes (Fig. 4.3). Individual targets, however, can have different disk prop-
erties and central stars; for example in the plots, the range of luminosity spans
from 0.26 to 2.6 L�. This makes a direct comparison with our model series built
around a typical K7 star (L∗ = 0.7 L�) more difficult. The observations are un-
fortunately affected by large error bars for the 10 µm peak, and several upper
limits for water blend fluxes (Fig. 4.3). This is due to the sometimes low S/N of
the Spitzer spectra, and it prevents us from clear conclusions on the presence
of correlations in the data.

Due to the more balanced distribution of the number of targets with amor-
phous (11 objects) and crystalline (24 objects) dust grains, we tried a basic sta-
tistical test to test for the existence of two distinguished groups of objects, with
different mid-IR water line fluxes and silicate feature strength. We perform
a Kolmogorov-Smirnov analysis, an Anderson-Darling and a Mantel-Haenszel
statistical tests (for data with upper limits), using either R code4 or python5.
4 https : //www.r − project.org/
5 http : //docs.scipy.org/doc/scipy − 0.16.0/reference/generated/scipy.stats
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Figure 4.2 – Plots of the water blend fluxes (top 15.17 µm, middle 17.22 µm, bottom
29.85 µm) versus 10 µm silicate feature peak strength. Diamonds are targets with crys-
talline dust features (F11.3/F9.8> 0.71 according to van Boekel et al. 2005, Bouwman et al.
2008), crosses are for the amorphous grains. Where available, we plotted the bolometric
luminosity of the central star. The color coding is based on the ratio F30/F13 reported
in Oliveira et al. (2010). Magenta objects are flat disks (ratio below 1.5), cyan are flared
objects, yellow are cold disks and brown are edge on targets (ratio above 15). Black
targets are the one for which this ratio is not available. Arrows indicates upper limit
measurements.
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Table 4.1 – Kolmogorov-Smirnov, Anderson-Darling & Mantel-Haenszel test results

Data KS AD MH
p-value(∗) p-value(∗) p-value(∗)

Peak 10 µm 6.921·10−7 2.457·10−6 n.a.
Water 15.17 µm 0.103 0.057 0.179
Water 17.22 µm 0.181 0.159 0.263
Water 29.85 µm 0.145 0.195 0.244

(∗) p-value represents the coefficient that set if we can discard the null hypothesis (sam-
ples pertain to the same distribution if p > 0.05 for KS and AD, and p > 0.1 for MH.)

According to the results from these tests, we find that the 10 µm peaks are
correlated with crystallinity, while the water line fluxes are not correlated (Ta-
ble 4.1). This result suggests that different levels of 10 µm peak strength are not
behind the differences in water blend strength. A borderline case is the 15.17 µm
blend, since its p-value is around 0.06 from the Anderson-Darling test. However,
from the Kolmogorov-Smirnov and the Mantel-Haenszel statistics, water blend
fluxes at this wavelength are clearly unaffected by 10 µm peak strength. The fact
that the distributions of water emission for amorphous and crystalline grains
seem to be drawn from the same distribution indicates that the two observables
are independent (water line fluxes and crystallinity). Since we took the 10 µm
peak strength as a proxy for the local dust opacity in the water emitting region,
we tentatively conclude that opacity does not directly suppress the mid-IR flux.

4.4 Modeling water & silicates

We perform a parameter space exploration using a sub-series of the models
presented in Antonellini et al. (2015b,a) (Table 4.2). All our models are based
on a mixture of 80% amorphous silicates and 20% carbon dust species with
average ρ = 3.5 g/cm3 (Draine & Lee 1984), and the dust size distribution is
based on a power law extending from a minimum (fixed for all the models
amin = 0.05 µm) to a maximum size (listed in Table 4.2). From these models,
we produced high resolution Spitzer spectra, and we extract the water blend
fluxes at 15.17, 17.22 and 29.85 µm adopting the same procedure as described
in Pontoppidan et al. (2010a). Finally we also computed the peak strength of
the 10 µm silicate feature using Eq. (4.1).

Fig. 4.3 shows that these two spectral features are emitted from the same
region in our standard T Tauri model, and so they arise under the same physical
and thermal conditions. Hence, we consider the 10 µm peak strength as an
indicator of the continuum opacity in the 10-20 µm water emitting region in
disks. The 29.85 µm blend is emitted from larger radii compared to the silicate
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Table 4.2 – Disk parameters series

Model
series

Parameter Symbol Series values/model

1 Maximum dust size amax [µm] 250, 400, 500, 700, 1000, 2000,
5000, 104, 105

2 Dust size power law index apow 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
3 Disk gas mass Mgas [M�] 10−5, 10−4, 0.001, 0.01, 0.05, 0.1
4 Central star Sp.Type M6, M2V, K6V, G0V, F8V, F5V,

A8V, A4, A0, B9V
Bold numbers refer to standard model values. All the central stars used in the last model
series were different from the standard T Tauri, which is a K7 spectral type.

feature, but there is a partial overlap, and so the idea still holds also for this
blend.

Fig. 4.4 describes the results from four different model series. The first two
model series we explored (1,2 in Table 4.2) produce directly an effect on the
abundance of µm-size grains. Extending the maximum dust size, maintaining
constant the dust mass and the power law index of the size distribution, reduces
the population of small grains. As a consequence the strength of the 10 µm fea-
ture becomes weaker. Reducing the value of the dust size power law distribution
index has the effect of putting more of the dust mass into large particles, and
this again reduces the population of small grains. Finally, the effect of changing
the gas mass (series 3) is more indirect. It is related to the radial temperature
profile due to the presence/absence of large grains in the upper disk layers.
If Mgas is low, big grains are settled to the midplane, and the small grains in
the upper layers are more exposed to the stellar irradiation, due to the partially
reduced opacity. Our models show clearly that for a fixed dust composition,
changing any of the individual disk properties (1,2,3 in Table 4.2), water blend
fluxes anti-correlate with the 10 µm silicate peak flux. Models with different
luminosities of the central star (series 4), instead, show simultaneously stronger
mid-IR water and silicate feature with increasing stellar luminosity (Fig. 4.4).

If we analyze our models with different Mgas, we find a sharp transition at
our canonical model (Mgas = 0.01 M�; Fig. 4.4). Models with larger gas mass,
show stronger mid-IR water lines at fixed 10 µm peak strength and the blend
emitting regions are moved outward by up to 1 au and slightly upward with
respect to the 10 µm silicate emitting region in the disk. Models below a gas
mass of 0.001 M� show no detectable mid-IR water lines (now emitted inward
of 0.2 au) and a stronger 10 µm peak. This is due to the strong settling (because
of the lack of gas support), that reduces the number of larger grains in the
upper layers. The emission at 10 µm becomes then purely driven by small
grains, which produce a much stronger emission feature. A similar effect can
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4.4 Modeling water & silicates

Figure 4.3 – Emitting region of the 10 µm continuum emission and the strongest water
lines contributing to the 15.17 µm, 17.22 µm, 29.85 µm blend for our typical T Tauri disk
model. The emitting regions include 15-85% of the radial and vertical integrated flux at
the given wavelengths. The green dashed line marks the optical extinction level AV = 1
mag. The white dashed line marks the Tgas = 600 K contour.

117



Chapter 4 – The mid-IR water and silicate relation in protoplanetary disks

be obtained in the models by changing the amount of dust in the disk.
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Figure 4.4 – Plot of a representative water blend flux (15.17 µm) versus the 10 µm silicate
feature for four model series. The continuous line is for models with different amax. The
dotted line is for models with different apow. The dashed line is for models with different
Mgas. Models with different Lstar are shown as “X” symbols. Extreme values for each
series are labeled. The yellow region marks the region of models in which the 10 µm
features are in absorption and the peak fluxes become negative.

4.5 Comparison between observations and models

If we now compare the results from observations with our modeling, we can
rule out some possibilities in the driving force behind the strength of the water
emission lines. Our model series clearly are not able to reproduce the high end
of the observed silicate peak strengths. This is because of the use of amorphous
dust and a self consistent treatment of the settling, which suppresses settling
of large grains in the presence of high gas densities in the inner disk. For
changing dust opacity, our modeling predicts an anticorrelation that is not seen
in the observational data; therefore opacity is not the driving force behind the
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different water mid-IR line fluxes. The trend observed in our series 3 indicates
that we can have several situations in which at fixed 10 µm peak strength, mid-
IR water blend fluxes can vary up to a dex. Viceversa, in models with very
low gas mass, where water is not detectable, the strength of the 10 µm range
up to a factor two. Given the physics behind this modeling results (Sect. 4.4),
we conclude that the local dust-to-gas ratio within the inner 10 au is our best
candidate to explain the observed lack of correlation between water line fluxes
and silicate peak strength. This could at the same time explain the presence
of objects with different strength in the mid-IR water blend fluxes at the same
level of silicate peak strength. It is clear that our model series which assume a
continuous smooth evolution of disks and include a physical model of settling
do not capture all aspects seen in the observations discussed here - such as
very strong silicates features and detectable amounts of gas in the inner disk.
Possibly, the type of processes we witness in the inner disks around T Tauri
stars are more complex than captured in the continuous disk models. This
could be a hint of dynamical ongoing planet formation processes (gap opening,
dust migration).

Observations with higher spatial resolution and sensitivity, like the ones that
JWST/MIRI (5-28 µm) will be able to perform, are needed to understand bet-
ter the spatial distribution of silicate grains in disks, to obtain larger samples
of water detections and to confirm the presence of local gas enhanced or dust
depleted areas in the inner disk. To date, ALMA high spatial resolution obser-
vations could at least confirm, if some of the disks with strong water emission
are indeed dust depleted in the inner 10 au.

4.6 Conclusions

Some of our model series (1,2,3) suggest the presence of a regular trend between
the strength of the 10 µm silicate dust feature and the mid-IR water blend
fluxes. This is directly related to changing dust opacity. A stronger silicate
feature is produced by disk properties such as very small dust grains, very steep
power law dust size distribution, very low gas mass. It is an indicator of larger
continuum opacity and leads to weaker mid-IR water lines. Both dust grains
and water behave in the same manner with respect to the stellar bolometric
luminosity (series 4), since both gas and dust get warmer.

Observational samples are more heterogeneous than what our models cur-
rently describe. Disks around T Tauri stars show mainly processed and more
crystalline dust, while our modeling is performed with ISM dust (mainly amor-
phous). Observations are consistent with relatively flared disks around T Tauri
stars and crystalline dust features.

From statistical tests, we found that the peak strength is different in disks
with amorphous and crystalline grains. We also found that the water line
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fluxes in the two samples of amorphous and crystalline silicate disks are in-
distinguishable. This suggests that dust opacity does not drive the difference in
mid-IR water fluxes. The independent behavior of these two observables leaves
an alternative explanation, namely that some disks have an inner ring within
10 au depleted in dust or enhanced in gas. High spatial resolution observations
(ALMA, JWST) are needed to confirm this hypothesis.
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Appendix

A.1 Observational data
Observations used in this study (Table 4.3).

