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2 Introduction

Our very existence as sentient beings has prompted us to question our place in the Uni-
verse. Ancient transcendental questions have found their way into astronomy in the fol-
lowing forms: What are the conditions for life? How did our Solar System form? How
did the Earth form? How do other planets form? What sets the chemical composition and
the ingredients for life throughout the star and planet formation process? The very first
attempt to understand the formation of our Solar System was made by the French mathe-
matician and philosopher René Descartes in his book "Traité du monde et de la lumiere’.
His publication was delayed several years, feared by the Roman Inquisition because of its
heliocentric view of the Universe, but was finally made available post-mortem in 1664. His
theory comprised of colliding corpuscular particles in space, constantly swirling around in
a continuous fashion with no vacuum inbetween. The continuous nature of his colliding
particles provided the necessary force for the movement of planets around the Sun. Al-
though incorrect, his work paved the way for the generally accepted Nebular Hypothesis,
formulated first by Emanuel Swedenborg and expanded by Immanuel Rant in 1755 and
(independently) by Pierre-Simon Laplace in 1796. This hypothesis consisted of a gaseous
cloud of matter slowly collapsing and rotating, eventually becoming flat due to gravity,
culminating in the formation of the Sun and planets.

Two more centuries had to pass until the first empirical evidence supporting this theory
was discovered. Low-mass T Tauri stars (Herbig 1977) and other young objects (Cohen &
Kuhi 1979) were first observed in the infrared (IR) and optical regimes. The observed IR
excess could only come from material at much lower temperatures than the star. A major
breakthrough came a decade later when the InfraRed Astronmical Satellite (IRAS) detected
the first circumstellar disk around Vega. Although this is a rather old disk, many other
young objects were found to harbor circumstellar disks through subsequent surveys by
IRAS, ISO, the Hubble Space Telescope and the Spitzer Space Telescope in many star
formation regions.

The next decade brought the discovery of the first planet orbiting a star other than the
Sun, 51 Pegasi (Mayor & Queloz 1995). In the last two decades more than 3000 exoplanets,
and about 2000 more candidates, have been found. Now that we are certain of the exis-
tence of exoplanets, and that most of the young stellar objects (YSOs) contain circumstellar
material, the scientific community has been trying to understand the processes involved in
the formation of planets. The study of so-called protoplanetary disks aims to explain the
missing link between star formation and planet formation and the composition of other
planetary systems as well as our own Solar System’s history. This thesis will focus on un-
derstanding the processes that shape the distributions of key molecular species, such as
water and ammonia, and simple deuterated species, by contrasting them with the spatial
structures produced by dust evolution, photo-processes and gas-phase chemistry.

1.1 Disk formation

1.1.1 Collapse phase

The first step toward understanding the formation of planets is understanding the formation
of circumstellar disks. The star formation process starts with a gravitationally unstable
molecular cloud that collapses first onto a hydro-static core due to gravity (Ebert 1955;
Bonnor 1956; Jeans 1902). A rotationally supported disk quickly forms within 10* yrs
(Yorke et al. 1993; Hueso & Guillot 2005) as more distant material, with higher angular
momentum, falls in (Figure 1.1). At this stage, the newly formed disk is fully embedded in
an envelope of gas and dust. The rotation of the envelope has been measured up to scales
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of ~ 0.1 pc (Goodman et al. 1993), with typical rotation rates of 10~1°~10~'> Hz (Burkert
& Bodenheimer 2000; Dib et al. 2010). Infall models were first used by Ulrich (1976) to
describe the continuum and line-emission features of T Tauri disks. The viscous accretion
disk theory (Lynden-Bell & Pringle 1974; Shakura et al. 1978) was later used to derived
a formalism of the radial structure of disks in the context of star formation considering
conservation of mass, momentum and energy (Cameron 1978; Cassen & Moosman 1981;
Terebey et al. 1984)

Molecular clouds have typical specific angular momenta of ~ 10>'-22 cm? s™! (Goodman
et al. 1993), which is 6-7 orders of magnitude higher than that of the Sun (Pinto et al. 2011).
The removal of the angular momentum can be achieved through winds and jets or through
viscous accretion. The disk viscosity is mainly dominated by the mixing of fluid elements.
Several processes, such as magnetorotational instability (MRI), have been proposed as the
dominating mechanisms driving the viscous transport through the disk (for a review, see
Armitage 2011). The efficiency of the MRI depends on the degree of ionization because it
requires the gas and the magnetic field to be well coupled. However, protoplanetary disks
are only weakly ionized. Moreover, MRI is damped or suppressed by non-ideal magen-
tohydrodynamical effects and a magnetized disk wind has been recently suggested as the
primary mechanism driving disk accretion (Bai 2016, and references therein). It is impor-
tant to notice that magnetic fields could also dissipate angular momentum at large scales,
since the beginning of the collapsing phase, through twisted magnetic field lines (Konigl
& Salmeron 2011) but the efficiency of this process is not clear. The wide range of initial
angular momenta and variations in the infall duration give birth to disks that are different
in size and mass (Terebey et al. 1984).

1.1.2 Embedded phase

The embedded phase typically lasts ~0.5 Myr (Evans et al. 2009; Carney et al. 2016). Infall
describes the trajectory of material from the envelope to the disk while the material of the
disk is slowly accreted onto the protostar. The disk is heated through both the infall process
and the accretion. The accretion rate of material being transported into the protostar is
crucial to determine the dust temperature structure of the disk and the inner envelope at
this stage. This process is probably episodic to avoid the luminosity problem (see Kenyon
& Hartmann 1990; Evans et al. 2009; Dunham et al. 2014). This problem concerns the
discrepancy between the observed low luminosity of embedded objects and the higher
luminosity predicted by accretion at a constant rate. Episodic accretion models can transfer
sufficient mass to the central star without requiring sustained accretion rates larger than
observed. The material of the core’s envelope is gradually dispersed through outflows and
jets or accreted on the disk. Eventually, the outflows produce a cavity in the envelope that
grows to leave a disk behind (see work by Velusamy & Langer 1998; Arce & Sargent 2004,
2006; Salter 2010; Harsono 2014).

1.1.3 Observational characterization

The protostellar stages leave distinctive observational features that can be used to classify
them. The first method proposed by Lada (1987) classifies YSOs into three different classes
(I-II-IIT see Table 1.1) by measuring the slope of the spectral energy distribution (SED) in the
mid-IR. This classification was later expanded to include a class 0 as new instruments were
able to detect weaker (sub)millimeter emission of more deeply embedded objects (André
et al. 1993).
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Table 1.1: Classification of young stellar objects, taken from Williams & Cieza (2011).

Class Physical properties Observational characteristics
0 Meny > Myar > Maisk No optical or near-IR emission
I Mgiar > Meny ~ Maisk Generally optically obscured

II Misk /Msar ~ 1%, Mepy ~ 0 Accreting disk; strong Ha and UV
III Misk /Mgtar < 1%, Meny ~ 0 Passive disk; no or very weak accretion

1.2 Physical properties of protoplanetary disks

After the end of Class I the disk is no longer embedded and the disk mass is only a small
fraction of the stellar mass. The beginning of Class I marks the end of the star formation
phase and the circumstellar disk can be considered truly planet forming and not protostel-
lar. Protoplanetary disks have a rich and complex physical structure. This section describes
the quantities that characterize planet-forming disks.

1.2.1 Mass

Traditionally, disk masses have been determined from the thermal emission of the dust,
and multiplied by an assumed gas-to-dust mass ratio of 100. The (sub)millimeter emission
arises from the thermal emission of the dust particles. As a rule of thumb, observations at a
wavelength A are only sensitive to the properties of dust grains of a maximum size ap,x ~34
(Draine 2006). The dust dominates the opacity (x,) at (sub)millimeter wavelengths and we
can express the dependency of its emission on the frequency as a power law «, o V%, A
commonly used prescription for the dust opacity is given by Beckwith et al. (1990) and
Hildebrand (1983),

NN
ol 251 1.1
Ky =0 (IOMHZ) cme (L1)

In the Rayleigh-Jeans limit, the spectral index « is related to the opacity index 8 by the
following expression
a=2+p. (1.2)

The typical value for the opacity index of interstellar dust material is Sigm ~ 1.7. A power-
law dust size distribution of the form n(a) « a=3 (Mathis et al. 1977) that has experienced
grain growth, up to a maximum particle size of aj,,x = 1 mm, results in 8 < 1. We can then

Molecular Cloud Protostar, formation Class 0-1
Core *

___ Outflow

-~

. ® ®

.
K

™~
~

5000 AU

Figure 1.1: Cartoon showing the star and disk formation process. Adapted from LibreText Physics:
Astronomy and Cosmology Textmaps:21.1 Star Formation (https://phys.libretexts.org/).
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use Eq.1.2 for the spectral index as a diagnostic of grain growth at millimeter wavelengths.
Continuum observations at multiple wavelengths are required for the extraction of the «
parameter.

If we assume that most of the emission arises from optically thin material in the (sub)mm
regime, a useful expression can be derived to calculate the disk mass by assuming a char-
acteristic temperature 7, (Williams & Cieza 2011)

F,d*

M(gas + dust) = —2
(gas +dust) =5 T

(1.3)

where d is the distance to the source, B, is the Planck function, F, the millimeter flux and
Ky is the mass opacity that assumes a given gas-to-dust ratio. Detailed modelling of the
mid-IR SED of disks towards the Ophiuchus region carried by Andrews & Williams (2005)
showed that Eq. 1.3 is indeed a good approximation.

A number of caveats have to be taken into consideration when using Eq.1.3 to determine
the disk mass. First, a large portion of the disk mass could be hidden in grains larger than a
centimeter. The millimeter emission is not sensitive to this grain population. For the power-
law grain size distribution given above, the total mass scales as al’2 . Second the opacity
index 8 depends on the size distribution of the dust particles (Ossenkopf & Henning 1994;
Pollack et al. 1994; D’'Alessio et al. 2001). As discussed above dust evolution processes,
such as grain growth, can significantly change the opacity «, at the (sub)millimeter regime.
Finally, this method indirectly assumes a gas-to-dust ratio, canonically taken to be equal to
the ISM value of 100; an assumption that might not hold for evolved disks. Disk masses
derived from accretion rates and disk life-times are in the range of 0.01-0.2 M, (Hartmann
et al. 1998) while the inferred disk masses in Taurus from continuum observations using a
gas-to-dust ratio of 100 show a median value of 5 x 10~ M, (Andrews & Williams 2005).

Observing more direct gas tracers, such as CO, can constrain the disk mass without
the assumption of a gas-to-dust ratio. Disk masses derived from less abundant CO isotopo-
logues, that are optically thin, toward a sample of T Tauri disks are on average below the
Minimum Mass Solar Nebula (MMSN) of 10~ M, (Williams & Best 2014) and their average
gas-to-dust ratio of 16 is 6 times lower than in the ISM. The observations of other plane-
tary systems suggest that disk masses larger than the ones derived by these methods are
required to form many of the extrasolar planet systems (Greaves & Rice 2010; Mordasini
et al. 2012). Although these results do not depend on an assumed gas-to-dust ratio they do
depend on the assumed relative abundance of the CO and its isotopologues to H, (Miotello
et al. 2016). A correct determination of the disk mass is essential to determine the potential
of a protoplanetary disk to form planets. Recently HD, whose abundance is more directly
correlated to that of Hy, has been used to constrain the mass of the disk around TW Hya
(Bergin et al. 2013). Unfortunately the emission of HD lines is usually weak, cannot be
observed from the ground and is only sensitive to warm gas.

Observations in the (sub)millimeter regime of disks around Class II YSOs show a posi-
tive correlation between disk mass and stellar mass (Natta et al. 2000; Andrews et al. 2009;
Lee et al. 2011; Andrews et al. 2013; Williams et al. 2013; Ansdell et al. 2015, 2016, 2017).
This behavior is expected since higher mass stars require more material to pass through
the disk. For more massive stars this correlation breaks down. The Orion proplyd survey
(Mann & Williams 2009) constrains this relation to My /Mg, < 107 for stellar masses
> 2M,. No signature of (sub)millimeter emission has been detected around optically visi-
ble O stars. This could be due to very high photoevaporation rates or to a totally different
star-formation mechanism (Zinnecker & Yorke 2007). Enviromental influences, such as
dynamical disruption in binaries or by another passing star (Pfalzner et al. 2005a,b; Thies
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et al. 2010) or photoevaporation by massive stars (Bally et al. 2000; Adams et al. 2004) can
influence the size and mass of the disk.

1.2.2 Radial structure

The radial distribution of the mass of the disk can be described through its surface density
X(r), defined as

X(r) = f ) o(r, 2)dz, (1.4)

where p is the density of the disk in cylindrical coordinates. We can derive an analytical
expression of 2(r) by looking at the radial component of the viscous accretion model of
Shakura et al. (1978),

9T 19(Erv)

= = 0, 1.5
ot +r or (1.5)
3 0
- -2 %= 1.
v, 2\/’_,ar( vr)., (16)
2
v = aé‘; (1.7)

where Egs. 1.5, 1.6, 1.7 are obtained by integrating the continuity, radial momentum and
tangential momentum equation over z respectively, v, is the radial component of the veloc-
ity, Qg is the Replerian angular velocity, « is an dimensionless parameter characterizing
the turbulence of the disk and the speed of sound c¢; is a function of the temperature of the
disk. A constant @ ~ 0.01 reproduces the observed disk evolution and physical structure
of protoplanetary disks (Hartmann et al. 1998; Hughes et al. 2011). If we take as ansatz that
both the surface density and the temperature are power-laws of the form Z(#) oc 7 and
T(r) oc r~9 respectively the solution for the steady-state of Eq. 1.5 is X(r) o< 7473/, The tem-
perature power-law index ¢ is equal to 3/4 considering only viscous heating, but flattens
to ¢ = 1/2 at larger radii where the temperature profile is dominated by stellar irradiation
(see Sec. 1.2.4). This leads to a radial distribution of the mass of the disk with power-law
indexes ranging from p ~ 1 — 3/4.

Resolved millimeter observations of disks allow to constrain the radial distribution of
the dust material. The radial extent of the disk is difficult to constrain since it emits faintly
due to low temperatures and column densities in the outer regions. In the optical regime
the outer parts of the disk can be seen in absorption. The Hubble Space Telescope found
that on average disk sizes toward the Orion region are ~ 75 AU (Vicente & Alves 2005).
Until recently most of the disks were modeled as pure power-laws but observations of
CO and the millimeter continuum are difficult to reconcile with such a simple treatment.
CO observations are consistently more extended than the continuum emission at millimeter
wavelengths (Piétu et al. 2005; Isella et al. 2007; Panié et al. 2009; Isella et al. 2016) and a sharp
cut-off of the surface density power-law is unable to explain both observations without
relying on changing the gas-to-dust ratio or dust opacity at the edge of the continuum
emission. A exponential taper at a characteristic radius R, was needed to explain this
behavior (McCaughrean & O’dell 1996; Hughes et al. 2008) of the form

- (1%)“] . (1.8)

Md r 7y
2 =Q2-y)—=|—
(1 =C=50 ( RC) exp
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This solution of Eq. 1.5 is known as the self-simlar solution (Lynden-Bell & Pringle 1974),
and is different from the single power-law solution because it considers the viscous coeffi-
cient v to be a power-law with exponent y.

1.2.3 Vertical structure

Disks are not flat. Observational evidence can be found in the Hubble images of scattered
light from the central star forming characteristic silhouettes around disks in the Taurus and
Orion regions (Burrows et al. 1996; Stapelfeldt et al. 1998; Padgett et al. 1999; Smith et al.
2005). The vertical distribution of dust and gas in protoplanetary disks follows from the
balance between the gas pressure and the vertical component of the gravitational force. If
we assume that the disk is geometrically thin, then the vertical structure is in quasi-static
equilibrium compared to the timescales that govern the radial motion of the disk. The
vertical temperature gradient is complex and depends on viscous energy dissipation and
radiative transfer. But for simplicity, if we consider the disk to be isothermal in the vertical
axis the hydro-static equilibrium equation is given by

kT dp(z)

= —p()Q% 7, 1.9
umy, dz PRI (1.9)

where k is the Boltzmann constant, i is the mean molecular weight and m,, is the atomic
mass unit. This has a Gaussian solution of the form

_ 22 . _ / kT (r)r?
p(Z) = Po€Xp (—W) with h(r) = m, (110)

where A(r) is the scale height of the disk at a radius r, which depends on the competition
between disk thermal pressure and the vertical component of stellar gravity. The disk ther-
mal pressure depends on the amount of stellar radiation absorbed at the disk surface and
it is discussed in the following section. The temperature dependence can be solved analyt-
ically by considering a hot surface layger that captures and reprocesses the starlight thereby
heating the gas and resulting in a flared interior (Kenyon & Hartmann 1987; Natta 1993;
Calvet et al. 1994; Chiang & Goldreich 1997). The scale height can then be parametrized as
a power law of the form A(r) oc ¥ with ¢ ~ 1.3 - 1.5.

Flared disks reproduce the far-IR excess better than spatially flat disks (Kenyon & Hart-
mann 1987). All observed disks to date exhibit some degree of flaring, therefore they inter-
cept and reprocess more stellar radiation than flattened disks. Most T Tauri stars exhibit
less mid-IR emission than what is expected from a disk in hydrostatic equilibrium. This can
be interpreted as a consequence of a reduced flaring angle due to settling of dust particles
at very short timescales (see Sec.1.4.3). Observational evidence of settling in protoplanetary
disks can be found by measuring the slope at mid-IR wavelengths (Chiang et al. 2001). The
median mid-IR slopes of classical T Tauri stars imply that in these disks more than 90% of
their um-sized grains have settled into the midplane (D’Alessio et al. 2006).

1.2.4 Temperature structure

The temperature structure of disks is dominated by the mechanical heating produced by
the viscous nature of the disk only in the innermost dense regions, reaching temperatures
as high as 1000 K. The formalism derived by Shakura et al. (1978) considering only viscous
heating and dissipation mechanisms such as thermal radiation and convection gives an
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effective temperature for the disk as a function of radius of the form
Topp oc M43, (1.11)

where M is the accretion rate of the star. If we consider a simple model for disk irradiation
from the central star then the expression is modified to (Chiang & Goldreich 1997)

Toff o MY Lit/;r*”z, (1.12)

where Ly, is the luminosity of the star. At the outer disk, for large r, the first term corre-
sponding to the mechanical heating drops faster than the irradiation term. This effective
temperature does not take into account the vertical structure of the temperature. The pro-
cessing of stellar and external radiation by the dust material determines the vertical and
radial temperature profile at large radii and in the upper layers of the inner disk (Dulle-
mond et al. 2007; Hirose & Turner 2011). A two-layer approximation of this problem, which
solves the vertical temperature gradient analytically, can be found in Appendix A of Chiang
et al. (2001). Nowadays, many 2D and axisymmetric 3D models (pioneered by D’Alessio
et al. 1998, in 1+1-D) solve the complete disk structure problem with diffusive radiative
transfer, including stellar irradiation and viscous dissipation.

The computation of the temperature structure requires knowledge of the opacity, dom-
inated by the dust for the iterative radiative process and many models calculate the temper-
ature structure 7 (r) self-consistently for a given dust density distribution (see Sec. 1.6.2). It
is generally assumed that gas is well coupled with the dust thus Tgss = Tgys. This assump-
tion is not valid within the super-heated surface lager of the disk but is true for most of
the optically thick matter at the UV and IR regimes inside the midplane region of the disk
where the gas density is sufficiently high. The gas temperature above the surface lager of
the disk is determined by various heating and cooling processes. These processes depend
on the chemical composition of main atomic and molecular species that in turn depend on
the gas temperature. Some molecular species, such as H,, CO or C,H, probe the region
where the gas is decoupled from the dust, but other species emit from deeper and colder
regions where the aforementioned assumption is still valid.

1.2.5 Ultraviolet and X-Ray radiation

Protoplanetary disks are exposed to intense ultraviolet (UV) and X-ray radiation. For T
Tauri disks, at 100 AU, the UV radiation from the accretion onto the star is a factor of 100-
1000 stronger than in the ISM (Bergin et al. 2003). For the much hotter Herbig Ae disks
(Mgar > 2My), the UV radiation has a photospheric origin and is factor of 10° stronger
than the ISM (Semenov et al. 2005; Jonkheid et al. 2006). The median value for the X-ray
luminosity of T Tauri stars is log(Lx/Lye) ~ 3.5 or Ly ~ 3 x 10% erg s~!(Preibisch et al.
2005; Getman et al. 2009) which is generated by the magnetic activity produced due to the
convective nature of the stellar interior. The more massive Herbig Ae stars are usually non-
convective resulting in X-ray luminosities more than 10 times lower than those found in T
Tauri stars (Giidel & Nazé 2009). Unlike UV radiation, X-rags can penetrate deeper in the
disk and, together with cosmic rays, ionize He which is fundamental to drive chemistry.
In the midplane, secondary UV radiation emitted by molecular hydrogen after ionization
by X-rays or cosmic rays is the only UV source. The photo-processes triggered by UV and
X-ray radiation, such as ionization and the release of radicals and free electrons, fuel the
chemistry deep within the disk (see Sec.1.5).



Introduction 9

1.3 Disk evolution

1.3.1 What happens to the gas?

Class III YSOs are characterized by weak far-IR emission coming from small cold dust that
is left after most of the gas has been accreted into the central star or dissipated by stellar
winds (Matsuyama et al. 2009) and/or FUV and X-ray radiation coming from the central star
or external sources (Gorti et al. 2009; Owen et al. 2010). The evolution of the gas content in
protoplanetary disks is driven, in a first order approximation, by viscous accretion. There is
no single physical mechanism dominating the transport of angular momentum throughout
the disk, although a magnetized disk wind has been recently suggested as the primary
mechanism driving disk accretion (see Sec.1.1.1 and Bai 2016; Turner et al. 2014).

Extensive modeling of viscous transport, and in particular the @ parameter as a rep-
resentation of the turbulence that gives origin to viscosity, has been done in 3D including
self-gravity and MRI as well as convection and planet-disk interaction (see references in Ar-
mitage 2011). Although this model correctly predicts observable accretion indicators, such
as the He line, it fails at predicting the sudden and very quick disk dissipation that occurs
after the typical disk lifetime of a few Myr (Fedele et al. 2010). Right after the accretion onto
the central star stops, it is estimated that it only takes < 0.5 Myr to dissipate all the material
from the primordial disk (Calvet et al. 2002; Cieza et al. 2007). The photoevaporation by UV
and X-ray radiation from the central star overtakes viscous accretion in the outer regions
of the disk, opening a gap and cutting off accretion, while the inner disk is rapidly accreted
onto the star (Clarke 2007; Clarke et al. 2001). Immediately after, the outer disk is exposed
to energetic UV photons and X-ray radiation and the disk is quickly photoevaporated form
the inside out. A schematic of this process is shown in Fig. 1.2.

1.3.2 What happens to the dust?

In parallel, the dust also evolves to eventually form planets. More than 13 orders of mag-
nitude separate the size of the interstellar dust with planets. The core accretion scenario
(Safronov 1972; Lissauer 1993; Pollack et al. 1996, Haghighipour 2013) describe this process
in three steps.

First, small grains coagulate to form cm-sized particles (Dullemond & Dominik 2005,
2008). Evidence for the formation of um-sized particles is abundant, even at early stages,
from amorphous silicate features in the IR (Kessler-Silacci et al. 2007; McClure et al. 2010).
The evidence for millimeter and centimeter sized particles comes from the impact of opacity
on the shape of the SED at millimeter wavelengths (Andrews & Williams 2005). As the
population of centimeter sized particles grows, the dust opacity decreases and the slope of
the SED becomes shallower at millimeter wavelengths (Natta et al. 2004; Draine 2006).

Second, the grains continue to grow to form km-sized bodies. This step is less un-
derstood than the previous one as it involves dynamical processes that arise due to the
decoupling of gas and dust (Dubrulle et al. 1995; Birnstiel et al. 2011), namely settling and
radial drift that are discussed in detail in the next section. Decoupled grains start expe-
riencing a radial inward drift that is much faster than the coagulation time scales, thus
preventing them from growing larger than a few meters. As dust particles begin to grow
and the impact velocities increase, the outcome of their collisions results in bouncing. In
the bouncing regime dust particles do not stick together but are compacted due to the col-
lision. In addition, fragmentation of large dust grains, close to the inner regions of the disk,
becomes efficient as the relative velocities between grains are enhanced by these dynamical
processes (Weidenschilling 1984; Birnstiel et al. 2012). The combination of fragmentation,
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bouncing and radial drift for meter-sized bodies is commonly called the meter-sized barrier.

A radial pressure maximum in the gaseous content of the disk, caused by density vari-
ations, is capable of stopping the radial migration of dust (e.g. Lyra et al. 2009; Brauer et al.
2008). Azimuthal vortices can arise once the dust has stopped migrating which are an ef-
fective way to trap the dust particles and allow them to grow (Pinilla et al. 2015). These
vortices have been observed toward a couple of disks at millimeter wavelengths (e.g. van
der Marel et al. 2013).

For a given distribution of dust sizes and velocities, some particles will collide with ve-
locities that are below the critical velocities of the bouncing and fragmentation regimes.
These ‘lucky’ particles can overcome the bouncing barrier and grow further (Garaud et al.
2013; Windmark et al. 2012). Collections of pebbles resulting from streaming instabilities
in the disk can collapse to quickly form bodies as large as the asteroid Ceres in one step
(Johansen et al. 2007). This process is a consequence of the so-called streaming instabil-
ity and is an effective mechanism to concentrate dust particles at super-critical densities
overcoming the fragmentation barrier.

Finally, once planetesimals of a few kilometers in size have formed, they grow further
by sweeping up and gravitationally attracting smaller particles. At early stages of planetary
accretion, the gravitational attraction of large planetesimals leads to runaway accretion
while small planetesimals remain unchanged (Greenberg et al. 1978; Barnes et al. 2009).
The resulting largest bodies, known as planetary embryos or protoplanets, start to dominate
the viscous stirring produced by the gravitational scattering effect (Ida & Makino 1993). The
formation of these large planetesimals at time scales shorter than the lifetime of the disk
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Figure 1.2: Cartoon showing the evolutionary path of a disk around a low-mass star, taken from
Williams & Cieza (2011)
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is challenging, but mechanisms like pebble accretion can aid to overcome this problem
(Ormel & Klahr 2010; Lambrechts & Johansen 2014). In the presence of gas, massive cores
of several Earth masses attract a gaseous envelope to form Jupiter like planets (Lissauer
et al. 2012; Lissauer 1993).

1.4 Dust in disks

Although dust particles contain only 1% of the initial mass of protoplanetary disks, they
are the precursors of planets and are fundamental in the formation of complex molecules
through grain-surface chemical reactions. Moreover, they dominate the opacity of the disk.
In Sec. 1.3.2 we briefly discussed dust coagulation processes that allow (sub)micron dust
particles to grow to millimeter/centimeter sized particles and their impact on dust opacity.
The dynamical processes that shape the dust spatial distribution are different from the ones
that affect the gas. This thesis focuses in understanding the link of the spatial distribution
of dust grains of different sizes and the formation mechanism and spatial distribution of
key volatiles in the gas. This section will focus on the physical processes that affect dust
grains in disks and their composition.

1.4.1 Composition

Dust, in the diffuse ISM, is mainly composed of silicates with an admixutre of graphite
grains and polycyclic aromatic hydrocarbons (PAHs) (Draine 2003). These are easily iden-
tified through spectral features at 10 and 18 ym (silicates, Henning et al. 2010) and through
a series of features in the mid-IR (PAHs, Tielens 2008).

Observations of the disks around T Tauri and Herbig Ae/Be stars typically show spectral
features corresponding to a mixture of amorphous silicates with olivine and pyroxene sto-
ichiometry (being 1%-30% of the content), crystalline forsterite and enstatite, and in some
cases silica (see references in Henning & Semenov 2013). In the warm inner regions of
protoplanetary disks up to a few AU, the dust has been processed via thermal annealing or
shock heating resulting in a higher crystallinity fraction (Harker & Desch 2002; van Boekel
et al. 2005; Olofsson et al. 2009, 2010; Oliveira et al. 2011). Features of molecular ices, such
as H,O and CO,, have been detected in absorption toward edge-on disks and in emis-
sion toward face-on disks, including the 63 um feature of crystalline water (Malfait et al.
1999; Thi et al. 2002; Pontoppidan et al. 2005; Terada et al. 2007; Terada & Tokunaga 2017,
Aikawa et al. 2012; McClure et al. 2012; Riviere-Marichalar et al. 2016). The freeze-out and
desorption processes of the ice reservoir in protoplanetary disks are further discussed in
Sec.1.5.1.

1.4.2 Radial drift

Small dust particles of ~ 1um are well coupled to the gas in protoplanetary disks, and are
supported by the gas pressure. As the particles grow to sizes a > lum their surface-to-
mass ratio decreases and the dust particles dynamically decouple from the gas. If particles
get bigger than their mean free path through the gas they will feel a friction when moving
through it. Due to its radial pressure gradient, the gas orbits at sub-Replerian velocity while
large dust grains move almost at Keplerian velocities. This friction will create a drag force
of the form

1
Fp= —ECDﬂangvz (1.13)
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where 7a? is the cross-section of the dust grain, p, is the gas density, v is the relative velocity
between the gas and the dust and Cp, is the drag coefficient that depends on v and the
relative size of the dust grain with respect to the mean free path of the gas. The drag force
induced by the sub-Keplerian gas disk removes angular momentum from the dust particles
and slows them down. This translates into a headwind that moves the decoupled dust
particles inward. The drift velocity depends on the gas pressure gradient because it is what
causes the gas to move at sub-Keplerian velocities (Nakagawa et al. 1986; Weidenschilling
1977).
A useful dimensionless parameter is the Stokes number (S ;) defined as

Sl = QKTs, (114)

where 75 = mv/Fp is the stopping or friction time of a particle with mass m and velocity v
due to drag forces (Fp) and Qg is the Replerian angular velocity. Particles with the same
Stokes number have identical aerodynamical behavior. Small particles with §, << 1 will
adapt to the gas velocity on shorter timescales than the orbital time scale. Similarly, big
particles with S, >> 1 will adapt to the gas velocity at much longer timescales than the
orbital time scale. In the regime where S, < 1 the radial velocity satisfies v, ~ —28 7V,
which means that small particles drift inwards at lower velocities than larger particles.

Observational evidence of radial drift can be found by comparing the millimeter con-
tinuum emission in resolved disks, which roughly traces the distribution of mm-sized dust
grains, to the extent of the molecular gas usually traced by CO (Pani¢ et al. 2009). Pro-
toplanetary disks usually exhibit a larger radial extent of their gas content, traced by CO,
than that of the mm-sized dust grains, traced by the millimeter continuum. Although this
difference can be explained as a consequence of optically thick CO emission (Hughes et al.
2008), detailed modeling of optically thin CO isotopes and (sub)millimeter continuum has
shown that, for some disks, radial drift is a natural explanation of the difference in the radial
extent of CO and continuum emission (Andrews et al. 2012; Isella et al. 2016). Moreover,
it is the sharp steepening of the mm-sized grain distribution, rather than its smaller radial
size, that is truly characteristic of radial drift.

