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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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Chapter 6 – Conclusions

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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Chapter 6 – Conclusions

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
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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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