Table 4.3 – Selected T Tauri disk system

Source name Peak 10 µm 15.17 µm(1) 17.22 µm(1) 29.85 µm(1) 11/9 30/13(2) Luminosity
[10−14 erg cm−2s−1] [10−14 erg cm−2s−1] [10−14 erg cm−2s−1] [L�]

LkHa270 0.20±0.17 <1.15 <1.08 2.62±0.22 1.55 1.59 ...
LkHa326 0.43±0.18 1.50±0.16 1.98±0.16 0.96±0.13 1.15 2.88 ...
LkHa327 0.35±0.17 3.19±0.86 7.75±0.80 7.37±0.48 1.66 1.23 ...
AS205 0.54±0.03 9.21±0.52 14.50±0.59 7.46±0.38 0.72 1.76 7.10
EXLup 1.04±0.11 <0.42 1.47±0.14 4.65±0.08 0.52 1.56 0.39
GQLup 0.30±0.07 0.82±0.07 1.60±0.07 1.53±0.05 0.86 2.04 0.80
HTLup 0.39±0.08 <2.01 <1.98 1.34±0.17 0.85 1.53 1.45
RNO90 0.37±0.06 4.65±0.19 8.05±0.20 4.67±0.11 0.71 1.73 ...
RULup 0.61±0.08 2.87±0.15 4.01±0.16 2.77±0.09 0.93 1.94 0.42

V1121Oph 0.99±0.09 0.89±0.24 2.14±0.26 2.02±0.14 0.72 1.87 ...
VWCha 0.95±0.04 3.29±0.12 5.85±0.13 2.99±0.07 0.87 2.08 2.34
VZCha 0.65±0.07 1.55±0.08 2.30±0.08 1.24±0.03 0.72 1.03 0.46
WaOph6 0.13±0.05 1.25±0.06 1.23±0.06 0.84±0.04 1.29 1.66 0.67
DRTau 0.33±0.05 4.53±0.19 7.13±0.19 3.73±0.10 0.72 ... 2.50
SXCha 1.12±0.10 1.29±0.10 2.00±0.10 1.67±0.07 0.63 1.72 0.44
SYCha 1.11±0.14 <0.15 0.20±0.05 0.71±0.03 0.67 2.16 0.37
TWCha 2.90±0.23 1.01±0.03 1.72±0.05 0.91±0.03 0.59 2.07 0.90
WXCha 1.03±0.06 1.80±0.07 2.66±0.07 1.49±0.03 0.83 0.99 0.68
XXCha 0.70±0.11 0.66±0.05 0.76±0.05 0.66±0.03 0.79 1.70 0.26
LkCa8 1.08±0.08 <0.17 0.27±0.05 0.71±0.06 0.59 2.28 ...

Haro1-16 1.63±0.04 0.66±0.06 1.24±0.06 1.15±0.05 0.59 4.30 2.00
AATau 0.60±0.02 0.48±0.06 1.48±0.06 0.74±0.03 0.69 ... 0.98
LkHa271 0.36±0.36 <0.45 <1.05 <2.1 1.21 2.54 ...
LkHa330 0.91±0.05 <0.73 <0.92 <3.12 1.02 11.74 ...
V710Tau 0.31±0.03 <0.17 <0.32 <0.69 0.81 1.41 ...
CokuTau4 0.23±0.09 <0.29 <0.33 <0.39 0.95 16.96 ...

Sz50 0.40±0.09 <0.20 <0.22 <0.30 1.75 2.31 ...
GULup 0.45±0.06 <0.20 <0.21 <0.39 0.76 ... ...
IMLup 0.74±0.03 <0.28 <0.28 <0.34 0.76 1.85 ...
RYLup 2.04±0.02 <0.75 <0.85 <1.11 0.50 3.92 ...
Haro1-1 1.51±0.05 <0.18 <0.18 <0.53 0.59 4.70 ...
Haro1-4 1.62±0.04 <0.30 <0.38 <0.60 0.59 2.44 ...
Haro1-17 0.30±0.02 <0.11 <0.11 <0.28 0.90 1.96 ...

(1) Fluxes from Pontoppidan et al. (2010b), scaled at 140 pc of distance. (2) Values taken
from Olofsson et al. (2009).
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“A male pilot is a confused soul, that talks about women when he is flying, and talks
about flight with women.”
(Aeronautic aphorism).
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Abstract

Planet formation and composition is strongly connected with the composition
of ice, with the position of the ice lines and their formation time within the disk
evolution. The timescale of the chemistry in the ice regions is comparable to a
significant fraction of the disk lifetime, making the evolution of these regions a
complex interplay between evaporation, freeze-out and disk structure evolution.
We explore here in a time-dependent chemistry approach, the evolution of the
structure of the ice reservoirs of H2O, CO, NH3, CO2 and CH4 for a set of three
parameters affecting continuum opacity (dust-to-gas mass ratio, maximum dust
size, dust size power law distribution index), and three affecting the thermal
desorption of ices (cosmic rays ionization rate, chemical efficiency heating, ra-
dioactive decay of nuclides). We model the change in ice lines as a function of
time. Our numerical tests are performed with parametrized disk models com-
puted with the radiation thermo-chemical code ProDiMo. For each model, we
compute time-dependent chemistry, conserving all other disk properties. We
test a simplified prescription for the ice reservoirs extent based on equilibrium
between adsorption and desorption processes. To demonstrate the impact of
changing ice reservoirs, we studied its effect on the CO isotopologues in gas
mass diagnostics and ALMA channel maps. Limitatively to the pure adsorp-
tion/desorption processes and neglecting a full surface chemistry approach, the
extent of the ice reservoirs is unaffected by the evolution of the chemistry be-
yond about 5·105 yrs. The only cases, in which we found a relevant change, is for
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optically thin models, like the ones with flat dust size power law distribution or
large maximum dust size. In those cases, the outer disk ice reservoir gets more
extended radially with time. The simplified approach allows models without a
chemical network to estimate quite accurately ice lines of several species. Given
an integration time of 48 hrs, the noise in the ALMA line cubes is small enough
that we see a hint for the presence of the rear side of the pattern in the channels
maps in a disk around a typical T Tauri. However, we found different lengths
of the channels maps branches (hereafter butterflies) for the different isotopo-
logues lines in the disk models. Time-dependent chemical effects of pure gas
phase network without full surface chemistry, are not a relevant factor in the
spatial extent of the ice lines in protoplanetary disks in star forming regions of
1-3 Myrs, making simplified approaches as the chemical equilibrium relation
a valid method for computing the size of the different ice reservoirs. Models
that are optically thicker in the continuum, will have both vertically and radially
more extended ices reservoirs, while the parameters affecting thermal desorp-
tion will affect the extent only in the case of very high cosmic rays ionization rate
(> 10−12 s−1), where the ice reservoirs are less extended. The gas column den-
sities in the models with more extended ices are also lower and the line fluxes
weaker. Uncertainties in models including surface chemistry and with different
initial conditions, will play a role in the spatial extent of the ice reservoirs and
the composition, in particular at epochs earlier than 1000 yrs. Information re-
trieved from CO isotopologue line ratios suffers from strong degeneracy with
several disk properties, and can be used as a method for disk gas mass estima-
tion only within a factor 10. We developed a method to measure the length of
the butterflies and we found that it can partially break the degeneracy.

5.1 Introduction

H2O is one of the most abundant volatiles in disks, and it is considered im-
portant also for the planet formation procedure and composition, since the ices
increase the surface density of solids, and in the ice regions of the disk, the
relative abundance of water is comparable to silicates and iron (Pollack et al.
1994). The inner edge of the region in the disk in which water freezes is called
“snow line”. Its position depends on the gas pressure, the temperature range
in which water can freeze in disks (between 145 K; Podolak & Zucker 2004; and
170 K Sasselov & Lecar 2000).

Several works on the Solar nebula investigate the position of the snow line
and migration during the disk lifetime. Sasselov & Lecar (2000) modeled a
passive/active flared disk irradiated by a 0.5 M� central star, finding that the
snow line position should be within 3 au, and in the passively irradiated case it
can be extended inward till 0.7 au. Podolak & Zucker (2004) state that the snow
line is always located in regions where Tdust ≤ 150 K, since in these regions the
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disk is optically thick, and not affected by photodesorption. Lecar et al. (2006)
pointed out the role of viscous heating and disk surface density for setting the
position of the snow line. Even a typical T Tauri disk accretion rate (10−8 M�/yr)
would be able to move outward the ice reservoir to 1.6-1.8 au. Contrary to
previous studies, Garaud & Lin (2007) found that below an accretion rate of
10−9 M�/yr, the snow line migrates again outward, due to the fact that passive
disks are more flared, and so intercept more radiation. They even found that
the snow line should migrate back inward after intense accretion events (FU Ori
outburst like) on a century timescale. Martin & Livio (2012) modeled the snow
line in a protoplanetary disk around a T Tauri star. They found that in the
presence of a “Dead zone”, the inner edge of the ice reservoir cannot be closer
than 3.1 au.

Modeling disks with dust grains larger than the typical ISM dust grain size,
Mulders et al. (2015) found that the location of the snow line should be inward
by a factor two with respect previous predictions of 2-5 au. They also found
that assuming ISM-type dust, the position of the snow line would make inner
planets dry around low mass PMSs (M∗ < 0.5 M�).

In the disk lifetime processes like molecular diffusion and mass transporta-
tion of ice covered dust grains play an important role in the disk ice reservoirs
structure: diffusion processes are able to increase the outer disk ice mass, due
to cyclical events of freezing and mass transportation of dust grains in the outer
disk, enhancing giant planet formation (Zhang & Jin 2015). The evaporation
process in the inner disk is responsible for cooling processes that promote in-
stabilities and pressure inversions able to stop planetesimals migration (Wang
2015).

CO is also another abundant volatile (∼10−4 relative to H; Liu et al. 2013). The
“ice line” of CO is further out compared to water, and this creates an additional
solid mass repository in the outer disk, where giant planets are formed. Recently
CO ice line have been indirectly observed in TW Hya, through N2H+ ALMA
observations (Qi et al. 2013). Mathews et al. (2013) used instead DCO+ as a
probe to image the CO ice line around HD 163296, finding a location consistent
with the typical 19-20 K freeze-out temperature. The constrain of the CO ice
line conditions for HD 163296 is confirmed by de Gregorio-Monsalvo et al.
(2013), using CO and isotopologues ALMA detections. ALMA observations of
DCO+ towards IM Lupi show a two ring structure in the disk, the internal one
(∼ 25 au) consistent with the CO thermal ice line, and the external one (∼ 200 au)
is consistent with non-thermal desorption of CO from the ice reservoir Öberg
et al. (2015a).

The NH3 ice line is almost co-spatial with water, and it contributes up to
the 7% in mass to the inner ice reservoir (Dodson-Robinson et al. 2009). Finally
CH4 is another volatile that adds mass to the outer ice reservoir.

Previous works focused on the effects of disk instabilities, structure and heat-
ing/cooling (including accretion) on ice reservoirs, and in particular focused on
the snow line. Here we treat for the first time in 2D with a full radiation thermo-
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chemical code the effect of chemistry on the time evolution of ice reservoirs for
five simple volatiles. We want to understand the role of the chemistry in the cold
disk. In Section 5.2, we describe the code and modeling approach. In Section 5.3
and 5.4, we report our results. In Section 5.5, we present our conclusions.

5.2 Modeling

We describe in this section the code ProDiMo and the series of models we
developed to study which properties affect the ice line of five main volatiles in
disks (H2O, CO, CO2, CH4, NH3). In a second subsection, we treat a simplified
approach to define the ice lines without a complete chemical computation.

5.2.1 Parameter space of models

We model the snow line, and the CO, CO2, CH4 and NH3 ice lines computing
a series of time dependent disks models using the radiation thermo-chemical
code ProDiMo (“Protoplanetary Disk Model”) including X-ray photoprocesses
(Woitke et al. 2009a, Aresu et al. 2011), adopting the same method used in
a previous study by Meijerink et al. (2013) towards AGNs dust tori. In this
mode the code integrates for the required time the chemical rate equations,
solving the heating/cooling balance at every step. The chemical network rates
are taken from UMIST 2012 (McElroy et al. 2013) for a gas phase network of
100 species. Heating processes implemented include PAH/photoelectric heat-
ing (Bakes & Tielens 1994), C photoionization, H2 photodissociation, formation
heating and collisional de-excitation, cosmic ray heating, chemical heating, and
viscous heating. Cooling processes include Ly-α, OI 630 nm, and more than
10000 atomic/molecular emission lines from 89 gas species. Gas and dust ther-
malization is also taken into account. In addition, photo-rates are computed
using detailed cross-sections and the local radiation field in the disk. We use
a tapered-edge description of the outer disk. Additional processes described in
Woitke et al. (2011) include the PAH ionization balance, UV fluorescence pump-
ing, a parametric description of settling, pumping by OH photodissocation, H2
pumping by formation on dust grains.