1.4.3 Settling

In addition to drag forces, large grains of dust will experience a vertical gravitational force.
For small vertical displacements (z < r) we can write this force as

Fy = -mOlz, (1.15)

By equating the vertical component of the stellar gravity to the drag force an expression for
the settling time scale can be obtained

Tsettling = (SIQK)_]o (116)

For small particles (¢ < 0.1um) this settling time will always be much larger than the orbital
time, Topye = Q. The time scale for radial drift is much shorter, about 100 years for m-sized
particles, than the time scale for dust settling, which is about 103 years. We can therefore
consider that all grains that have settled have also migrated inwards. However, a fraction of
the dust grains may not stay permanently settled since turbulent velocities produce vertical
stirring and mixing of small particles (Dullemond & Dominik 2004b, 2005, 2008; Birnstiel
et al. 2016).
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1.4.4 Mixing

The gas evolution within the disk is thought to be driven by viscous accretion. The viscous
nature of the gas will induce random motions in the dust that will act as a mixing mecha-
nism on the dust. Just like vertical settling and radial drift, the mixing process is dependent
on the size of the dust particles. A useful number is the Schmidt number, the ratio of dust
diffusivity to gas diffusivity, defined as (Youdin & Lithwick 2007)

D
S.= D—j ~1+82, (1.17)

where it is usually assumed that the diffusivity of the gas equals its viscosity (Pavlyuchenkov
& Dullemond 2007). This ratio is high for large particles and low for small particles, con-
sistent with the notion of larger particles suffering less diffusion than small particles due to
gas motions. This mixing results in the smoothing of the concentration of small dust grains
and gas.

1.5 Disk chemistry

So far we have only discussed the physical structures and dynamical processes of proto-
planetary disks. The large range of physical conditions throughout the disk implies an
equally diverse chemistry produced by reactions ranging from photo-processes in the hot
and irradiated regions to grain chemistry in the cold and dense disk. Because the disk tem-
perature decreases with radius, we can roughly divide the chemistry into two regions: the
inner warm disk at r< 20 AU and the outer cold disk at larger radii.

The inner disk hosts a high temperature environment at 100-5000 K with densities as
high as 10'?> cm™. The dense midplane regions of the inner disk are shielded from high-
energy ionization sources and the chemistry is driven by 3-body neutral-neutral reactions
(Harada et al. 2010; Aikawa et al. 1999), such as the formation of molecular hydrogen.
Chemical models predict a high abundance of H,O, CO, NH3, HCN and simple hydrocar-
bons, being destroyged only at very high temperatures by thermal dissociation (Willacy &
Millar 1998; Markwick et al. 2002; Ilgner et al. 2004; Woods & Willacy 2007; Agtindez et al.
2008; Bethell & Bergin 2009; Najita et al. 2011; Walsh et al. 2015).

In the outer cold disk high-energy radiation and cosmic rays drive the chemistry of the
disk dominated by ion-molecule reactions (Aikawa et al. 2002; van Zadelhoff et al. 2003;
Gorti & Hollenbach 2004; van Dishoeck et al. 2006; van Dishoeck 2006; Fogel et al. 2011,
Vasyunin et al. 2011; Walsh et al. 2012; Akimkin et al. 2013). Section 1.2.4 discusses the
vertical gradient of the gas and dust temperature which is determined by the heating and
cooling of the gas and dust triggered by the irradiation of the central star. The vertical
positive gradient coupled with the UV radiation field result in three characteristic chemical
regimes (Aikawa et al. 2002). Figure 7.1 shows a cartoon of these three regions: a cold chem-
istry region in the midplane dominated by surface processes in icy mantles, a rich warm
molecular region where gas chemistry is active, and a restricted photon-dominated sur-
face region where UV radiation dissociates and ionizes molecules driving an ion-molecule
chemistry.

The cold outer midplane has temperatures below ~20-50 K with most of the molecules
frozen out (with the exception of H,) and hydrogenation reactions on the surfaces of the
grains dominating the chemistry. The only ionization sources in these dense and cold
region are cosmic ray particles and the secondary UV photons they produce. Molecules
like CO, N, and simple hydrocarbons evaporate at temperatures around ~ 20 K. The local
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UV radiation field might also contribute to the release of icy molecules to the gas-phase in
cold environments through photodesorption.

Gas-phase chemistry in the intermediate warm molecular lager is dominated by ion-
molecule processes, such as proton transfer from species like H] (Herbst & Klemperer
1973; Watson 1974; Woodall et al. 2007; Wakelam et al. 2012). This region is only partially
shielded from high-energy radiation and temperatures are high enough, even at large radii,
for molecules such as CO and N, to evaporate from icy dust grains. Water has a higher
sublimation temperature, around 170 K (Hayashi 1981) dependent on the pressure, and thus
remains mostly frozen-out. The location of this temperature threshold is commonly known
as the molecule’s snowline, to refer to its radial location in the midplane, or snow surface,
since the vertical temperature structure of the disk will define an isothermal surface across
the radial axis.

This snowline is a function of the luminosity of the central star and the evolutionary
stage of the disk. The water snowline likely moves inward from larger radii in the early
hotter embedded phase (Kennedy & Kenyon 2008; Zhang & Jin 2015). Additionally, pro-
tostellar outbursts can abruptly heat the disk moving its location (e.g. Cieza et al. 2016).
The water snowline is difficult to probe because is usually to close to the central star. The
CO snowline, that occurs at around ~20 K, is further out at a few tens of AU. It has been
indirectly imaged through chemical tracers in a couple of disks (e.g. Qi et al. 2013, 2015;
Mathews et al. 2013).

The upper region in the disk atmosphere is dominated by the stellar UV radiation and
the interstellar radiation that ionizes and dissociates molecules. These processes depend
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Figure 1.3: Cartoon of dust evolution and chemical regions in the disk. Taken from Henning &
Semenov (2013).
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strongly on the shape and intensity of the high-energy radiation field. For example, Lyman
a photons will dissociate HCN and H,0O, while other molecules such as CO and H; are
protected by self-shielding and mutual shielding (van Dishoeck & Black 1988; van Dishoeck
et al. 2006; Heays et al. 2017).

1.5.1 Material inventory
Gas

To construct an inventory of chemical species high spectral resolution is needed. Disks are
optically thick at IR wavelengths and emission lines can only be seen from the upper warm
layers, but the disk is mostly optically thin in the (sub)millimeter regime and there we can
trace molecular lines throughout the entire disk. Figure 1.4 shows a schematic summary
of the main molecular diagnostic of disks.

A large body of observational work has provided an inventory of the molecular content
of disks (e.g. Dutrey et al. 1997; Thi et al. 2004; Schreyer et al. 2008; Henning et al. 2010;
Oberg et al. 2010, 2011b,c, 2015; Dutrey et al. 2011; Chapillon et al. 2012a,b). Molecules
such as CO, HCN, HCO*, H,O and recently the complex organic CH;OH (Walsh et al. 2016)
have been found toward protoplanetary disks. Their line intensities can be transformed to
abundances if a density and temperature is provided. One of the most important results
of this work is the depletion of molecules in comparison with ISM abundances due to low
temperatures (freeze out) or photodissociation within the disk (Kastner et al. 1997; Dutrey
et al. 1997; van Zadelhoff et al. 2001).

In the Far-IR regime, the PACS and HIFI instruments aboard Herschel have detected
higher rotational transitions of CO, that account for gas at 7 ~ 100 — 1000 K, hydroxyl,
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water, atomic oxygen and CH* toward several protoplanetary disks (Fedele et al. 2012;
Meeus et al. 2012; Riviere-Marichalar et al. 2012; Fedele et al. 2013; Hogerheijde et al. 2011;
Sturm et al. 2010; Meeus et al. 2013). In the mid- and near-IR regimes, Spitzer and ground-
base telescopes provided a forest of H,O and OH line in many disks, along with CO, and
organic molecules such as HCN and C,H, (Lahuis et al. 2006; Carr & Najita 2008; Salyk
et al. 2008; Pascucci et al. 2009; Pontoppidan et al. 2010; Carr & Najita 2011; Salyk et al.
2011; Mandell et al. 2012).

Ice

The major components of astronomical ices, such as H,O, CO, CO,, CH4, CH30H, NH;
and HCOOH, have been detected through their IR features toward embedded protostar
and background stars (van Dishoeck 2004; Gibb et al. 2004; Whittet et al. 2007; Boogert
et al. 2015). The icy mantles grow by accretion of atoms and molecules from the gas where
molecules like CO,, H,CO and CH;0H are formed through atom addition reactions, CO
and O, (van de Hulst 1946; Watson 1976; loppolo et al. 2008; Migauchi et al. 2008; Dulieu
et al. 2010). A rich surface chemistry, even at low temperatures of ~ 10 K, forms more
complex molecules (e.g. Fedoseev et al. 2017) and these are subsequently processed by
high energy photons and cosmic rays present in the ISM (Benz et al. 2010; Bernstein et al.
1995; Moore & Hudson 1998; Bennett et al. 2005). In the high temperature environments
of massive and low-mass protostars, these icy mantels sublimate. In these so-called hot
cores and hot corinos, major ice species as well as minor constituents, like some complex
organics and nitrogen-bearing species, return to the gas where they can be easily identified
through rotational gas-phase spectroscopy (Herbst & van Dishoeck 2009).

Some of this icy reservoir is reprocessed in the early stages of protoplanetary disks
through thermal desorption followed by gas chemistry. They are ultimately frozen out
again in the outer colder region of the disk where they potentially mix with pristine ices
still present there (Caselli & Ceccarelli 2012; Brownlee 2014; Cleeves et al. 2014; Furuya
& Aikawa 2014). Models by Visser (2009) suggest that most of the material that ends up
in the comet-forming region experiences a large degree of chemical reprocessing, a result
supported by the cristallinity fraction found in solar system comets. However, at the same
time, comets also contain material very similar to young protostars. Comets may have
mixed material from both pristine regions in the outer parts of the disk and from heavily
reprocessed regions.

The freeze-out time scale tgee,e for the standard gas-to-dust mass ratio of 100 and a
sticking probability of 1 can be roughly estimated by the following expression

10°cm™

ng  0.1um

yrs (1.18)

Ifreeze =

where ny is the gas particle density (in cm~) and « is the typical grain radius (in um). The
freeze-out time scales in the cold midplanes of protoplanetary disks (with typical densities
of ~10°~10% cm™3) are of the order of 10-10* years, indicating that most of the material in
the gas phase is frozen-out within a tiny fraction of the disk lifetime.

The most important desorption process for volatiles such as CO, N;, and CHy is thermal
desorption. In regions where UV radiation can penetrate, photodesorption of these ices also
becomes important. Additionally, cosmic ray and X-ray spot heating may release mantle
material back to the gas phase in cold regions deep in the midplane (Leger et al. 1985;
Hasegawa & Herbst 1993; Najita et al. 2001). The photodesorption rates of CO, H,0O, CHy,
and NH3 have recently been derived experimentally (Oberg et al. 2007; Oberg 2009; Oberg
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et al. 2009a,b; Fayolle et al. 2011; Cruz-Diaz et al. 2012; Fedoseev et al. 2015). Observations
of NHj3 in ices suggest that it is usually intermixed with H,O on interstellar ices (Merrill
et al. 1976; Knacke et al. 1982; Smith et al. 1989; Bottinelli et al. 2010). Chemical models
of protoplanetary disks show that photodesorption by UV radiation significantly affects
molecular column densities of the most abundant molecules such as HCN, CS, H,O, NH;
and CO, (Willacy 2007; Semenov & Wiebe 2011; Walsh et al. 2010).

Dust evolution processes and the intrinsic characteristics of the physical structure of
disks drive the subsequent reprocessing of some of these species by changing the pen-
etration of UV photons. This thesis explores the interrelationship between the dust, the
temperature structure and the chemistry driving the formation of observable molecules.
In particular, it explores the link between the location of the main oxygen- and nitrogen-
bearing species (H,0 and NH3) and the mm-sized dust particle distribution.

1.5.2 Water

Water was detected in the ISM more than 40 years ago (Cheung et al. 1969) and, subse-
quently in vapor and ice form, toward a number of YSOs and protoplanetary disks (Gillett
& Forrest 1973; Cernicharo & Crovisier 2005; Boogert et al. 2008; Melnick 2009; Hogerheijde
et al. 2011; Bergin & van Dishoeck 2012). Water is the most abundant volatile in interstellar
and cometary ices (see reviews by Mumma & Charnley 2011; Boogert et al. 2015). At temper-
atures higher than 230 K water is the dominant gas-phase oxygen carrier. It forms through
neutral-neutral reactions of O+H, — OH+H followed by OH+H, — H,O+H (Elitzur &
Watson 1978; Atkinson et al. 2004). At temperatures below 100 K water forms through ion-
neutral reaction and dissociative reactions. It starts with H; +O—H,;+OH* followed by a
series of reactions of OH" or H,O* with Hy, leading to H;O™" that is finally recombined to
H,0+H (Herbst & Klemperer 1973). In addition, H,O can form on grains surfaces through
hydrogenation of O, O, and Os. The whole chemical network involves photo-dissociation,
photo-desorption and freeze-out summarized in Fig.1.5 (see van Dishoeck et al. 2014, and
references therein). Water ice is known to be frozen out already in pre-stellar and pro-
tostellar phases and it is only thermally evaporated in the disk within ~ 10 AU from the
star.

1.5.3 Ammonia

NH; was one of the first molecules identified in the ISM (Cheung et al. 1968) and is readily
detected in star forming regions (Morris et al. 1973; Irvine et al. 1987; Persson et al. 2010;
Bottinelli et al. 2010; Daranlot et al. 2012). In disks, detailed chemical models have shown
ammonia to form as a product of warm gas-phase reactions and ion-molecule reactions
(see Fig. 1.6). On grains, ammonia forms through atomic nitrogen hydrogenation (Brown &
Millar 1989; Fedoseev et al. 2015). About 10%-20% of nitrogen is contained in ices such as
NH3, NH;, and XCN, the latter mostly in the form of OCN~ (Oberg et al. 2011a). Processes to
release NHj from ice to gas, at temperatures below the thermal desorption, include cosmic-
ray desorption (Hasegawa & Herbst 1993), reactive desorption (Garrod et al. 2007) and
photodesorption (Prasad & Tarafdar 1983). This process dominates during the very early
stages of star formation. In more evolved stages, where protoplanetary disks are formed,
the bulk of ammonia is locked in the ice and gas-phase formation is the only process left
active (Sipila et al. 2015; Harju et al. 2017). This process occurs through a well-known
chain of reactions, starting with the dissociation of N, (by photo-processes or He*) and
terminating in NH; +e — NH3 + H (Le Gal et al. 2014; Roueff et al. 2015; Walsh et al. 2014).
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1.5.4 Deuterium chemistry in Disks

The initial cosmic elemental D/H fraction, produced in the Big Bang, was ~ 2.5 x 107
(Cooke et al. 2016). In present days the D/H ratio in the cold ISM is ~ 2.0x 10> (Prodanovi¢
et al. 2010). The D/H ratio of H; in the solar surroundings is similar to that of the diffuse
ISM. Simple molecular species, such as DCO*, DCN and HDCO, have D/H ratios that are
higher than the cosmic and cold ISM values by two order of magnitude (Roberts et al.
2002; Bacmann et al. 2003; Vastel et al. 2006). The temperature of the regions where key
molecular species, present in protoplanetary disks and solar system bodies, were formed (or
processed) can be traced by measuring their D/H ratio. The high deuterium fractionation
at low temperatures is a consequence of the lower zero-point vibrational energy of simple
deuterated molecules in comparison to their non-deuterated counterparts (Combes et al.
1985; Millar et al. 1989; Turner 2001; Gerner et al. 2015). We can distinguish three main
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Figure 1.5: Summary of the main gas-phase and solid-state chemical reactions leading to the formation
and destruction of H,O. e stands for electron, v for photon and s-X indicates that species X is on the
grains. This figure was taken from (van Dishoeck et al. 2014).
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reactions through which deuterium is injected into the chemistry,

Hj + HD = H,D* + H, + 230K, (1.19a)
CH; + HD = CH,D* + H, + 370K, (1.19b)
Csz +HD = C,HD* + H, + 550K. (1.19¢c)

Equation 1.19a is preceded by cosmic ray ionization of H, producing the HJ ion. The
left-to-right reaction of Eq. 1.19a is exothermic and strongly enhances the D/H ratio of
H,D*, and species that derive from it, at temperatures below ~30 K (Millar et al. 1989;
Albertsson et al. 2013). This regime corresponds to the so-called low temperature deuter-
ation channel. In contrast, the left-to-right reactions of Eq. 1.19b and 1.19¢, involving light
hydrocarbons, effectively enhance the deuterium fractionation at higher temperatures than
Eq. 1.19a but below ~ 80 K. This regime corresponds to the high temperature deuteration
channel. Deuterium fractionation initiated by the H,D™ is particularly effective at low tem-
peratures in disk midplanes. In these regions CO is frozen out, otherwise it would react
with H; before HD. Similarly, at low temperatures, grain surface reactions may also con-
tribute enhance the D/H molecular ratio of selected species (Tielens 1983).Recently it was
realized that the ortho-to-para ratio of molecular H; can hinder the deuterium enhancement
because of the differences in internal energies of o-H, and p-H, (Flower et al. 2006; Pagani
et al. 2009). The reverse endothermic reactions of Eq. 1.19a, 1.19b and 1.19¢ proceed more
rapidily for the reaction involving o-H, than the corresponding reaction involving p-Ho.

H

Activation barrier, Ea v

0-1,000 K —> 5,000 - 10,000 K == NH.+
1,000 - 5,000 K —>» >10,000 K wp-

Figure 1.6: Schematic chemical network of the main gas-phase processes that involve NH;, taken
from Walsh et al. (2015).
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Cold ISM regions show D/H molecular ratios a factor of 100-300 higher than the ele-
mental D/H (Roberts et al. 2002; Bacmann et al. 2003; Vastel et al. 2006). In contrast, the
D/H molecular ratios found in meteorites and comets from the Oort cloud are a factor of
10-30 higher than the elemental D/H ratio (Irvine et al. 2000), but about an order of magni-
tude lower than in the cold ISM. The D/H ratio in Earth can be probed by measuring the
HDO/H,O ratio of about ~ 1.6 x 107*, consistent with the idea of a dry proto-Earth that
got most of its oceans from asteroids as opossed to long-period comets in the last phase of
its formation (Morbidelli et al. 2000). Long period comets have a water deuterium enrich-
ment a factor of two higher than that of Earth, suggesting that the bulk of Earth’s water
was delivered at early stages through massive planetary embryos, with lower HDO/H,O
ratios, in the asteroid belt. Chemical models, including a comprehensive treatment of disk
ionization, show that the ion-driven deuterium pathways are inefficient to explain the ob-
served enriched HDO/H,O ratio of solar system bodies (Cleeves et al. 2014), implying that
a considerable fraction of the water reservoir of the solar nebula was inherited from the
ISM.

Other detuerated molecules, such as DCN and DCO*, have been detected toward pro-
toplanetary disks. The D/H ratios of DCN and DCO* in TW Hya (Oberg et al. 2012) are
much higher than elemental D/H ratios, by several orders of magnitude. DCN is more
centrally peaked than DCO™, suggesting different fractionation pathways. DCN is believed
to be formed mainly through Eq. 1.19b while DCO* is thought to form through Eq. 1.19a.
However, recent chemical models have proposed reactions involving Eq. 1.19b and 1.19c
leading to production of DCO* at higher temperatures than Eq.1.19a (Favre et al. 2015).

1.6 Methods

1.6.1 Observations

This thesis makes use of the available data from the HIFI instrument aboard the Herschel
Space Telescope in the far-IR regime and the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) in the (sub)millimeter regime toward two disks. Herschel had a 3.5 m single
mirror and operated between 2009 and 2013. It carried three detectors: the Photodetector
Array Camera and Spectrometer (PACS) (Poglitsch et al. 2010), covering wavelengths from
55 to 210 um; SPIRE (Griffin et al. 2010), an imaging camera covering wavelengths from
194 to 672 pm; and HIFI (de Graauw et al. 2010) an heterodyne detector operating in two
wavelengths bands from 157 to 212 and 240 to 625 um. At these wavelengths, the primary
beam size is 11"-19" and 21"-43", respectively. The Herschel beam cannot provide resolved
spatial information of protoplanetary disks but it is capable of observing the far-IR regime
that hosts several interesting molecular and atomic transitions only attainable from space.
The HIFI instrument has very high spectral resolution, which can be used for reasonable
inclined disks to pinpoint the location of the emission.

The guaranteed-time Herschel key programme "Water In Star-forming regions with
Herschel" (WISH van Dishoeck et al. 2011) observed fundamental water rotational tran-
sitions and high-J CO transitions with unprecedented spectral resolution toward sources
related to star formation including several protoplanetary disks using HIFI and PACS. Her-
schel provided unique spectral coverage and sensitivity, unmatched by earlier missions and
not surpassed in the near future. The far-IR regime, probed by the HIFI instrument, hosts
unique ground level transitions of key molecules in disks, such as NH; and H,O. This the-
sis analyses Herschel HIFI data in relation to the resolved millimeter continuum emission
(from ALMA) to provide constraints on the amount of volatile water and ammonia, and the
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mechanisms responsible for their release in the gas phase.

ALMA is an interferometric facility of sixty-six 12 m and 7 m radio telescopes at ~
5000 m of altitude in the Chilean Andes. Compared to the modest eight antennas of 6 m
of the SMA, ALMA is a huge improvement for the observation of the cold universe in the
(sub)millimeter regime. The ambitious set up of ALMA allows it to reach spatial resolutions
of a few milli-arcseconds for its most extended configuration and spectral resolutions better
than ~ 0.05 km s™!. The (sub)millimeter regime probed by ALMA has many rotational
transitions of simple (e.g. CO) and complex (e.g. CH30H) molecules that give valuable
information of the gas dynamical and chemical processes occurring in planet-forming disks.

The analysis of interferometric data is best done in the uv-space. The uv-space is the
Fourier space of the coordinates (x, y) in the sky. Interferometers measure the interference
pattern, or visibilities, of the image plane in a discrete sample of the uv-space defined by
the available baselines. An interferometer has as many baselines as permutations of pairs
of its antennas. The resolution of a particular set of baselines (B) is given by A/B.x, where
A is the observed wavelength and By, is the longest available baseline. Because of this
relationship, baselines are usually given in kA rather than the standard SI units.

In the pre-ALMA era most of the spatially resolved observations of disks in the millime-
ter regime were obtained with interferometric arrays such as the PdBI, CARMA and SMA to
a resolution of about 0.5-1”. In addition to molecular transitions, several resolved millime-
ter images of disks showed ring-like structures (Piétu et al. 2006; Brown et al. 2009; Andrews
et al. 2011; Williams & Cieza 2011). These structures where modeled in the Fourier space

-

Figure 1.7: Gallery of high angular resolution continuum observations of planet forming disks ob-
tained with ALMA. From left to right and from top to bottom: TW Hya (Andrews et al. 2016), V883
Ori (Cieza et al. 2016), HD163296 (Isella et al. 2016), HL. Tau (ALMA Partnership et al. 2015), Elias
2-27 (Pérez et al. 2016), HD142527 (Kataoka et al. 2016). Credits: S. Andrews, L. Cieza, A. Isella, A.
Rataoka, B. Saxton (NRAO/AUI/NSF), and ALMA (ESO/NAOJ/NRAO).
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with simple parametric models but the modest uv-coverage and low sensitivity made the
disentanglement of several degenerate disk models difficult (Andrews et al. 2009, 2010; Isella
et al. 2009). ALMA has already reached an unprecedented spatial resolution (see Fig. 1.7)
and has revealed substructures, in the continuum emission of disks, that can trace various
dust evolution processes. This thesis will use both molecular and continuum observations
taken with ALMA to determine the formation origin of simple deuterated molecules.

1.6.2 Modeling

Each of the chapters in this thesis analyses molecular transitions obtained with the instru-
ments presented in the previous section. The general methodology to model them includes
first the adoption of pre-existent physical models from the literature. These models are
obtained by fitting the SED with a parametric model of the dust surface density and a tem-
perature profile calculated self-consistently with radiative transfer codes. The observed
molecular lines are then interpreted using abundance models to calculate their resulting
line emission that are either parametric or follow from detailed chemical calculations. The
line radiative transfer is performed using the 3D radiative transfer code Line Modeling
Engine (LIME) capable of calculating the population levels out of local thermodynamical
equilibtrium (LTE). In LTE the population of the molecular energy states is given by a
Boltzmann distribution of the form

i exp( Ew El) (1.20)

n " ksTx

where Tk is the kinetic temperature of the gas and kg is the Boltzmann constant. In non-
LTE the population energy levels are calculated by solving the population number of the
levels in statistical equilibrium

on,
ot

= —I’lu(Aul + Bulj-i- Cul) + nl(Bl,,J_+ Cp) = 0 (121)

where A,; and B,; are the Einstein coefficients, C,; are the collisional rates and J is the
line profile integrated mean intensity. The first term accounts for spontaneous emission,
induced emission and collisional de-excitation and the second term for absorption and
collisional excitation, respectively. We can define an excitation temperature (7.y) for the
molecular transition calculating the population ratio of the upper and lower energy levels
as ny/n; = exp(—(E, — E;)/kpTex). In the limit where the density of the collisional partner
exceeds a critical density, defined as ngi = A,;/Cy, collisions drive the excitation to LTE
and we recover the LTE distribution of Eq. 1.20 with Tex = Tk. The following sections
briefly describe the radiative transfer codes used in this thesis.

Physical models

The TORUS code (Pinte et al. 2009; Harries et al. 2004; Harries 2000) is a Monte Carlo
radiative transfer code in 3D that fully treats polarization and multiple scattering. It can use
either Mie or Rapleigh scattering. The temperatures are computed treating the dust in local
thermodynamic equilibrium being only heated by stellar radiation. Radiative equilibrium is
computed using the continuous absorption algorithm from Lucy (1999). All the calculations
are performed on a cylindrical adaptive-mesh in 2D. The temperature structure is computed
with a diffusion approximation method.

The RADMC code (Dullemond & Dominik 2004a) is a Monte Carlo continuum axisym-
metric 3D radiative transfer code. It employs the algorithm from Bjorkman & Wood (2001)
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but with a continuous treatment of energy instead of the discrete original one. The radiation
is propagated using isotropic scattering , unlike the TORUS code that performs anisotropic
scattering, and it computes the dust temperature.

Radiative transfer (LIME)

LIME is a non-LTE radiation transfer code for (sub)millimeter, far-IR continuum and spec-
tral lines, that has the advantage of working with an arbitrary 3D geometry faster than
other radiative transfer codes. It was developed by Christian Brinch (Brinch 2008; Brinch
& Hogerheijde 2010) as a derivation from the RATRAN code (Hogerheijde & van der Tak
2000). Whereas RATRAN uses a Cartesian grid, LIME uses a random grid that adapts to
the provided density structure or other aspects of interest (e.g. the molecular abundances).
After the points have been chosen LIME constructs a Delaunay triangulation (Barber et al.
1996) and its corresponding Voronoi tessellation that define the cells that are represented
by the physical properties of the grid points.

LIME requires the rate coefficients of the line transitions and dust opacities as separate
inputs. Troughout this thesis the Einstien A,; and collisional C,; coefficients are taken from
the LAMBDA database (Schoier et al. 2005). The opacities are taken from Ossenkopf &
Henning (1994) for a standard dust size grain distribution.

1.7 This thesis

1.7.1 Aim

The rapid advance of observational techniques has unveiled very rich and complex struc-
tures in protoplanetary disks. The arrival of ALMA revealed exquisite substructure in the
mm-grain distribution (e.g. Zhang et al. 2016; Isella et al. 2016; ALMA Partnership et al.
2015) and in molecular emission (e.g. Qi et al. 2015; Carney et al. 2017; Oberg et al. 2015).
This makes ALMA an excellent instrument to explore the impact of the radial and vertical
distributions of mm-sized dust into the distribution of molecules and their formation path-
ways. This thesis aims to understand the processes and formation origins that shape the
structures and distributions seen in major nitrogen, oxygen and carbon species by contrast-
ing them with the structures produced by dust evolution, photo-processes and gas-phase
chemistry. Specifically we aim to answer two questions: what is the spatial distribution
of the main oxygen- and nitrogen-bearing species in planet-forming disks as probed by
water and ammonia? and what is the relationship between physical features, such as
the location of the CO snowline and substructures of temperature and the distribution
of large dust grains, and the formation and chemistry of common molecular species?
To this end we focus on two case studies: the disks surrounding TW Hya, a T Tauri
star, and HD163296, a Herbig Ae star. Their high disk mass and proximity makes them
excellent laboratories to explore the structure of the dust and simple molecules. These
disks have been widely studied and modeled in past literature. TW Hya is a close (56 pc
van Leeuwen 2007) low-mass star (~ 0.8 Mg) hosting a disk of mass ~0.04 M, (Cleeves et al.
2014; Bergin et al. 2013; Webb et al. 1999). It is estimated from stellar evolutionary tracks
to be between 8-10 Myr old (Hoff et al. 1998; Webb et al. 1999; de la Reza et al. 2006; Debes
et al. 2013) with some uncertanties depending on the assumed stellar type (Vacca & Sandell
2011). The TW Hya disk is almost face on (7°) and its gas content extends radially to ~200
AU (Qi et al. 2004). The Herbig Ae star HD163296 is an intermediate-mass star (2.3 M) at
122 pc (Perryman et al. 1997) surrounded by a disk with a mass of ~ 0.09 M, (Qi et al. 2011).
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Unlike TW Hya, it is inclined by 44° and its gas content extends up to 500 AU in radius
(Mathews et al. 2013). This thesis uses data from the HIFI instrument on board Herschel
and ALMA data of molecular lines and millimeter continuum toward these sources.

In Chapter 2 we use ALMA Band 7 continuum data at 820 gm of TW Hya to fit a model
of the surface density to probe the mm-sized dust radial distribution. The interferometric
visibilities are described by a model with a broken power law with slopes of -0.57 and -8.0
and a turn-over radius of ~47 AU. This is consistent with the expected shape of the surface
distribution in the presence of grain growth and radial migration (Birnstiel & Andrews
2014). However, the derived turn-over radius and the total surface brightness are too large
for a disk of 8-10 Myr. This could be reconciled considering a much larger initial disk
size and disk mass, a gap halting the inward radial drift opened by an unseen embedded
planet or a locally enhanced production rate of mm-sized grains due to the higher sticking
efficiency of icy grains in the region outside the CO snowline.

In Chapter 3, the detection of the 0o-NHj3 1y — 0 line with the HIFI instrument on board
Herschel toward TW Hya is presented; the first ever toward a planet-forming disk. To-
gether with past detections of the ground-state rotational lines of 0-H,O and p-H,O towards
the same source, this chapter explores the radial and vertical distribution of these species
under the assumption that water and ammonia ices are intermixed and co-desorbing. Only
a compact and settled distribution of gas-phase NH; and H,O, following the millimeter
continuum emission radial extent of » <60 AU, is consistent with the NH3;/H,O ratio of
interstellar ices and solar system bodies of ~5%-10%. Additional gas-phase formation of
NH; is needed to reconcile the observed emission with any other possible configuration.
The total reservoir of water and ammonia in the disk is estimated to be about six orders
of magnitude higher than the gas-phases masses of NHj3 and H,O for any of the explored
distributions indicating that the majority of these molecules are locked up in ices.