We run several series of models exploring different values for six parameters
(Table 5.1). The first three are related to continuum opacity and dust properties
(dust-to-gas mass ratio, dust maximum size, dust size power law distribution in-
dex). The second three parameters produce effects on the chemistry, ionization
degree, and heating in the embedded regions of the disk (chemical efficiency
heating, cosmic rays ionization rate, ionization rate from radioactive nuclei).
Chemical efficiency is the fraction (spanning from 0 to 1) of energy produced
by exothermic reactions that we decide to put into gas kinetic energy, and not
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distributed into other degrees of freedom of the reaction products. Radioactive
decay heating is attributed specifically to some nuclides that contributes rele-
vantly in the environment of a young star. The largest contribution is due to
26Al, which ionization rate is 7.3·10−19 s−1 and is a short life radionuclide. Con-
sidering long live radionuclides, the global ionization rate would be driven by
40K and other nuclides as 235,238U, and the total ionization rate due to these nu-
clides is 1.4·10−22 s−1 (Umebayashi & Nakano 2009). We model cases of very high
cosmic rays ionization rate, considering that the astroparticle flux is stronger in
environments with particularly strong Star Formation Rate (like starburst galax-
ies) and or AGNs. Even in our Galaxy there are clues about an enhanced flux
in diffuse clouds and in Orion Bar (Gupta et al. 2010, Neufeld et al. 2010). The
highest ionization rate here considered is from models of cosmic rays dominated
regions (CRDRs; Bayet et al. 2011).

Each model is a time dependent run through five epochs spanning from
the early disk phase up to the typical disk lifetime of 5 Myrs (Table 5.2). The
structure and properties of our standard disk model are described in detail in
Appendix A.1.

5.2.2 A simplified approach for ice lines in disks

We present here an approach to describe the ice reservoir extent based on the
sublimation equilibrium relation between ices and gas in the disk. This equilib-
rium is described by the adsorption process, and the thermal and non-thermal
desorption processes. The adsorption rate depends on the gas temperature Tgas
[K], molecular mass of the species mmolec [g], dust density ndust [cm−3], and aver-
age dust grain size 〈a〉 [cm] defined accordingly to Woitke et al. (2009a)

Rads = 4π〈a〉2ndustα

√
kbTgas

2πmmolec
[s−1] (5.1)

The sticking coefficient α is set to 1 in all the species heavier than He in our
computation (according to; Burke & Hollenbach 1983). The thermal desorption
rate is given by

RTh−des =

√
2nsurfkbEads

mmolecπ2 e−
Eads
Tdust [s−1] (5.2)

This process depends on the surface density of binding sites on the dust grains
nsurf [cm−2], the adsorption energy on dust grains Eads [K] of the molecule con-
sidered, the dust temperature Tdust [K], and again the molecular mass [g]. kb is
the Boltzmann constant [g cm2 s−2 K−1]

The non-thermal process of desorption we consider is photodesorption
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Table 5.1 – Standard disk and parameter space

Stellar parameters
Parameter Symbol Value
Photospheric temperature Teff [K] 4400
Stellar mass M∗ [M�] 0.8
Stellar luminosity L∗ [L�] 0.7
FUV excess(∗) LUV/L∗ 0.01
UV power law exponent pUV 0.2
X-ray luminosity LX [erg/s] 1030

X-ray minimum energy Emin,X [keV] 0.1
X-ray Temperature TX [K] 107

Standard disk model parameters
Parameter Symbol Value
Grid points Nxx/Nzz 70 × 70
Disk gas mass Mgas [M�] 0.01
Inner radius Rin [au] 0.1
Outer radius Rout [au] 300
Surface density power law
index

ε 1.0

Minimum dust size amin [µm] 0.05
Tapering-off radius Rtaper [au] 200
Settling description - Dubrulle
Turbulent mixing parameter α 0.01
distance d [pc] 140
Turbulence viscosity coeffi-
cient

αvis [-] 0

(*) The presence of UV excess is not consistent with the disk accretion. The disks are all
passively heated.

Table 5.2 – Disk parameters explored

Parameter Symbol Grid values
Dust-to-gas mass ratio d/g 0.001, 0.01, 0.1, 1, 10, 100
Dust power law index apow 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
Dust maximum size amax [µm] 250, 400, 500, 700, 1000, 2000, 5000, 104, 105

Chemical efficiency heating - 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0
Cosmic ray ionization rate ζCR [s−1] 1.7 (−19), 1.7 (−18), 1.7 (−17), 1.7 (−16), 1.7 (−15),

1.7 (−14), 1.7 (−13), 1.7 (−12)
Radioactive decay ionization rate ζRad. [s−1] 0.0, 1.4(-22), 7.3(-19)

Disk ages t [yr] 105, 5×105, 106, 2.5×106, 5×106

(*) The presence of UV excess is not consistent with the disk accretion. Our disks are all
passively heated. Bracket notation x(y) means x · 10y.
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RPh−des = π〈a〉2
ndust

nlayers
φphotonχFDraine [s−1] (5.3)

It depends on the FUV radiation field intensity (χ) expressed in units of the
Draine field FDraine (G0; Draine 1978). φphoton is the photo desorption yield. The
numerical density of active ice layers on dust grains is described as

nlayers = 4π〈a〉2ndustnsurf Nlayers (5.4)

in which nsurf [cm−2] is the surface density of sites. Nlayers is the number of active
layers, In our modeling we consider 2. The last non-thermal desorption process
included in our treatment is induced by cosmic-rays

RCR−des = 3.16 · 10−19 ζCR

5 · 10−17s−1 RTh−des(70 K) [s−1] (5.5)

Here, ζCR [s−1 is the cosmic ray ionization rate, and the process is based on
a thermal cycle, in which the dust grain is locally heated (thermal spike) and
then cooling timescale is taken into account. This process is dependent from the
assumptions on dust grains specific heat and temperature (Hasegawa & Herbst
1993).

We define the ice line as the location where the abundance of gas and ice
are equal. Then the position of this transition becomes simply the place in the
disk where the above described four rates are in balance and the densities of
both ice and molecules in the gas are equal.

Rads = RTh−des + RPh−des + RCR−des (5.6)

This allows us to compute its position without taking the full gas chemistry
into account, only knowing the radiation field, the dust temperature and the
cosmic rays flux. In the following, we will check this simplified approach against
detailed thermochemical models.

5.3 Results

Here we discuss our results on the timescale on which ice reservoirs change in
disks with different properties. We also test the sensitivity of our results to the
initial conditions (abundances), how much the surface chemistry will affect the
spatial extent of the ice lines, and the reliability of our simplified disk reservoir
prescription.

129



Chapter 5 – Ice lines and disk structure in protoplanetary disks

5.3.1 Time evolution of ice reservoirs in disks

The aim of this study is to find out whether the spatial extent of the ice reser-
voirs change over the typical lifetime of a disk. We base the outline of the
ice reservoir on an abundance criterium (ngas = nice) and draw the contours of
the ice reservoirs retrieved at the different epochs. In our standard disk model
(Fig. 5.3.1), the ice reservoirs are not changing with time beyond 0.1 Myrs. The
extent of the reservoir is marginally affected only in the outer disk, that is bolo-
metrically optically thin, and has a longer timescale for the chemistry. However,
we generally computed from this epoch because on average we observe proto-
planetary disks with ages around 0.1-106 yrs, and we wanted to analyze if at
this stage ice reservoirs are expected to change with a chemistry time-dependent
approach.
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Figure 5.1 – Standard disk model. The black line delimitate the disk region with ngas ≥

3000 cm−3. The different linestyle is used to trace the different ices reservoirs: thick for
water, dotted for CO, dashed for CO2, dot-dashed for CH4, “x” for NH3 The color of
each contour is coded for the epoch at which it is defined. The actual position of Earth
and Jupiter in the Solar System is reported by the respective symbols.
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Our modeling approach is affected by assumptions and uncertainties: 1) our
initial conditions of the time-dependent computation are based on molecular
cloud initial abundances obtained from a steady-state chemical modeling, 2) our
network consists of gas phase reactions and adsorption/desorption processes,
and is largely based on UMIST 2012.

Considering shorter timescales, ice reservoirs expand outward and upward
with time in the disk regions beyond 3-4 au of our standard model. This happens
in the first 105 yr (Fig. 5.3.1). The reason for this radial expansion of the ice
reservoirs is a consequence of the rich presence of volatiles in gas phase, out of
equilibrium with the ice, and that freeze on dust with a relatively slow timescale.
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Figure 5.2 – Contours of the ice reservoirs in our standard model including epochs earlier
than 105 yr.

5.3.2 Effects of dust opacity on ice reservoirs

The extent of the ice reservoirs depends particularly on the disk dust opacity
(Fig. 5.3). In the models with higher continuum opacity (high d/g, low apow,
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low amax), the reservoirs are more extended both inward and vertically, for two
reasons. The gas in the disk is colder, since the radial temperature gradient
becomes steeper (because radiation penetrate less). Also photodesorption is re-
duced in the outer disks, where FUV photons cannot penetrate anymore. The
ice reservoirs extent in most cases does not change with time. Only for a very
flat dust size power law distribution, we find that the ice lines become more ex-
tended in the outer disk between 0.1 and 5 Myrs. Different parameters produce
also similar effects on the ice reservoirs extent in disks. Disks with very low
dust content (Fig. 5.3 c) produce a spatial extent of the ice reservoirs identical
to that produced by a very large maximum dust size (Fig. 5.3 f). Then disks
with very steep dust size power law distribution (Fig. 5.3 b) will have similar ice
reservoirs extent than disks with very high dust content (Fig. 5.3 d). These two
models will have a very reduced volatiles gas column densities, in particular
beyond 1 au.

5.3.3 Effects of chemical heating and ionization rate on ice reser-
voirs

The second series of parameters we modeled, chemical heating, cosmic-ray and
radioactive nuclei ionization rate, affect properties like gas heating and/or ion-
ization degree. Only the cosmic rays (Fig. 5.4 d) shrink the size of the ice reser-
voirs in disks, producing therefore a larger gas column density in the outer disk,
but here we are considering an extremely (and probably unrealistic) ionization
rate. Radioactive decay of nuclei has a contribution to ionization that is up to
two dex less than cosmic rays for the same model, the consequent heating is
also marginal, and the ice reservoirs are unaffected (Fig. 5.4 f). The chemical
heating is dominant in the warm surface gas layers, and is negligible in the cold
regions of the disk, where ice forms (Fig. 5.4 b). Also this parameter does not
affect the ice reservoirs extent.

5.3.4 Approximate ice line definition

A computationally very expensive part of our and several other codes, is the
chemistry solver. Given a thermo-physical solution for the dust, i.e. knowing
Tgas and Tdust

1, and the local FUV radiation field, it is possible to compute the
spatial extent of the ice reservoirs in an approximate way. This approach ex-
cludes the need for the full chemical treatment, and allows a simple prescription
for the ice spatial extents that can be potentially used in non-chemical codes (see
1 These two temperatures can be considered equal in the optically thick regions of the disk, and this
assumption holds also in large parts of the the optically thinner regions of the outer disk, where
the ices reside.
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Figure 5.3 – Contours of the ice reservoirs time variation for the models with different
dust opacity; plots are shown only for the extremes of the explored parameter range. (a)
apow = 2.0, (b) apow = 4.5, (c) d/g = 0.001, (d) d/g = 100, (e) amax = 250 µm, (f)
amax = 10 cm. For details about the plots check the caption of Fig. 5.3.1.
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Figure 5.4 – Contours of the ice reservoirs time variation for the models with different
heating/ionization rate, plots for the extremes of the explored dynamic range. (a) chem-
ical efficiency heating 0%, (b) chemical efficiency heating 100%, (c) ζCR = 1.7 · 10−19 s−1,
(d) ζCR = 1.7 · 10−12 s−1, (e) ζradioactive = 0.0 s−1, (f) ζradioactive = 7.3 · 10−19 s−1. For details
about the plots check the caption of Fig. 5.3.1.
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Sect. 5.2.2). Our method based on the rate equilibrium, is the only one that is
completely independent from the gas physical and chemical properties, and can
be directly appliable to pure continuum radiative transfer codes.

The criterium based on the rate balance produces an approximate description
of the real extent of the reservoirs for H2O, CO, NH3. The ice line of CO2 and
CH4 are less accurately described in their spatial extent (Fig 5.5). The main
reason for the discrepancies is a simplified definition of the local radiation field.

In Min et al. submitted, the water snow line is defined through a density
criterium. For our scope, we adapted the criterium defining the vapor pres-
sure of the ice and comparing it directly with the local partial pressure of the
molecular gas in question

Pvap(H2O) =
kbTgas

mH2O

10B−A/Tgas

Tgas
+ γ

GUV√
Tgas

 (5.7)

The first term in parenthesis is a purely thermodynamic term from the equi-
librium between the phases, the second is a corrective factor that takes into
account photodesorption. This pressure is a function of the gas temperature
Tgas, the molecular mass of the species (water in that case, mH2O), the local FUV
radiation field computed from the radiative transfer in Draine units GUV, the
Boltzmann constant kb, and two coefficients that account for the phase transi-
tion enthalpy A, B. Finally the scaling parameter γ is set to 10−20 to give good
agreement with the detailed ProDiMo calculations, and is the same for all the
species. We adopted the previous definition for CO, applying proper coefficients
A and B in order to delimitate the corresponding ice line. In Williams & Best
(2014), the CO ice line is defined in the region of the disk where Tgas = 20 K
and NH>1.3 · 1032 g/cm−2, the column density above which photodesorption ef-
fects are negligible. Using the three previous criteria, we also computed the gas
column densities, adopting a numerical procedure described in Appendix A.2.

The results of the three criteria are compared in Fig. 5.6. The agreement
in outlining the CO ice reservoir is reasonable for Williams & Best (2014) and
our rate method, while Min et al. method deviates significantly. The difference
is mainly reflected in the outer disk: The Min et al. criterium yields two dex
less CO column density and a final mass that is ∼ 40% less than the other
three definitions. This difference is due to the bad definition of the CO ice line
beyond 50 au (Fig. 5.6). The difference from Williams & Best (2014) and our rate
methods (that are in strong agreement) is about 5% in mass (beyond 10 au).

In the case of water, the outlining of the ice reservoir based on the rate
criterium is less accurate than for the case of CO. Our definition of the ice
reservoir underestimate by two dex the column of water vapor in the outer disk
(Fig. 5.7). The criterium adopted by Min et al. for water produce a comparable
mismatch in terms of column density definition. All the three method differ
between each other of a dex in terms of ice mass beyond 0.9 au, with Min
et al. predicting two dex less gas mass than the ProDiMo computation. The
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Figure 5.5 – Ice relative abundances and ice line computed from detailed balance between
desorption and adsorption processes, compared with a simple Tdust criterium. For each
species, the freeze-out temperatures have been taken from Table 1 of Bockelee-Morvan
(1997) (except for NH3, that is assumed to sublimate at a temperature similar to water).
Water ice (top left), CO ice (top right), CO2 ice (middle left), CH4 (middle right), NH3

(bottom).
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Figure 5.6 – CO ice line and gas column density. Left: Comparison of the different
methods to define the CO ice line; rate based method (blue), critical pressure criterium
discussed in Min et al. submitted (white), criterium used in Williams & Best (2014)
(black). Right, gas column density applying the three ice line definitions, the orange
thick line shows the outcome from ProDiMo, and computed CO gas masses beyond
10 au.
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definitions previously discussed and computed water gas masses beyond 0.9 au.
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Table 5.3 – Time dependent models

Parameter Model 1 Model 2
epochs range [yrs.] 102-108 102-1.2×108

r [au] 1.0 10.0
z [au] 0.12 8.0

Tgas [K] 70.8 31.6
Tdust [K] 70.8 39.8

ngas [cm−3] 1012 1011

AV [mag] 10 10
χlocal [G0] 0.32 0.02

d/g 0.01 0.032
〈a〉 [µm] 0.4 0.41

main effect of these differences is reflected in the spectroscopy. If the gas column
density is underestimated by two orders of magnitude in this disk region, far-IR
lines (like the ones observed by Herschel PACS) can be heavily underpredicted.
In addition, the far-IR ice features produced from these regions of the disk
would be overpredicted (because of larger ice column densities), and expected
to be produced from higher surface layers.

5.3.5 Sensitivity to the initial conditions

The time dependent simulations we performed in this work are based on molec-
ular cloud initial abundances. In the cold and most embedded regions of proto-
planetary disks, the timescales of the chemistry are very long and comparable
with the disk lifetime. Differences in the initial abundances can affect the chem-
ical abundances at all timesteps. To test this, we decided to run single point
chemistry models for the physical conditions of two points close to the water ice
reservoir (Table 5.3) in time-dependent chemistry mode. We consider more than
230 epochs spanning 1 to 108 yrs. Over this timescale the final abundances, also
of the regions of the disks affected by the slowest chemistry, should be converged
to steady state abundances (Fig. 5.8).

Our typical starting conditions for the time-dependent chemistry consider
the abundances from molecular clouds, obtained through a steady-state solu-
tion for the physical conditions: density, gas and dust temperatures, extinction,
radiation field (values are reported in Table 5.4), and initial gas composition
from UMIST molecular cloud abundances. In our test, we exchange ice abun-
dances with the correspondent gas ones for the species that have ices included
in the chemical network (Table 5.5). With our simplified ice network, the main
processes involving ices are adsorption/desorption, considering that these reac-
tions have very long timescales, an upsetting of the initial abundances represent
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Figure 5.8 – Single grid point time-dependent tests. Top plots are for standard abun-
dances (left) and inverted abundances (right) at 1 au (z = 0.12 au). Bottom plots are the
same but for 10 au (z = 8 au). Continuous lines are for the gas phase species, dotted
lines are for the ices. Legend of all the figures is plotted only on the bottom right plot
for convenience.
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an extreme test about the sensitivity to the initial conditions. These different
initial abundances produce effects on the gas composition within the first 107 yrs
in the inner disk. This is a timescale consistent with the expected disk lifetime
(e.g. Haisch et al. 2001, Yasui et al. 2012), and even beyond 107 yrs for the outer
disk. Hence, any discussion based on time-dependent chemistry in disks is
strongly dependent on the assumed initial abundances.

We tested the sensitivity of the ice reservoir time evolution for different
initial conditions, adopting an initial set of abundances recommended from
UMIST 2012 (McElroy et al. 2013). From the full 2D test (Fig. 5.9), we found
that time evolution still happens within 105 yr and the vertical and radial extent
in time evolve similarly as for the case of our standard abundances. The main
difference is in the vertical extent of the ice reservoirs of water, that at 0.3-1 au
is below z/r = 0.2, and CO2 that is initially very vertically extended, above
z/r = 0.2. However, from single grid point chemistry, we found that different
initial abundances produce a different time evolution in the composition of ices
and gas (Fig. 5.8 & 5.12). This means that the mass of individual ice species is
changed but the ice lines are less affected.
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Figure 5.9 – Contours of the ice reservoirs in our standard model with the abundances
recommended from UMIST 2012 (McElroy et al. 2013).
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5.3.6 Surface chemistry

Surface chemistry is thought to play an important role in setting the ice abun-
dances. However, the microscopic processes leading to the formation of ices
are still under investigation and different network produce different results.
Behind the uncertainties there are different methods for compute the surface
chemistry: Rate equation (e.g. Cuppen & Garrod 2011), Monte Carlo simula-
tions (e.g. Caselli et al. 2002, Cazaux et al. 2010), Master equation method (e.g.
Stantcheva et al. 2002, Garrod et al. 2009). Beside the different methods, there
are uncertainties in the physics itself, related with the barrier and binding ener-
gies. For example, the reaction H + CO is assumed to have a barrier of ∼ 2000 K
in Garrod et al. (2007), while Fuchs et al. (2009) computed an activation energy
of ∼ 400 K for the same reaction. Additional complication is the multi-layer as-
pect of ice, produced by the formation of iced mantles on the dust grain with a
complex structure (Taquet et al. 2012). In the following we approach the surface
chemistry through a series of steps with increasing complexity.

5.3.6.1 Surface chemistry of water

Several studies have been performed for water formation on dust grains. It
is widely accepted that this is an alternative way to produce this molecule in
dark molecular clouds (e.g. Lamberts et al. 2014). The accepted water formation
mechanism on ice has been theoretized from Tielens & Hagen (1982), and then
tested in lab experiments. It can be branched in three main channels (van
Dishoeck et al. 2014), plus a fourth that uses the direct reaction of H2 and
OH on dust grains, that is a very efficient water surface chemistry formation
channel in translucent clouds (Cazaux et al. 2010). All of them except the fourth
start with the adsorption of atomic oxygen on dust grains. Due to the larger
abundance of H and H2, the limitant reactant in this process will be always O.
Hence its abundance will determine how much water can be produced onto
dust grains.

The only mechanism for water formation we consider here is an Elay-Rideal
process. This process happens in warm regions of the interstellar medium and
protoplanetary disks, where the lifetime of ices is very short (He & Vidali 2014),
however, we found that it does not affect the snow line (Fig. 5.10).

The distribution of O ice is within the water ice reservoir in the outer region
of the disk. This means that any surface chemistry would affect only the total
mass of ices and not the spatial extent of the snow line (Fig. 5.10).
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Figure 5.10 – Ice relative abundance in the standard disk model for the steady state
solution. Water ice line is compared with Oxygen ice line, based on the abundance
criterium (nice = ngas).
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5.3.6.2 Surface chemistry of carbon dioxide

Carbon dioxide can be produced through surface reactions in cold gaseous en-
vironments. Lab studies show three main processes that contributes to the
formation of this molecule:

s-CO + s-O → s-CO2 (Roser et al. 2001)
s-CO + s-OH → s-CO2 + s-H (Raut & Baragiola 2011)
s-H2CO + s-O → s-CO + s-O (Minissale et al. 2015)

Considering the relative abundance of the precursor species, the main processes
contributing to the solid-phase formation will be the first two. The CO ice
abundance in the ice reservoir is about 2 dex larger than both O and OH ices.
Reservoirs of CO and O starts beyond 9 au, with O being the less extended. OH
ice reservoir extends even inward up to almost 1 au (Fig 5.11). The presence of
CO and O ices in the outer disk, makes possible to increase the mass of the CO2
ice reservoir in the outer disk, but not the spatial extent.

5.3.6.3 Full surface chemistry network

Our chemical network is based on a limited amount of ice species and all molec-
ular (H2O, CO, CO2, CH4 NH3, SiO, HCN, SO2, O2, N2), and 90 gas phase species
(DIANA small standard; Kamp et al. in prep.). The effect of the surface chem-
istry on this limited range of species is negligible because we are not considering
more complex species such as methanol (which is formed mainly through sur-
face chemistry) and we neglect atomic ices (that are potential precursors of the
molecules we are instead considering in ices). In the single point test with sur-
face reactions (Fig. 5.12), we included also ices of Si, Mg, Fe, O, OH, C2, CH3OH,
and the difference is clearly visible compared to the plots on the right of Fig. 5.8.
A full surface chemistry network that does not includes other ice species as the
atomic ones that are precursors of ice molecules, will produce the same results
of a pure gas phase network. Hence the conclusion produced from the pure gas
phase network with adsorption/desorption processes hold only for the simple
ices we considered throughout.