Chapter 4 continues to explore the spatial location of gas-phase NHj, this time in the
disk around HD163296. Both Herschel data of the o-NHj; 15 — 0g line and ALMA data of
the p-NH;D 1y — 0p line result in non-detections, that still provide meaningful upper limits.
Two radial distribution models of the distribution of these molecules are considered: one
following the millimeter continuum emission at r < 290 AU, like the preferred TW Hya
model from Chapter 3, and another one extending up to r < 500 AU, the full extent of the
disk. The derived upper limits for the total mass of gas-phase 0-NH; and p-NH;D suggest
that this disk is NHs-poor, by a factor of 5 at least, compared to the similar-mass disk of
TW Hya. Comparing other nitrogen-bearing species found in the literature toward these
two disks indicates that this difference is due to the formation pathway of ammonia and
not an overall lack of elemental nitrogen.

Chapter 5 focuses in the radial characterization of three simple deuterated species,
DCO*, DCN, and N,D* detected with ALMA in Band 6 in the disk of HD163296. Assuming
optically thin lines and LTE to convert line fluxes to column densities, the radial emission
profile of the DCO*, DCN and N,D* lines is fitted using parametric abundance profiles.
The DCO* radial emission profile is described by three consecutive radial regions with
different constant abundances from ~50 AU to ~316 AU with two radial breaks at ~118 AU
and ~245 AU. The best-fit models of the radial emission profiles of DCN and N,D* corre-
late spatially with the first two radial regions of the best-fit model of DCO*. We interpret
this as an indication of the correlation of their chemical pathways; DCN and N,D* form
through the warm and cold deuteration channel, respectively, while DCO* is thought to
form through both channels. The origin of the third DCO™ radial region, from ~245 AU to
~316 AU, may trace a thermal inversion at large radii, a local decrease of the ortho-to-para
ratio of H, or a decrease of the UV opacity due to grain growth.
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Chapter 6 continues the analysis of the DCO™ radial emission profile through simple
chemical modelling of the cold deuteration channel and a parametric treatment of the warm
deuteration channel in 2D. This simple chemical model coupled with a thermal inversion
at ~ 260 AU reproduces the third radial region identified in Chapter 5. Radial thermal
inversions are predicted by theoretical models as a direct consequence of radial drift and
settling of dust grains (Facchini et al. 2017).

1.7.2 Overall conclusions

The above summaries contain the specific conclusions drawn from the data and modelling
of each chapter. This section presents the overall conclusions of this thesis aimed at an-
swering the two questions posed in our initial goal (see Sec. 1.7.1). First, regarding the
location of NH; and H,O in planet forming disks we conclude that:

e Gas-phase NH; and H,O in TW Hya emit from a compact and settled spatial config-
uration that follows the ice reservoir trapped in large bodies which is several orders
of magnitude higher than the amount of gas-phase material. This means that the
location of oxygen- and nitrogen-bearing volatiles in disks are set by grain evolution,
in particular radial drift (Chapter 3).

o Additional spatially resolved observations of these molecules toward these planet-
forming disks are crucial to confirm these scenarios. The deuterated isotopologues
of NH3 and H,O are readily detected with ALMA in a few hours toward TW Hya
and HD163296 (Chapters 3 & 4).

Second, regarding the effect of the physical structures on the distribution of simple molecules
(and vice versa) we can conclude that:

e The spatial location of temperature-sensitive species, such as DCO*, trace substruc-
tures in the temperature profile of protoplanetary disks and therefore (indirectly) the
impact of dust evolution process on its morphology. Although to first order the tem-
perature profile is determined by the disk’s exposure to stellar radiation, dust grain
evolution models show that settling and radial drift have an important role in creating
substructures in the temperature profile (Chapters 5 & 6).

o The inverse process, namely how the location of simple molecules can impact dust
evolution, can be studied by comparing the location of the snowline of main molecu-
lar species and the shape of the millimeter emission in planet-forming disks (Chapter
2).

1.7.3 Future outlook

ALMA has brought us impressively high spatial resolution images of protoplanetary disks
these past six years. The recent effort to push its limits delivered an incredibly detailed
image of a set of rings in the embedded disk around HL Tau as part of the Long Baseline
Campaign (ALMA Partnership et al. 2015). Rich structures are hidden below the resolution
of the observations presented in this thesis that affect the observed molecules. This is
especially true for single-dish observation in the far-IR where no spatial information can be
recovered. The high sensitivity and spatial resolution of ALMA can provide the means to
disentangle both the distribution of key molecules, e.g. deuterated isotopologues of H,O and
NHj;, as well as the distribution of the millimeter-sized dust in the continuum. In addition,
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multifrequency analysis of ALMA data can put a constraint on dust evolution indicators,
such as the degree of dust growth toward planet-forming disks.

New mid and far infrared space facilities, with higher sensitivities than Herschel, will
allow us to expand the detection sample of key carbon-, oxygen- and nitrogen-bearing
species toward disks. So far key features of disks, such as the location of snowlines, the
millimeter and infrared emission profile, and the distribution of main volatiles have been
determined in a handful of disks with very different physical properties. This is in part
due to the limited capabilities of the current instruments. Instruments like the mid-infrared
MIRI instrument on board the future James Webb Space Telescope (JWST), the SMI on
board the planned Space Infrared Telescope for Cosmology and Astrophysics (SPICA) and
the Origins Space Telescope (OST) will be able to observe rotational and vibrational molec-
ular transitions of key molecules such as HD, CO and H,O in the warm environments of
the disk, ice features and resolved images of scattered light.

New infrared and visible light instruments, like METIS at the future Extremely Large
Telescope (ELT), will probe the disk surface through scattered light revealing signatures of
dynamical interactions. SPHERE, at the Very Large Telescope (VLT) has already produced
protoplanetary disks images in polarized light with high spatial resolution showing partially
shadowed disks and spiral structures (e.g. Stolker et al. 2016a,b). Observations of polarized
scattered light can be used to probe the complex small dust structure of the disk surface
that respond to planet-disk interactions. In addition, direct-imaging of potential compan-
ions, with techniques such as polarized differential imaging, can help in distinguishing the
different scenarios that shape the structures in the millimeter regime.

The interpretation of the observables presented in this thesis rely on state-of-the-art
dust evolution models. At this stage, most models are not tailored to individual sources and
their input variables are poorly constrained. A comprehensive treatment of gas and dust
temperature coupled with chemistry and grain evolution is necessary to fully understand
individual sources. Although individual sources are good laboratories to try detailed mod-
els, a statistically relevant large sample of different protoplanetary disks would average out
individual differences. Large surveys would allow the disk community to focus on general
trends in the structure of disks that can potentially lead to stronger conclusions and a more
comprehensive understanding of the planet formation process.

Bibliography

Adams, F. C, Hollenbach, D., Laughlin, G., & Gorti, U. 2004, ApJ, 611, 360

Agundez, M., Cernicharo, J., & Goicoechea, J. R. 2008, A&A, 483, 831

Aikawa, Y., Umebayashi, T., Nakano, T., & Miyama, S. M. 1999, ApJ, 519, 705

Aikawa, Y., van Zadelhoff, G. J., van Dishoeck, E. F., & Herbst, E. 2002, A&A, 386, 622

Aikawa, Y., Kamuro, D., Sakon, L., et al. 2012, A&A, 538, A57

Akimkin, V., Zhukovska, S., Wiebe, D, et al. 2013, ApJ, 766, 8

Albertsson, T., Semenov, D. A., Vasyunin, A. I, Henning, T., & Herbst, E. 2013, ApJS, 207,
27

ALMA Partnership, Brogan, C. L., Pérez, L. M., et al. 2015, ApJ, 808, L3

André, P., Ward-Thompson, D., & Barsony, M. 1993, ApJ, 406, 122

Andrews, S. M., Rosenfeld, K. A,, Kraus, A. L., & Wilner, D. J. 2013, ApJ, 771, 129

Andrews, S. M., & Williams, J. P. 2005, ApJ, 631, 1134

Andrews, S. M., Wilner, D. J., Espaillat, C, et al. 2011, ApJ, 732, 42

Andrews, S. M., Wilner, D. J., Hughes, A. M., Qi, C,, & Dullemond, C. P. 2009, ApJ, 700, 1502

Andrews, S. M., Wilner, D. J., Hughes, A. M., Qi, C,, & Dullemond, C. P. 2010, ApJ, 723, 1241



Introduction 27

Andrews, S. M., Wilner, D. J., Hughes, A. M., et al. 2012, ApJ, 744, 162

Andrews, S. M., Wilner, D. J.,, Zhu, Z., et al. 2016, ApJ, 820, L40

Ansdell, M., Williams, J. P., & Cieza, L. A. 2015, ApJ, 806, 221

Ansdell, M., Williams, J. P, Manara, C. F., et al. 2017, AJ, 153, 240

Ansdell, M., Williams, J. P., van der Marel, N, et al. 2016, ApJ, 828, 46

Arce, H. G., & Sargent, A. I. 2004, ApJ, 612, 342

Arce, H. G., & Sargent, A. I. 2006, ApJ, 646, 1070

Armitage, P. J. 2011, ARA&A, 49, 195

Atkinson, R., Baulch, D. L., Cox, R. A,, et al. 2004, Atmospheric Chemistry & Physics, 4, 1461

Bacmann, A., Lefloch, B., Ceccarelli, C, et al. 2003, ApJ, 585, .55

Bai, X.-N. 2016, ApJ, 821, 80

Bally, J., O'Dell, C. R., & McCaughrean, M. J. 2000, AJ, 119, 2919

Barber, C. B., Dobkin, D. P., & Huhdanpaa, H. 1996, ACM Trans. Math. Softw., 22, 469

Barnes, R., Quinn, T. R., Lissauer, J. J., & Richardson, D. C. 2009, Icarus, 203, 626

Beckwith, S. V. W,, Sargent, A. I, Chini, R. S, & Guesten, R. 1990, AJ, 99, 924

Bennett, C. J., Osamura, Y., Lebar, M. D., & Raiser, R. I. 2005, ApJ, 634, 698

Benz, A. O., Bruderer, S., van Dishoeck, E. F, et al. 2010, A&A, 521, 1.35

Bergin, E., Calvet, N.,, D’Alessio, P., & Herczeg, G. J. 2003, ApJ, 591, L.159

Bergin, E. A., & van Dishoeck, E. F. 2012, Philosophical Transactions of the Royal Society
of London Series A, 370, 2778

Bergin, E. A, Cleeves, L. I, Gorti, U,, et al. 2013, Nature, 493, 644

Bernstein, M. P., Sandford, S. A., Allamandola, L. J., Chang, S., & Scharberg, M. A. 1995, ApJ,
454, 327

Bethell, T., & Bergin, E. 2009, Science, 326, 1675

Birnstiel, T., & Andrews, S. M. 2014, ApJ, 780, 153

Birnstiel, T., Fang, M., & Johansen, A. 2016, Space Sci. Rev., 205, 41

Birnstiel, T., Klahr, H., & Ercolano, B. 2012, A&A, 539, A148

Birnstiel, T., Ormel, C. W., & Dullemond, C. P. 2011, A&A, 525, A11

Bjorkman, J. E., & Wood, R. 2001, ApJ, 554, 615

Bonnor, W. B. 1956, MNRAS, 116, 351

Boogert, A. C. A., Gerakines, P. A., & Whittet, D. C. B. 2015, ARA&A, 53, 541

Boogert, A. C. A., Pontoppidan, K. M., Knez, C, et al. 2008, ApJ, 678, 985

Bottinelli, S., Boogert, A. C. A., Bouwman, J., et al. 2010, ApJ, 718, 1100

Brauer, F., Henning, T., & Dullemond, C. P. 2008, A&A, 487, .1

Brinch, C. 2008, PhD thesis, Leiden University

Brinch, C,, & Hogerheijde, M. R. 2010, A&A, 523, A25

Brown, J. M,, Blake, G. A., Qi, C, et al. 2009, ApJ, 704, 496

Brown, P. D, & Millar, T. J. 1989, MINRAS, 240, 25P

Brownlee, D. 2014, Annual Review of Earth and Planetary Sciences, 42, 179

Burkert, A., & Bodenheimer, P. 2000, ApJ, 543, 822

Burrows, C. J., Stapelfeldt, R. R., Watson, A. M., et al. 1996, ApJ, 473, 437

Calvet, N., D’Alessio, P., Hartmann, L., et al. 2002, ApJ, 568, 1008

Calvet, N., Hartmann, L., Kenyon, S. J., & Whitney, B. A. 1994, ApJ, 434, 330

Cameron, A. G. W. 1978, Moon and Planets, 18, 5

Carney, M. T., Hogerheijde, M. R., Loomis, R. A,, et al. 2017, A&A, 605, A21

Carney, M. T,, Yildiz, U. A., Mottram, J. C, et al. 2016, A&A, 586, A44

Carr, J. S., & Najita, J. R. 2008, Science, 319, 1504

Carr, J. S., & Najita, J. R. 2011, AplJ, 733, 102

Caselli, P., & Ceccarelli, C. 2012, A&A Rev., 20, 56



28 Introduction

Cassen, P., & Moosman, A. 1981, Icarus, 48, 353

Cernicharo, J., & Crovisier, J. 2005, Space Sci. Rev., 119, 29

Chapillon, E., Guilloteau, S., Dutrey, A., Piétu, V., & Guélin, M. 2012a, A&A, 537, A60

Chapillon, E., Dutrey, A., Guilloteau, S., et al. 2012b, ApJ, 756, 58

Cheung, A. C, Rank, D. M., Townes, C. H., Thornton, D. D., & Welch, W. J. 1968, Physical
Review Letters, 21, 1701

Cheung, A. C, Rank, D. M., Townes, C. H., Thornton, D. D., & Welch, W. J. 1969, Nature,
221, 626

Chiang, E. I., & Goldreich, P. 1997, ApJ, 490, 368

Chiang, E. L., Joung, M. K., Creech-Eakman, M. J., et al. 2001, ApJ, 547, 1077

Cieza, L., Padgett, D. L., Stapelfeldt, K. R., et al. 2007, ApJ, 667, 308

Cieza, L. A., Casassus, S., Tobin, J., et al. 2016, Nature, 535, 258

Clarke, C. J. 2007, MNRAS, 376, 1350

Clarke, C. J., Gendrin, A., & Sotomayor, M. 2001, MNRAS, 328, 485

Cleeves, L. L, Bergin, E. A., Alexander, C. M. O. ., et al. 2014, Science, 345, 1590

Cohen, M., & Ruhi, L. V. 1979, ApJS, 41, 743

Combes, F., Boulanger, F., Encrenaz, P. J., et al. 1985, A&A, 147, .25

Cooke, R. J., Pettini, M., Nollett, K. M., & Jorgenson, R. 2016, ApJ, 830, 148

Cruz-Diaz, G. A., Munoz Caro, G. M., & Jiménez-Escobar, A. 2012, in EAS Publications Series,
Vol. 58, EAS Publications Series, ed. C. Stehlé, C. Joblin, & L. d'Hendecourt, 333-336

D’Alessio, P., Calvet, N.,, & Hartmann, L. 2001, ApJ, 553, 321

D’Alessio, P., Calvet, N., Hartmann, L., Franco-Hernandez, R., & Servin, H. 2006, ApJ, 638,
314

D’Alessio, P., Canto, J., Calvet, N., & Lizano, S. 1998, ApJ, 500, 411

Daranlot, J., Hincelin, U,, Bergeat, A., et al. 2012, Proceedings of the National Academy of
Science, 109, 10233

de Graauw, T., Helmich, F. P., Phillips, T. G., et al. 2010, A&A, 518, L6

de la Reza, R., Jilinski, E., & Ortega, V. G. 2006, AJ, 131, 2609

Debes, J. H., Jang-Condell, H., Weinberger, A. J., Roberge, A., & Schneider, G. 2013, ApJ,
771, 45

Dib, S., Hennebelle, P., Pineda, J. E., et al. 2010, ApJ, 723, 425

Dionatos, O. 2015, in European Physical Journal Web of Conferences, Vol. 102, European
Physical Journal Web of Conferences, 00008

Draine, B. T. 2003, ARA&A, 41, 241

Draine, B. T. 2006, ApJ, 636, 1114

Dubrulle, B, Morfill, G., & Sterzik, M. 1995, Icarus, 114, 237

Dulieu, F.,, Amiaud, L., Congiu, E., et al. 2010, A&A, 512, A30

Dullemond, C. P., & Dominik, C. 2004a, A&A, 417, 159

Dullemond, C. P., & Dominik, C. 2004b, A&A, 421, 1075

Dullemond, C. P., & Dominik, C. 2005, A&A, 434, 971

Dullemond, C. P., & Dominik, C. 2008, A&A, 487, 205

Dullemond, C. P, Henning, T., Visser, R, et al. 2007, A&A, 473, 457

Dunham, M. M., Arce, H. G., Mardones, D., et al. 2014, ApJ, 783, 29

Dutrey, A., Guilloteau, S., & Guelin, M. 1997, A&A, 317, L55

Dutrey, A., Wakelam, V., Boehler, Y., et al. 2011, A&A, 535, A104

Ebert, R. 1955, in Liege International Astrophysical Colloquia, Vol. 6, Liege International
Astrophysical Colloquia, 666—672

Elitzur, M., & Watson, W. D. 1978, ApJ, 222, L.141

Evans, N. J., Dunham, M. M., Jorgensen, J. K., et al. 2009, VizieR Online Data Catalog, 218



Introduction 29

Facchini, S., Birnstiel, T., Bruderer, S., & van Dishoeck, E. F. 2017, A&A, 605, A16

Favre, C, Bergin, E. A,, Cleeves, L. L, et al. 2015, ApJ, 802, .23

Fayolle, E. C, Oberg, K. I, Cuppen, H. M., Visser, R., & Linnartz, H. 2011, A&A, 529, A74

Fedele, D., Bruderer, S., van Dishoeck, E. F, et al. 2012, A&A, 544, 1.9

Fedele, D., van den Ancker, M. E., Henning, T., Jayawardhana, R., & Oliveira, J. M. 2010,
A&A, 510, A72

Fedele, D., Bruderer, S., van Dishoeck, E. F,, et al. 2013, A&A, 559, A77

Fedoseev, G., Chuang, K.-J,, Ioppolo, S,, et al. 2017, ApJ, 842, 52

Fedoseev, G., Ioppolo, S., Zhao, D., Lamberts, T., & Linnartz, H. 2015, MNRAS, 446, 439

Flower, D. R., Pineau Des Foréts, G., & Walmsley, C. M. 2006, A&A, 449, 621

Fogel, J. K. J.,, Bethell, T. J., Bergin, E. A., Calvet, N., & Semenov, D. 2011, ApJ, 726, 29

Furuya, K., & Aikawa, Y. 2014, ApJ, 790, 97

Garaud, P., Meru, F,, Galvagni, M., & Olczak, C. 2013, ApJ, 764, 146

Garrod, R. T., Wakelam, V., & Herbst, E. 2007, A&A, 467, 1103

Genzel, R. 1992, in Saas-Fee Advanced Course 21: The Galactic Interstellar Medium, ed.
W. B. Burton, B. G. Elmegreen, & R. Genzel, 275-391

Gerner, T., Shirley, Y. L., Beuther, H., et al. 2015, A&A, 579, A80

Getman, K. V., Feigelson, E. D., Luhman, K. L., et al. 2009, ApJ, 699, 1454

Gibb, E. L., Whittet, D. C. B., Boogert, A. C. A, & Tielens, A. G. G. M. 2004, ApJS, 151, 35

Gillett, F. C., & Forrest, W. J. 1973, ApJ, 179, 483

Goodman, A. A., Benson, P. J,, Fuller, G. A., & Myers, P. C. 1993, ApJ, 406, 528

Gorti, U, Dullemond, C. P., & Hollenbach, D. 2009, ApJ, 705, 1237

Gorti, U., & Hollenbach, D. 2004, ApJ, 613, 424

Greaves, J. S, & Rice, W. K. M. 2010, MNRAS, 407, 1981

Greenberg, R., Hartmann, W. K., Chapman, C. R., & Wacker, J. F. 1978, Icarus, 35, 1

Griffin, M. J., Abergel, A., Abreu, A, et al. 2010, A&A, 518, L3

Giidel, M., & Nazé, Y. 2009, A&A Rev., 17, 309

Haghighipour, N. 2013, Annual Review of Earth and Planetary Sciences, 41, 469

Harada, N., Herbst, E., & Wakelam, V. 2010, ApJ, 721, 1570

Harju, J., Daniel, F,, Sipila, O, et al. 2017, A&A, 600, A61

Harker, D. E., & Desch, S. J. 2002, ApJ, 565, .109

Harries, T. J. 2000, MNRAS, 315, 722

Harries, T. J., Monnier, J. D., Symington, N. H., & Rurosawa, R. 2004, MNRAS, 350, 565

Harsono, D. 2014, PhD thesis, Leiden University, doi:10.5281/zenodo.29224

Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1998, ApJ, 495, 385

Hasegawa, T. 1., & Herbst, E. 1993, MNRAS, 261, 83

Hayashi, C. 1981, Progress of Theoretical Physics Supplement, 70, 35

Heays, A. N, Bosman, A. D., & van Dishoeck, E. F. 2017, A&A, 602, A105

Henning, T., & Semenov, D. 2013, Chemical Reviews, 113, 9016

Henning, T., Semenov, D., Guilloteau, S,, et al. 2010, ApJ, 714, 1511

Herbig, G. H. 1977, ApJ, 214, 747

Herbst, E., & Klemperer, W. 1973, ApJ, 185, 505

Herbst, E., & van Dishoeck, E. F. 2009, ARA&A, 47, 427

Hildebrand, R. H. 1983, QJRAS, 24, 267

Hirose, S., & Turner, N. J. 2011, ApJ, 732, L30

Hoff, W., Henning, T., & Pfau, W. 1998, A&A, 336, 242

Hogerheijde, M., & van der Tak, F. 2000, RATRAN: Radiative Transfer and Molecular Exci-
tation in One and Two Dimensions, Astrophysics Source Code Library, ascl:0008.002

Hogerheijde, M. R., Bergin, E. A., Brinch, C, et al. 2011, Science, 334, 338



30 Introduction

Hueso, R., & Guillot, T. 2005, A&A, 442, 703

Hughes, A. M., Wilner, D. J., Andrews, S. M., Qi, C,, & Hogerheijde, M. R. 2011, ApJ, 727, 85

Hughes, A. M., Wilner, D. J,, Qi, C., & Hogerheijde, M. R. 2008, ApJ, 678, 1119

Ida, S., & Makino, J. 1993, Icarus, 106, 210

Iligner, M., Henning, T., Markwick, A. J., & Millar, T. J. 2004, A&A, 415, 643

Ioppolo, S., Cuppen, H. M., Romanzin, C,, van Dishoeck, E. F.,, & Linnartz, H. 2008, ApJ, 686,
1474

Irvine, W. M., Goldsmith, P. F., & Hjalmarson, A. 1987, in Astrophysics and Space Science
Library, Vol. 134, Interstellar Processes, ed. D. J. Hollenbach & H. A. Thronson, Jr., 561—
609

Irvine, W. M., Schloerb, F. P., Crovisier, J., Fegley, Jr., B., & Mumma, M. J. 2000, Protostars
and Planets IV, 1159

Isella, A., Carpenter, J. M., & Sargent, A. 1. 2009, ApJ, 701, 260

Isella, A., Testi, L., Natta, A., et al. 2007, A&A, 469, 213

Isella, A., Guidi, G., Testi, L., et al. 2016, Physical Review Letters, 117, 251101

Jeans, J. H. 1902, Philosophical Transactions of the Royal Society of London Series A, 199,
1

Johansen, A., Oishi, J. S., Mac Low, M.-M., et al. 2007, Nature, 448, 1022

Jonkheid, B., Ramp, I., Augereau, J.-C., & van Dishoeck, E. F. 2006, A&A, 453, 163

Kastner, J. H., Zuckerman, B., Weintraub, D. A., & Forveille, T. 1997, Science, 277, 67

Rataoka, A., Tsukagoshi, T., Momose, M., et al. 2016, ApJ, 831, L12

Rennedy, G. M., & Renyon, S. J. 2008, ApJ, 673, 502

Renyon, S. J., & Hartmann, L. 1987, ApJ, 323, 714

Renyon, S. J., & Hartmann, L. W. 1990, ApJ, 349, 197

Ressler-Silacci, J. E., Dullemond, C. P., Augereau, J.-C, et al. 2007, ApJ, 659, 680

Knacke, R. F., McCorkle, S., Puetter, R. C,, Erickson, E. F., & Kraetschmer, W. 1982, ApJ, 260,
141

Ronigl, A., & Salmeron, R. 2011, The Effects of Large-Scale Magnetic Fields on Disk Forma-
tion and Evolution, ed. P. J. V. Garcia, 283-352

Lada, C. J. 1987, in IAU Symposium, Vol. 115, Star Forming Regions, ed. M. Peimbert &
J. Jugaku, 1-17

Lahuis, F, van Dishoeck, E. F., Boogert, A. C. A,, et al. 2006, ApJ, 636, .145

Lambrechts, M., & Johansen, A. 2014, A&A, 572, A107

Le Gal, R,, Hily-Blant, P, Faure, A, et al. 2014, A&A, 562, A83

Lee, N.,, Williams, J. P., & Cieza, L. A. 2011, AplJ, 736, 135

Leger, A., Jura, M., & Omont, A. 1985, A&A, 144, 147

Lissauer, J. J. 1993, ARA&A, 31, 129

Lissauer, J. J., Marcy, G. W., Rowe, J. F,, et al. 2012, ApJ, 750, 112

Lucy, L. B. 1999, A&A, 345, 211

Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603

Lyra, W., Johansen, A., Zsom, A., Rlahr, H., & Piskunov, N. 2009, A&A, 497, 869

Malfait, K., Waelkens, C., Bouwman, J., de Koter, A., & Waters, L. B. F. M. 1999, A&A, 345,
181

Mandell, A. M., Bast, J.,, van Dishoeck, E. F, et al. 2012, ApJ, 747, 92

Mann, R. K., & Williams, J. P. 2009, ApJ, 699, .55

Markwick, A. J., llgner, M., Millar, T. J., & Henning, T. 2002, A&A, 385, 632

Mathews, G. S, Klaassen, P. D., Juhész, A., et al. 2013, A&A, 557, A132

Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425

Matsugama, L., Johnstone, D., & Hollenbach, D. 2009, ApJ, 700, 10



Introduction 31

Mayor, M., & Queloz, D. 1995, Nature, 378, 355

McCaughrean, M. J,, & O’dell, C. R. 1996, AJ, 111, 1977

McClure, M. K., Furlan, E., Manoj, P, et al. 2010, ApJS, 188, 75

McClure, M. K., Manoj, P., Calvet, N,, et al. 2012, ApJ, 759, L10

Meeus, G., Montesinos, B., Mendigutia, 1., et al. 2012, A&A, 544, A78

Meeus, G., Salgk, C, Bruderer, S, et al. 2013, A&A, 559, A84

Melnick, G. J. 2009, in Astronomical Society of the Pacific Conference Series, Vol. 417, Sub-
millimeter Astrophysics and Technology: a Symposium Honoring Thomas G. Phillips,
ed. D. C. Lis, J. E. Vaillancourt, P. F. Goldsmith, T. A. Bell, N. Z. Scoville, & J. Zmuidzinas,
59

Merrill, K. M., Russell, R. W., & Soifer, B. T. 1976, ApJ, 207, 763

Millar, T. J,, Bennett, A., & Herbst, E. 1989, ApJ, 340, 906

Miotello, A., van Dishoeck, E. F., Rama, M., & Bruderer, S. 2016, A&A, 594, A85

Miyauchi, N., Hidaka, H., Chigai, T., et al. 2008, Chemical Physics Letters, 456, 27

Moore, M. H., & Hudson, R. L. 1998, Icarus, 135, 518

Morbidelli, A., Chambers, J., Lunine, J. L, et al. 2000, Meteoritics and Planetary Science, 35,
1309

Mordasini, C, Alibert, Y., Benz, W., Rlahr, H., & Henning, T. 2012, A&A, 541, A97

Morris, M., Zuckerman, B., Palmer, P., & Turner, B. E. 1973, ApJ, 186, 501

Mumma, M. J., & Charnley, S. B. 2011, ARA&A, 49, 471

Najita, J., Bergin, E. A., & Ullom, J. N. 2001, ApJ, 561, 880

Najita, J. R., Adamkovics, M., & Glassgold, A. E. 2011, ApJ, 743, 147

Nakagawa, Y., Sekiya, M., & Hayashi, C. 1986, Icarus, 67, 375

Natta, A. 1993, ApJ, 412, 761

Natta, A., Grinin, V., & Mannings, V. 2000, Protostars and Planets IV, 559

Natta, A., Testi, L., Neri, R., Shepherd, D. S., & Wilner, D. J. 2004, A&A, 416, 179

Oberg, K. 1. 2009, PhD thesis, Leiden University

Oberg, K. I, Boogert, A. C. A., Pontoppidan, K. M., et al. 2011a, ApJ, 740, 109

Oberg, K. I, Fuchs, G. W,, Awad, Z., et al. 2007, ApJ, 662, 1.23

Oberg, R. I, Furuya, K., Loomis, R, et al. 2015, ApJ, 810, 112

Oberg, K. I, Linnartz, H., Visser, R., & van Dishoeck, E. F. 2009a, ApJ, 693, 1209

Oberg, K. L, Qi, C,, Wilner, D. J., & Andrews, S. M. 2011b, ApJ, 743, 152

Oberg, K. 1L, Qi, C, Wilner, D. J., & Hogerheijde, M. R. 2012, ApJ, 749, 162

Oberg, K. I, van Dishoeck, E. F.,, & Linnartz, H. 2009b, A&A, 496, 281

Oberg, K. 1, Qi, C, Fogel, J. K. J, et al. 2010, ApJ, 720, 480

Oberg, K. I, Qi, C, Fogel, J. K. I, et al. 2011c, ApJ, 734, 98

Oliveira, L., Olofsson, J., Pontoppidan, K. M, et al. 2011, ApJ, 734, 51

Olofsson, J., Augereau, J.-C., van Dishoeck, E. E, et al. 2010, A&A, 520, A39

Olofsson, J., Augereau, J.-C,, van Dishoeck, E. F, et al. 2009, A&A, 507, 327

Ormel, C. W,, & Klahr, H. H. 2010, A&A, 520, A43

Ossenkopf, V., & Henning, T. 1994, A&A, 291, 943

Ouwen, J. E., Ercolano, B., Clarke, C. J., & Alexander, R. D. 2010, MNRAS, 401, 1415

Padgett, D. L., Brandner, W., Stapelfeldt, K. R., et al. 1999, AJ, 117, 1490

Pagani, L., Vastel, C,, Hugo, E., et al. 2009, A&A, 494, 623

Pani¢, O., Hogerheijde, M. R., Wilner, D., & Qi, C. 2009, A&A, 501, 269

Pascucci, I, Apai, D., Luhman, K., et al. 2009, ApJ, 696, 143

Pavlyuchenkov, Y., & Dullemond, C. P. 2007, A&A, 471, 833

Pérez, L. M., Carpenter, J. M., Andrews, S. M., et al. 2016, Science, 353, 1519

Perryman, M. A. C, Lindegren, L., Kovalevsky, J, et al. 1997, A&A, 323, L49



32 Introduction

Persson, C. M., Black, J. H., Cernicharo, J., et al. 2010, A&A, 521, L45

Pfalzner, S., Umbreit, S., & Henning, T. 2005a, ApJ, 629, 526

Pfalzner, S., Vogel, P., Scharwiachter, J., & Olczak, C. 2005b, A&A, 437, 967

Piétu, V., Dutrey, A., Guilloteau, S., Chapillon, E., & Pety, J. 2006, A&A, 460, 1.43

Piétu, V., Guilloteau, S., & Dutrey, A. 2005, A&A, 443, 945

Pinilla, P., van der Marel, N., Pérez, L. M,, et al. 2015, A&A, 584, A16

Pinte, C., Harries, T. J., Min, M., et al. 2009, A&A, 498, 967

Pinto, R. F,, Brun, A. S, Jouve, L., & Grappin, R. 2011, ApJ, 737, 72

Poglitsch, A., Waelkens, C., Geis, N,, et al. 2010, A&A, 518, L.2

Pollack, J. B., Hollenbach, D., Beckwith, S., et al. 1994, AplJ, 421, 615

Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icarus, 124, 62

Pontoppidan, K. M., Dullemond, C. P, van Dishoeck, E. F, et al. 2005, ApJ, 622, 463

Pontoppidan, K. M., Salyk, C, Blake, G. A., & Raufl, H. U. 2010, ApJ, 722, 1.173

Prasad, S. S., & Tarafdar, S. P. 1983, ApJ, 267, 603

Preibisch, T., Rim, Y.-C,, Favata, F, et al. 2005, ApJS, 160, 401

Prodanovi¢, T., Steigman, G., & Fields, B. D. 2010, MNRAS, 406, 1108

Qi, C, D'Alessio, P., Oberg, K. 1, et al. 2011, ApJ, 740, 84

Qi, C, Oberg, K. L, Andrews, S. M., et al. 2015, ApJ, 813, 128

Qi, C, Ho, P. T. P, Wilner, D. J,, et al. 2004, ApJ, 616, L11

Qi, C, Oberg, K. I, Wilner, D. J,, et al. 2013, Science, 341, 630

Riviere-Marichalar, P., Merin, B., Kamp, L, Eiroa, C., & Montesinos, B. 2016, A&A, 594, A59

Riviere-Marichalar, P., Ménard, F., Thi, W. F,, et al. 2012, A&A, 538, L3

Roberts, H., Fuller, G. A., Millar, T. J., Hatchell, J., & Buckle, J. V. 2002, Planet. Space Sci.,
50, 1173

Roueft, E., Loison, J. C., & Hickson, K. M. 2015, A&A, 576, A99

Safronov, V. S. 1972, Evolution of the protoplanetary cloud and formation of the earth and
planets. (Israel Program for Scientific Translations, Keter Publishing House, 212 p.)

Salter, D. M. 2010, PhD thesis, Leiden University

Salyk, C., Pontoppidan, K. M., Blake, G. A., et al. 2008, ApJ, 676, .49

Salyk, C., Pontoppidan, K. M., Blake, G. A., Najita, J. R., & Carr, J. S. 2011, ApJ, 731, 130

Schéier, F. L., van der Tak, F. F. S,, van Dishoeck, E. F., & Black, J. H. 2005, A&A, 432, 369

Schreyer, K., Guilloteau, S., Semenov, D, et al. 2008, A&A, 491, 821

Semenov, D., Pavlguchenkov, Y., Schreyer, K., et al. 2005, ApJ, 621, 853

Semenov, D., & Wiebe, D. 2011, ApJS, 196, 25

Shakura, N. I, Sungaev, R. A,, & Zilitinkevich, S. S. 1978, A&A, 62, 179

Sipild, O., Harju, J., Caselli, P., & Schlemmer, S. 2015, A&A, 581, A122

Smith, N., Bally, J., Licht, D., & Walawender, J. 2005, AJ, 129, 382

Smith, R. G, Sellgren, K., & Tokunaga, A. T. 1989, ApJ, 344, 413

Stapelfeldt, K. R., Burrows, C. I, Rrist, J. E., et al. 1998, ApJ, 508, 736

Stolker, T., Dominik, C., Min, M., et al. 2016a, A&A, 596, A70

Stolker, T., Dominik, C., Avenhaus, H., et al. 2016b, A&A, 595, A113

Sturm, B., Bouwman, J., Henning, T, et al. 2010, A&A, 518, 1.129

Terada, H., & Tokunaga, A. T. 2017, ApJ, 834, 115

Terada, H., Tokunaga, A. T., Robayashi, N, et al. 2007, ApJ, 667, 303

Terebey, S., Shu, F. H., & Cassen, P. 1984, ApJ, 286, 529

Thi, W. E, Pontoppidan, K. M., van Dishoeck, E. F,, Dartois, E., & d’'Hendecourt, L. 2002,
A&A, 394, 1.27

Thi, W.-E,, van Zadelhoff, G.-J., & van Dishoeck, E. F. 2004, A&A, 425, 955

Thies, 1., Rroupa, P., Goodwin, S. P., Stamatellos, D., & Whitworth, A. P. 2010, ApJ, 717, 577



Introduction 33

Tielens, A. G. G. M. 1983, A&A, 119, 177

Tielens, A. G. G. M. 2008, ARA&A, 46, 289

Turner, B. E. 2001, ApJS, 136, 579

Turner, N. J,, Fromang, S., Gammie, C, et al. 2014, Protostars and Planets VI, 411

Ulrich, R. K. 1976, ApJ, 210, 377

Vacca, W. D., & Sandell, G. 2011, ApJ, 732, 8

van Boekel, R., Min, M., Waters, L. B. F. M,, et al. 2005, A&A, 437, 189

van de Hulst, H. C. 1946, Recherches Astronomiques de I'Observatoire d’Utrecht, 11, 2.i

van der Marel, N., van Dishoeck, E. E., Bruderer, S., et al. 2013, Science, 340, 1199

van Dishoeck, E. F. 2004, ARA&A, 42, 119

van Dishoeck, E. F. 2006, Proceedings of the National Academy of Science, 103, 12249

van Dishoeck, E. F,, Bergin, E. A, Lis, D. C,, & Lunine, J. I. 2014, Protostars and Planets VI,
835

van Dishoeck, E. F.,, & Black, J. H. 1988, AplJ, 334, 771

van Dishoeck, E. F,, Jonkheid, B., & van Hemert, M. C. 2006, Faraday Discussions, 133, 231

van Dishoeck, E. F,, Rristensen, L. E., Benz, A. O,, et al. 2011, PASP, 123, 138

van Leeuwen, F. 2007, A&A, 474, 653

van Zadelhoff, G.-J., Aikawa, Y., Hogerheijde, M. R., & van Dishoeck, E. F. 2003, A&A, 397,
789

van Zadelhoff, G.-J., van Dishoeck, E. F,, Thi, W.-F.,, & Blake, G. A. 2001, A&A, 377, 566

Vastel, C., Caselli, P., Ceccarelli, C., et al. 2006, ApJ, 645, 1198

Vasyunin, A. 1., Wiebe, D. S, Birnstiel, T., et al. 2011, ApJ, 727, 76

Velusamy, T., & Langer, W. D. 1998, Nature, 392, 685

Vicente, S. M., & Alves, J. 2005, A&A, 441, 195

Visser, R. 2009, PhD thesis, Ph. D. thesis, Leiden University

Wakelam, V., Herbst, E., Loison, J.-C, et al. 2012, ApJS, 199, 21

Walsh, C, Millar, T. J., & Nomura, H. 2010, ApJ, 722, 1607

Walsh, C, Millar, T. J., Nomura, H., et al. 2014, A&A, 563, A33

Walsh, C,, Nomura, H., Millar, T. J., & Aikawa, Y. 2012, ApJ, 747, 114

Walsh, C., Nomura, H., & van Dishoeck, E. 2015, A&A, 582, A88

Walsh, C., Loomis, R. A., Oberg, K. 1, et al. 2016, ApJ, 823, L10

Watson, W. D. 1974, ApJ, 188, 35

Watson, W. D. 1976, Reviews of Modern Physics, 48, 513

Webb, R. A., Zuckerman, B., Platais, I, et al. 1999, ApJ, 512, L63

Weidenschilling, S. J. 1977, MNRAS, 180, 57

Weidenschilling, S. J. 1984, Icarus, 60, 553

Whittet, D. C. B,, Shenoy, S. S., Bergin, E. A,, et al. 2007, ApJ, 655, 332

Willacy, K. 2007, ApJ, 660, 441

Willacy, K., & Millar, T. J. 1998, MNRAS, 298, 562

Williams, J. P., & Best, W. M. J. 2014, ApJ, 788, 59

Williams, J. P., & Cieza, L. A. 2011, ARA&A, 49, 67

Williams, J. P,, Cieza, L. A., Andrews, S. M., et al. 2013, MNRAS, 435, 1671

Windmark, F., Birnstiel, T., Giittler, C, et al. 2012, A&A, 540, A73

Woodall, J., Agtindez, M., Markwick-Kemper, A. J., & Millar, T. J. 2007, A&A, 466, 1197

Woods, P. M., & Willacy, K. 2007, ApJ, 655, 1.49

Yorke, H. W,, Bodenheimer, P., & Laughlin, G. 1993, ApJ, 411, 274

Youdin, A. N,, & Lithwick, Y. 2007, Icarus, 192, 588

Zhang, K., Bergin, E. A., Blake, G. A, et al. 2016, ApJ, 818, L16

Zhang, Y., & Jin, L. 2015, ApJ, 802, 58



34 Introduction

Zinnecker, H., & Yorke, H. W. 2007, ARA&A, 45, 481



Steepening of the 820 um
continuum surface
brightness profile signals
dust evolution in TW
Hya’s disk

Hogerheijde, M. R., Bekkers, D., Pinilla, P., Salinas, V. N., Kama, M., Andrews, S. M., Qi, C., Wilner,

D.J. 2016, A&A, 586, A99.

35



36 Chapter 2

2.1 Introduction

Within the core accretion scenario, the formation of planets starts inside disks around newly
formed stars with the coagulation of (sub)micron-sized dust grains into larger objects (see,
e.q., Lissauer & Stevenson 2007, for a review). Evidence for grain growth follows from the
spectral slope from submillimeter to centimeter wavelengths (e.g., Draine 2006) and has
been found toward many disks (Beckwith et al. 1990; Andrews & Williams 2005; Rodmann
et al. 2006; Lommen et al. 2009; Ricci et al. 2010a,b, 2011; Mann & Williams 2010; Guilloteau
et al. 2011; Ubach et al. 2012). As grains grow to millimeter sizes, they start to decouple
dynamically from the gas and, no longer supported by gas pressure, begin to feel the head-
wind of the gas and drift inward (Whipple 1972; Weidenschilling 1977). This results in
radially more compact millimeter continuum emission (roughly probing millimeter-sized
dust) than near-infrared scattered light (probing sub-micron-sized dust) and CO (probing
the cold gas), as detected in an increasing number of disks (Panic et al. 2009; Andrews
et al. 2012; de Gregorio-Monsalvo et al. 2013; Walsh et al. 2014). The high sensitivity of
the Atacama Large Millimeter / submillimeter Array (ALMA) allows detailed investigation
of the radial distribution of millimeter-sized grains and critical comparison to theoretical
expectations of their growth and dynamics.

One of the first disks for which radial migration of millimeter-sized dust was inferred
is found around the nearby T Tauri star TW Hya (Andrews et al. 2012). At a distance of
53.7 + 6.2 pc (Hipparcos; van Leeuwen 2007), TW Hya is the closest gas- and dust-rich
planet-forming disk; it is observed close to face-on with an inclination of 7° + 1° (Qi et al.
2004; Hughes et al. 2011; Rosenfeld et al. 2012). TW Hya has a mass of 0.55 + 0.15 M,
and, although some uncertainty exists (Vacca & Sandell 2011), an estimated age of 8-10
Myr (Hoff et al. 1998; Webb et al. 1999; de la Reza et al. 2006; Debes et al. 2013). Its disk
has a gas mass of at least 0.05 M, as inferred from the emission of HD (Bergin et al. 2013),
consistent with a gas-to-dust ratio of 100 and the derived dust mass of 26 x 10™* Mg
(Calvet et al. 2002; Thi et al. 2010). The outer radius of the disk as seen at near-infrared
wavelengths and in the emission of CO is ~200-280 au (Weinberger et al. 2002; Qi et al.
2004; Andrews et al. 2012; Debes et al. 2013). From the spectral energy distribution (SED)
an inner hole in the disk of ~4 au was found (Calvet et al. 2002; Hughes et al. 2007; Menu
et al. 2014). Andrews et al. (2012) show that millimeter-sized grains, as traced by 870 um
SMA observations, extend out only to ~60 au, indicating significant radial inward drift.
Menu et al. (2014) found a population of even larger grains at smaller radii from 7 mm
JVLA observations. At near-infrared wavelengths, Debes et al. (2013) show a depression of
emission around 80 au, while Akiyama et al. (2015) detected structure in polarized scattered
light at radii of 10-20 au possibly indicating a gap, or changes in the scale height or opacity
of micron-sized grains.

In this paper we reanalyze archival ALMA Cycle 0 data of the 820 yum (365.5 GHz)
continuum emission of TW Hya with an angular resolution of ~0”4. This observing wave-
length is near 870 um, the wavelength used by Andrews et al. (2012) to infer the 60 au
outer radius for millimeter-sized grains. We do not consider available ALMA continuum
data at 106 GHz and 663 GHz because we aim to make a direct comparison to the 870 um
SMA data without the added degeneracy between dust surface density and dust emissiv-
ity as a function of wavelength. The sensitivity of the archival ALMA data allows detailed
comparison of the continuum visibilities as a function of deprojected baseline length with
parameterized models of the disk. Section 2.2 presents the data and describes how the
visibilities vary with deprojected baseline length. Section 2.3 describes our disk model and
the fitting methods, yielding the radial surface brightness profile of millimeter-sized grains
as well as the underlying dust surface density and opacity. Section 2.4 discusses our results
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in the light of theoretical models of dust grain growth, fragmentation, and transport, and
Section 2.5 summarizes our findings.

2.2 Observations and data reduction

The ALMA archive contains two Cycle 0 data sets with continuum observations of TW Hya
near 870 um. These data sets are 2011.0.00340.S (hereafter 340.S), covering wavelengths
of 804-837 um (frequencies of 348-373 GHz), a total bandwidth of 0.94 GHz, baselines
up to 370 m (460 kA), and a total on-source integration time of 5449 s; and 2011.0.00399.S
(hereafter 399.S), covering 867-898 um (334-346 GHz), a total bandwidth of 0.24 GHz,
baselines up to 345 m (430 kA), and a total on-source integration time of 4615 s. For both
data sets, 3C279 and J0522—-364 served as bandpass calibrators; Ceres, and for a part of
data set 399.S, Titan, as flux calibrators; and J1037—295 as gain calibrator. Median system
temperatures were 230-260 K for S.340 and 110-130 R for S.399. The 340.S data were
previously presented by Qi et al. (2013), who do not analyze the continuum emission in
detail.

After verifying the calibration of these data sets, to improve the complex gain calibration
we iteratively performed self-calibration on the continuum down to solution intervals of 60
s. We use CASA 4.2.1 for the calibration. We reach noise levels of 0.50 mJy beam~! (340.9)
and 0.59 mJy beam™! (399.S). Uniformly weighted synthesized beams are 0/45x0”37 (340.5)
and 0745 x 0740 (399.S). Integrated fluxes of 1.7 Jy (340.S) and 1.3 Jy (399.S) are found.

In the remainder of this paper, we focus on data set 340.S which has slightly higher
resolution and lower noise. Although we can combine both data sets into a single set at an
effective observing wavelength, with a ~30% lower resulting noise, we instead prefer to use
data set 399.S to independently confirm our results and other than that, we do not discuss
this data set further in this paper. Figure 2.1 shows the continuum image obtained from
data set 340.S.

Adopting a position angle for the disk’s major axis of 155° (east of north) and an incli-
nation of +6° (Qi et al. 2013; Rosenfeld et al. 2012), we derive average continuum visibilities
(real and imaginary part) in 41 10-kA wide radial bins of deprojected baseline length. We
use the equations of Berger & Segransan (2007) (as referenced in Walsh et al. 2014) to carry
out the deprojection. Given the near face-on orientation of TW Hya’s disk, the deprojection
corrections are small.

Figure 2.2 plots the real and imaginary parts of the continuum visibilities against the
deprojected baseline length. The imaginary parts are all zero to within the accuracy, in-
dicating that the emission is symmetric around the source center at the resolution of our
observations. Apart from the much higher signal-to-noise ratio, the real part of the visi-
bilities show a behavior similar to that shown by Andrews et al. (2012), with a drop off
from 1.72 Jy at the shortest baselines to a minimum of 0.057 Jy near 190 kA, followed by a
second maximum of 0.123 Jy around 275 kA and a subsequent decrease to 0.028 Jy at our
longest baseline of 410 kA. The data of Andrews et al. (2012) continue to longer baselines
of 600 kA with fluxes approaching 0 Jy.

We overplot the data with the model presented by Andrews et al. (2012) (their model
pC) which they find to best fit the continuum data. We recalculate the model at the exact
observing wavelengths of the ALMA data. Our model is geometrically thin and uses only
the midplane temperatures as calculated by Andrews et al. (2012) (see Section 2.3). Our
model curve therefore differs in detail from the one shown by Andrews et al. (2012), but
qualitatively shows the same behavior. In particular, it fits the data well out to baselines
of 290 kA but severely underpredicts the emission on baselines of 300 and 400 kA, corre-
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Figure 2.1: Image of the 820 um (365.5 GHz) continuum of TW Hya based on data set 2011.0.00340.S.
We reimaged these data, and obtain a result indistinguishable from (Qi et al. 2013). The image con-
struction employed self-calibration and uniform weighting. The resulting beam size, indicated in the
lower left, is 0745 x (0737 at a position angle of —56°. The color scale is in units of Jy beam™! and
contours are drawn at 1.5, 6.0, 12.0, 24.0, 48.0, 64.0, and 128. mJy beam™'. The peak intensity is 195.8

mJy beam™! and the rms noise level is 0.50 mJy beam™'.
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Figure 2.2: Real (black points) and imaginary (red points) parts of the visibilities of project 340.S
(previously presented in Qi et al. 2013) in Jy vs deprojected baseline length in k4. The inset shows
the region of 120—420 kA in greater detail. The dashed black curve shows the recalculated single
power-law model of Andrews et al. (2012) (their model pC), which fails to reproduce the data on
baselines > 290 kA. A much better fit is found for a broken power-law model described in Section
2.3 (solid blue curve). Because both models are symmetric, the imaginary parts of their visibilities are
all 0 (not shown).
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sponding to angular scales of 05-077 (27-37 au). In the next section we attempt to find a
model description that provides a better fit.

2.3 Model fitting

To further investigate the disk structure that best describes the observed emission, we
consider the deprojected and radially binned real visibilities of data set 340.S. We fit to the
41 data points plotted in Fig. 2.2 rather than the full set of complex visibilities to speed up
calculations. Since the observed emission is symmetric (imaginary visibilities are all 0) and
the 41 data points in Fig. 2.2 fully sample the curve and do not average out any detected
asymmetric structure, this simplification is allowed. As a consequence of using only the
binned visibilities, our fitting places relatively little weight on the shortest baselines, which
represent the total flux. Because we are primarily interested in the spatial distribution of
the emission, rather than the total amount, our results are not affected. However, even
a small discrepancy in total flux would be accentuated if we would calculate a residual
image. For this reason, we refrain from imaging the residuals and exclusively work with
the visibilities.

The real part of the visibilities, V, are related to the intensity distribution of the source
by

V(rw) = 21 f B 1,(R) Jo(2nRr,) RAR, (2.1)
0

where r,, is the baseline length, 7,(R) is the intensity as a function of radius R, and J, the
zeroth order Bessel function of the first kind (see, e.g., Hughes et al. 2007). We solve the
integral in equation (2.1) by summation using a step size of 0.1 au, which was found to be
sufficiently small.

The intensity 7,(R) follows from the expression

IL(R) = B/(T(R)) (1 - exp(~T(R))), (2:2)

where B,(T(R)) is the Planck function, T(R) is the dust temperature, and 7(R) is the dust
optical depth which is given by the product of the dust surface density X, the dust opacity
k at the observing wavelength, and cos i, where i is the inclination. The factor cos i is very
close to unity for TW Hya.

We follow the midplane temperature as calculated by Andrews et al. (2012), which
reproduces the observed SED. Here, T(R) is characterized by a very steep drop off in the
inner few au, with T'(R) o« R™% with ¢y = 2.6, followed by a very shallow decrease across
the remainder of the disk, with T(R) «« R™" and ¢; = 0.26. Physically, this corresponds
to the stellar radiation being stopped by the high opacity in the inner few au of the disk
just outside the inner hole, and the remainder of the disk being heated indirectly by stellar
radiation absorbed in the disk surface and reradiated vertically (e.g., Chiang & Goldreich
1997). In our model, the temperature at the turnover radius, Ry (7 au), Ty, is a free parameter.
In all cases, we find best-fit values for T close to the values found by Andrews et al. (2012).
Furthermore, R is much smaller than the resolution of our data, and T is degenerate with
the optical depth 7(R). Therefore their exact values do not change our results. The steep rise
of the temperature in the inner few au adds an unresolved component to the continuum
emission. This provides a vertical offset to the real part of the visibilities. Indeed, the
observed real part of the visibilities never become negative (Fig.2.2), showing that the sharp
increase in temperature at small radii is essential in our model even if we do not resolve
these scales.
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We choose to describe the optical depth 7(R) as the product of a constant dust opacity
k3655 and a radially varging dust surface density distribution X(R). For the dust opacity at
the average observing wavelength of 365.5 GHz k3¢5 5, we adopt the same value as employed
by Andrews et al. (2012), k3¢5.5 = 3.4 cm? g~! (dust). We describe the dust surface density
2(R) as a (set of) radial power law(s) between an inner radius R;, and an outer radius Roy. In
Section 2.4.1 we further discuss what happens if also « varies radially, as would be naturally
expected.

Table 2.1 lists the fixed and 4 or 6 (depending on the model) free parameters of our
model. Estimates of the parameters follow from a Markov chain Monte Carlo (MCMC)
exploration of the parameter space, minimizing Z(x; — y;)*/ 20'?, where x; and y; are the 41
observed and modeled binned real visibilities, and o; the observed dispersion in each of
the bins. These o; correspond to the error on the averaged real visibilities and follow from
the dispersion of the data points in the bin divided by the square root of the number of data
points. Any undetected asymmetric structures also contribute to o7;, which ranges from 2.0
to 12.0 mJy, with a median value of 3.0 mJy. We use the emcee! implementation of the
MCMC method, which uses affine invariant ensemble sampling (Goodman & Weare 2010;
Foreman-Mackey et al. 2013). Figure 2.3 in Appendix 2.A plots the results.

Assuming a single radial power law for the surface density, the relevant free parameters
in our model are the surface density distribution X(R), the inner hole radius Ri,, and the
outer radius R,y. In all cases we find inner radii on the order of a few au, consistent with
SED estimates of the inner hole. The best-fit model of Andrews et al. (2012) (their model
pC) has Z(R) o« R™*7 and a surface density of £, of 0.39 g cm~2 at 10 au. Keeping this X,
fixed and using a single power power law for the radial dependence (X o« R™"), we find
very similar values as Andrews et al. (2012) for the slope (pyp = 0.70+0.01 vs 0.75) and outer
radius (Roy = 55.7 = 0.1 au vs 60 au; see Table 2.1). The quoted errors on the parameters
are formal fitting errors, only meaningful within the model assumptions. The emission in
Fig. 2.1 is convolved with the synthesized beam and therefore appears to extend beyond
the value for R, found from the visibilities (57 au, corresponding to 1”1). Figure 2.2 shows
the model curve corresponding to the single power law fit. This curve is similar, but not
identical, to the curve for model pC in Andrews et al. (2012). Although the parameters are
nearly identical, our model is vertically isothermal, unlike model pC, resulting in a slightly
different curve. Regardless, both models have equal problems in reproducing the visibilities
on baselines of 300—400 kA.

After this single radial power law as a description for the surface density, the next
simplest model consists of a broken power law, with £(R) o« R inside a radius Ry, and
Y(R) < R™P' outside this radius. This adds two free parameters to the model p; and Ryeq-
A very good fit to the data is found (Fig. 2.2, Table 2.1 and Fig. 2.4). In this best-fit model,
the radial drop off of the surface density is initially modest (py = 0.53 £0.01) out to a radius
of 47.1 £ 0.2 au, followed by a very sharp drop at larger radii (p; = 8.0 £ 0.1). Given the
fast drop of the surface density, no useful constraint on the outer radius is found (200 + 55
au), as the emission drops below the detection limit. This fit is significantly better than
the single power law fit, with respective y? values of 1437 and 283. A likelihood ratio test
indicates that the broken power law model describes the data better than the single power
law model with a probability larger than 0.999.

The broken power law solution found above should not be confused with the expo-
nentially tapered models that are often used (see, for example, Hughes et al. 2008). Such
models are described by a surface density £ = £.(R/R.)™ exp[-(R/R.)*"”]. Andrews et al.
(2012) already show that exponentially tapered models do not fit the millimeter continuum

1http ://dan.iel. fm/emcee
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Table 2.1: Model Parameters

Parameter Single Broken
power law  power law
Fixed parameters:

T10au (g cm~?) 0.39 0.39
K365.5 (CIII2 g_]) 3.4 3.4

% 2.6 2.6

a 0.26 0.26

Ry (au) 7.0 7.0

Free parameters:

Ri, (au) 444 +0.02 4.07+0.03
Rout (au) 55.7+0.1 200 + 55
Po 0.70£0.01 0.53+0.01
p1 8.0+ 0.1
To (K) 284 +0.2 26.7 +0.2
Ryreax (au) 47.1+0.2

Notes. Quoted uncertainties are formal fitting errors only, and do not include the effect of the model
assumptions or the distance to TW Hya.

visibilities of TW Hya: there are no values of y that give a sufficiently shallow drop off of
¥ at small R and a sufficiently steep fall off at large R. Only our broken power law can
combine these slopes.

In this analysis, we have parameterized the emission with a constant dust opacity x and
a radially varying surface density X(R). We stress that our real constraints are on the dust
optical depth 7(R) = «X. This optical depth follows the same radial broken power law
found above. The functional description of the surface brightness profile is more complex,
since following equation (2.2) it also includes the slope of the temperature via the Planck
function and the slope of the optical depth via the factor (1 — exp(—7)). The optical depth
drops from 2.1 at 4.1 au to 0.57 at 47 au, making the emission moderately optically thick
and preventing us from taking the limit for small 7, lim,_,o(1 — exp(-7)) = 7.

2.4 Discussion

2.4.1 Dust drift

The broken power law distribution obtained for the dust surface density resembles pre-
dictions from Birnstiel & Andrews (2014) who consider the effects of radial drift and gas
drag on the growing grains. At late time (~0.5-1 Myr in their models), the dust surface
density follows a slope of approximately —1 out to ~50 au, after which it steepens to ap-
proximately —10. Our inferred surface density profile, although different in detail, shows
a similar steeping, further strengthening the suggestion of Andrews et al. (2012) that the
grains in TW Hya’s disk have undergone significant growth and drift. However, Birnstiel
& Andrews (2014) consider the total dust surface density while our fit is essentially to the
820 um continuum optical depth profile. This is dominated by grains of roughly 0.1-10 mm
(Draine 2006) but grains of all sizes contribute. As noted by Birnstiel & Andrews (2014),
the total dust surface density consist of a radially varying population of dust at different
sizes, with larger grains having more compact distributions than smaller grains. This is
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certainly the case for TW Hya, given that grains small enough to scatter near-infrared light
extend out to 200-280 au (Debes et al. 2013) while 7 mm observations by Menu et al. (2014)
show emission concentrated toward only the inner several au. From observations at a sin-
gle wavelength we cannot infer both the dust surface density and the dust opacity as a
function of radius.

Various authors describe simulations of grain evolution including growth, fragmenta-
tion, and drift (e.g., see Testi et al. 2014, for a review). Pinilla et al. (2015) follow the descrip-
tion of Birnstiel et al. (2010) to describe the advection-diffusion differential equation for the
dust surface density simultaneously with the growth, fragmentation, and erosion of dust
grains via grain-grain collisions. We do not perform a detailed simulation of the TW Hya
disk here, since this would require knowledge of the gas surface density distribution and
comparison to multiwavelength continuum observations. Instead, we note that any simula-
tion of realistic disks using the prescriptions of Pinilla et al. (2015) results in a very low 820
pm continuum surface brightness and in radial profiles that have turnover radii Rpeax < 20
au at ages >5 Myr and therefore cannot explain the observations for the 8-10 Myr of TW
Hya. This age vs surface brightness (extent) problem was already noted before (e.g., Pinilla
etal. 2012, 2015; Testi et al. 2014). The conundrum of TW Hya’s surface brightness profile
is that it resembles in shape the signatures of grain evolution and drift while in in flux and
size it is too bright and extended for these same mechanisms to have operated over the
8-10 Myr lifetime of the disk.

One possible explanation is that TW Hya’s disk was originally much more massive and
larger than the 200-280 au now seen. However, to have a turn-over radius of ~50 au, after
10 Myr, requires an initial disk size of 800-1000 au and a mechanism to remove all CO and
small dust outside 200 au over the past 10 Myr to match current observations of CO line
emission and near-infrared scattered light. We do not consider this a likely scenario.

2.4.2 The presence of unseen gaps

Another possibility to explain the apparent youth of TW Hya’s disk both in terms of the
turn-over radius of the surface brightness distribution of the millimeter continuum and its
significant gas and dust content lies in comparison to the recent high resolution imaging
results of millimeter continuum emission of HL Tau (ALMA Partnership et al. 2015). HL
Tau is a very young disk (<1 Myr), but its millimeter continuum image shows a remarkable
set of bright and dark rings. The presence of these rings have been variously interpreted
as the result of gap clearing by embedded planets (Dipierro et al. 2015; Dong 2015; Pinte
et al. 2015), secular gravitational instabilities (Youdin 2011; Takahashi & Inutsuka 2014), or
emissivity depressions due to accelerated grain growth to decimeter sizes at the location of
the frost lines of dominant ices and clathrates (Zhang et al. 2015; Okuzumi et al. 2015).

Millimeter-sized grains are known to become trapped outside gaps in so-called tran-
sitional disks because of the reversed pressure gradient (e.g., van der Marel et al. 2013;
Casassus et al. 2013). Therefore, one or more embedded planets inside the TW Hya disk
could have trapped millimeter-sized grains and prevented further inward migration. This
mechanism has been invoked by Pinilla et al. (2012), who show that even small pressure
maxima are sufficient to slow down the inward migration of millimeter-sized dust.

We investigated if the currently available ALMA data place constraints on the presence
of gaps inside the TW Hya disk, other than the known gap inside ~4 au. Starting with
the two-slope model, we include a gap centered on 20 au characterized by a Gaussian
width and a depth. We choose the value of 20 au to be near the center of the extent of
the millimeter-sized grains. We then repeat the procedure of the previous section to find
the best-fit parameters for a series of gap widths and depths. By optimizing the other free
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model parameters we allow these to maximally compensate for the effect of the presence
of the gap on the visibilities. We find that we can exclude, as defined by an increase of the
x* value by a factor of two or more, models with gaps that are entirely empty with FWHM
widths of more than 6.6 au and models with gaps that have only a depth of 80% to widths
of 16.6 au. Assuming a gap width of 5 Hill radii, such gaps correspond to planet masses
of 0.7-10 My,p (Dodson-Robinson & Salyk 2011). For comparison, the widths and depths
of the gaps in HL Tau are well within the allowed range. We conclude that TW Hya’s
disk may very well contain planet-induced gaps as detected toward HL Tau, which are
capable of halting further inward migration of grains and explain the observed millimeter
continuum surface brightness profile.