The full 2D surface chemistry is computationally very expensive, also be-
cause it requires an extended network (239 species) including several atomic
ices. Including these reactions, the size of all the ice reservoirs is completely
changed (Fig. 5.13), Water ices are vertically more extended beyond 2 au and
up to the disk surface beyond 20 au. CO2 and NH3 shows a similar behavior.
These two ice reservoirs at the first epochs are even more extended vertically
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Figure 5.11 – Ice relative abundance in the standard disk model for the steady state
solution. CO2 ice abundance is compared with the ice lines of Oxygen, CO, OH, based
on the abundance criterium (nice = ngas).
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Figure 5.12 – Single grid point time-dependent tests with surface chemistry included.
Left plot is for inner edge of water ice reservoir physical conditions (r = 1 au,
z = 0.12 au). Right plot is for outer edge of water ice reservoir physical conditions
(r = 10 au, z = 8 au). Legend of all the figures is plotted only on the right plot for
convenience.

in the outer disk beyond 100 au, in particular water, that needs longer epochs
to be depleted by photodesorption in the upper regions of the disk. The most
interesting case is the CO ice reservoir; it expands strongly both radially and
vertically until it reaches the outer disk and stretches up to z/r ∼ 0.18. All the
other ice reservoirs are already extended up to Rout at 100 yrs.

In these tests we adopted a surface chemistry network from Hasegawa et al.
(1992) and Hasegawa & Herbst (1993). Several other models for surface chem-
istry are available, and can produce different results in terms of ice reservoirs
spatial evolution and extent.

5.4 ALMA observations and gas mass estimates

The extent and shape of the ice reservoirs have an impact on the gas column
density above it. Here, we investigate how the disk properties that affect the ice
reservoirs extent impact the spectral CO maps obtained with ALMA.
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Figure 5.13 – Contours of the ice reservoirs in our standard model with the full sur-
face chemistry included. The ice reservoirs of water, CO2 and NH3 are vertically very
extended, even in regions with ngas < 3000 cm−1 (black line).
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5.4 ALMA observations and gas mass estimates

5.4.1 ALMA simulations of CO observations

We simulate ALMA observations of CO, 13CO and C18O with the CASA simu-
lator2, using configuration 6 of Cycle 33 and 48 hrs of total exposure. This long
and unrealistic integration times has been adopted for guarantee the sufficient
S/N in the single channels of the data cubes of the weakest lines. We decided
to model the J = 2− 1 lines for compare the fluxes from different models with
the results of Miotello et al. (2014), and the J = 3− 2 lines for a direct compar-
ison with the channel map patterns (hereafter called butterflies) shown in de
Gregorio-Monsalvo et al. (2013). We put the T Tauri disk model at a distance
of 140 pc and assume an inclination of 30°. The different CO isotopologues
are considered efficient tracers of the gas mass in disks. In a recent work de
Gregorio-Monsalvo et al. (2013), through CO ALMA channel maps, observed
for the first time the back surface of the disk around HD 163296. Constraining
the disk structure with the ALMA channel maps of CO and isotopologues, they
confirmed that the CO ice line resided at 20 K.

The less abundant isotopologues have lower line fluxes, and so less bright
butterflies (Fig. 5.19-5.21). The same cube for a model with very flat power-law
dust size distribution, shows more intense line fluxes, due to a combination of
lower continuum opacity (Fig. A.6 b) and larger gas temperature (Fig. 5.22-5.24).
If we consider a disk with a relatively high dust content (d/g = 1; Fig. 5.25-
5.27), the butterflies look very similar to the ones of our standard model. This
is however not the most extreme case we modeled, but a more likely case. The
case of very large dust grains (Fig. 5.28-5.30) is similar to the very flat power law
dust size distribution. Interesting is the simulation of a very high cosmic-rays
ionization rate (Fig. 5.31-5.33); here the butterflies look brighter compared to the
standard model, due to the slightly less extended ice reservoirs (Fig. 5.4).

The plots of Fig. 5.19-5.33 show how different disk properties produce differ-
ent line fluxes and brightness profiles, due to changes in the continuum optical
depth (Fig. A.6) and thermal profile of the disk. Line fluxes from the differ-
ent isotopologues react in a complex manner when changing disk properties in
our models leading to strong degeneracies. ALMA noise and resolution, with
the given observation setup, suppress the visibility of back surface of the disk
models. This will make it hard, with the specific antenna configuration and
resolution chosen here, to directly locate the CO ice line in a typical T Tauri
disk, similar to what was done by de Gregorio-Monsalvo et al. (2013).

To quantify changes in the butterflies, we measure the length of the but-
terflies in the ALMA cubes of different isotopologues through a procedure de-
scribed in Appendix A.3. We picked the 0.79 km/s channel for some of the
most extreme cases of the parameters we modeled. In the standard model, the
2 http://casa.nrao.edu/
3 Baseline: min 77.3 m, max 2299.6 m; 36 12 m and 10 7 m antennas. Beamsize: 0.3′′(Band 3),
∼ 21 au at 140 pc.
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butterflies extent is directly related to the relative abundances of the isotopo-
logues. This is not true for models with other properties. In the case of a
very flat power law dust size distribution the trend is inverted. In models with
strong continuum optical depth, the length of the wings is the same for all the
isotopologues. Every parameter produces its own signature in the butterflies
(Fig. 5.14).
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Figure 5.14 – Length of the ALMA butterflies for the channel +0.79 km/s, considering
the transition J = 3 − 2 for some of the models described in Table 5.2, for the three
isotopologues of CO: 12CO (blue dots), 13CO (red triangles), C18O (green squares).

5.4.2 CO and isotopologues as disk gas mass estimator

Williams & Best (2014) proposed the use of line ratios of the J =2− 1 transitions
of 13CO and C18O as a direct probe of the disk gas mass. We compare CO iso-
topologues rotational line prediction from some models of our series presented
in Antonellini et al. (2015b) with the observations reported in Table 1 & 4 of
Williams & Best (2014), converting their flux according to
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I13CO,C18O = F13CO,C18O · 4πd2 [Jy km s−1 pc2] (5.8)

Here, d is the distance in pc. Errors are assumed to be 20% for each data point.
Our models show that this method is more degenerate than previously

thought. Line flux ratios are shown in Fig. 5.15 for some of our models; all of
them (except the ones with explicitly different Mgas) have a gas mass of 0.01 M�.
The parameters studied in this paper (Table 5.2) can produce the same signature
as different disk gas masses, for example a model with d/g = 1 can produce a
line ratio similar to one with Mgas = 10−4 M�. On the other side, models with
very large dust grains (amax up to 10 cm or very flat power law apow = 2.0)
produce line ratios similar to the ones of a model with Mgas = 0.1 M�. In the
absence of knowing detailed dust properties, this limits the accuracy of the gas
mass estimate to 1 dex. The modeling results from Miotello et al. (2014), based
on the J =3−2 rotational transition, show that isotopologue selective photodisso-
ciation affects mainly the C18O line flux, and only in case of very low disk mass;
this is due to line optical depth effects, although the assumption of a fixed
isotopologues abundance the disk structure, could produce an underestimate
throughout of about 1 dex in the disk masses (Miotello et al. 2014).

5.5 Conclusions

The results of this study, based on a pure gas phase network including only
adsorption/desorption processes, suggest that the role of chemistry is marginal
in the definition of the spatial extent of the ice reservoirs for epochs beyond
105 yr. The exception are some extreme cases with unusual dust properties (very
flat dust size power law distribution). Different disk properties affecting the dust
size or relative content with respect to the gas will produce different extent in
the ice reservoirs. In continuum optically thicker models, the ice reservoirs
will be radially and vertically more extended. On the other side, the parameters
affecting to heating/cooling that we considered affect only marginally the shape
of the ice lines. Only an extremely high cosmic ray flux will modify the outer
shape of the ice lines.

The limitation due to the initial conditions we considered for our time-
dependent integration (molecular cloud abundances), will affect partially the
ice reservoirs spatial extent, and only at epochs less than 1000 yrs.

Our 2D test suggest that surface chemistry cannot be neglected in the defi-
nition of the ice reservoirs and content in disks. However, conclusions are not
robust, since surface chemistry networks have in general much larger uncertain-
ties. A more simplified approach based on the spatial extent and abundance of
the main precursors of our ices suggest that surface chemistry can be neglected
for the size of water ice reservoir, since the contribution is marginal and the
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5.5 Conclusions

definition of the ice reservoir will be unaffected. The same conclusion does not
hold for other ices such as CO2, where an important contribution (up to a dex
in terms of relative abundance), can affect the content of this species in the cor-
respondent ice reservoir. However, the spatial extent of CO2 ice reservoir is not
affected by the inclusion of these processes.

The simplified description of ice lines based on the equilibrium relation is
quite reliable for the total mass included in the ices, but not for the gas column
density beyond 1 au for water and 50 au for CO. Different disk parameters will
produce clear signatures on the ALMA line cubes of gas residing above the
ice reservoirs, such as CO and isotopologues. Each disk property produces a
clear signature on the length of the butterflies of CO isotopologues, and models
with high continuum opacity e.g. d/g = 1 will have smaller branches with
the same length for all three isotopologues, while optically thin models with
e.g. apow = 2 will have longer butterfly branches in the C18O cube (contrary
to the standard model). Models with an extremely high cosmic ray ionization
rate, will have longer butterflies and larger difference in the lengths between
the three isotopologues.

Line ratios between the CO isotopologue line fluxes suffer from strong de-
generacy with several disk parameters. The ratios will line up in a log-log plot.
Beside the known effect of selective photodissociation, mass estimates from CO
isotopologues line ratios will not be more accurate than a factor 10 unless dust
properties are well constrained.
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Appendix

A.1 Standard disk plots
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Figure 5.16 – Standard disk model plots. Top left density. Top right average dust grain
size in µm. Bottom left standard gas temperature. Bottom right standard dust tempera-
ture.
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Figure 5.17 – Standard disk model abundances plots. Left plots gas phase abundance,
right plots ice phase abundance. First row water. Second row CO. Third row CO2. Fourth
row NH3. Last row CH4.

154



A.1 Standard disk plots
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Fig. 5.17 – continued
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A.2 Surface density computation
We compute the surface density, numerically integrating from the surface down-
wards to the midplane. The density of each grid point is multiplied by the
vertical distance between grid points

Nspecies =
∑NZ

i=0 nspecies,i · ∆zi

In order to include the criteria of Min et al. submitted, we simply assumed
that nspecies = 0 when Pspecies/Pvapor > 1. Similarly we assume that nspecies = 0 for
Tgas≤20 K and NH>1.3 · 1032 g/cm−2, according to Williams & Best (2014).

A.3 ALMA velocity channels branches length mea-
surement

We measured the length of the butterflies in the ALMA simulations scanning
through the data cubes along declination direction (y-axis) and picking the max-
imum value at each slice, excluding the first 46 pixels along Right Ascension
direction (x-axis). For the 30 closest slices to the central pixel (correspondent to
the central star), we imposed as “x” coordinate of the maximum the position of
the central star. Between these selected points, we perform a quadratic fit using
the python package polyfit4 and we measure the length of the final inferior arc
because it is the brighter one (disk is inclined of 30°). The length of the arc is
based on numerical integration (Eq. 5.9)

larc =

n∑
i=0

√(
∆αfit,i

)2
+ (∆δi)2 (5.9)

The arc length larc is the sum of the connectors between the pixels through which
the half-parabolic arc passes. Each segment is defined by a displacement along
Right Ascension ∆α (x-axis), computed from the fitting function, and declination
∆δ in arcseconds (Fig. 5.18).

4 http://docs.scipy.org/doc/numpy/reference/generated/numpy.polyfit.html
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A.3 ALMA velocity channels branches length measurement
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Figure 5.18 – Example of arc length measurement on a lower branch of a butterfly. Blue
line connect the selected data points (blue squares), yellow is the parabolic fit. The zoom
show how we select the ∆δ and ∆α for the arc measurement.
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A.4 Additional tables

Table 5.4 – Molecular cloud physical conditions adopted in our code

Parameter Symbol and unit Value
Gas density nH [cm−3] 104

Gas temperature Tgas [K] 10
Dust temperature Tdust [K] 10

Exctinction AV [mag] 10
Local radiation field χISM [G0] 1
Dust to gas mass ratio d/g 0.01
Grain size (monosize) a [µm] 0.01

Cosmic ray ionization rate ζCR [s−1] 1.36·10−17

All quantities are taken from McElroy et al. (2013)
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A.4 Additional tables

Table 5.5 – Ice test

Species Abundance from MC Inverted abundance
H2O 3.060·10−14 8.416·10−5

CO 1.008·10−4 2.472·10−13

NH3 1.163·10−14 1.240·10−5

CO2 1.956·10−5 1.767·10−5

CH4 5.400·10−8 1.037·10−15

SiO 4.750·10−14 1.738·10−8

SO2 1.921·10−12 1.862·10−7

O2 2.082·10−5 6.583·10−15

HCN 3.389·10−13 2.066·10−16

N2 3.342·10−5 1.057·10−14

O 3.965·10−7 8.317·10−18

OH 6.196·10−14 2.587·10−12

H2O# 8.416·10−5 3.060·10−14

CO# 2.472·10−13 1.007·10−4

NH#
3 1.240·10−5 1.163·10−14

CO#
2 1.767·10−5 1.956·10−5

CH#
4 1.037·10−15 5.400·10−9

SiO# 1.738·10−8 7.409·10−14

SO#
2 1.862·10−7 1.921·10−12

O#
2 6.583·10−15 2.082·10−5

HCN# 2.066·10−16 3.389·10−13

N#
2 1.057·10−14 3.342·10−5

O# 8.317·10−18 3.965·10−7

OH# 2.587·10−12 6.196·10−14

Tiny differences between the two models are purely numerical. # symbol is for the ices.
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A.5 ALMA simulations

We perform ALMA line observations using the code CASA in configuration 65,
adopting the coordinate of DN Tau (α : 04h35m27.375s; δ : +24°14’58.93“; from
SIMBAD6), a distance of 140 pc (Pontoppidan et al. 2010a), and assuming an
inclination of 30°.
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Figure 5.19 – ALMA channel maps for 12CO J =3− 2 for our standard disk model. Cycle
3, configuration 6, total integration time 48 hrs. Coordinates are the one for DN Tau.

5 https : //casaguides.nrao.edu/index.php?title = Antenna_Configurations_Models_in_CASA
6 http : //simbad.u − strasbg.fr/simbad/
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A.5 ALMA simulations
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Figure 5.20 – Same plot as 5.19 but for 13CO J =3 − 2.
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Figure 5.21 – Same plot as 5.19 but for C18O J =3 − 2.
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A.5 ALMA simulations
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Figure 5.22 – ALMA channel maps for 12CO J =3 − 2 for our disk model with apow =2.0.
Cycle 3, configuration 6, total integration time 48 hrs. Coordinates are the one for DN Tau.
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Figure 5.23 – Same plot as 5.22 but for 13CO J =3 − 2.
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A.5 ALMA simulations
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Figure 5.24 – Same plot as 5.22 but for C18O J =3 − 2.
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Figure 5.25 – ALMA channel maps for 12CO J =3−2 for our disk model with dust-to-gas
= 1.0. Cycle 3, configuration 6, total integration time 48 hrs. Coordinates are the one for
DN Tau.
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A.5 ALMA simulations
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Figure 5.26 – Same plot as 5.25 but for 13CO J =3 − 2.
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Figure 5.27 – Same plot as 5.25 but for C18O J =3 − 2.
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A.5 ALMA simulations
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Figure 5.28 – ALMA channel maps for 12CO J =3−2 for our disk model with amax =10 cm.
Cycle 3, configuration 6, total integration time 48 hrs. Coordinates are the one for DN Tau.
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Figure 5.29 – Same plot as 5.28 but for 13CO J =3 − 2.
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A.5 ALMA simulations
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Figure 5.30 – Same plot as 5.28 but for C18O J =3 − 2.
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Figure 5.31 – ALMA channel maps for 12CO J = 3 − 2 for our disk model with ζCR =

1.7 · 10−12 s−1. Cycle 3, configuration 6, total integration time 48 hrs. Coordinates are the
one for DN Tau.
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A.5 ALMA simulations
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Figure 5.32 – Same plot as 5.31 but for 13CO J =3 − 2.
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Figure 5.33 – Same plot as 5.31 but for C18O J =3 − 2.
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A.6 CO isotopologues lines emitting regions

A.6 CO isotopologues lines emitting regions
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Figure 5.34 – Line emitting regions for CO isotopologues J =2−1 and J =3−2 transitions
in the different models. Each contour include the 15-85 % of the radially and vertically
integrated line flux. (a) standard model, (b) apow = 2, (c) d/g = 1, (d) amax = 10 cm, (e)
ζCR = 1.7 · 10−12 s−1. Green dashed line is for the bolometric extinction at 1 mag. Purple
dot-dashed is for the CO ice line based on abundance criterium.
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6Conclusions

The main goal of my PhD thesis is to improve our understanding of water in
protoplanetary disks. Specifically, I want to understand why there is just a 50%
of detection rate of mid-IR water in disks around low mass stars and largely
non-detections of submm water; are these disks really dry? Will planets in
these disks be without oceans? Will it be possible to have water rich terrestrial
planets around more massive stars? (chapters 2 & 3). The innermost regions
of disks are the one in which rocky planets should be formed; what can be
learned from observations of the inner disk? Is there a connection between dust
properties and mid-IR water spectroscopy that can be revealed by the studying
10 µm silicate feature? (chapter 4). The presence of solids and ices in disks
is considered fundamental to build planets. Any aspect related with the time
evolution of the ice reservoirs (and in particular of the main ices as water)
will affect the disk capability to form planets, and also their final structure
and composition. How will chemistry affect the evolution of the ice reservoirs?
When will it be important to include a full surface chemistry network? Will it be
problematic to consider different initial conditions, and how will ice reservoirs
develop and evolve in time in different types of disks? What will ALMA be
able to see in terms of these ice reservoirs in disks? (chapter 5).

Modeling is a powerful tool (too often “demonized” by observers), that al-
lows to interpret observations in a wider context. Thanks to the models, com-
bining observations from different spectral regimes, we can constrain a single
property (e.g. disk dust mass) and make predictions for more properties (e.g.
dust to gas mass ratio, dust maximum size, power law dust size distribution,
flaring and so on). My computational study provides some answers, predicts
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what future facilities will be able to observe, and opens new questions, us-
ing for the first time a very advanced and sophisticated 2D radiative transfer
thermo-chemical code as ProDiMo. My work demonstrates which powerful tool
is water as a diagnostic of disk properties, and what the main physics behind
the detections and non-detections of IR water lines is. At the same time, I con-
firm the importance of having observations across different wavelength regimes
to constrain physical properties of disks. The main questions and points dis-
cussed and answered in the scientific chapters of this thesis are reported and
summarized per thesis chapter in the following:

• Chapter 2: Mid-IR water lines are emitted from continuum optically thick,
hot (Tgas > 300 K) and dense regions (ngas > 1012 cm−3) of the inner disk.
They originate in thin layers in the disk surface extended radially out
to 1 au. These lines are in LTE and very sensitive to changes in dust
properties and resulting change in the gas temperature (due to difference
in continuum opacity). Sub-mm water lines are produced in the outermost
regions of the disk (beyond 50 au), in a cold region (Tgas < 70 K) where
the medium is marginally optically thick in the continuum. The flux is
produced from a vertically quite extended emitting region (30-200 au above
the disk midplane). The emission is more sensitive to the gas content in the
disk, because that will directly affect the emitting water column density.
The dust properties and content in the disk will also affect the far-IR lines,
but mainly for optical depth reasons. Using the mid-IR spectral color and
the sub-mm continuum flux, it is possible to break at least partially the
degeneracy between disk properties able to affect water line fluxes in the
same manner.

• Chapter 3: Brighter central stars will have warmer disks and the mid-IR
water line fluxes will be enhanced. Warmer disks will have a stronger
continuum and since the noise is proportional to the continuum flux, near
and mid-IR spectra will be more noisy, making water lines harder to de-
tect. Telescopes and instruments with higher spectral resolution, that can
resolve the mid-IR water blends will allow a higher detection rate of water.
However, a resolution larger than 3000 is often required for intermediate
and massive PMSs. IR ground based observations have currently the best
spectral resolution, but are limited by atmospheric transmissivity. Due to
the current instrumental limitations, we cannot rule out completely that
intrinsic differences in the physics of disks exist between disks around low
mass (T Tauri) and high mass (Herbig Ae) stars.

• Chapter 4: The emitting region of mid-IR water lines overlaps clearly with
the 10 µm silicate feature, producing a strong connection between the two
observables. According to our model series in which we changed the max-
imum dust size, the dust size power law distribution, and the gas mass,
the silicate feature strength anticorrelates with water lines fluxes. Brighter
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stars have disks with stronger silicate features and also stronger water line
fluxes. Observations do not show such a regular trend. Unfortunately due
to limited S/N, the 10 µm feature fluxes have very large error bars; on aver-
age they are stronger than the prediction of our models, because the latter
are based on pure amorphous silicate opacity. The observations show that
dust in disks is not primordial (amorphous) but often crystalline, and sta-
tistically the different dust composition produces two distinct populations
of data with different 10 µm peak strength. However, the two types of
dust (amorphous/crystalline) show the same levels of mid-IR water line
fluxes. The lack of observational correlation between silicate feature and
mid-IR water, suggests that dust opacity is likely not the mechanism be-
hind the non detections of mid-IR water. In our model series, we find
several cases in which mid-IR water line flux is completely unrelated with
the silicate feature strength. For example, in the series changing Mgas, the
mid-IR water fluxes range over 1 dex for a very narrow range of 10 µm
peak strength. The candidate explanation for this lacking of correlation is
the presence of gas depleted/dust enhanced disks in their inner 10 au.

• Chapter 5: The spatial extent of ice reservoirs in disks has a short chemi-
cal evolution timescale compared to disk evolution. The extent of the ice
reservoirs in disks reaches a constant maximum value within a timescale
of 105 yrs. Surface chemistry does not affect both the extent of water and
CO2 ice reservoirs. Initial abundances of the various chemical species af-
fect the evolution of the chemistry inside the ice reservoir on timescales
even comparable with the disk lifetime. However, the spatial extent of
ice reservoirs is again not affected. Models with high continuum optical
depth such as, d/g>0.01, amax <1 mm, apow >3.5, show more extended ice
reservoirs, both vertically and radially, because of the lower disk temper-
atures and the reduced photodesorption. Models affecting the ionization
degree/chemistry (chemical efficiency heating, radioactive decay, cosmic
rays) in the disk produce no change in the ice reservoirs extent, with the
exception of very high cosmic ray ionization rates (e.g. ζCR =1.7·10−12 s−1). I
demonstrate that a full chemical network is not necessary to outline the ice
reservoirs in disks by testing a method based on the equilibrium rate be-
tween adsorption, thermal and non-thermal desorption mechanisms. The
simplified approach yields mass estimates that deviate less than 30% from
the full thermo-chemical computation. The gas column densities above the
ice reservoir are however severely under-estimated, which is a big concern
in the case of water. Our method agrees also with the prediction pro-
duced by other simplified methods such as pressure equilibrium between
gas and vapor, and a gas column density threshold for the ice formation.
ALMA observations of the gas column densities of CO and isotopologues
(13CO and C18O) above the ice reservoir show different fluxes from model
to model, but the line ratios suffer from strong degeneracies. Models with
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different disk properties can have the same line ratio, and can also pro-
duce the same values as disks with different gas mass. Any derivation
of disk gas mass from CO isotopologues will be no more accurate than
1 dex. Based on the measured length of the butterflies produced by the
ALMA cubes cut at a certain velocity channel, we are able to break at least
partially this degeneracy.