24.3 Dust temperature and the CO snow line

The discussion above attributes the characteristics of the distribution of the millimeter-
wave continuum to the surface density distribution and opacity of the grains. According
to equation (2.2) the explanation could equally well lie with the dust temperature. At radii
inside the turn-over of the emission, up to 47 au, the disk is known to be cold, < 20K, as
witnessed by the CO freeze-out probed by N,H* emission (Qi et al. 2013). A shallow sur-
face density distribution combined with a steep temperature drop off outside 47 au cannot
explain the observations, since this requires unrealistically low temperatures (<10 K). A
steeper density distribution combined with a temperature rise around 30—-40 au followed
by a return to nominal temperatures can fit the observations, but requires temperatures
as high as 70 K, clearly inconsistent with the detection of N;H* that would be rapidly
destroyed by gas-phase CO at such temperatures.

The N,H* data from Qi et al. (2013) place the CO snow line at 30 au. Just outside this
snow line, grain growth may receive a boost by the accumulation of frost resulting from
mixing of material across the snow line. This cold-finger effect was earlier described by
Meijerink et al. (2009) and invoked by Zhang et al. (2015) to explain the dark rings in the
HL Tau millimeter continuum image as locations of growth to decimeter-sized particles at
the location of frost lines. Similarly in TW Hya, the location of the turn-over radius in the
millimeter emission may be determined, not by the inward migration of millimeter-sized
grains, but by a local enhancement of growth of (sub) micron-sized grains to millimeter
sized grains in the 3047 au region outside the CO snow line. If the efficiency of grain
growth is locally sufficiently enhanced, this may increase the dust opacity at 820 ym and
explain the observed surface brightness profile. Zhang et al. (2016) present an analysis of
four protoplanetary disks with high resolution continuum observations, and find that re-
gions just beyond CO snow lines show locally enhanced continuum emission. Detailed
modeling of grain growth and drift in the presence of ices and the resulting dust opacity is
required to further explore this mechanism. If this mechanism is indeed effective, popula-
tion studies of disks should reveal a correlation between the location of the CO snow lines?
and the sizes of the millimeter continuum emission disk.

2.5 Summary

We analyzed archival ALMA Cycle 0 365.5 GHz continuum data with baselines up to 410
kA and conclude the following.

2In the case of a disk with a temperature structure that varies with time, the effective (or time averaged)
location of the CO snow line is what matters here.
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1. The interferometric visibilities are described by a disk with a broken power law radial
surface density distribution and constant dust opacity, with slopes of —0.53+0.01 and
—8.0 £ 0.2 and a turn-over radius of 47.1 + 0.2 au. The outer radius is unconstrained
as the emission drops below the detection limit beyond ~57 au.

2. Under the assumption of a constant dust opacity «, the shape of the corresponding sur-
face density distribution resembles the one expected in the presence of grain growth
and radial migration for late times as calculated by Birnstiel & Andrews (2014).

3. The total surface brightness and the turn-over radius of 47 au are too large for a source
age of 8—-10 Myr. This implies that either the disk formed with a much larger size
and mass, that one or more unseen embedded planets have opened gaps and halted
inward drift of millimeter-sized grains, or that the region outside the CO snow line at
radii of 30-47 au has a significantly locally enhanced production rate of millimeter-
sized grains boosting the dust opacity at 820 ym.

Higher resolution observations with ALMA are essential to explore the reason for the
location of the turnover at 47 au (see, e.g., Zhang et al. in prep.). Such observations can
easily show the presence of one or more gaps, as shown by the HL Tau image. Near-
infrared observations (Debes et al. 2013; Akiyama et al. 2015; Rapson et al. 2015) suggest the
presence of structures at, respectively, 80 au, 10-20 au, and ~23 au that are consistent with
partially filled gaps. Whether these correspond to unresolved structures of millimeter-wave
emitting grains is unknown but likely. If, in spite of this, no gaps in the millimeter emission
are found, high resolution multiwavelength observations of the brightness distribution can
be compared to models of grain growth and migration in the presence of the CO snow line
to explore whether an increase in grain growth in the 30-47 au region can be sufficiently
efficient to create the observed millimeter continuum brightness profile. There is even
the possibility that both scenarios operate: increased grain growth outside the CO snow
line has led to the formation of a planet that subsequently has halted further migration
of millimeter-sized grains. If so, the correlation mentioned above between CO snow line
locations and the sizes of the millimeter continuum emission disks should extend to the
locations of gaps as well.
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Figure 2.3: Results of the emcee MCMC optimization using a single radial power law for the surface
density. The panels show one- and two-dimensional projections of the posterior probability func-
tions of the free model parameters. The panels along the diagonal show the marginalized distribution
of each of the parameters as histograms; the other panels show the marginalized two-dimensional
distributions for each set of two parameters. Contours (barely visible in the tightly constrained prob-
ability distributions) and associated greyscale show 0.5, 1, 1.5 and 20 levels. Best-fit values and error
estimates are listed above the panels along the diagonal.
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3.1 Introduction

The main reservoir of nitrogen-bearing species in most solar system bodies is unknown.
The dominant form of nitrogen on these bodies is inherited from the chemical composition
of the solar nebula when planetesimals were formed (Schwarz & Bergin 2014; Mumma &
Charnley 2011). This composition strongly depends on the initial abundances, which are
difficult to probe since N and N, are not directly observable in the interstellar medium
(ISM). The Spitzer program ‘Cores to Disks’ found that on average 10% to 20% of nitrogen
is contained in ices such as NHj, NHZ{, and XCN, mostly in the form of OCN~ (Oberg
et al. 2011a). Water is the most abundant volatile in interstellar ices and cometary ices.
The relative abundance of the main nitrogen-bearing species compared to water are on the
order of a few percent; ~ 5% for ammonia and ~ 0.3% for XCN (Bottinelli et al. 2010; Oberg
et al. 2011a). CN and HCN have been detected in later stages of star formation toward
protoplanetary disks (see Dutrey et al. 1997; Thi et al. 2004; Oberg et al. 2011b; Guilloteau
et al. 2013) along with resolved N;H* emission in TW Hya (Qi et al. 2013) and unresolved
N,H* emission in several other disks (Dutrey et al. 2007; Oberg et al. 2010, 2011b). Although
some upper limits exist for NH; in protoplanetary disks in the near-infrared (Salyk et al.
2011; Mandell et al. 2012), there are currently no published detections.

Here we report the first detection of NH; along with the N;H* 6-5 line in the planet-
forming disk around TW Hya using the HIFI instrument on the Herschel Space Observa-
tory. This disk has already been well studied. It was first imaged by the Hubble Space
Telescope (HST) (Krist et al. 2000; Weinberger et al. 2002), which revealed a nearly face-on
orientation. Roberge et al. (2005) took new HST images that confirmed this orientation and
measured scattered light up to 280 au. Submillimeter interferometric CO data suggest an
inclination of 6° to 7° (Qi et al. 2004; Rosenfeld et al. 2012). The age of TW Huya is estimated
to be 8-10 Myr (Hoff et al. 1998; Webb et al. 1999; de la Reza et al. 2006; Debes et al. 2013)
at a distance of 54 + 6 pc (Rucinski & Krautter 1983; Wichmann et al. 1998; van Leeuwen
2007).

We here model the ammonia emission from TW Hya assuming that it is desorbed
simultaneously with water. The thermal desorption characteristics of ammonia are similar
to those of water (Collings et al. 2004). The nonthermal desorption of ammonia through
photodesorption has a similiar rate to that of water, within a factor of three (Oberg 2009).
Ammonia is frozen in water-rich ice lagers on interstellar dust particles. Therefore, we
can expect both molecules to be absent from the gas phase in similar regions. In order to
properly constrain the NH3/H,O ratio we need to revisit past models of water emission in
the disk surrounding TW Hya.

The ground-state rotational emission for both of the water spin isomers has been found
around TW Hya by Hogerheijde et al. (2011) (from now on H11), also using the HIFI in-
strument onboard the Herschel Space Observatory. The authors explained this emission
using the physical model from Thi et al. (2010) to calculate the amount of water that can be
produced by photodesorption from a hidden reservoir of water in the form of ice on dust
grains (Bergin et al. 2010; van Dishoeck et al. 2014). Their model overestimates the total
line flux by a factor of 3-5. They explored different ways to reduce the amount of water
flux and concluded that settling of large icy grains is the only viable way to fit the data.

Here, we rederive estimates of the amount of water vapor, using an updated estimate of
the disk gas mass. We also consider the effect of a more compact distribution of millimeter-
sized grains that are moved by radial drift and settling. These dust processes are relevant
for the molecular abundance of water because they can potentially move the bulk of the
ice reservoir away from regions where photodesorption is effective. Simultaneously, we
estimate the amount of NH; using the detection of ammonia in the Herschel spectra and
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derive constraints on the NH3/H,O ratio in the disk gas, assuming that NH; and H,O are co-
spatial. We also estimate the amount of N,H* and compare it to the amount of NH; using
a simple parametric model. Section 3.2 presents our data and their reduction. Section 3.3
contains our modeling approach and Sect. 3.4 the resulting ammonia and water vapor
masses. Section 3.5 discusses the validity of our models and compares these predictions to
standard values. Finally, Sect. 3.6 summarizes our conclusions.

3.2 Observations

Observations of TW Hya (2000 = 11"01™51791, 62000 = —34°42’1770) were previously pre-
sented by H11 and obtained using the Heterodyne Instrument for the Far-Infrared (HIFI)
as part of the key program ‘Water in Star-Forming Regions with Herschel’ (WISH) (van
Dishoeck et al. 2011). We now present observations taken on 2010 June 15 of the NH;
1o — 0p line at 572.49817 GHz simultaneously with o-H,O at 556.93607 GHz using receiver
band 1b and a local oscillator tuning of 551.895 GHz (OBS-ID 1342198337). We also present
the detection of N;H* 6-5 at 558.96651 GHz in the same spectrum. With a total on-source
integration of 326 min, the observation was taken with system temperatures of 360—400
K. The data were recorded in the Wide-Band Spectrometer (WBS) which covers 4.4 GHz
with 1.1 MHz resolution. This corresponds to 0.59 km s! at 572 GHz. The data were also
recorded in the High-Resolution Spectrometer (HRS) which covers 230 MHz at a resolu-
tion of 0.25 MHz resulting in 0.13 km s~ at the observed frequency of the NH;3 1 — 0p line.
The calibration procedure is identical to the one of H11, but employs an updated beam effi-
ciency of 7y = 0.635 and a HPBW of 3671 !, which increases the reported water line fluxes
by about 17% with respect to the values of H11. Table 3.1 summarizes the line fluxes of
ammonia, water and N,H* 6-5. Figure 3.1 shows the calibrated spectra of ortho-ammonia,
ortho-water, and the N,H* 6-5 lines.

3.3 Modeling approach

Since NHj is intermixed with H,O on interstellar ices and is thought to desorb simulta-
neously (Oberg 2009), our modeling approach focuses on deriving a NH3/H,O ratio in the
TW Hya disk assuming that the NH;3 emission comes from the same location as the H,O
emission. We adopt a physical model for the gas density and temperature and rederive
the amount of water vapor from literature results (H11). After we define our H,O model,
we use it to model NH; emission by adopting the same spatial distribution as the water
but scaling the overall abundance as a free parameter. We also take into account the effect
of radial drift and vertical settling of dust grains on our abundance profiles. Additionally,
we model the N;H* 6-5 emission by assuming a constant abundance throughout the disk
where the temperature is below the CO freeze-out temperature (17 K) following Qi et al.
(2013). The total amount of N,H* in this model is also a free parameter. The following
sections describe the physical and chemical structure of our models.

3.3.1 Physical structure

Recently, Cleeves et al. (2015) used HD measurements (Bergin et al. 2013) to constrain the
total gas mass for the disk of TW Hya of 0.04 + 0.02 M, which is twice as massive as the

THIFI-ICC-RP-2014-001 on
http://herschel.esac.esa.int/twiki/bin/view/Public/HifiCalibrationWeb
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model used by H11. We adopted the physical structure of their best-fit model defined by a
dust surface density profile of

-1
T4(R) = 0.04 g cm™ (;) exp [— (1?)]’ (3.1)

and a scale height for small grains (and gas) given by

R\03
H(R)=15au (R_) , (3:2)
where the critical radius R, is 150 au. We also adopted their estimated temperature profile
T(R, ) calculated from the ultraviolet radiation field throughout the disk (see Appendix A of
Cleeves et al. 2015). Cleeves and collaborators did not consider a radial separation between
large and small grains because the small grains dominate the dust surface area, which is
most important for the chemistry. Many models for the TW Hya SED include an inner
hole with a radius of a few au that is depleted of dust. Slight variations of this gap size have
been proposed (Calvet et al. 2002; Eisner et al. 2006; Hughes et al. 2007; Ratzka et al. 2007;
Arnold et al. 2012; Menu et al. 2014). However, the observations in the large Herschel beam
are not sensitive to these small scales, and we ignore the inner hole in our model.

3.3.2 Chemical model

Gas temperatures throughout the disk in previous models and ours are typically below
200 K, which means that they exclude high-temperature gas-phase water formation. We
consider thermal evaporation and photodesorption by ultraviolet radiation as H,O produc-
tion mechanisms and ultraviolet photodissociation and freeze-out and as H,O destruction
mechanisms together with ion-molecule reactions, for both formation and destruction of
H,O0, using the time—-dependent chemical model of Cleeves et al. (2015). Thermal desorption
is only dominant in the innermost disk up to a few au. Most of the water in this chemical
model is released to the gas-phase through photodesorption in the outer disk. Compared to
the chemistry used in H11, this model uses a more realistic water grain chemistry and up-
dated gas-phase reactions. Figure 3.2 summarizes the physical conditions of the model and
the location of the bulk of the water vapor. A significant decrease in the midplane abun-
dance of water vapor can be seen in comparison to the model proposed by H11, which
is due to a lower rate of cosmic-ray (CR) driven water formation. Two layers of water
abundance can be distinguished in Fig. 3.2(b). The upper layer is the product of gas-phase
chemistry and photodesorption whereas the layer at larger radii but smaller height is dom-
inated by photodesorption.

Since our observations are spatially unresolved and the disk is observed nearly face on,
no information of the spatial location of the emitting molecules can be retrieved directly
from our spectrally resolved data. The following sections describe two processes (radial
drift and settling) that are due to grain growth that affects the radial and vertical configura-
tion of dust grains. These in turn determine the distribution of the ices. We consider two
scenarios for the vertical location and two scenarios for the radial location of the molecules,
resulting in four different configurations.

Vertical settling

For the vertical distribution, we considered two extreme cases. In the first scenario (p),
the vertical distribution of the ammonia and water follows that found by the location of
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water released through photodesorption (i.e., in the upper and intermediate disk layers)
as described above. In the second extreme scenario (m) we assume that the H,O/H, and
NH3/H, abundances are constant. We distribute the species vertically out to one scale
height of the millimeter grains following Andrews et al. (2012),

R 1.25

Because the column density is dominated by the dense layers near the midplane, this model
represents emission dominated by the midplane (hence: model m). The latter is motivated
by H11, where they tried to explain water emission from TW Hya using the physical model
from Thi et al. (2010) to calculate the amount of water vapor that can be produced by
photodesorption. But their model overestimates the total line flux by a factor of 3-5. They
concluded that settling of large(r) icy grains could be acting as a mechanism to hide the
icy grains from the reach of ultraviolet photons resulting in the lower-than-expected water
line fluxes. We do not make any assumptions about the production mechanism of the
gas-phase ammonia and water in the absence of photodesorption in the midplane (m), but
discuss possible mechanisms in Sect. 3.5.

Radial drift

For the radial location we considered an extended model (E) with ammonia and water
across the entire disk out to 196 au, corresponding to the extent of u-size grains(Debes
et al. 2013), and a compact model (C) with NH; and H,O confined to the location of the
millimeter grains (<60 au). Andrews et al. (2012) found that the millimeter-sized grains are
located within 60 au, probably as the result of radial drift causing a separation between
the large and small-size population of dust that remains coupled to the gas. The compact
model (C) is also motivated by H11, since grain settling operates faster than drift because
the vertical pressure gradient is larger than the radial one. Any grains large enough to drift
radially will certainly have settled vertically first. This means that the molecules are already
locked up in large(r) grains when they experience (or not) a radial drift. Our compact model
(C) represents the extreme case where all water and ammonia ice has been transported to
within 60 au and is (partially) returned to the gas phase only there. In the same way, our
extended model (E) represents the other extreme where the water and ammonia reservoir,
locked up in icy dust particles, extends across the full disk.

As Fig. 3.2 shows, water vapor is mostly present in a thin photo-dominated layer (mod-
els p) or near the midplane (models m) following total H, density profile. Figure 3.3 sum-
marizes the resulting four different scenarios (Em, Ep, Cm and Cp). In all scenarios, the
total amount of ammonia and water vapor is a free parameter constrained by fitting the
observed line fluxes. In particular, for the p-models, this means that we use the radial and
vertical density distribution from the detailed calculations but scale the total amount of
ammonia and water vapor up or down as necessary.

3.3.3 Line excitation and radiative transfer

We used LIME (v1.3.1), a non-LTE 3D radiative transfer code (Brinch & Hogerheijde 2010)
that can predict line and continuum radiation from a source model. All of our models use
15000 grid points. Doubling the number of grid points does not affect the outcome of the
calculations. Grid points are distributed randomly in R using a logarithmic scale. This
means in practice that inner regions of the disk have a finer sampling than the outer parts
of the disk. Since it is difficult to establish reliable convergence criteria, LIME requires
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Figure 3.2: Overview of the adopted model structure. (a) Logarithm of the molecular hydrogen density
in cm~ with black contours. (b) Logarithm of the water vapor density with white contours at 0.6 cm=.
(c) Gas temperature in K. Black contours represent the logarithm of the water abundance at 0.6 cm™.
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Figure 3.3: Schematic illustration of the location of water vapor in our models: (a) Compact
photodesorption-layer configuration (Cp). (b) Extended photodesorption-layer configuration (Ep). (c)
Compact with a constant abundance configuration (Cm). (d) Extended with a constant abundance
configuration (Em).
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that the number of iterations of each point are set manually. We set this number to 12 and
confirmed convergence in our models by performing consecutive iterations. Forty channels
of 110 m s™! each were used for all line models with 200 pixels of 0.05 arcsec. Because we
aimed at comparing these models with spatially unresolved data, we calculated the total
flux by summing all the pixels after subtracting the continuum.

Rate coefficients for ortho-ammonia, N;H*, and both spin isomers of water were taken
from the Leiden Atomic and Molecular Database (Schoier et al. 2005). The excitation levels
of para-H, O and ortho-H,O have separate coefficients for o-H, and p-H, (Daniel et al. 2011).
The 0-NHj collision rates are only available for p-H,, therefore we considered the total H,
as p-H; to calculate their population levels (see Danby et al. 1988). The N,H™ collision rates
were adopted from HCO* following Flower (1999). We assumed that the H, ortho-to-para
ratios are in local thermal equilibrium. Given the low dust temperatures, this implies H
OPR < 0.3. If instead we increase the H, ortho—to—para ratio to 3, the high-temperature
limit for formation on grains (Flower et al. 1996), it will increase the H,O line fluxes by a
factor ~ 2. We discuss the effect of this on the inferred water vapor mass below.

3.4 Results

Figure 3.4 shows the emerging line flux in the Herschel beam as a function of ammonia
and water vapor mass. These curves of growth (flux (F) vs mass o column density(N))
are consistent with saturated lines: the slopes go from linear (F o« N) in the low-opacity
regime to saturated (F o vIn(N)). The latter behavior is due to the line becoming gradually
optically thick in its wings, resulting in a steady flux growth.

Our four models predict different asymptotic values for high vapor masses. In the
asymptotic regimes, the lines are fully thick and probe only a very thin region near the
surface of the disk. The larger E models therefore result in more flux than the smaller C
models. The m models trace higher H, densities but lower temperatures than the corre-
sponding p models, resulting in different predicted fluxes. This has a strong effect on the
water lines, which have critical densities and upper level energies higher than the con-
ditions prevalent in the regions where the lines originate. This effect is strongest for the
Cm models because in this regime densities are considerably higher and the lines become
thermalized and opaque, resulting in higher required water-vapor masses.

Table 3.2 summarizes the best-fit vapor masses; error estimates include statistical errors
on the observations and the systematic errors on the total line flux, estimated to be about
20%. The ammonia-to-water ratios shown in Table 3.2 assume an OPR of ammonia of
either oo or 1. As stated above in Sect. 3.3.3, we assumed that H, ortho—to—para ratios are
in local thermal equilibrium. If we increase this value to 3 (the high-temperature limit),
the derived masses would decrease by a little more than one order of magnitude in our
most massive and optically thick model (Cm) and by less than one order of magnitude in
the remaining models (Cp, Em, and Ep). We do not include this in the error budget of our
reported values because the NH; and N,H* might be equally affected.

All four models yield o-NH;3 masses ranging from (0.7-1.2)x10?! g for models Ep, Em,
and Cp, to 1.1x10*2 g. These correspond to ammonia abundances ranging from (2.0-
9.5)x10~!12 (E models) to (0.6-1.7)x 10! (C models), relative to H,. For water, a higher range
of masses is inferred, ranging from (2.2—4.5)x10?! g for models Ep, Em, and Cp, to 1.6x 10?3
g for model Cm. These correspond to water abundances ranging from (1.1-3.0)x10~!! (E
models) to (4.5-9.0)x107'° (C models), relative to H,. The water OPR is found to range from

2wwuw.strw.leidenuniv.nl/~moldata/
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Figure 3.4: Panels (a), (b) and (c) show the LIME (Brinch & Hogerheijde 2010) output of the total
line fluxes of ortho-NHj;, ortho-H,O, and para-H,O, respectively, as a function of the total water
vapor mass. The blue, green, red, and yellow curves correspond to the Em, Ep, Cm, and Cp models,
respectively. The dashed lines and horizontal green bar show the observed line fluxes and their
30 ranges, with sigma having two sources of noise added in quadrature; the systematic error of the
observations, estimated to be about 20% of the total flux, and the rms of the spectra.

0.73 to 1.52. If the associated errors are considered, the range is much wider (0.2-3.0) with
model Ep, Cp and Cm in agreement with the interstellar and cometary range of 2.0-3.0 for
the OPR of water. The ammonia-to-water ratio ranges from 7%°%, to 84%°.%, .

Calculations using a simple escape-probability code (RADEX, van der Tak et al. 2007)
reproduce the observed line fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But only a full 3D calculation can
reproduce the exact line fluxes because of the wide range in densities and temperatures.
These simple calculations also show that, under the conditions of the four models, equal
amounts of 0-H,0 and 0-NHj give approximately equal line strengths (within 50%). This
means that we can relate the observed line ratios of Fo_np,/Fo-n,0 ~ 0.6 to estimate the
actual overall NH3/H, O abundance fraction of about 0.35-0.65 as confirmed by the detailed
LIME modeling below. The high NH3/H,O ratios suggested by most models are therefore
a direct consequence of the near-equal observed line fluxes of H,O and NHj3; only in the
Cm model where lines are opaque, are much lower NH3/H,O values consistent with the
observed fluxes.

Our best-fit model result for N;H* is agrees with the N;H* 4-3 emission reported in Qi
et al. (2013). The fit to the NoH* 65 emission yields a total N,H* vapor mass of 4.9x10%! g,
which is ~50% higher than the model of Qi et al. (2013) obtained from integrating their
best-fit model (zig(H) = 3 in Table S2).
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3.5 Discussion

3.5.1 Ice reservoirs and total gass masses

The inferred NH; vapor masses from 7.0x10?° g to 1.1x10?*> g are much lower than the
potential ammonia ice reservoir of ~ 3.0 x 10*® g. This ice reservoir mass estimate was
obtained assuming an elemental nitrogen abundance relative to H of 2.25 x 107> and a
disk mass of 0.04+0.02 M, and assuming that 10% of nitrogen freezes out on grains as NHj
(Oberg et al. 2011a). In the same way, we estimate a water ice mass reservoir of 3.4 x 10%
g, adopting an oxygen elemental abundance of 3.5 x 10~* relative to H, assuming that 70%
of O is locked up in water (Visser et al. 2009) and all of it is frozen out. Both mass estimates
indicate that the detected vapor masses are only tiny fractions (< 107) of the available ice
reservoirs.

The total water mass of our original chemistry model (4.6 x 10*g) is 2.5 to 25 times (Cm
and Ep models respectively) more massive than the values derived from our reanalysis of
the water detection toward TW Hya. H11 reported a model 16 times more massive than
their original chemistry model to fit the water emission from the disk of TW Hya. This
value is significantly lower than the value of our analogous Ep model, which indicates an
even higher degree of settling of the icy grains than previously proposed. This is consistent
with earlier conclusions that most volatiles are locked up in large grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).

3.5.2 Gas-phase chemistry

The reported ammonia-to-water ratios are considerably higher than those found for ices in
solar system comets and interstellar sources (Mumma & Charnley 2011), which are typically
below 5%. Our model-derived ratios assume that the NH; and H,O emission originates
from the same regions; however, if this is not the case, expressing the relative amounts of
ammonia and water as a ratio is not very useful. Then, it is better to work with their (disk
averaged) abundances of 0.2-17.0x107!'! and 0.1-9.0x10~'? respectively.

An obvious conclusion from the large amount of NHj is that other routes exist for gas-
phase NHj; in addition to evaporating NH3/H,O ice mixtures. In the colder outer disk
the synthesis of ammonia in the gas phase relies on ion-molecule chemistry. This means
that N, needs to be broken apart (to release N or N*) first, but N, can self-shield against
photodissociation (Li et al. 2013). The chemistry in the disk of TW Hya seems to reflect an
elevated X-ray state of the star (Cleeves et al. 2015). This strong X-ray field scenario could
be invoked to break N, apart. The models of Schwarz & Bergin (2014) for a typical T Tauri
disk (with a FUV field measured in TW Hya) give values for the abundance of NH; as high
as ~1078 (the models of Walsh et al. 2015, also produce the same abundance), which would
be sufficient to explain the emission. Modeling tailored to TW Hya with the correct stellar
and disk parameters, as well as appropriate initial conditions is required to fully address
the question of the origin of the large NH3 abundance.

Of our four models, the Cm model stands out in that it yields much lower NH3;/H,O
ratios that are consistent with the low values found in solar system bodies and interstellar
ices. It is also the only model where the (large uncertainties of the) derived water OPR over-
lap with the 2-3 range commonly found in solar system comets. Recent laboratory work
by Hama et al. (2015) shows that water in ices efficiently attains an OPR of 3 upon release
into the gas-phase, indicating that the OPR is not a reflection of the physical temperature
and that high OPR values are naturally expected. The NH3/H,O values and the water OPR
values together can be taken as evidence that the Cm model is a correct description for
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the distribution of H,O and NHj; in the disk. If so, a mechanism to release water in the
midplane is required.

3.5.3 Collisions of large bodies as a production mechanism

In the midplane models (Em and Cm), photodesorption cannot explain the abundance of
water and ammonia in the gas phase because ultraviolet radiation cannot penetrate these
depths. CR-induced H20 desorption, such as modeled in H11, cannot produce the required
amount of H20. The typical water vapor abundances found in the H11 chemical model
near the midplane are on the order of Xy,0 ~ 107!%, much smaller than the corresponding
best-fit midplane abundances in the Em and Cm models of Xu,0 ~ 1071° = 10~°. How can
volatiles such as ammonia and water exist near the midplane where low temperatures and
high densities would ensure rapid freeze-out?

One way of releasing such a vapor mass from the icy reservoir would be through colli-
sions of larger icy bodies. We can calculate how much water needs to be released through
these collisions if we assume steady-state with freeze-out to retain the observed amount of
volatiles in the gas phase. Freeze-out is calculated using the freeze-out rate expression for
neutral species derived in Charnley et al. (2001). For typical temperatures of 12 K and den-
sities of 1.7x10°cm™3, the freeze-out rate of water vapor is 2.5 x 10'3g s~! if we consider the
(Em) model to match the observations. That is equivalent to completely destroying ~7,000
comets per year, with a mass similar to Halley’s comet and assuming they consist of 50%
water. After 10 Myr roughly 5% of the water previously locked up in icy grains would be
back to the gas phase if an ice reservoir of 3.4 x 10*g were present in the disk. In the case
of the (Cm) model a higher production of water vapor 1.6 x 10'°g s7! is needed to match
the observations. This would mean destroying ~ 5 X 10° comets per year. After 10 Myr we
would have produced ten times more water vapor than its total ice reservoir. Such large
numbers of collisions and the significant (or even unrealistic) amount of released water sug-
gest that collisions between icy bodies are an unlikely explanation for the observed amount
of water and ammonia vapor in the midplane models.

The freeze-out rates used above have been calculated assuming a typical grain size dis-
tribution n(a) o« a=*> (Mathis et al. 1977) with smallest and largest grains sizes of 10~ m
and 10~! m. Since the majority of the surface for freeze-out is on (sub)um-sized grains, we
can expect this surface to be substantially reduced if these smaller grains are removed thus
reducing the freeze-out rate significantly. Small grains may be removed by photoevaporat-
ing winds (Gorti et al. 2015), when transported to the upper layers by vertical mixing, or
have coagulated into larger grains. In the extreme case where all of the um-size grains have
grown into larger bodies the freeze-out rate can be reduced by two orders of magnitude.

We can achieve a drop by a factor of 100 in the freeze-out rate by directly calculating
the mean grain surface in Eq.6 from Charnley et al. (2001) by setting dyi;=10"* m for our
Em model, anip=10">m for our Cm model (see calculations of Vasyunin et al. 2011) and
amax=10"" m for both. If this assumption holds, then our model with the highest production
rate (Cm) will have processed only 10% of its water reservoir into water vapor in the span
of 10 Myr, equivalent to destroying only ~5000 comets per year. In the same way, the
amount of water processed in the span of 10 Myr in our (Em) will be only 0.5% of its ice
reservoir, equivalent to destroying only ~70 comets per year. These numbers are much
more realistic, making this a viable mechanism for releasing volatiles in the midplane.

Nevertheless, for this scenario to be viable, the system must meet some criteria. First,
the comets (or planitesimals) must have a high enough collision rate that accounts for the
numbers estimated above. In the outer disk this can be enhanced through shepherding by
planets, that is, sweeping up the planetesimals into one proto-debris belt. Acke et al. (2012)
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calculated a collision rate of 6.3 x 10'3g s~! in Fomalhout’s debris disk to reproduce the thin
dust belt seen in far-infrared images (70-500 wm). This rate is similar to our estimated rate
even in the absence of a reduction in grain surface available for freeze-out. For Fomalhout,
this rate corresponds to a population of 2.6 x 10'! comets with a size of 10 km, which is
similar to the number of comets in the Oort cloud of 10'> — 10'* (Weissman 1991). Second,
the collisions must release enough energy to sublimate the ices. This is only achieved if the
relative velocities of the parent bodies are sufficiently high. If the colliding bodies have high
eccentricities their relative velocities can be high. But in the presence of gas, we expect their
orbits to be circularized. If this is the case, then the relative velocities will be dominated
by the radial drift in the outer parts of the disk and enhanced in the very inner regions by
turbulence. Finally, the small dust produced in the cometary (or planetesimal) collisions
themselves must not provide a surface for the volatiles to freeze back onto.