My modeling has answered some of the initial questions about water observa-
tions and the diagnostic power of water lines, but many more still need to be an-
swered. The predictive capability is incomplete without additional observations,
to be performed with telescopes with higher sensitivity and spectral resolution.
Observations of water are quite problematic due to atmospheric transmissivity
that requires in many cases space based telescopes. Ground based instruments
can work in the near-IR and in a few windows in the mid-IR, but these lines are
faint, mainly because of the tiny emitting region in the disk (chapter 2). Con-
sequently, these lines require very long exposure times. Space based facilities
are necessary to cover a wider mid-IR wavelength range. Spitzer IRS was very
limited in resolution and in sensitivity (chapter 3). The immediate future of this
spectral window is the James Webb Space Telescope (JWST), with a sensitivity
about a factor 100 larger. However, the resolution offered by the MIRI spectro-
graph onboard JWST is only up to a factor 50 larger. This is not high enough
to resolve individual water lines and may still limit the detection rate in targets
with high luminosity central stars (chapter 3).

Far-IR water has been observed with Herschel PACS in a range of wavelength
that I did not explore in this thesis. For example, the 63.3 µm water line has
a significant detection rate of 24%. Sub-mm water line fluxes also need to be
observed from space, and the detection rate of Herschel HIFI was very low
due to its limited sensitivity (chapter 2). These lines are very faint because
despite the large emitting area, the emitting column density of gas and the
Einstein coefficient of spontaneous emission are very low compared to the mid-
IR lines. A sub-mm/mm mission that will be able to detect ground-state water
is currently not planned. SOFIA is working partially in the far-IR, but even
at high altitude, the telescope is limited by the atmosphere, and in wavelength
range. The FIFI-LS and GREAT spectrographs are not covering the fundamental
water lines. The sensitivity limit is typically 2 ·10−17 W/m2 at ∼ 170 µm for both
the instruments (Colditz et al. 2012, Guesten et al. 2000).

From the simulation side, models can always be improved by including more
accurate processes occurring in disks such as mass transport and mass advection
of icy solids through the snow line. Surface chemistry cannot be neglected
in the most embedded and cold regions of the disks, where ices are formed
(chapter 5). Here surface chemistry can contribute to the formation of solid
water, increasing the mass content and changing chemical composition of ices
in the regions where planets form. Ice features have been detected in very few
disks. Thermochemical models with a detailed prescription for the icy grain

180



opacities could be used to compute the ice feature fluxes in different models and
study the potential diagnostic power of these features. The models presented in
this thesis can also be used to make predictions and plan direct observations of
the icy reservoir of water in disks. The water ice contains 99% of the whole water
present in disks around PMSs. Therefore it constitutes the main reservoir of this
volatile, and contributes to the solid surface density of disks. It also makes the
grains more sticky. The possibility to estimate the amount of solid mass in disks
allows constraints on the mass of planets and the type of planetary systems that
will form, the formation timescales and finally from the ice composition also
the atmospheric composition of planets.
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Nederlandse Samenvatting
“Hoe uniek is de mens?” werd één van de belangrijkste vragen van de men-
sheid na het verdwijnen van het Aristoteliaanse wereldbeeld. De Aristoteliaanse
leer zag alles buiten de Aarde als een realiteit waarin de natuurkundige wetten
niet waren zoals op Aarde, en beperkte daarom sterk de grootte van het Heelal,
maar ook het natuurkundig onderzoek naar deze realiteit. In de 17e eeuw bracht
het ineenstorten van het beeld dat de mens als centrum van het Universum op-
treedt juist het gevoel dat we onbeduidend waren in het Heelal. Baanbrekende
denkers zoals Giordano Bruno kwamen met de mogelijkheid dat er ook andere
planeten bestaan zoals de Aarde, met leven en beschavingen. Het zou echter
nog tot de 20e eeuw duren voor er een wetenschap was die deze onderwerpen
actief bestudeert en verder ontwikkelt. De meest geavanceerde studies van deze
tijd zijn onder andere de ‘Search for Extraterrestrial Intelligencies’ (De zoektocht
naar buitenaardse intelligentie, het SETI programma), de missies naar de planeet
Mars met verkenningsvoertuigen en tot slot de waarneming en bestudering van
planeten rondom andere sterren (exoplaneten). Sinds 1995 weten we dat exo-
planeten bestaan en sinds 2009 hebben we goede statistieken over deze planeten.
Vanaf 2013 hebben we ook de atmosferen van de grotere exoplaneten kunnen
bestuderen, en in de toekomst zullen we de atmosferen kunnen bestuderen van
aardachtige planeten en wellicht de aanwezigheid van leven kunnen traceren.

De geboorte van ons Zonnestelsel en al deze andere buitenaardse werelden
gebeurt met een langzaam proces dat begint met de vorming van nieuwe sterren.
Als eerste stort een dichte gaswolk ineen (ongeveer 103-104 atomen per cm−3).
Deze wolk is erg koud (slechts enkele graden boven het absolute nulpunt) en
bestaat uit moleculen (vooral waterstof) en ongeveer 1% silicaatstof van minder
dan een micrometer groot (0.1 µm) Het vormen van een ster kost in de orde
van miljoenen jaren, afhankelijk van hoe zwaar de ster uiteindelijk is. In deze
periode zal de initiele wolk ineenstorten en een dichte en hete kern maken: de
protoster. Wanneer de nucleaire reacties in de protoster beginnen en uiteindelijk
waterstoffusie aanvangt wordt het een ster. Intussen vormt het gas rondom de
ster (dat nog steeds invalt op de ster) onder invloed van de zwaartekracht en
draaing een schijf (Figuur 6.1).

Deze zogenaamde protoplanetaire schijf is aan de buitenste rand tienduizen-
den keer zo dicht als de oorspronkelijke wolk, tot zelfs miljoenen keren zo
dicht in de binnenste gebieden (ongeveer de helft van de afstand Aarde-Zon,
de Astronomische Eenheid). In de gebieden dicht bij de centrale ster wordt de
dichtheid zelfs vergelijkbaar met die in de atmosfeer van planeten. De tem-
peraturen in protoplanetaire schijven zijn hoog (tot wel honderden of duizen-
den graden) en ook de straling geproduceerd door de jonge ster is zeer intens
(Figuur 6.2). Deze objecten kunnen erg groot worden, tot wel enkele malen de
afstand van de zon tot de Kuipergordel (150-200 astronomische eenheden)

Onder deze omstandigheden ondergaat het gas zeer diverse chemische pro-
cessen, waardoor er behoorlijk complexe moleculen gevormd kunnen worden.
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Figure 6.1 – Fases in de ontwikkeling van een ineenstortende moleculaire wolk tot de
formatie van een centrale ster met een schijf, met dank aan Dr. Tsukamoto Yusuke.

Figure 6.2 – Schets van de structuur van een protoplanetaire schijf. De moleculaire
structuur staat aan de rechterkant, terwijl de dynamische processen en de sneeuwgrens
aan de linkerkant staan (Henning & Semenov 2013).
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Deze moleculen koelen af en slaan neer in de schijf terwijl ze electromagnetische
straling uitzenden in het volledige infrarode spectrum tot aan radiogolven aan
toe. Simpele moleculen zoals water komen veel voor, en spelen een belangrijke
rol in de processen in de schijf, bijvoorbeeld door hun bijdrage aan het koelen
van het gas en daardoor aan de temperatuurhuishouding van het gas. Sinds
kort zijn ook complexere moleculen gevonden in protoplanetaire schijven zoals
cyanoacetyleen HC3N, acetonitril CH3CN, maar ook methanol en acetyleen.

De abundante aanwezigheid van water in protoplanetaire schijven draagt in-
direct bij aan de vorming van planeten. Diverse waarnemingen ondersteunen
het idee dat er planeten vormen in deze objecten. Zo weten we uit waarnemin-
gen op sub-millimeter en millimeter golflengtes dat schijven grote stofkorrels
kunnen hebben (tot tientallen centimeters groot) en dat het stof niet axiaal-
symmetrische is verdeeld. En uit waarnemingen van het nabij-infrarood weten
we dat deze schijven spiraalarmen en andere indirecte bewijzen voor planeten
laten zien. In 2013 kondigden astronomen aan dat ze mogelijk voor het eerst
een waarneming hadden gedaan van een exoplaneet in vorming in de schijf
van HD 100546. De schijf bevat “vluchtige” moleculen zoals water, maar ook
koolstofmonoxide, ammoniak, methaan, koolstofdioxide, enz. Deze moleculen
kunnen vastvriezen aan de stofkorrels indien de juiste druk en temperatuur is
bereikt. Hierdoor wordt het stof plakkerig, waardoor er steenachtige kernen
kunnen uitgroeien tot planetesimalen. IJsreservoirs in schijven vormen ook een
belangrijke opslagplaats voor moleculen die in de atmosferen van de toekom-
stige planeten terecht zullen komen. Deze atmosferen kunnen later verrijkt
worden door de inslag van meteoren en kometen.

Het doel van dit proefschrift is om vragen te onderzoeken en te beantwoor-
den over de hoeveelheid en de verdeling van water in protoplanetaire schijven.
Diverse waarnemingen die gedaan zijn in het mid- en ver-infrarood hebben
tegenstrijdige resultaten opgeleverd en sommige objecten hadden uberhaupt
geen spectraallijnen van water, met name rond sterren zwaarder dan 2 zons-
massa’s en een hoge helderheid. Elke schijf heeft haar eigen fysische eigen-
schappen zoals haar grootte, de massa van het gas en de hoeveelheid stof, de
grootte van de stofkorrels, enz. Het eerste deel van ons onderzoek is erop gericht
om te bepalen welke eigenschappen verantwoordelijk kunnen zijn voor de di-
versiteit in de waterlijn emissie. Het tweede deel van dit onderzoek gaat over
het effect dat verschillende centrale sterren hebben op de schijf. Dit is bereikt
door de stralingsvelden te modelleren onder invloed van de temperatuur van de
fotosfeer van deze sterren en de activiteit van hun corona. Het derde gedeelte
van dit onderzoek onderzoekt de aanwezigheid van een correlatie tussen sterkte
van waterlijnen in het mid-infrarood en de sterkte van een spectrale band rond
10 µm die bijna in alle spectra is waargenomen. Deze emissie komt door stof met
een grootte van enkele micrometers en zou uit dezelfde gebieden moeten komen
als de waterlijnen. Ten slotte gaat het laatste hoofdstuk over de distributie van
water en andere moleculen in de ijs-toestand. Het onderzoekt hoe de zoge-
naamde “sneeuwlijn” en “ijslijnen” (cruciaal voor de structuur van de schijf en
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de samenstelling van planeten) beinvloed worden door de tijdsafhankelijkheid
van de scheikundige processen in schijven met verschillende fysieke eigenschap-
pen.

Dit onderzoek is gedaan met het programma ProDiMo. Deze software
berekent de stralingsoverdracht en de scheikundige processen in een schijfmodel
met bepaalde eigenschappen. Hieruit kunnen de uiteindelijke stof- en gastem-
peraturen en de chemische abundanties bepaald worden, en vervolgens met
deze informatie ook de lijn- en continuümsterkte.

De belangrijkste resultaten en conclusies van dit onderzoek kunnen worden
samengevat in de volgende punten:

1. De sterkte van mid-infrarood waterlijnen kan worden waargenomen in
schijven met een lage ondoorzichtigheid voor continuümemmissie. Deze
schijven hebben in verhouding weinig stof (of veel gas), of stof dat sterk
gegroeid is in grootte.

2. Ver-infrarood waterlijnen zijn intrinsiek zwak. De mate waarin ze werden
waargenomen was lager dan verwacht kon worden van de zeer gevoelige
Herschel Ruimtetelescoop.