If a sufficient number of small grains (< pm) are removed by coagulation into larger
grains (> mm) and the relatives velocities and rates of the collisions between larger bodies
(= m) in the miplane are sufficiently high to meet the conditions above, then collisions
between icy bodies are a plausible mechanism for releasing (and keeping in the gas phase
for long enough) the amount of water and ammonia that we observe. The treatment above
is simplistic and there are many other ways to achieve this (e.g., changing the slope of the
grain distribution or by photoevaporation of grains along with the gas). A full treatment
of the combined effect of grain growth, drift, settling, collisions and volatile freeze-out is
needed to confirm this scenario, but is begyond the scope of this paper.

3.6 Conclusions

We have successfully detected NH3 and N,H* in the disk surrounding TW Hya. We used
a non-LTE excitation and radiative transfer code and a detailed physical and chemical disk
structure to derive the amount of NH3, N,H", and (for comparison) H,O adopting four
different spatial distributions of the molecules. Our main conclusions are as follows.

1. The NHj3 emission corresponds to an ammonia vapor mass that ranges from 7.0 x
10?°g (Ep model) to 1.1 x 10**g (Cm model).

2. We used the above values and the same approach to derive H,O vapor masses to
derive NH3/H,O ratios ranging from 7% to 15% (Cm model) and 42% to 84% (Cp
model), adopting a NH; OPR of oo or 1, respectively. These ratios are higher than
those observed in solar system and interstellar ices, with the exception of our most
massive and compact configuration (Cm model).

3. Of our four models, only model Cm gives NH3/H,O ratios as low as observed in
interstellar ices and solar system comets. It is also the only model that within the
errors gives a water OPR of 2-3, which is similar to solar system comets. This can be
taken as evidence that H,O and NHj are indeed located near the midplane at radii
<60 au.

4. If the H,O and NHj; follow the Cp, Ep, or Em spatial distributions, the implied high
NH3/H,0 ratio requires an additional mechanism to produce gas-phase NH;. A
strong X-ray field may provide the necessary N atoms or radicals to form NHj in
the gas.

5. If NH; and H,O emission comes from the midplane, where photodesorption does not
operate (models m), collisions of larger bodies can release NH3 and H,O and explain
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the observed vapor. This requires a reduction of the total grain surface available for
freeze-out, for example, through the growth of grains into pebbles and larger; and a
sufficiently high collision rate and sufficiently violent collisions to release the volatiles.

6. The ammonia vapor mass is similar to the N,H* mass derived with our simple model
and to that inferred by Qi et al. (2013) (see Sect. 3.4) within 50%.

Additional spatially resolved observations of ammonia would help to constrain the ra-
dial extent of ammonia (and perhaps vertical structure) and refine our current limits. We
can observe ammonia isotopes with ALMA in band 7 (ortho-NH,D 1¢; —0g at 332.781 GHz
and para-NH,D 1o; — 0y at 332.822 GHz) and band 8 (ortho-NH,D 19— 009 at 470.271 GHz
and para-NH,D 179 — Oy at 494.454 GHz). We used our models to predict line fluxes of
about 1 Jy in band 8 and 30 mJy in band 7 using LIME in all of our models, and con-
sidering a value of 0.1 for ammonia deuterium fractionation as found toward protostellar
dense cores (Roueff et al. 2005; Busquet et al. 2010), and an OPR ammonia of 1. ALMA can
detect such line fluxes in a few hours 3. Observations with JVLA or GBT of para-ammonia
(para-NHj 1 — 1¢ at 23.694 GHz or para-NHj3 2; — 2 at 23.722 GHz) are not possible since
our predicted line fluxes are too low (~ 10 mJy).
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4.1 Introduction

Nitrogen within Solar System bodies, inherited from the Solar Nebula, takes a variety of
forms: N, on Earth, organics in meteorites, and NH; and organics in comets (Schwarz &
Bergin 2014; Mumma & Charnley 2011). Most bodies are furthermore strongly depleted
in nitrogen, compared to oxygen and carbon (Pontoppidan et al. 2014). In the interstellar
medium 10%-20% of nitrogen is contained in ices such as NH3, NH}, and XCN, the latter
of which is mostly in the form of OCN~ (Oberg et al. 2011). The remainder of the nitrogen
budget is thought to reside in the gas in atomic and molecular form, and does not represent
a suitable reservoir to deliver nitrogen to rocky planets, meteorites, and comets. Molecular
and atomic nitrogen is not directly observable in the dense interstellar medium (ISM). How-
ever, most of the simple nitrogen-bearing ices have been detected in the gas-phase toward
star forming regions. Their initial abundances are critical for the understanding of the
chemical composition of nitrogen-bearing species throughout the star formation process
and, consequently, Solar System bodies.

Ammonia is one of the main ice reservoirs of nitrogen and is readily detected in star
forming regions (Bottinelli et al. 2010; Daranlot et al. 2012; Boogert et al. 2015). It has only
been recently detected, for the first time, toward the old planet-forming disk around TW
Hya using Herschel/HIFI by Salinas et al. (2016). Our modelling, that considered different
radial distributions of ammonia high in the upper layers of the disk as well as settled and
compact models, showed that the total vapor mass estimates can range across two orders of
magnitude. Only the most settled and compact model (Cm), following the same distribution
of mm-size grains (Andrews et al. 2012), is in agreement with the expected NH3/H,O ratio
and ortho to para ratio (OPR) of water in comets. Detailed chemical models have shown
ammonia to be able to form as a product of several processes at large radii, namely warm
gas-phase chemistry, ion-molecule chemistry and photodesorption processes (Walsh et al.
2015). On grains, ammonia forms through atomic nitrogen hydrogenation (Brown & Millar
1989; Hiraoka et al. 1995; Hidaka et al. 2011; Fedoseev et al. 2015). Processes to release NH3
from ice to gas at temperatures below the thermal desorption include cosmic-ray desorption
(Hasegawa & Herbst 1993), reactive desorption (Garrod et al. 2007) and photodesorption
(Prasad & Tarafdar 1983; Hartquist & Williams 1990). The formation of ammonia in grains
dominates in the very early stages of star formation. In more evolved stages, where proto-
planetary disks are formed, the dominant process shifts to gas-phase formation (Sipila et al.
2015; Harju et al. 2017). This process occurs through a well-known chain of reactions,
starting with the dissociation of N (by photo-processes or He*) and terminating in NH}
+e — NHj + H (Le Gal et al. 2014; Roueff et al. 2015; Walsh et al. 2015).

Observations of gas-phase ammonia in cold star-forming cores (Daniel et al. 2016; Pillai
et al. 2011; Busquet et al. 2010; Crapsi et al. 2007; Roueff et al. 2005) and ices in comets
(Crovisier et al. 2004) show very high NH,D/NHj3 ratios of ~0.5 and ~0.05 respectively
1. This high NH,D/NHj; ratio suggests formation on cold environments. However, the
deuteration of ammonia in the gas-phase is dominated by the isotopologues of H and is
faster and more efficient than deuteration on grains (Harju et al. 2017; Sipila et al. 2015).
TW Hya and HD163296 are known to harbor deuterated species, like DCN with deuterium
fractionations of 0.017 and 0.016 respectively (Oberg et al. 2012; Huang et al. 2017), DCO*
with deuterium fractionations of 0.035 and 0.048 respectively (van Dishoeck et al. 2003;
Huang et al. 2017) and N,H* with a deuterium fractionation of ~0.4 toward HD163296
(Salinas et al. 2017). In prestellar cores, NH,D/NH3 is found to be consistently higher than

1The NH,D/NHj ratio is different than the atomic D/H ratio of NH3, which accounts for the number
of H atoms in NHj.



Chapter 4 67

DCO*/HCO™" and DCN/HCN (Treviiio-Morales et al. 2014). Together, this suggest that disks
around HD163296 and TW Hya may be equally rich in NH,D.

We first aim to constrain the amount of gas-phase NH; in HD 163296, in comparison
to TW Hya. Secondly, we observed o-NH,D towards HD 163296. Since we do not observe
the same line in TW Hya, we assume that the NH,D/NHj ratio in the gas-phase is 0.1 and
compare the expected NH,;D mass with the upper limits derived for HD 163296. Finally,
we estimate the integration time in ALMA to detect the NH,D line in HD 163296 and TW
Hya. Section 4.2 presents the data and their reduction. Section 4.3 contains our modeling
approach and Section 4.4 the resulting upper limits on the NH3; and NH;D vapor masses.
Section 4.5 discusses the implication of our models and compares the values obtained for
HD163296 to those of TW Hya. We also predict line fluxes for deuterated ammonia toward
TW Hya. Finally, Section 4.6 summarizes our conclusions.

4.2 Observations

Observations of o-NH; 1o — 0y in TW Hya (2000 = 11"01™51791, x990 = —34°42’1770)
were previously presented by Salinas et al. (2016) and were obtained using the Heterodyne
Instrument for the Far-Infrared (HIFI) as part of the key program ‘Water in Star-Forming
Regions with Herschel’ (WISH) (van Dishoeck et al. 2011). We now present observations
toward the Herbig Ae star HD 163296 (2000 = 17"56™51721, 82900 = —21°57'2270) as part
of the same program taken on 2010 March 21 of the 0o-NHj3 1y — Op line at 572.49817 GHz
using receiver band 1b and a local oscillator tuning of 551.895 GHz (OBS-ID 1342192516).
With a total on-source integration of about 20 min, the observation was taken with system
temperatures of 75-95 K. The data were recorded in the Wide-Band Spectrometer (WBS)
which covers 4.4 GHz with 1.1 MHz resolution. This corresponds to 0.59 km s~! at 572
GHz. A beam efficiency n, = 0.64 was used to calibrate the data and the procedure is
identical to that of Du et al. (2017).

We also present ALMA Band 8 archival observations of the p-NH,D 13 — 0p line at
494.454 GHz toward HD 163296 (project 2013.1.00527.S) taken on 2015 May 2. The total
integration time on source was 14 min with thirty-six 12 m antennas. The system tem-
perature varied from 500 to 900 K. The correlator set up had 4 different spectral windows
(SPW). Two of these SPW contain the [Cl] atomic line at 492.160 GHz and the p-NH,D
1o — Op line at 494.454 GHz with spectral resolutions of 488 kHz (0.30 km s™!) and 244 kHz
(0.15 km s7!) respectively. The other two SPW contain wideband (2 GHz) continuum cen-
tered at 480.236 GHz and 482.047 GHz. The quasars J1256-0547 and J1733-1304 were used
as bandpass and gain calibrators respectively. Titan was used as total flux calibrator using
the Butler-JPL-Horizons 2012 flux models for Solar System objects available through the
Common Astronomy Software Applications (CASA). The data were calibrated following the
standard CASA reduction as provided in the calibration scripts by ALMA. Baselines in the
antenna array configuration correspond to a range in uv-distance of 30-570 kA, which trans-
lates into a beam of ~ 0”/36. Self-calibration was applied to the data using the continuum
emission from the two SPW containing wideband continuum and the line-free channels of
the SPW containing high-spectral resolution data. We used DV02 as a reference antenna.
We calculated calibration solutions twice for phase, first using a solution interval of 125 s
and secondly together with amplitude using a solution interval if 6.05 s corresponding to
the integration scan. A minimum of 4 antennas and a signal-to-noise (S/N) of 2 was re-
quired for the solution to be valid. The data were continuum subtracted in the uv-space
using a zero-order polynomial fit and imaged using the CLEAN task in CASA with natural
weighting.



68 Chapter 4

The p-NH,D 17 -0 and 0-NHj3 15— 0y observations resulted in non-detections for these
modest integration times. The channel maps in the spectral cube of the p-NH,D 15 — 09
reached a sensitivity of 30 mJy beam™' channel™!. In Table 4.1 we report upper limits for
these transitions and the total line flux of the o-NH; 1y — 0 transition toward TW Hya.
Figure 4.1 shows the calibrated spectra of HD163296 and TW Hya for the selected lines.

4.3 Modeling Approach

In this section we describe our adopted physical models and two different parametrizations
of the abundance of ammonia and its deuterated isotope. We assume that deuterated am-
monia follows the same distribution as its non-deuterated isotope to translate the derived
total line flux upper limits into total masses. Although this assumption is not necessarily true
if their formation pathways are different, it translates as a lower limit on the NH,D/NH;
ratio because gas-phase NH,D might not be present in the regions where gas-phase NH;
exists. By comparing the amounts of ammonia of the two disks we aim to make a predic-

tion for upcoming observations of the expected line flux of deuterated ammonia for both
disks.

4.3.1 Physical structure

We model the physical structure of both disks with models found previously in the litera-
ture. We adopt the physical models of Cleeves et al. (2015) for TW Hya and of Mathews
et al. (2013) for HD163296. Cleeves et al. (2015) used HD measurements (Bergin et al. 2013)
to constrain a total gas mass for the disk of TW Hya of 0.04 + 0.02 M, whereas Mathews
et al. (2013) fitted the SED of HD 163296 and used a dust to gas ratio of 0.0065 (Draine &
Lee 1984). The dust surface density profile is defined by the following expression

R\ R\ .
>/(R) = ze () exp [‘(E) ] if Rin < R < Rou 1)
0 if R < Riy or R > Roy

and their vertical distribution by a scale height of the form

R w
H(R) = H. (R—) : (4.2)

C

where R, is a characteristic radius, y represents the radial dependency of the disk viscosity,
¥ describes the power law disk flaring, and R;, and R,y the inner and outer radii of the disk.
The H. takes four different values for the HD163296 model: Hgpay and Hiage to describe
the small and large population of dust grains, and H,;, and Hy; that describe the gas
distribution as two-component model with a term f,; describing the fraction of the total
gas mass in the tail component. The adopted TW Hya model makes no distinction between
large and small dust populations (see Appendix A.2 of Cleeves et al. 2015). Both models do
not consider a radial separation of small and large dust grain populations. Table 4.2 shows
the adopted values of the parameters described above for both sources.

We also adopt their estimated gas temperature profile 7(R, z) calculated from the ultra-
violet radiation field throughout the disk by using the radiative transfer code TORUS in the
case of TW Hya (see Appendix A of Cleeves et al. 2015, and references therein) and the
axisymmetric 3D radiative transfer code RADMC in the case of HD163296 (Dullemond &
Dominik 2004).
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Figure 4.1: Observed spectra of o-NH; 1y — 0y with Herschel toward TW Hya and HD163296 and of
p-NH,D 1 — 0p with ALMA Band 8 toward HD163296. The ALMA signal was beam diluted to the
correspondent Herschel beam of 44”0 at 493.454 GHz.
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Table 4.2: Adopted model parameters.

Disk parameters ~ HD163296 TW Hya

P 0.037 gcm™  0.040 g cm™
R. 150 AU 150 AU
Rin 0.6 AU 4.0 AU
Rout 540 AU 200 AU
y 1.0 1.0
1/ 0.066 0.3
Hgman 12 AU 15 AU
Hiarge 9 AU 3 AU
Hmain 15 AU 15 AU
Hil 30 AU -
Jrail 0.016 -

4.3.2 Parametric abundance models

We consider two different abundance models for ammonia and its single deuterated iso-
topologues in both disks. The first model simply consists of an extended and constant
(model Ec) abundance throughout the entire disk. The second model considers that, in
both disks, we expect the distribution of the mm-size grains to have settled to the midplane
and migrated inwards as supported by observations of the continuum emission (Andrews
et al. 2016; Zhang et al. 2016). Figure 4.2 shows a diagram of these two models. They are
analogues of the Cm and Em models of TW Hya presented in (Salinas et al. 2016). In TW
Hya, ammonia (and water) is thought to be released to the gas-phase from its icy reservoir,
possibly locked in large planetesimals bodies, that follow the distribution of mm-size dust
grains (Salinas et al. 2017). Thus we set the Cm model as our preferred model. We im-
plement this settled and compact distribution (Cm) of ammonia and its single deuterated
isotope as a constant abundance with respect to n(H,) following the mm-size dust grain
distribution of Andrews et al. (2012) with H.= 10.31, ¢=1.25 and R.= 100 AU at R <60 AU
for TW Hya and with H.= 9.0 AU, ¢=0.066 and R, at R <290 AU for HD163296 (Mathews
et al. 2013; Zhang et al. 2016).

4.3.3 Line excitation and radiative transfer

We used LIME (v1.5), a non-LTE 3D radiative transfer code (Brinch & Hogerheijde 2010)
that can predict line and continuum radiation from a source model. All of our models use
50000 grid points. Grid points are distributed randomly in R using a logarithmic scale. This
means in practice that inner regions of the disk have a finer sampling than the outer parts of
the disk. We perform our calculation in LTE since non-LTE calculations of representative
models are indistinguishable from their LTE counterparts. This is due to the relatively
low critical density, of only a few 107 cm™ for transitions, compared to the densities at
the midplane of the adopted models of TW Hya and HD163296. The rate coefficients for
0-NH; and p-NH;D were taken from the Leiden Atomic and Molecular Database (Schéier
et al. 2005; Daniel et al. 2014; Danby et al. 1988)2.

2wwuw.strw.leidenuniv.nl/~moldata/
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Figure 4.2: Diagram of the compact and settled (Cm), and the extended and constant (Ec) distribution
of ammonia. The blue region highlights the location of ammonia following the mm-size grains (Cm)

and the entire disk (Ec).



Chapter 4 73

Table 4.3: Upper limits on total vapor masses in the HD163296 disk.

Species Cm Ec
oNH; <85x10°¢g <14x10%"g
p-NH,D <15x10°%¢g <65%x10¥¢g

Forty channels of 0.4 km s™! and 0.1 km s~! each, for HD163296 and TW Hya models
respectively, were used for all line models with 200 pixels of 0.05 arcsec. Because we aimed
at comparing these models with spatially unresolved data, we calculated the total flux by
summing all the pixels after subtracting the continuum.

4.4 Results

Figure 4.3 shows the resulting line flux for the targeted lines in the Herschel beam as a
function of 0o-NH; and p-NH;D total vapor masses. The slope of the curves are consistent
with increasing opacity going from an optically thin regime (flux (F) « column density(N))
to saturated (F o< VIn(N)) as the wings of the line become gradually optically thick.

In the optically thin regime (low total vapor masses) the Cm models result in higher
line fluxes than in the Ec models for an equal total vapor mass. At lower vapor masses
our radially compact (Cm) model lies within higher temperatures than a radially extended
(Ec) model resulting in the observed behavior. In the asymptotic regimes (high total vapor
masses), the compact Cm models result in less total flux than the larger Ec models. At
higher vapor masses the lines become fully thick and trace only a very thin region at the
disk surface, hence the Cm model pields less flux than the Ec because of its smaller emitting
size.

Table 4.3 summarizes the upper limits on the total vapor mass of 0-NH; and p-NH;D in
HD163296 obtained by the intersection of the total line flux for our two models, as shown
in Fig. 4.3, with the upper limits on the total line fluxes listed in Table 4.1. These total line
flux 30 upper limits of 0-NH3 1p—0y and p-NH,;D 1¢—0q correspond to total vapor masses of
0.9-1.4x10%! g and 1.5-6.5x10?° g, equivalent to disk-averaged abundances of 0.8-2.7x10~!!
and 4.0-5.0x107'2, respectively. The estimates on the total vapor mass of 0-NHj include
the statistical error on the observations and the systematic errors on the total line flux,
estimated to be about 20%.

4.5 Discussion

4.5.1 Total gass masses and deuteration estimates

The upper limit on the o-NHj3 total vapor mass in HD163296 is a factor of 5-10 higher
than the upper limit on the p-NH,D total vapor mass. The upper limit on the o-NHj total
vapor mass in HD163296 of 0.9-1.4x10%! g is a factor 10 lower than the o-NHj total vapor
mass detected in TW Hya (1.1x10%? g) by Salinas et al. (2016) adopting their preferred Cm
model. Since the adopted disk mass of HD163296 is twice that of TW Hya, this leads us to
conclude that the HD163296 disk is relatively poorer in NHj.

The dashed vertical lines in Fig. 4.3 show different estimates of the total amount of
vapor mass of 0-NHj that could be present in HD163296. The first estimate of ~2.2x10%2
g (Erw nya) corresponds to twice the 0-NHj total vapor mass (1.1x10* g) detected in TW



74

_17 1 mil 1
10775 BTN .
= -
i 3 EiE I
N 10718 - R P L
! 3 i i - -
£ ] R C Ll
- 1
S 10719 {0
x E RAPME
= ] ,I ,,v i
L1020 L7 L0 b
172 ¢ | i == HD163296 Ec
J& £ 1 1
3% . i P == HD163296 Cm
10721 I’I T . | II \III | T L | T T
1019 1021 1023 1025
p —NH,D vapor mass (g)
10717 - P =]
] b
—_ b 1 1 4" T
-18 _| 1 P> A -—
PR 30t S oy
= i P TR
g L4 1T
10—19_: " , 1 1 1
b 3 ’ 23 =2
> . " V4 _°| =y L
=) 10 ¢ S ERES i
L 20 _p ¢ i 1
10775 b
1,7 i | | == HD163296 Cm
¥ I 11 == HD163296 Ec
721 1 1 1
10 T LI | T T T | T L | T T
1019 1021 1023 1025

0 — NH3 vapor mass (g)

Chapter 4

Figure 4.3: Resulting total line flux of our Cm and Ec models toward HD163296 for p-NH,D 1,—0,
and o-NH; 150y as a function of total vapor mass. The green area shows the derived total line flux
30 upper limits of < 0.3 x 107" Wm™2 and < 2.1 x 107" Wm~2 for the p-NH,D 1,0y and o-NH;
19—0p lines, respectively. The dashed vertical lines show estimates for the vapor mass obtained by
assuming that the amounts of 0-NH; toward TW Hya and HD163296 are comparable (see Sec. 4.5.1).
The estimates for p-NH,D are scaled down versions of the 0o-NH; estimates assuming a deuterium
fractionation of 10% and an OPR of ammonia of unity.
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Hya since the adopted total mass of HD163296 is twice that of TW Hya. The second (Egjgh)
and third (ELy) estimates, of ~4.4x10*? g and of ~4.4x10%' g respectively, are calculated
scaling the first Erwhya estimate by factors of 2 and 0.2. These factors account for the relative
amounts of other nitrogen-bearing species, namely HCN (factor of 2) and N,H* (factor of
0.2), of HD163296 with respect to TW Hya. The HCN mass in TW Hya is only half that of
HD163296, while the N,H* in TW Hya is 5 times larger than in HD163296. The amount of
HCN is calculated by scaling the H'*CN data of HD163296 by an adopted '*C/!*C ratio of
69 (Huang et al. 2017). We therefore conclude that, for the assumed disk masses, the low o-
NH; amount in HD163296 in comparison to that of TW Hya is due to chemical differences
and not to the overall content of elemental nitrogen in these disks. If we consider desorption
from ices to be the dominant mechanism to release NHj into the gas-phase, environmental
conditions in TW Hya, such as a high X-ray radiation field or a local decrease in UV opacity,
can enhance the production of gas-phase NH; in comparison to HD163296. In the gas-
phase, formation of ammonia could also be enhanced by a higher X-ray/UV radiation field,
since the chemical pathway to produce NHj starts by the dissociation of molecular nitrogen
by either photo-processes or He*.

Alternatively, this difference can also be reconciled by considering a lower mass of the
disk around HD163296. The work by Kama et al. (2015) suggest a lower gas-to-dust ratio
for the inner disk around HD163296 as an explanation for the decreased photospheric
abundance of refractory elements. They report a gas-to-dust ratio a factor of 2-4 lower
than the value of our adopted model. The corrected estimates of o-NH3 in HD163296,
considering these lower gas-to-dust ratios, would be a factor of 2-4 lower than the ones
presented above and consistent with our non-detections at levels similar to those of TW
Hya.

The upper limit on the p-NH,D total vapor mass in HD163296 of 1.5-6.5x10% g is a
factor 5-10 lower than the p-NH,D total vapor mass estimate in TW Hya of 1.1x10°! g.
This estimate is calculated from the inferred o-NHj3 considering the Cm model of Salinas
et al. (2016) and assuming a deuterium fractionation of 10%, equal to the canonical value
in protostellar dense cores (Roueff et al. 2005; Busquet et al. 2010), together with an OPR
of NH;D of unity. The top panel of Figure 4.3 shows limits on the p-NH,D total vapor
masses in HD163296. These are calculated by scaling down the previous estimates on the
0-NHj; total vapor masses in the same disk by a factor of 0.1 accounting for a deuterium
fractionation of 10%.

The non-detection of the p-NH,;D 1y — 0y line at the modest integration times here
presented does not add any new information on the amount of ammonia in HD163296, but
is consistent with a lower amount of ammonia in this disk in comparison with TW Hya.
However, other effects can be responsible for the non-detection of the p-NH,D 15 — 0g
line toward HD163296 such as a much lower deuterium fractionation or a lower OPR of
ammonia. The expected OPR of ammonia at low spin temperatures is ~3 (Daniel et al.
2016) in contrast to the high temperature limit of unity at T, > 30 K. If p-NH,D is being
released near the midplane into the gas-phase from the grains together with o-NH3 this low
value of the upper limit could reflect its formation pathway.

4.5.2 ALMA predictions

Both our compact and extended radial distributions are consistent, at low vapor masses,
with the obtained 0-NH3 and p-NH;D total line flux upper limits. Nevertheless, our models
predict the same total line flux for different total vapor masses depending on their radial
distribution. ALMA can provide the spatial resolution needed to distinguish the radial lo-
cation of NH,D and, indirectly, of NHs. In addition, ALMA is also more sensitive than
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Herschel (Fig. 4.1). From Fig. 4.3 our Ec model of p-NH,D 1y — 0y line in HD163296 re-
sults in 1.9x1072° W m™2 for a deuteration fractionation of 0.1 and the lowest 0-NHj total
vapor mass estimate of 4.4x10?° gr. We can detect a 50 signal of the total integrated flux
with ALMA 3 of our Ec model in ~ 20 min. This calculation was made using 43 antennas
and a water vapor column density of 0.66 mm corresponding to a Ty of 615 K. We also
assume a bandwidth equivalent to the adopted FWHM (see Table 4.1) of the line of 9 km
s7I. A total integrated flux detection would constrain the total amount of p-NH,D but a
spatially resolved detection in individual channels is needed to constrain the radial and
vertical distribution of p-NH,D.

Although we did not observed TW Hya, it is two times closer than HD163296 and,
as stated above, has at least 5 times more 0-NH;. The expected total flux of this line is
shown in Fig. 44 as a function of total vapor mass. We have an accepted ALMA Cycle
4 proposal that has received rank A to observe the o-NH,;D 1¢p—0y. We target this line,
instead of the p-NH;D 1¢—0y line, advocating for the expected higher OPR ratio of 3 for
ammonia and deuterated ammonia at low temperatures (Sipila et al. 2015) as argued above.
Figure 4.5 shows simulated ALMA observations of the two radially compact models, Cm
and Cp, described in Salinas et al. (2016, see Chapter 3) with 2.5 h of integration time using a
deuterium fractionation of 5%. The Cm model places gas-phase ammonia in the midplane,
the same way as presented in this work, while the Cp model places gas-phase ammonia in
the upper photodominated layers of the disk. These radially compact models are brighter
than the radially extended ones for their best-fit vapor masses. At this resolution (42 au at the
source distance of 56 pc) and the proposed sensitivity, we expect to detect line emission for
all four radial and vertical distributions considered by Salinas et al. (2016) if the deuteration
ratio NH,D/NHj3 is high (0.5), and to detect only the two radially compact models (<60
AU) down to a deuterium fractionation for ammonia as low as 5%. Thus, our proposed
observations allow us to directly test our hypothesis that NH,D, and by inference NH3,
is co-located with the millimeter-sized grains at radii <60 AU, for deuterium fractionation
values comparable to prestellar cores.

4.6 Summary & Conclusions

We have modeled the 0-NHj3 19p—0y and p-NH,D 1y—0g lines toward HD163296 considering
two different models: a compact and settled configuration following the mm-size grains and
an extended configuration following the full extent of the gas. We have derived upper lim-
its on the total amount of 0-NHj3 and p-NH,D vapor mass (and disk-averaged abundances)
from these models of 0.8-1.4x10%' g (0.8-2.7x107!!) and 1.5-6.5x10% g (4.0-5.0x107'2) re-
spectively, and contrasted them with the amount of nitrogen-bearing species detected in
TW Hya.

We conclude that the non-detections of the 0-NHj3 1¢5—0g and p-NH,D 1¢—0y lines toward
HD163296 suggest that this disk is NH3 poor compared to the similar-mass disk of TW Hya
for the adopted models. We argue that this difference is due to its chemical origin by also
comparing with other nitrogen-bearing species reported in the literature toward these two
sources. Full chemical modeling of these species and spatially resolved observations of
these disks are needed to disentangle the different distributions and formation pathways of
NH3 and NHzD

3Calculations performed with the ALMA sensitivity calculator https://almascience.eso.org/proposing/sensitivity-
calculator
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Figure 4.4: Resulting total line flux of our Cm and Ec models toward TW Hya for p-NH,D 1, — 0y
as a function of total vapor mass. The colored region show the expected range of vapor masses
taken from the different models of Salinas et al. (2016) assuming a 5% deuterium fractionation and an
OPR of unity. The dashed line shows the 300 ALMA detection limit for an integrated line flux over a
bandwidth of 1 km s™" in 2.5 h.
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Figure 4.5: Simulated ALMA images of the expected o-NH,D 1y — —0, emission for a lows NH,D/NH;
ratio of 0.05 and an assumed radial distribution for ammonia <60 AU. The right panel shows the
velocity-centroid (color) and integrated intensity (contours of 5, 10 and 15 o-levels) of a model with
all ammonia residing near the disk midplane; the left panel shows the detection limit of our proposed
observations, corresponding to a model with all ammonia residing at radii <60 AU but at large heights
in the disk (3-0- contours at 3 different velocities).
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5.1 Introduction

So far, more than 30 deuterated species have been detected toward prestellar cores and
solar system bodies (Ceccarelli et al. 2007; Mumma & Charnley 2011). Their deuterium
fractionation (D), usually higher than the D/H cosmic ratio of ~107> (Vidal-Madjar 1991),
is used to infer their thermal history, and in the case of solar system bodies, their location
within the solar nebula at the time of formation. The amount of detections of deuterated
species toward protoplanetary disks is not as high as in protostellar environments. DCO*
has been detected in both T Tauri disks (Guilloteau et al. 2006; Oberg etal. 2010, 2011, 2015;
van Dishoeck et al. 2003; Huang et al. 2017) and in the Herbig Ae disks HD163296 and MWC
480 (Qi et al. 2015; Mathews et al. 2013; Huang et al. 2017). DCN has been observed toward
six different disks by Huang et al. (2017) and in addition DCN was previously observed
toward TW Hya (Qi et al. 2008) and LkCa15 (Oberg et al. 2010). N,D* has only been
recently observed in the disk around the T Tauri star AS 209 (Huang & Oberg 2015).

The massive (0.089 M) and extended gas-rich disk around HD163296 is inclined at
44°. Its proximity (122 pc) makes it an excellent laboratory to study the spatial location
of the different deuteration regimes in protoplanetary disks (Qi et al. 2011; Mathews et al.
2013; Perryman et al. 1997). DCO™ emission was first seen in a ring toward the disk around
HD163296 and suggested as a tracer of the CO snowline by Mathews et al. (2013). It was
later observed that the emission extended further inward past the CO snowline at 90 AU
traced by N;H* (Qi et al. 2015). Atacama Large Millimeter/submillimeter Array (ALMA)
cycle 2 observations toward HD163296 of DCO*, DCN, and N,D* were presented by Yen
et al. (2016) using a new stacking technique to enhance the signal to noise (S/N) of the radial
profile confirming the extent of DCO*. The observational study of Huang et al. (2017) found
that both DCO* and H'3*CO* show an emission break around 200 AU.

The ALMA continuum emission in Band 6 of HD163296 shows a rich structure of rings
and depressions extending up to 230 AU (Isella et al. 2016; Zhang et al. 2016). This substruc-
ture could have an impact on the distribution and chemistry of certain species (See Sec. 5.5).
The gas, traced by C'80, extends out to 360 AU, well beyond the extent of the millimeter
continuum emission, and scattered light has been detected up to ~500 AU (Garufi et al.
2014; Wisniewski et al. 2008). By contrasting the observations of key deuterated species
to a physical model of HD163296, we hope to determine the origin of their formation and
their relation to the location of the CO snowline. We carried out observations toward this
disk using ALMA Band 6 and obtained spectral cubes of N,D* (/=3-2), DCO* (/=3-2) and
DCN (J=3-2).

The goal of this study is to constrain the radial location of these deuterated species in
the disk surrounding the Herbig Ae star HD 163296 that trace different deuteration path-
ways. In Section 5.2 we present our data and their reduction. Section 5.3 shows the spatial
characterization of the line emission. Section 5.4 contains our modeling approach and the
derived parameters. Section 5.5 discusses the validity of our models and an interpretation
of our observed molecules as a tracer for different deuteration pathways and their relation
to the CO snowline. Finally, in Section 5.6 we give our conclusions.

5.2 Observations

We carried out observations of the disk surrounding the Herbig Ae star HD163296 (2000
= 17"56™51721, 63000 = —21°57"2270) using ALMA in Band 6 as a part of Cycle 2 on the
27, 28, and 29 July 2014 (project 2013.1.01268.S). The total integration time on source was
4 hours and 43 min with thirty-three 12 m antennas. The correlator set up had seven
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Table 5.1: Summary of our line observations.

Line transition Frequency Integrated Intensity Beam Channel rms
(GHz) (mJy km s71) (mJy/beam)
DCO* J=3-2 216.112 1270.45+ 5.8 0753 0742 3.25
DCN J=3-2 217.238 104.4+ 5.6 0753%0”42 3.11
N,D* J=3-2 231.321 616+ 7.5 0750%0”39 3.37

Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and
their respective errors are calculated with a KReplerian mask as explained in Appendix 5.A.

different spectral windows (SPW); three of these contain H,CO lines (Carney et al. 2017)
while 3 others are centered on the rest frequencies of DCO* (J=3-2), N,D* (J=3-2) and
DCN (J=3-2), all of which have a resolution of 61 kHz. A final SPW contains wideband
(2 GHz) continuum centered at 232.989 GHz. The quasar J1733-1304 was used as gain,
bandpass, and total flux calibrator with 1.329 Jy on the lower sideband and 1.255 Jy in the
upper sideband.

The data were calibrated following the standard CASA reduction as provided in the
calibration scripts by ALMA. Baselines in the antenna array configuration correspond to a
range in uv-distance of 20-630 kA, which translates into a beam of ~ 0””33. Self-calibration
was applied to the data as implemented by Carney et al. (2017). The DCO* (J=3-2), N,D*
(J=3-2) and DCN (J=3-2) lines were continuum subtracted in the visibility plane using a
linear fit to the line-free channels and imaged by the CLEAN task in CASA. Figure 5.1 shows
the integrated intensity maps of each line with and without a Replerian mask. This mask is
constructed by calculating the projected Replerian velocities of the disk and matching them
with the expected Doppler shifted emission in the spectral cube of the data (see Appendix
5.A). The N,D* (/=3-2) emission is sitting on the edge of a strong atmospheric feature at
high T'sys. We fit the continuum only using the least noisy line-free channels from one side
of the spectra (channels 350-750) but continuum subtraction is less accurate here.

5.3 Results

5.3.1 Detections

We successfully detected all of our target emission lines. Table 5.1 shows a summary of the
line emission based on integrated intensity maps with Keplerian masking (lower panels of
Fig.5.1).

Figure 5.2 shows the double -peaked spectra of DCO* (J=3-2), DCN (J=3-2) and N,D*
(J=3-2) at peak fluxes of 294 mJy, 48 mJy, and 54 mJy (without binning) corresponding
to detections of 110, 50, and 40 respectively. These spectra correspond to an aperture in
the sky equal to the 1o~ contour of DCO* in Fig. 5.1 for all lines. A simple Gaussian fit of
the DCO™ line profile gives a full width at half maximum (FWHM) of ~6.0 km s~! and +5.8
km s! offset or systemic velocity consistent with values in the literature.

From the integrated intensity maps, shown in Fig. 5.1, N,D* seems to be emitting from
a broad ring with its peak flux at 9.3 mJy beam™! km s7! and a velocity integrated line
intensity of 61.6+ 7.5 mJy km s™!. On the other hand, DCN emission is more compact,
arising from within the N,D™ ring. As already noted by Huang et al. (2017) in their obser-
vations, we do not see clear evidence for an offset from the center as reported by Yen et al.
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Figure 5.1: Integrated intensity maps of DCO*, N,D*, and DCN with (lower panels) and without
(upper panels) a Keplerian mask as explained in Appendix 5.A. The resulting synthesized beams of
0753x%0742 for DCO* and DCN, and 0”50x0”39 for N,D*, with a beam position angle of 90°, using
natural weighting are shown at the lower left of each map. Contours are 1o levels, where o is
estimated as the rms of an emission free region in the sky.

(2016). The emission peak is somewhat shifted northeast from what is observed by Huang
et al. (2017). The total DCN velocity integrated line intensity is 104.4+ 5.6 mJy km s~! and
the peak flux of its integrated intensity map is at 17.3 mJy beam™' km s~!. DCO* extends
radially further inward than what was observed by Mathews et al. (2013) as confirmed by
Qi et al. (2015) and Huang et al. (2017) within both of the N,D* and N,H* emission rings.
The DCO* emission peaks at 51.5 mJy beam™' km s~! northwest, as noted by both Yen
et al. (2016) and Huang et al. (2017), and has a velocity integrated line intensity of 1270.5+
5.8 mJy km s~

Figure 5.3 shows the average radial profile of the integrated intensity maps of Fig. 5.1.
This profile is constructed taking the average value of concentric ellipsoid annuli and their
error is taken from the standard deviation. The projected linear resolution is lower along
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Figure 5.2: Spectra of a) DCO* J=3-2, b) DCN J=3-2, and c) N,D* J= 3-2 of the disk integrated
values using a Keplerian mask as shown in Fig. 5.1. The DCN and N,D* spectra have been binned
to 3 times their resolution, 0.255 km/s and 0.238 km/s, respectively, to enhance their S/N ratio.
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Figure 5.3: Radial profiles of the integrated intensity maps shown in Fig. 5.1. The shadowed color
area represents the 30 errors, where o is the standard deviation in one elliptical annulus. The black
dashed line corresponds to the location of the CO snowline (90 AU; Qi et al. 2015).

the semiminor axis than along the semimajor axis and therefore the resulting spatial res-
olution of the radial profiles is poorer than the synthesized beam. The N,D* and DCN
emission peak at ~160 AU and ~60 AU, respectively. The DCO* emission shows three
peaks at 60 AU, 130 AU, and 250 AU, and extends up to 330 AU. Both the DCN and the
DCO* radial profiles show a depression toward the center of the disk that is discussed in
Sec. 5.5.

5.3.2 Column densities and deuterium fractionation

We can get an estimate of the disk-averaged column densities of the observed species if we
consider the analytical formula from Remijan et al. (2003) for optically thin emission,

2.04 [ Aldy Qroexp(£-)

x 10¥%cm™2, 5.1
606 v3(S;u?) cm G-

where 6, and 6, (arcsec) corresponds to the semimajor and semiminor axes of the synthe-
sized beam, f Aldv is the total line flux (Jy beam™' km s7!), and T,, (K) is the excitation
temperature. The partition function (Q,), upper energy level (E, R), line strength (S;;), and
dipole moment (4 Debye) were taken from the CDMS database.

We adopt two different disk-averaged excitation temperatures for each of the molecules:
10 and 25 K for N,D* and 25 and 80 K for DCN and DCO™*. N,D* should be abundant at
temperatures < 25 K where CO is frozen out (Qi et al. 2015) and at temperatures > 10 K
where the low deuteration channel starts to be active. On the other hand, DCN and DCO™*
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Table 5.2: Column density estimates for different excitation temperatures.

Tex Nbco+ Nben Nn,p+
(cm™2) (cm™2) (cm™2)
10K - - 2.5 +0.3 x 10!

25K 1.68+0.01 x 10" 2.9+02x 10" 1.6 +0.2 x 10"
80K 256+0.01 x 10> 52+0.3 x 10'! -

Table 5.3: Deuterium fractionation estimates for different excitation temperatures.

T,, DCO*/HCO* DCN/HCN N,D*/N,H*
10K - - 0.34+0.15
25 R 0.05+0.01 0.02+0.01 0.45+0.21
80 R 0.06+0.01 0.02+0.01 -

start to be abundant at higher temperatures where the high temperature pathway starts to
be active (80K; see below Sec. 5.4.1). Table 5.2 summarizes our column density estimates
for the three deuterated species using the values of the velocity integrated line intensities
from Table 5.1. In general, our estimates do not differ by more than a factor of 2 within
the excitation temperature ranges. Table 5.3 shows estimated disk-averaged Dy values for
each of our species using the disk-averaged column densities from Table 5.2. We take the
velocity integrated flux values of past line detections of H*CO* J=3-2 (620 mJy beam™!
km s7!), H*CN J=3-2 (170 mJy beam™! km s7!) (Huang et al. 2017), N,H* J=3-2 (520
mJy beam™! km s7!) (Qi et al. 2015), and Eq. 5.1 to derive disk-average column densities
assuming a '2C/"3C ratio of 69 (Wilson 1999). The '2C/!3C ratio can vary in disks between
different C-bearing species (Woods & Willacy 2009). Higher or lower '2C/!*C ratios for
these species change Dy linearly. These Dy values are only lower limits as the species
might not be spatially colocated.

5.4 Parametric modeling

5.4.1 Deuterium chemistry

The D/H ratio is specially useful to constrain the physical conditions of protoplanetary
disks since an enhancement in this ratio is a direct consequence of the energy barrier of the
reactions that deuterate simple molecules. We can distinguish the following three different
key reactions that introduce deuterium into the most abundant species in protoplanetary
disks (Gerner et al. 2015; Turner 2001):

H! + HD = H,D* + H, + 230K, (5.2a)
CH! + HD %= CH,D* + H, + 370K, (5.2b)
C,H} + HD = C,HD" + H, + 550K. (5.2c)

The right-to-left reaction of Equation 5.2a is endothermic and strongly enhances the
D/H ratio of H,D*, and species that derive from it, in temperatures ranging from 10-30
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K (Millar et al. 1989; Albertsson et al. 2013). This regime corresponds to the so-called
low temperature deuteration channel. In contrast, the right-to-left reactions of Eq. 5.2b
and 5.2¢, involving light hydrocarbons, effectively enhance the deuterium fractionation in
warmer temperatures ranging from 10-80 K. This regime corresponds to the high temper-
ature deuteration channel.

N,D* forms mainly through the low temperature deuteration channel via ion-molecule
reaction (Dalgarno & Lepp 1984),

Hzl)+ +N; — N2D+ + H,. (53)

Hence the formation of N,D* is expected to be enhanced at the same temperature range
as H,D™.

DCN is formed out of two main reactions involving the low and high temperature chan-
nels with the latter being dominant (66%) (Turner 2001; Albertsson et al. 2013). Early works
identify the low temperature channel as the key gas-phase formation of DCO* (Watson
1976; Wootten 1987). This pathway starts from Eq. 5.2a followed by the reaction

H,D* + CO — DCO" + Ha. (5.4)

However, recently modeling efforts by Favre et al. (2015) show that the high temperature
channel may be an active formation pathway. If we consider Eq. 5.2b, DCO* can be formed
via

CH,D* + O — DCO* + H,. (5.5)

5.4.2 Motivation

Past observations of DCN in protoplanetary disks show centrally peaked distributions (Qi
et al. 2008; Huang et al. 2017). This supports the idea that DCN is mainly formed through
the high temperature deuteration pathway. If N,D* and DCN are tracing the low and high
temperature deuteration pathways, respectively, we can think of the DCO* emission as
a linear combination of DCN and N,D*. Figure 5.4 shows, as an illustration, the DCO*
radial profile subtracted first by the DCN emission scaled by a factor of 3.7 and then by
the N,D* emission scaled by a factor of 4.9. These factors can be interpreted as the ratio
of their abundances. The first ring at 115 AU in the residuals, after subtracting both the
DCN and N,D* radial profile, can be interpreted as DCO™" that is formed inside the CO
snowline. If N,D* is formed exclusively outside the snowline, its emission peak is shifted
slightly outward (van’t Hoff et al. 2017; Zhang et al. 2017) and its subtraction reveals DCO™*
formed by the low temperature channel in the regions in which CO is still present in the
gas phase. The second residual ring at 280 AU indicates a third regime in which DCO*
is present in the gas phase that does not correlate with the deuteration pathways regimes
probed by DCN and N,D*. This analysis assumes that the line emission is optically thin
and that it arises from the same disk region for the warm and cold channels.

We intend to characterize the three different regimes described above via a reasonable
physical model for the disk and simple models for the column density of our species. In
the following section we describe the adopted physical model and parametric abundances
for N,D*, DCN, and DCO* that are used to fit the data.

5.4.3 Physical model

We adopted the physical model used by Mathews et al. (2013). This model was constructed
by approximating the semi-parametric modeling of Qi et al. (2011) fitting the SED and the
extent of their mm observations. The density structure is defined by
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Figure 5.4: Residuals of the DCO™ radial profile (as shown in Fig. 5.3) by subtracting first the DCN
radial profile and then the N,D* radial profile. The shadowed color area represents 1o~ errors, where
o is the standard deviation in one elliptical annulus. The black dashed line corresponds to the location
of the CO snowline (90 AU).
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Z4(R) = {ZC (R%)_l exp [~ ()] ff R 2 Riim
0 if R < Riim,

where X¢ is determined by the total disk mass Mg (0.089 M, using a gas-to-dust ratio
of 0.0065), Rc (150 AU) is the characteristic radius, and Ry, (0.6 AU) is the inner rim of
the disk. The vertical structure is treated as a Gaussian distribution with an angular scale
height defined by

R v
h(R) = hc (R_C) s

where y (0.066) is the flaring power of the disk and Ac is the angular scale height at the
characteristic radius Rc. The parameter A¢ takes different two values for the dust vertical
distribution and two more for the gas vertical distribution. The parameters fgp,(0.08) and
Marge (0.06) describe the distribution of small and large dust grains, respectively, while /i,
(0.1) and Ay (0.2) describe the main bulk distribution of gas in the mid-plane of the disk
and the tail of gas that continues the upper regions of the disk surface (See appendix A of
Mathews et al. 2013). The gas temperature profile was computed by the 2D radiative trans-
fer code RADMC (Dullemond & Dominik 2004) assuming T,a =Taus. This code receives
the stellar parameters as listed in Mathews et al. (2013) and the dust density distribution as
inputs.

544 N,D*, DCN, and DCO* abundance models

DCN is formed mainly (66%) through deuterated light hydrocarbons such as CH,D (see
Fig. 5¢c of Turner 2001). This reaction starts with the deuteration of CHJ, the so-called high
temperature deuteration pathway. For an enhancement of CH,D* over CH} temperatures
should not exceed ~10-80 K. We use a simple toy model for DCN taking the same approach
as for the N;D* model with three free parameters: an an inner radius R;, beyond which it
is sufficiently cold for an enhancement of the CH,D/CHJ ratio, an outer radius Ry, and a
constant abundance Xj;gh.

N,D* is formed by the reaction of N, with H,D*. We expected considerable abun-
dances of N,D* only outside the CO snowline because its parent molecule, HY, is readily
destroyed by the proton exchange with CO. This is also true for its non-deuterated form
N,H*. We used a simple ring model to constrain the spatial distribution of gas N,D*. The
model consists of three free parameters: an inner radius R, beyond the CO snowline and
where conditions are sufficiently cold for a substantial enhancement of the H,D*/HJ ratio,
an outer radius Ry, and a constant abundance Xjoy.

We modeled the distribution of DCO* as three separate contributions from both deuter-
ation channels and a third region in the outer disk motivated by the radial profile of its in-
tegrated intensity map (Fig. 5.4). Our model uses a set of seven parameters describing three
regions: an inner radius (Rj,), two radial breaks (R, R;), and three constant abundances
(Xhigh, Xiow, X3) for the inner, the middle and the outer emission region. Figure 5.5 shows
abundances and column density profiles of these simple models.

5.4.5 Line excitation

Instead of a full radiative transfer modeling we opted for a more simplistic approach by con-
sidering estimates of a characteristic excitation temperature as a function of the distance to
the central star to calculate the resulting line emission given an abundance profile. We used
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LIME (Brinch & Hogerheijde 2010, v1.5), a 3D radiative transfer code in non-LTE that can
produce line and continuum radiation from a physical model to estimate a characteristic
excitation temperature as a function of radius throughout the disk for the observed transi-
tions DCO* 3-2, DCN 3-2, and N;D* 3-2. We used the physical model described above
and a constant abundance equal to the disk average found in Sec. 5.3 assuming T = 25 K.
LIME outputs population levels in a grid of 50000 points, which are randomly distributed in
R using a logarithmic scale. Establishing a convergence criteria encompassing all of the grid
points is difficult. We manually set the number of iterations to 12 and confirm convergence
by comparing consecutive iterations. We used the rate coefficients from the Leiden Atomic
and Molecular Database (Schéier et al. 2005)!. For N,D* and DCN we used the N,H* rate
coefficients, which are adopted from HCO* (Flower 1999), and HCN rate coefficients (Du-
mouchel et al. 2010), respectively, since the transitions between the non-deuterated and
deuterated forms do not differ significantly. For DCO* we use the same collision rates as
those for HCO* and Einstein A coefficients taken from the Cologne Database for Molecular
Spectroscopy (CDMS) and Jet Propulsion Laboratory (JPL) database.

To construct the radial excitation temperature profile we take the average excitation
temperature of the points below z < 10X A(R), where i(R) is the scale height of our adopted
physical model. These temperature profiles are shown in red in Fig. 5.5. A drawback of
this approach is that assuming an isothermal vertical structure of the temperature profile
might not properly describe the vertical region over which the molecules extend.

5.4.6 Abundance estimates

We computed a radial emission profile with the radial excitation temperature profile and
column densities from the parametric constant abundance profiles, shown in green in
Fig.5.5, by solving Eq.5.1.

We then created a 2D sky image from the modeled emission profile and convolved it
with the synthesized beam of the observation to fit the integrated intensity maps shown in
Fig. 5.1. Since we only fit radial column density profiles the vertical distribution of these
species cannot be constrained by this approach. However, past modeling of DCO* shows
that its vertical distribution has limited effect on constraining radial boundaries (Qi et al.
2015).

5.4.7 Best-fit parameters

We minimize y? = (Fops(X, ¥) = Fiodael (X, ¥))?/0(x, y)* values, where F(x,y) corresponds
to the data points of the integrated intensity maps (as shown in Fig. 5.1), Fiyoqe1(x, y) corre-
sponds to the points of the modeled integrated intensity map convolved with the synthe-
sized beam and o(x, y) corresponds to the standard deviation of the pixels of a concentric
ellipsoid (such as those used to make the radial profiles seen in Fig.5.3) that includes the
pixel (x,y). We report best-fit parameters that correspond to a minimum of the explored
parameter space. In the case of DCO* we explore different configurations of rings, allow-
ing them to have one, two or no gaps empty of material between the ring-like regions.
Table 5.4 shows a summary of our preferred models and Fig. 5.6 shows radial profiles of
the best-fit model's column density, integrated intensity, estimated excitation temperature,
and the integrated intensity of the data for each of our detections.

In the case of DCO*, the location of the different radial zones are degenerate. A model
with an additional two degrees of freedom, describing three radial rings separated by gaps,

lwww.strw.leidenuniv.nl/~moldata/
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Figure 5.5: Schematics of the abundance models for the transitions of DCO* J=3-2, DCN J=3-2
and N,D* J=3-2. The dashed blue line corresponds to a scaled profile of the column density of the
abundance model for the purpose of illustration. The red continuous line corresponds to the assumed
excitation temperature profile.

can also reproduce the data. The modest spatial resolution of our data cannot distin-
guish between these models. Detailed chemical modeling plus a 3D radiative treatment
of DCO" is necessary to break the degeneracy of our toy model. The best-fit abundances
for the simplest model without any gaps as described in Sec. 5.4.4 are Xnign=1. 6+°4><10‘12
Xiow=4. 0+I 0><10"2 X3=6. 0+I 4><10‘Iz and their best-fit radial boundaries are Rm—50+5 AU,

1—118+4 AU Ry=245"3, AU and Ro,=316"7, AU. We do not consider a vertical distri-
bution of the DCO* and DCN molecules. This results in vertically averaged abundances,
which are lower limits to the maximum values expected in a full 2D treatment because in
reality DCO* and DCN are absent where the gas temperature is higher than the activation
temperature for their deuteration. In addition, DCO?" is absent in the midplane where CO
starts to freeze-out.

The best-fit model for the DCN emission profile consists of a ring with a constant abun-
dance Xpignh=7.5*09x107"? between Ri,=51"% AU and R, =201"} AU, where R;, can be con-
sidered the radlus where the gas temperature is high enough for the reaction described in
Eq. 5.2b to be exothermic. The best-fit model for the N,D* emission profile consists of a
ring with constant abundance Xy =1. 1+0 1><10‘12 between Rm—139’r5 AU and Rom—287f£
AU, where R;, could be tracing the CO mldplane snowline radial locatlon
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Table 5.4: Best-fit model parameters

Parameters DCN J=3-2 N,D* J=3-2 DCO" J=3-2
Rin 51*8 AU 1395 AU 5075 AU
Ry 118+ AU
R, 24573, AU
Rout 201+13 AU 287113 AU 316%3, AU
Xhigh 7.5*09x10713 1.670:4x10712
Xiow L1I*01x10712 4.0719%10712
X3 6.0 )4x10712

93

Notes. Best-fit parameters of models as shown in Fig. 5.6. DCO™ values correspond to the model with
two gaps. The formal errors are calculated at 90% confidence levels.
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Figure 5.6: Best-fit models for the transitions of DCO* J=3-2, DCN J=3-2, and N,D* J=3-2. The
error bars, shown as a filled region in green, correspond to the standard deviation of the values in
one annulus as seen in Fig. 5.3.
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5.5 Discussion

5.5.1 The inner depression

Our best-fit models find an inner drop in emission at ~50 AU for both the DCN and DCO*
line emission. This could be tracing the gas temperature required for the high temperature
deuteration channel to be active (10-80 K) or an optically thick continuum region at small
radii. Recent observations of C'*0, *CO, and continuum at 1.3 mm (Isella et al. 2016)
with ALMA in higher spatial resolution also show a central depression in C'*0 and '*CO
radial intensity profiles. These CO isotopes are optically thin and trace the gas near the
midplane. If the dust becomes optically thick it could hide the line emission coming from
deeper lagers toward the midplane. Subtracting the continuum estimate in these regions
then creates an apparent absence of emission. An alternative explanation is inherent to
the chemistry of both species. DCN is readily destroyed by simple ions such as H} and
H* (Albertsson et al. 2013). DCO* can be destroyed if H,O is desorbed from the grains at
inner radii. It is unlikely that both of these effects correlate at the same radii (Ri, ~50 AU).

The peak value of the continuum at the center of the disk is 167 mJy beam™! corre-
sponding to a brightness temperature of 25 K at 1.3 mm. This is inconsistent with the
expected dust temperature derived from SED models for optically thick dust. The disk sur-
rounding HD163296 is known to have unresolved ring-like structure at 1.3 mm (Zhang et al.
2016; Isella et al. 2016). The corresponding brightness temperature for the peak intensity
in these observations at higher spatial resolution is 55 K, which is consistent with optically
thick dust. The best-fit continuum models of Isella et al. (2016) show optically thick dust
just inside 50 AU. We conclude that our R;, parameter is tracing this optically thick dust
region.

5.5.2 Limitation of DCO™ as a CO snowline tracer

N,H* has been used to trace the CO snowline in protoplanetary disks before (Qi et al.
2015, 2013). We expect N,D* to trace it as well using the same reasoning as for N,H*
(Huang & Oberg 2015). Our best-fit N,D* model gives a R;, value of 141 AU, which is 50
AU further away than previous estimates of the CO snowline in HD 163296. This could be
due to the apparent central depression in the N,D" radial profile. As explained in Sec. 5.2,
this line is sitting on the edge of an atmospheric feature resulting in high noise and a very
weak detection, which makes it difficult to do a good continuum subtraction. The central
negative bowl has the same order of magnitude as other scattered negative noise in the
image plane of the resulting integrated intensity map, but, as it is located at the center, an
azimuthal average does not represent as good an estimate of the radial profile in the inner
disk as it does in the outer disk. We cannot rely on our best-fit value for R;, as a probe for
the CO snowline in the midplane, although a deeper integration of the N,D* J=3-2 line
can still be used to constrain it.

On the other hand, our best-fit DCO* model value for R; of 118f‘5‘ AU agrees well with
the previous estimate of ~90 AU given our resolution. Two effects are boosting the deu-
terium fractionation of HD* and, in consequence, the low temperature deuteration chan-
nel. First, the gas temperature is low enough for the reaction in Eq. 5.2a to be mainly
exothermic. Second, H,D™ is readily destroyed by CO in the gas phase which is frozen out.
But CO must be present to form DCO™ via Eq. 5.5. This could be achieved in a scenario in
which DCO™ is found in a thin lager around the CO freeze-out temperature as proposed by
Mathews et al. (2013). Without previous knowledge, DCO™ alone cannot trace the location
of the CO snowline.
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5.5.3 The origin of the third ring

Motivated by the reasoning in Section 5.4.2 we found a best-fit value of 245}?3 AU for the R,
parameter in our DCO* model. At these radii the bulk of CO in the gas phase is locked up on
the grains as ice. The main production route of DCO™" in the low temperature deuteration
route (Eq.5.4) requires CO in the gas-phase. This raises the question of how DCO* emission
arises at such large radii.

Photodesorption of CO by nonthermal processes could explain an outer ring of DCO*
emission as discussed in the case of IM Lup (Oberg et al. 2015). However the efficiency of
this mechanism is very model dependent. Full chemical models of DCO* toward DM Tau
(Teague et al. 2015) show that, although there is an enhancement of DCO* at large radii
produced by the interstellar UV field and X-ray luminosity, the effect is not as pronounced
as that seen in IM Lup. The strongly emitting outer disk seen toward IM Lup coincides
with the extent of the mm-size grains. If the smaller grains also follow the steepening of the
surface density of mme-size grains, UV penetration is enhanced leading to an enhancement
on the DCO* emission. High-resolution continuum data observed with ALMA Band 6 (Isella
et al. 2016) revealed three concentric sets of rings and gaps as predicted by Zhang et al.
(2016). The first depression at D; ~ 53 AU and the second brightness peak centered at B, ~
120 AU correlate well with Rin=50f§ AU and R1=118J_f‘51 AU from our best-fit DCO* model.
The extent of the continuum to about 230 AU also correlates with R, at 245j?3 AU from
our best-fit DCO* model. Although no direct consequence of the location of the second
gap can be drawn toward an enhancement in UV penetration, the scales at which these
rings are seen in the (sub)mm continuum (~ 60-50 AU) are a rough estimate of the spatial
scales where rings and gaps are seen in shorter wavelengths. Full grain-surface chemical
modeling is needed to identify the chemical reactions involved in this mechanism.

Cleeves (2016) have proposed a thermal inversion in the midplane as a mechanism to
release CO into the gas phase at large radii. Recently, dust evolution modeling efforts by
Facchini et al. (2017), coupled with chemistry models of HD 163296, shows signs of thermal
inversion as a direct consequence of radial drift, grain growth, and settling. As a result,
thermal CO desorption is enhanced at large radii where the dust becomes warmer. The
thermal inversion in the models of Facchini et al. (2017) occurs at about 400 AU, farther away
than our R, best-fit parameter of 245f?3 AU. However, the radial location of the thermal
inversion is very temperature sensitive and a slightly colder disk could shift its location
inward. This effect is only seen in models with a low turbulence a of 1073-10~* and when
the CO ice is mixed with water ice resulting in a higher binding energy. A tailored model is
necessary to confirm the viability of this mechanism as an explanation for the outer DCO*
ring.

Finally, another plausible explanation is a local decrease of the ortho- to para- (o/p) ratio
of H,. The reaction shown in Eq.5.2a has a higher activation barrier for p-H, than for o-H,
which results in an increase in DCO* formation (Murillo et al. 2015; Walmsley et al. 2004).
Detailed chemical modeling is needed to test this scenario.

5.5.4 Deuterium fractionation

Our estimated disk-averaged fractionation ratio D¢(DCO*/HCO") of 0.05+0.01 agrees with
previous measurements on this source (Huang et al. 2017) or even toward other disks, for
example, DM Tau (Guilloteau et al. 2006) and TW Hya (van Dishoeck et al. 2003).

Our estimated value of 0.02+0.01 for D¢(DCN/HCN) is lower than the D¢(DCO*/HCO™)
and D¢(N,D*/N,H*). A lower value of D¢(DCN/HCN) compared to D¢(N,D*/N,H*) could
hint at a more efficient deuterium enrichment in the outer colder disk. On the other hand,



96 Chapter 5

in comparison with D¢(DCO*/HCO™), a lower value of D{(DCN/HCN) could be explained
by the different deuteration pathways that formed these species, supporting the idea of a
colder formation environment for DCO* at large radii. Both of these values are of the same
order of magnitude as for other protoplanetary disks (Oberg et al. 2012; Huang et al. 2017).
The derived D¢(DCO*/HCO") value is one order of magnitude lower than in starless cores
but similar to the value toward low-mass protostars, such as IRAS 16293-2422 (Butner et al.
1995; Caselli et al. 2002; Tafalla et al. 2006; Schoier et al. 2002). The derived D(DCN/HCN)
value is the same order of magnitude toward low-mass protostars and starless cores (Woot-
ten 1987; Roberts et al. 2002).

Our estimated value of 0.45+0.21 for D¢(N,D*/N,H") is higher than D¢{(DCO*/HCO")
and D¢(DCO*/HCO") as predicted by the chemical models of Willacy (2007). It is also com-
parable to the values toward the T Tauri disk AS 209 (Huang & Oberg 2015) and consistent
with the wide range of ratios, from <0.02 to 0.44, found toward starless cores (Crapsi et al.
2005). As noted in the case of AS 209, the higher D/H ratio from N,D* compared to that
from DCO™ is a consequence of their formation environments. DCO™ is formed where CO
is not frozen out in the relatively warm upper layers of the disk. N,D* is more abundant
where CO is frozen out and deuteration is enhanced by Eq. 5.2a which, together with N,H",
makes it an excellent tracer of the cold outer midplane.