3. Ons model voorspelt dat zwaardere en heldere sterren sterkere mid-infraro-
od waterlijnen hebben, maar het was onmogelijk deze lijnen waar te ne-
men met eerdere instrumenten (zoals de Spitzer Ruimtetelescoop) door de
lagere spectrale resolutie, de te korte sluitertijden en de grote sterkte van
de continuümemmissie.

4. Het ontbreken van een correlatie tussen de sterkte van mid-infrarood wa-
terlijnen en de sterkte van de 10 µm silicaatband suggereert dat enkele
protoplanetaire schijven een lage hoeveelheid stof of een hoge hoeveelheid
gas hebben in de binnenste delen van hun schijf (binnen 10 astronomische
eenheden). Dit is mogelijk een aanwijzing voor het vormen van planeten.

5. De grootte van ijsreservoirs van de belangrijkste vluchtige moleculen in
schijven wordt niet beinvloed door de tijdsafhankelijke chemische pro-
cessen op periodes langer dan 105 jaar, met uitzondering van schijven
met een lage ondoorzichtigheid. Echter als we de oppervlaktechemie op
stofkorrels meenemen vinden we wel een verandering in de uitgebreid-
heid van de ijsreservoirs, maar onzekerheden in de berekeningen voor de
chemische processen maken het lastig dit verschil te quantificeren.

6. Onzekerheden in de intiele chemische abundanties (het startpunt voor de
evolutie van de abundanties in verschillende perioden in de schijf) hebben
een grote invloed op de uiteindelijke bepaling van de massa’s van de ijs-
reservoirs in de protoplanetaire schijven.
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Dit onderzoek heeft ons voor het eerst in staat gesteld te bepalen welke
factoren mogelijk verantwoordelijk zijn voor de infrarode waarnemingen van
water, en om mogelijke diagnostische hulpmiddelen te vinden die specifieke
eigenschappen van de schijf van geval tot geval uitelkaar kunnen halen. De
tijdsafhankelijke chemische effecten op de twee-dimensionale structuur van ijs-
reservoirs in schijven zijn voor het eerst onderzocht. We hebben een versimpelde
beschrijving gemaakt voor deze ijsreservoirs welke gebruikt kan worden in pro-
grammacodes die de scheikundige processen niet zelf berekenen. Deze com-
putationele versimpeling kan erg behulpzaam zijn voor complexere simulaties
zoals hydrodynamische modellen.
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Sintesi madrelingua
Una delle principali domande poste dall’essere senziente a valle del crollo della
cosmologia aristotelica riguardava l’unicitá dell’essere umano. L’aristotelismo
stabiliva un grosso limite all’estensione del Cosmo e considerava tutto ció che
non era terrestre come una realtá extraterrena in cui le leggi fisiche erano com-
pletamente differenti. La caduta del pensiero antropocentrico del XVIIa secolo
segna una rivoluzione inquieta dell’umanità che avverte un vertiginoso crollo
delle proprie dimensioni e centralità nell’Universo. Pionieristici pensatori come
Giordano Bruno avevano dichiarato la potenziale esistenza di realtà analoghe a
quella terrestre e l’esistenza di vita su altri mondi. Tuttavia, bisogna arrivare
al ventesimo secolo per lo sviluppo di idee concrete, pianificazione, studi e
sviluppo di discipline inerenti questo argomento. Tra gli studi piú avanzati
possiamo citare ricerche di segnali radio extraterrestri (tramite il programma
SETI), missioni interplanetarie semi-automatiche sul suolo di Marte, ed infine
ricerca e caratterizzazione di pianeti extrasolari. Dal 1995 siamo consapevoli
dell’esistenza di questi mondi alieni (esopianeti), dal 2009 abbiamo un’idea
sconcertante della loro abbondanza e varieta’, dal 2013 siamo persino riusciti
a caratterizzare l’atmosfera di qualche gigante gassoso. La prospettiva futura
sarà quella di studiare l’atmosfera di esopianeti di tipo terrestre e individuare
anzitempo tracce dell’esistenza di forme di vita su di essi.

Arrivare alla formazione del nostro Sistema Solare e di questi mondi alieni
richiede un processo molto lungo che passa per la formazione stellare. I Pi-
aneti sono residui minimi di un processo che parte dal collasso di nubi di gas
denso (relativamente al mezzo interstellare medio, con poche migliaia-decine
di migliaia di atomi per cm−3), freddo (decine di gradi sopra lo zero assoluto),
molecolare (principalmente idrogeno) e con circa 1% di polvere sotto forma di
grani generalmente silicati di dimensione sub-micrometrica (circa 0.1 µm). La
nascita di una stella, a seconda anche della sua massa, richiede qualche milione
di anni. In questo processo la nube iniziale collassa e forma in diversi stadi
un nucleo centrale caldo e molto denso definito protostella. Quando i processi
termonucleari si avvieranno e stabilizzeranno verso la fusione dell’idrogeno,
la protostella diverrá una stella. Il gas circostante, soggetto alla gravita’ ed in
rotazione, si stabilizza progressivamente formando una struttura a disco che
circonda l’oggetto centrale in un tempo di alcune centinaia di migliaia di anni
a partire dall’inizio del collasso (Fig. 6.3).

Il disco, definito protoplanetario, è denso da diecimila (limite esterno del
disco) a svariate decine di miliardi di volte più della nube molecolare (entro 0.5
unitá astronomiche) e, nelle regioni più vicine alla giovane stella, raggiunge den-
sità paragonabili alle atmosfere planetarie. Le temperature sono decisamente
più elevate (anche centinaia e migliaia di gradi centigradi) e i campi di radi-
azione dovuti alla giovane stella sono particolarmente intensi (Fig. 6.4). Questo
oggetto ha dimensioni pari ad alcune volte la presunta estensione della nostra
fascia di Kuiper (in media 150-200 unità astronomiche), quindi molto inferiore
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Figure 6.3 – Fasi dell’evolutione da nube molecolare in collasso sino alla formazione della
stella centrale e del disco. Cortesia del Dr. Tsukamoto Yusuke.

a quelle della nube originale (decine di migliaia di unitá astronomiche). Queste
condizioni promuovono una ricca astrochimica, responsabile della produzione
di molecole piuttosto complesse: si notino le recenti osservazioni di cianoaceti-
lene HC3N e metil-nitrile CH3CN, ma anche metanolo e acetilene. Molecole
più semplici come l’acqua sono più abbondanti e per questo rivestono un ruolo
maggiore nel disco protoplanetario, grazie al fatto che contribuiscono a raffred-
darlo e a mantenere così il bilancio termico. Le molecole raffreddano il disco
emettendo radiazione elettromagnetica attraverso tutto lo spettro infrarosso fino
quasi al radio.

Figure 6.4 – Raffigurazione schematica di un disco protoplanetario. Sul lato destro é
mostrata la struttura molecolare, sul lato sinistro i processi dinamici e la “linea della
neve”. (Henning & Semenov 2013).

L’abbondante presenza di acqua nei dischi protoplanetari é indirettamente
legata anche al nome di questi oggetti, in quanto essa contribuisce alla for-
mazione dei pianeti stessi. Diverse osservazioni supportano il fatto che in questi
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oggetti avviene la formazione planetaria: sono stati osservati dischi con evidenze
di grani di dimensione consistente (decine di cm), distribuzione non centro-
simmetrica di polvere, bracci a spirale e altri indizi della presenza di pianeti. In-
oltre, nel 2013 è stata annunciata la prima osservazione diretta di un esopianeta
in formazione attorno al disco di HD 100546. La presenza di molecole “volatili”
come acqua, ma anche monossido di carbonio, ammoniaca, metano, anidride
carbonica e così via, in grado di brinare sui grani di polvere una volta raggiunte
le opportune condizioni di pressione e temperatura, favorisce l’aggregazione
di nuclei rocciosi di dimensioni maggiori e quindi dei cosiddetti planetesismi.
Infine la presenza di riserve ghiacciate di queste molecole rappresenta un serba-
toio importante per le atmosfere dei futuri pianeti, che possono essere arricchiti
in un secondo momento dall’impatto meteorico e/o cometario.

Questa tesi mira a far luce su alcuni aspetti osservativi e “strutturali” dell’ac-
qua nei dischi protoplanetari. Diverse osservazioni compiute nel medio e lon-
tano infrarosso hanno prodotto risultati contrastanti, con diversi oggetti in cui
le righe spettrali dell’acqua non sono state osservate, specialmente in dischi at-
torno a stelle calde e massive. Ogni disco ha le proprie caratteristiche, cosí come
ogni oggetto astronomico, di conseguenza il nostro studio cerca di individuare
quali proprietá di questi oggetti possano essere responsabili della spettroscopia
osservata. Una seconda parte di questo studio si concentra sui diversi tipi di
stelle al centro dei dischi protoplanetari, esplorando quindi gli effetti di diversi
campi di radiazione legati alla temperatura fotosferica e all’attivitá coronale. Un
terzo capitolo analizza la presenza di una correlazione tra il flusso delle righe
spettrali dell’acqua nel medio infrarosso e l’intensitá di una banda (riga larga)
in emissione a 10 µm (quasi onnipresente) prodotta da grani di polvere micro-
metrici. Infine un ultimo capitolo si concentra sulla distribuzione di acqua e
altri volatili in forma solida nei dischi, quindi tematiche inerenti la cosiddetta
“linea della neve” e “linee dei ghiacci”, importanti per la struttura dei dischi, e
la formazione e composizione planetaria.

Lo studio é stato condotto utilizzando ProDiMo, un codice in grado di calco-
lare trasferimento radiativo e chimica in un disco le cui proprietá sono definite
inizialmente.

I principali risultati di questo studio possono essere riassunti schematica-
mente nei seguenti punti:

1. Le transizioni spettroscopiche dell’acqua nel medio infrarosso possono es-
sere rilevate in dischi a basso contenuto di polvere (o ricchi in gas), oppure
qualora i grani di polvere siano sufficientemente grandi e quindi l’opacitá
bassa.

2. Le transizioni del lontano infrarosso sono intrinsecamente deboli e, in pas-
sato, telescopi poco sensibili ed osservazioni non adeguatamente impostate
ne hanno impedito l’osservazione.

3. Stelle piú massive e luminose producono, in teoria, transizioni nel medio
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infrarosso piú intense, ma la bassa risoluzione degli strumenti passati
(Telescopio Spaziale Spitzer) o un inadeguato tempo di esposizione, hanno
reso le righe inosservabili.

4. La mancanza di correlazione tra osservazioni di righe dell’acqua nel medio
infrarosso e l’intensitá della banda dei silicati a 10 µm, suggerisce che di-
versi dischi protoplanetari abbiano un basso contenuto di polvere o un el-
evato contenuto di gas nelle regioni interne entro le 10 unitá astronomiche.
Un possibile indizio di formazione planetaria in corso.

5. L’estensione delle riserve di ghiacci nei dischi protoplanetari non é in-
fluenzata nel tempo dalla chimica in fase gassosa in epoche superiori ai
centomila anni, ad eccezione di dischi a bassa opacitá. Se si include la
chimica sui grani di polvere interstellare, l’estensione delle riserve subisce
dei cambiamenti, ma le incertezze sui “network” rendono i risultati incerti.

6. Le incertezze nelle abbondanze chimiche iniziali (da cui parte il calcolo
delle abbondanze chimiche a diverse epoche nel disco), rappresentano un
fattore molto limitante nella corretta definizione della massa delle riserve
ghiacciati.

Questo studio sistematico ha permesso di definire per la prima volta quali fat-
tori sono potenzialmente responsabili delle enigmatiche osservazioni nell’infra-
rosso, definendo diagnostici potenzialmente utilizzabili per riconoscere quali
proprietá possono essere responsabili degli specifici casi osservati. Infine luce é
stata fatta luce su un aspetto ancora non indagato come l’effetto della chimica,
in un approccio dipendente dal tempo, sulle riserve di volatili ghiacciati nei dis-
chi, fornendo informazioni ed un approccio semplificato utile per futuri modelli
idrodinamici.
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