5.6 Summary

We have successfully detected three deuterated species toward HD 163296: DCO*, N,D*,
and DCN. We use simple models and estimates of the midplane temperature to fit radial
rings with constant abundance constraining their relative abundance and radial location.
Our main conclusions are:

e We confirm the location of the CO snowline using the second ring of DCO™* as a
tracer at ~100 AU, which is consistent with the previously reported value of 90 AU.
Our N;D* detection is too noisy to effectively constrain its location, although it is still
consistent given our large beam.

e DCO™" and DCN show an inner depression that arises most likely due to optically
thick dust and not due to inherent formation pathway of both species.

e DCO* shows a three ring-like structure, located at 70 AU, 150 AU, and 260 AU that
could be linked to the structure of the um-sized grains. The two first rings correspond
to the high and low temperature deuteration pathways and are in agreement with
simple DCN and N,D* best-fit models.

o The origin of the third DCO™" ring at 260 AU may be due to a local decrease of UV
opacity allowing the photodesorption of CO and consequent formation of DCO* as
seen in other disks (Oberg et al. 2015), thermal desorption of CO as proposed by
Facchini et al. (2017), or a local decrease of the ofp ratio of H,.

e The derived Dy values are several orders of magnitude higher than the D/H cosmic
ratio as expected and are in agreement with previous measurements and models.
The higher D/H value for N,D* in comparison with those from DCO* and DCN
suggest a cooler formation environment for the former.

Detailed chemical modeling of these molecules is needed to confirm the origin of the
DCO™ rings.
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5.A Replerian Masking

Since the emission in each channel only comes from a region in the sky where the rotational
velocity of the disk matches the Doppler shift of the line, selecting a subset of pixels on each
velocity channel with Keplerian velocities equal to the expected Doppler shift enhances the
S/N of the final integrated intensity map. To achieve this, we first calculate the projected
radial velocity on each pixel using a stellar mass value of 2.3 Mg, (van den Ancker et al.
1997). We create a mask cube with the same dimensions as the data spectral cube and
select, for each spectral plane, the pixels that have a projected radial velocity greater than
the correspondent Doppler-shifted velocity v, of the spectral plane and lower than v,+dv,
where v is the spectral resolution of the cube. Finally, each spectral plane of the mask
cube is convolved with the synthesized beam to create a final mask that accounts for the
smearing of the disk as seen in Fig 5.7.

A similar approach has already been used by Yen et al. (2016), stacking azimuthal re-
gions that are corrected by their Keplerian velocity. They reconstruct integrated intensity
maps by Doppler-shifting a selected azimuthal region within an inner and outer radius.
Since both methods are flux conserving, the only difference lies in reduced noise for the
latter in sacrifice of spatial information. The stacking method by Yen et al. (2016) achieves a
S/N increase of a factor of ~ 4 for the weak lines N,D* J=3-2 and DCN J=3-2. In contrast
our method achieves an increase in S/N of a factor of ~ 2 but results in a much clearer
integrated intensity map (see Fig. 5.1).
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Figure 5.7: Overplotted Keplerian mask, in black dashed contours, and spectral maps of DCO* J=3-2,

DCN J=3-2, and N,D* J=3-2.
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6.1 Introduction

DCO* is a good tracer of the deuterium fractionation and ionization fraction of low tem-
perature environments (Favre et al. 2015; Millar et al. 1989). Detections of DCO*, and other
simple deuterated molecules, towards protoplanetary disks are present only in a handful of
T Tauri disks (TW Hya (van Dishoeck et al. 2003), DM Tau (Guilloteau et al. 2006; Teague
et al. 2015), AS 209, IM Lup V4046 Sgr and LkCa 15 (Oberg et al. 2010, 2011, 2015; Huang
et al. 2017)) and in the disks around the Herbig Ae stars MWC 480 (Huang et al. 2017)
and HD 163296 (Qi et al. 2008; Mathews et al. 2013; Qi et al. 2015; Yen et al. 2016; Salinas
et al. 2017). High angular resolution observations of some of these disks have revealed a
surprisingly complex radial structure. The chemistry involved in the gas-phase formation
of DCO* is thought to be well understood and has been previously studied in the ISM and
in disks (Turner 2001; Willacy 2007; Roueff et al. 2013; Favre et al. 2015). In this paper, we
attempt to determine whether our current understanding of the DCO* chemistry is suffi-
cient to reproduce the complex radial structure seen in protoplanetary disks, particularly
in the disk surrounding the Herbig Ae star HD 163296.

DCO™ forms in the gas phase through two different regimes: a low temperature deuter-
ation (henceforth cold deuteration, CD) and a warm deuteration (henceforth warm deuter-
ation, WD) channel. The CD and WD regimes are gradually enhanced at temperatures
lower than ~30 K and ~80 K, respectively (Millar et al. 1989; Albertsson et al. 2013). This
enhancement is a direct consequence of the lower zero-point vibrational energy of simple
deuterated molecules in comparison to their non-deuterated counterparts. The origin of
highly deuterated species, and of DCO", in the solar nebula can be attributed to in situ
synthesis in the primordial disk or to being inherited from the interstellar medium (ISM).
Deuterium is injected into the chemistry via ion-molecule reactions, and is kept active by
the endothermic nature of the inverse reaction. For an effective enhancement of the deu-
terium fractionation ratio the environment must be cold (typically tens of degrees Kelvin),
and ionized. In the dense shielded ISM, the ionization environment is mainly dominated by
ultraviolet (UV) radiation from massive stars. In the cold outer regions of protoplanetary
disks, where deuterium enrichment takes place, the ionization source comes from galac-
tic cosmic rays (CRs) and to a lesser extent by radiation both from the host star and from
external sources.

DCO™ was proposed first as a good CO snowline tracer in protoplanetary disks (Math-
ews et al. 2013). Recent chemical models (including the WD channel) conducted by Favre
et al. (2015) have proposed DCO™ as a good tracer of the ionization degree in the inner re-
gions of planet-forming disks rather than the temperature structure and the CO snowline.
The WD channel formation channel involves ionized simple hydrocarbons, unlike the CD
involving H,D* which is highly reactive with CO. If the CD dominates the formation of
DCO? in disks then it can be used as an indirect tracer of the CO snowline because of its
parent molecule, H,D*, is readily destroyed by CO in the gas-phase. The models of Favre
et al. (2015) show that the WD channel enhances the column density of DCO* by a factor
of 5 in the warm regions of a T Tauri-like disk, where CO is still in the gas phase, and is
responsible for the bulk of the abundance. Observations of significant emission of DCO*
in the inner parts of protoplanetary disks have been already reported (Qi et al. 2015; Huang
et al. 2017). In particular, Salinas et al. (2017) have seen DCO™ extending from ~50 AU to
~300 AU in the disk surrounding the Herbig Ae star HD 163296.

HD 163296 has a massive (0.089 M) inclined (44°) disk and its gaseous content, probed
by '2CO emission, extends at least to ~500 AU (Qi et al. 2013; Mathews et al. 2013). These
attributes and its proximity (122 pc, van den Ancker et al. 1998) make it an excellent
candidate to study both the radial and vertical distribution of deuterated species such as
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DCO*. The disk has been observed in the millimeter regime revealing a distribution of
mm-sized grains that extend up to ~230 AU with multiple rings and gaps (Isella et al. 2016).

The DCO™ radial distribution of the HD 163296 disk has been characterized by Sali-
nas et al. (2017) using ALMA observations. The data are consistent with three regimes of
different constant abundances defined by one inner radius at 50 AU and two breaks at 120
AU and 245 AU. They found that the first two regimes correlate well with the expected
WD and CD channels traced by DCN and N,D*. The third regime correlates with the
extent of the mm-size dust grains which hints at a local decrease of UV opacity allowing
photodesorption of CO and consequent DCO™ formation as proposed for the disk around
IM Lup (Oberg et al. 2015). An interesting alternative to explain this excess DCO* emission
is releasing CO through thermal desorption (Cleeves 2016). Dust grain evolution models
by Facchini et al. (2017) have predicted a thermal inversion of the dust temperature as a
direct consequence of radial drift and settling in the disk surrounding HD 163296 given
low turbulence values.

Our main goal is to implement a simple chemical network for the CD channel and a
parametrized WD channel, to reproduce both the location and the amount of the observed
DCO* in HD163296. Specifically, we aim to constrain the relative contribution of the WD
channel after taking into account the CD channel. We can also address the mechanisms
that cause a decrease of DCO™ inside ~ 50 AU, the third ringlike feature at 245 AU and drop
off at larger radii.

In Section 6.2 we briefly describe the data and explain our modeling strategy. Sec-
tion 6.3 contains the results obtained from our different modeling approaches. Section
6.4 discusses the validity of these models and provides an interpretation for the models’
parameters. Finally in section 6.5 we summarize our findings and conclusions.

6.2 Methods

6.2.1 Previous observation of HD 163296

This study uses data of DCO* J=3-2 at 216.112 GHz in the disk surrounding the Herbig
Ae star HD163296 (2000 = 17"56™51721, 8000 = —21°57'2270) obtained by the Atacama
Large (sub-)Millimeter Array (ALMA) in Band 6 as a part of Cycle 2 on 2014 July 27-29
(project 2013.1.01268.S). The spectral resolution is 0.7 MHz corresponding to 0.085 km s
with respect to the rest frequency of the line. The uv-coverage of the data ranges from 20
to 630 kA.

The data were reduced as described by Salinas et al. (2017) and Carney et al. (2017). The
DCO* J=3-2 line was continuum subtracted in the visibility plane using a first-order poly-
nomial fit and imaged using a Briggs weighting of 0.5. The resulting synthesized beam has
dimensions of (’53x0""42 and is shown along with the obtained channel maps in Appendix
6.A. Salinas et al. (2017) use a Keplerian mask to obtain an integrated intensity map. A ra-
dial emission profile can be constructed by taking the average value of concentric ellipsoids,
centered at the star, in the integrated intensity map. The resulting DCO™ radial emission
profile can be seen in Fig. 6.1. The observational analysis of Salinas et al. (2017) modeled
DCO* as a three-region radial structure. They argue that these radial regions correspond
roughly to the WD channel, the CD channel and a third unidentified regime at larger radii
(2240 AU). Their analysis treated each region independently and assumed that the bulk of
the DCO* emission comes from the midplane. These assumptions do not impact their abil-
ity to constrain the regimes radially, but do not allow to constrain the contribution of the
WD channel in the HD163296 disk. Whereas Salinas et al. (2017) only derived vertically
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Figure 6.1: The black continuous line shows the observed DCO* radial profile. These profiles are
obtained by averaging the values of concentric ellipsoids of the integrated intensity maps. The error
bars of the observed DCO™ radial profile corresponds to 30, where o is the standard deviation of the
values contained in the ellipsoid divided by the square root of the number of beams. The 50 AU bar
corresponds to the semi-minor axis of the synthesized beam and serves as a measure of the spatial
resolution. The dashed lines show radial profiles of the emission from models with two different
evaporation temperature of CO Tco=19-20 K and a constant abundance X;, =5.0x107

averaged DCO* abundances, here we carry out fully 2D (radius and height) modeling of the
chemistry. Because deuteration, and the formation of DCO*, is a temperature dependent
process, a vertical treatment of its abundance is needed in disks due to their strong vertical
temperature gradient. For our analysis, we will assume that the WD channel remains ac-
tive where the CD channel operates, but its contribution to the DCO* emission in the outer
regions of the disk is negligible. If this is the case, reproducing the emission at large radii
alone can provide a constraint on the amount of DCO* produced by the CD channel.

6.2.2 Chemical model

Deuterium is incorporated into the gas chemistry mainly through the following ion molecule
reactions (Gerner et al. 2015; Turner 2001)

Hj + HD = H,D" + H, + 230K, (6.1a)

CH; + HD = CH,D" + H, + 370K, (6.1b)

C,H} + HD = C,HD" + H, + 550K. (6.1c)
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The right-to-left reactions of Equations 6.1a, 6.1b and 6.1c are endothermic and effectively
enhance deuterium fractionation in low temperature environments. Equation 6.1a corre-
sponds to the so-called CD channel and are active at temperatures ranging from 10-30 K
(Millar et al. 1989; Albertsson et al. 2013). Eq. 6.1b and 6.1c, involving light hydrocarbons,
correspond to the WD channel and is active at warmer temperatures ranging from 10-80
K

DCO" is formed in the gas-phase involving both the CD and WD channels through the
reactions (Watson 1976; Wootten 1987; Favre et al. 2015)

H2D+ +CO — DCO™ + H,, (628)

CH2D+ +0 — DCO* + H,, (62b)
or with products of CH,D* such as CH4D*

CH4D* + CO — DCO™ + CHj. (6.3)

We will model the CD channel using a simple chemical network, in 2D, and regard
the WD channel as a constant abundance (Xwp) contribution that occurs at temperatures
lower than an effective temperature (Teg). The DCO* chemical network involving the CD
channel can be boiled down to only ten chemical reactions. This system can be solved
analytically as proposed by Murillo et al. (2015). We use their prescription and simplified
chemical network of the CD channel and apply it to HD163296. The input parameters
are: the gas density (n(H,)), the gas temperature (T,s), the CO gas abundance (X(CO)) and
the HD gas abundance (X(HD)). The ionization rate () is constant throughout the disk and
equal to1.3 x 1077 s7!1. We underestimate the ionization fraction at large heights above the
midplane because we consider cosmic-rays to be the only ionizing agents. The ortho to
para ratio of H; is considered to be in thermal equilibrium (LTE) and is approximated by

the following expression,
170K
2=9 exp (——) (6.4)
p T

We use a lower limit of 107 at low temperatures as described in Murillo et al. (2015).
They contrasted their results to a full chemical network including gas-grain balance (freeze-
out, thermal desorption, and cosmic-ray-induced photodesorption) confirming the general
trend found by the simplified network. The advantage of using this simple network over
a full chemical calculation, is that it allows us to more easily investigate the dependency
of the DCO* emission on individual model characteristics. Detailed chemical modeling,
including the reactions shown in Eq. 6.1b and 6.1c would be needed to further investigate
the DCO™ radial distribution, but this is beyond the scope of this paper.

6.2.3 Implementation

We adopt the gas density and dust temperature from the physical model used by Mathews
et al. (2013) as inputs for the simple chemical network described above. This parametric
model is an approximation of the model used by Qi et al. (2011) which fits both the SED
and their millimeter observations. The density structure is defined by

Z4(R) = {ZC (R%)_l exp |- ()] %fR > Rin
0 if R < Ry,
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Figure 6.2: Visualization of the adopted physical model. The left panel shows the model density
profile with white contours at 108 cm™ and 10° cm™. The right panel shows the gas temperature
structured clipped at 80 K to enhance the color gradient in the region of interest and white contours
at 20, 30 and 80 K.

where Xc is determined by the total disk mass My;g (0.089 My), Rc (150 AU) is the charac-
teristic radius and R, (0.6 AU) is the inner rim of the disk. The vertical structure is treated
as a Gaussian distribution with an angular scale height defined by

R [
h(R)ZhC(R—C) :

where ¢ (0.066) is the flaring power of the disk and k¢ is the angular scale height at the
characteristic radius Rc that can take different values for the gas and the dust distribution
(see appendix A; Mathews et al. 2013). The dust temperature profile was computed by the
2D radiative transfer code RADMC (Dullemond & Dominik 2004) and is shown in Fig. 6.2
along with the gas density profile.

In addition to the gas density and dust temperature structure, CO and HD abundance
profiles are required as inputs for the simple chemical network. We use a CO abundance
profile described by three parameters: an effective dust temperature where CO starts to
evaporate and becomes optimal for DCO* formation (T¢o), and two constant abundances
for gas-phase CO inside (Xow) and outside (Xpign) the freeze-out zone. We set Xjoy=0.01Xp;gn
for all our models. We assume that the dust temperature (T4,5) equals the gas temperature
(Tgas), which is a reasonable assumption in the dense regions that we focus on. We set the
HD abundance, with respect to the nuclei density ng=2ny,, constant through the entire disk
and equal to the cosmic D/H ratio ~107> (Vidal-Madjar 1991).

6.2.4 Radiative transfer

We used LIME (v1.5), a 3D radiative transfer code in non-LTE (Brinch & Hogerheijde 2010)
to compare our DCO* observations to the DCO™ abundance model obtained using the
prescription described above. LIME can produce line and continuum radiation from a
physical model, an abundance distribution and the rate coefficients for a given molecular
transition. We use the rate coefficients from the Leiden Atomic and Molecular Database
(Schoier et al. 2005)! for DCO*. These are the same collision rates as those listed for
HCO™ (Flower 1999). The Einstein A coefficients taken are from CDMS and JPL. We use
a grid of 100000 points that are created applying a weighted random selection in R using
a logarithmic scale. This weighted random selection favors denser gas regions and will

lwwuw.strw.leidenuniv.nl/ moldata/
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always select a random point where the DCO* abundance of the model is higher than
10713, Establishing a convergence criteria on encompassing all of the grid points is difficult.
We manually set the number of iterations to 20 and confirm convergence by comparing
consecutive iterations.

The resulting model cube is continuum subtracted using the first channel as a contin-
uum estimator. Then, each spectral plane of the model is convolved with the synthesized
beam of the DCO™ data cube. This is equivalent to simulate the visibilities from a sky model
since the uv-space is well sampled (see the result in Appendix 6.A).

6.3 Results

6.3.1 Standard model (CD)

We chose a standard CO abundance model with a constant abundance Xhigh=5.0><10’5 at
temperatures above an evaporation temperature of Tco=19 K. This evaporation tempera-
ture corresponds to ~150 AU at the midplane in our adopted temperature structure and
correlates well with the second emission ring thought to be produced by the CD channel
(Salinas et al. 2017). The adopted CO abundance is similar to previous models of CO iso-
topologues (Qi et al. 2015; Carney et al. 2017). We also include a radial cut off at 300 AU
where the DCO* abundance drops to zero because the emission disappears at ~300 AU.
We further discuss this value in Sec. 6.4.1.

The resulting DCO* J=3-2 emission radial profile for the standard model is shown in
Fig. 6.1. The figure also shows our standard model with Tco=20 R keeping X, at the
same value to illustrate the model dependency on this parameter. Note that by changing
the CO abundance the model is capable of compensating the difference in evaporation
temperature because these two parameters are degenerate. A higher CO abundance will
produce less DCO*, due to the competition of reactions CO + H; and HD+HY, and vice
versa. The adopted CO abundance of 5 x 10~ correspond to a moderate carbon depletion
consistent with other warmer disks such as HD100546 (Kama et al. 2016).

We can obtain an estimate of the emission contribution from the WD channel subtract-
ing the standard model from the data. We perform a channel by channel subtraction from
the data cube and the convolved model cube to calculate a residual cube (see example in
Appendix 6.A). Figure 6.3 shows the residual radial curve from the standard models with
Tco =19 K and Tco = 20 K and their correspondent abundance estimate. The residual
radial profile is obtained applying a Keplerian mask (see Appendix in Salinas et al. 2017) to
the residual cube and each of the radial bins correspond to concentric ellipsoids projected
to be equidistant to the central star. At R > 180 AU we can only provide an upper limit of
about a few 107!2. At R < 180 AU the abundance is a few 10! and starts declining at ~50
AU.

The radial abundance estimate is calculated assuming LTE and that the emission is
optically thin. If we regard the emission as coming from an isothermal medium in LTE we
can calculate the correspondent column density at different radii assuming an excitation
temperature by using the analytical formula of Remijan et al. (2003). This 1D analysis
was previously performed by Salinas et al. (2017) and we use the same prescription and
excitation temperature profile for DCO*. Finally, we divide the column density estimate
by the surface density profile in Eq. 6.2.3 to get a vertically averaged abundance. The radial
abundance profile only provides a lower limit to the actual DCO* because it emits from a
layer set by the activation temperature of the CD and WD channel and the CO evaporation
temperature constraining its vertical extent. The simple chemical model of the CD channel
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can reproduce the DCO* emission in the disk around HD163296 at large radii (R > 180
AU), but requires additional DCO*, of a few 10~'2 in abundance, to account for the inner
emission produced by the WD channel and a radial cut-off at ~300 AU.

6.3.2 Thermal inversion model (CD+TT)

The standard model uses a radial cutoff to suppress the emission of DCO™ in the outer
disk, but a thermal inversion (TI) could prevent the CD channel from being active (Cleeves
2016). Temperatures higher than the activation barrier for the CD (and WD) channel would
prevent the reactions shown in Eq. 6.1a and 6.1b, reducing DCO* formation. A thermal
inversion is produced by the dust evolution modeling of Facchini et al. (2017) as a direct
consequence of grain growth and settling. Considering both processes results in a radial
decrease of the scale height of the dust because the turbulence is less capable of stirring up
the grains that are decoupled from the gas in regions with low density. This leads to a radial
temperature drop. At larger radii, where almost all of the big grains have migrated inward,
the small dust is stirred back to the disk surface, out of the shadow cast in intermediate
radii, intercepting more radiation.

We modify the temperature structure of our standard model to mimic this effect using
the following parametrization

, [ ( R-R, )2]
T'(R) = 25K |1 — exp| - +T(R), (6.5)
Ry - R
where R; = 240 AU is the inflection point at which the TI occurs and R, = 300 AU a
characteristic radius. We choose these values so that the temperature at ~290 AU reaches
>30 K and effectively blocks the CD channel. We also use a CO abundance parameter of
Xhigh=2.0><10’7, keeping Tco at 19 K, to better match the shape of DCO* at larger radii.
This value is much lower than the 51073 of the fiducial model.

The adopted simple chemical network reaches a maximum in DCO* production for
CO abundances of 1 x 107>, Higher values result in lower DCO* abundances because the
gas-phase CO abundance surpasses the assumed HD abundance blocking its reaction with
Hj (Eq. 6.1a). Similarly, lower values than 1 x 107> result in lower DCO* abundances
because CO in the gas-phase is required for Eq. 6.2a to proceed. If the gradient of the CO
abundance is steep and smaller or comparable to our resolution, we can think of the Xj;gy
parameter of our simple step abundance model as an effective CO abundance that accounts
for the production gradient of DCO*. The thermal inversion parametrization region in our
model has a steep temperature gradient that results in a steep second desorption front of
CO in the midplane, at ~ 240-300 AU, comparable in size to our resolution. Our preferred
value of Xhigh=2.0><10‘7 is an effective CO abundance that reproduces the DCO" emission
for such a steep gradient.

The first CO desorption front occurs much further in. Our CD+TI model places this
desorption front at about ~150 AU, corresponding to a temperature of ~ 19 K in our adopted
model, where the CO starts to evaporate with modest abundances of ~2x10~7. Observa-
tions of C'®0 and N,H* place the CO snowline at ~ 90 AU (Qi et al. 2015), corresponding
to a temperature of ~ 22 K in our adopted model, where the bulk of CO is released into
the gas-phase with abundances of ~5x107>. Coincidentally, CO abundances of ~5x107>
and ~2x1077 produce the same amount of DCO™ at temperatures where the CD channel
operates. This explains why in Sec.6.3.1 the CD model reproduces the DCO* emission with
a CO abundance of ~5x107> and a desorption front at ~ 150 AU. We find that to reconcile
the CO snowline location at 90 AU, with an abundance of 5x1073, and the observed DCO*
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Figure 6.3: The top panel shows the residual radial profiles from the models shown in Fig. 6.1 with an
evaporation temperature of CO Tco=19K-20K and a constant abundance X;, =5.0x1073. The bottom
panel shows a vertically averaged abundance estimate of the radial curves of the top panel using
the same excitation temperature profile and prescription proposed by Salinas et al. (2017) to convert
emission to column densities. The 50 AU bar corresponds to the semi-minor axis of the synthesized
beam and serves as a measure of the spatial resolution.
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emission our CO abundance profile requires a zone between 90 AU and 150 AU with an
effective abundance of 2x10~7 which we interpret as the onset of the thermal release of CO
into the gas-phase.

The resulting DCO* abundance, gas density and emission profile are shown in the
middle panels of Fig. 6.4. DCO™ is confined between 30 K and 19 K, corresponding to the
temperature where the CD channel starts to be efficient and to the temperature where CO
freeze out passes 99% respectively. The DCO* abundance increases radially as a conse-
quence of the radial increase of the ionization fraction which is o \/Lﬁ if the ionization rate £
is constant. The thermal inversion parametrization of this model, coupled with the simple
chemical network for CD channel, can reproduce the radial shape of the DCO* in the disk
around HD163296 at R > 180 AU and the lack of emission at R > 300 AU.

6.3.3 The CD+WD+TI model

Finally, we add a WD channel component to our CD+TI model by modifying the obtained
DCO™* abundance in the following parametrization

Xepsmi(n ) + Xwp i T(r,t) < Teqr

. (6.6)
Xcp+i(r, 1) ifT(r,t) > Teqr

Xpco+(r,1) = {

where Xwp is a constant abundance parameter describing the WD channel contribution
and Teq the effective temperature for the WD channel at which the the WD channel
switches on. The T.g is not the temperature where WD starts to operate (which is 80
K), but rather where reaches its full effectiveness. Just like the CD channel, the WD chan-
nel does not switch on abruptly, but gradually increases toward lower temperatures. The
right column of Fig. 6.4 show the modified DCO* abundance, temperature and emission
profile of the CD+WD+TI model using Xwp = 3.2x107'? and T.z= 32 K and the parameters
from the CD+TI model. These values are taken to match the inner DCO* emission at R<
150 AU. Note that the parameter Teg= 32 K is tracing the location of an effective isothermal
surface where WD starts to operate. This location is effectively constrained from the data
and corresponds to ~ 40 AU in the midplane. The exact value of the parameter T cannot
be constrained without a gas temperature model and only represents the location of the
isothermal surface. On the other hand, the Xwp parameter is much better constrained by
our modelling because it does not depend strongly on the assumed gas temperature. The
CD+WD+TI model reproduces simultaneously the inner and outer features of the DCO*
radial profile. The residual (and model) channel maps can be seen in Appendix 6.A.

For comparison, the left column of Fig. 6.4 shows the DCO* abundance, temperature
and emission profile of model CD. The emission profile of model CD does not include the
radial cut off of our standard model. This radial cut off is shown as a hatched region in
the DCO* abundance profile of model CD. Without reducing the amount DCO™ at larger
radii the CD channel alone overproduces the observed emission. The CD+WD+TT model
effectively reproduces the DCO* radial emission profile, at large and small radii, of the disk
around HD163296 including the lack of emission at R > 300 AU.

6.4 Discussion

6.4.1 DCO™" Outer radius

Our standard model uses a radial cutoff in the DCO* abundance to reproduce the absence
in DCO™ emission at R 2300 AU. In this section we discuss several possibilities to explain
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Figure 6.4: The top panels show the resulting radial profile of the DCO™" integrated intensity map
of both models and data. The error bars on the data corresponds to 30, where ¢ is calculated as
the standard deviation of a single ellipsoid divided by the square root of the number of beams. The
middle panels show the models’ temperature profile with contours at 19 and 30 K. The bottom panel
shows the DCO* abundance profile over-plotted with temperature contours at 19 and 30 K. The
hatched region in the DCO* abundance from model CD marks the radial cut off used in our standard
model to reproduce the absence of emission at R >300 AU.
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such a drop, namely: a drop in total gas density, a local increase in the o/p ratio of Hy,
photodesorption or thermal desorption of CO and photodissociation.

First, the emission drop could be the consequence of a drop in total gas density. Obser-
vations of CO isotopologues at very high angular resolution (Isella et al. 2016) show that the
12CO, BCO and C'¥O emission abruptly diminish at different radii; ~630 AU, ~510 AU and
~ 360 AU respectively. If C'®0 (the least abundant CO isotopologue) is tracing the total gas
density, the radial cutoff of DCO™ might be due to a lack of total gas density at a similar
radius at which the C'*O emission drops. However, isotope selective dissociation of C'*0
is a more likely explanation of its drop off at 360 AU (Miotello et al. 2014; Visser et al. 2009).
If we adopt a plausible model of the CO column density profile, such as the one obtained
by Facchini et al. (2017) (left panel of their Fig.8), the column density of C'*O at R 2360 AU
is not high enough to self-shield from UV radiation assuming the canonical ISM C'#0/'2CO
ratio of 550. This would be consistent with the different radii at which the emission of
12CO, *CO and C"0 drop. It is therefore unlikely that the drop off of DCO™ is due to an
overall drop in gas surface density.

A second explanation comes from the difference in the zero-point energies of ortho and
para H,. Since o-H; has more energy than p-H,, the endothermic reaction that introduces
deuterium via the latter has a lower energy barrier than the former, enhancing the deu-
terium fractionation more efficiently at cold temperatures for a thermal o/p ratio of H,.
This means that a local increase in the o/p ratio of H, could result in a drop of DCO* abun-
dance. However, it is unclear why H, would have a spin temperature much higher (80 K)
than the region where DCO* forms (<30 R).

Thirdly, desorption of CO at large radii, either thermally or through photodesorption,
can raise the CO abundance above the value where the formation of DCO* is quenched.
The distinctive feature at ~260 AU, where the DCO* emission shows a ’bump’, is a natural
consequence of this. Both in a model with a thermal inversion and in a model with in-
creased photodesorption through increased UV penetration, the layer of DCO™ folds back
to the midplane. Increased excitation and column density lead to a maximum in emission.
The presence of this 'bump’, in our data, therefore strongly supports this scenario. Small
scale structures in CO abundance, gas temperature or H, o/p ratio could also produce the
observed emission excess at 250 AU, but not as naturally as a thermal inversion. An ex-
treme case of this scenario can also explain the DCO* emission rings seen in other disks
such as IM Lup (Oberg et al. 2015). If the inflection point of the temperature profile occurs
at large heights, at low gas densities, the emission could hide below the noise level and
come back again at larger radii where the DCO™ comes back to the midplane. This would
give the illusion of two DCO" rings at low sensitivities.

The shape of our modified temperature profile resembles qualitatively the models of
Facchini et al. (2017) but their results are heavily model dependent, in particular to the
turbulent parameter @. The thermal inversion effect is most pronounced at lower alpha
parameters (1073-107%). The temperature inversion in these models is smoother than our
proposed parametrization. The CO ice in their models is confined from ~200 to ~400 AU,
with @ =107, whereas our models confine CO ice from ~150 AU to ~260 AU. A different
temperature structure with a slightly hotter disk could also shape the CO ice region differ-
ently. Our constraining CD+WD+TI model applied to the DCO™ data reveals the location
of the thermal inversion and the temperature structure at large radii.

Instead of thermal desorption, photodesorption of CO by increased UV penetration can
yield a similar cutoff to the DCO™ emission profile. This has been invoked for the DCO*
ring seen in IM Lup and full chemical models, of typical disks around T Tauri stars, show
that this is a plausible scenario (Oberg et al. 2015). Our modeling cannot distinguish this
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from thermal desorption. Additional observations are needed, either constraining the tem-
perature (e.g via multiple transitions of the rotational lines of optically thin species such
as H,CO (Carney et al. 2017)), or through UV tracers and/or modeling of the dust. Both
thermal and photodesorption could be occurring, potentially creating even more complex
structures.

Finally, a higher electron density at radii R > 300 AU cannot significantly destroy DCO*
resulting in the observed absence of emission. If no thermal inversion is invoked and CO
remains in the gas-phase above 19 K (model CD), the required ionization rate to completely
quench the DCO™ production at R > 300 AU is at least 8 orders of magnitude higher than
the assumed canonical value of 1.36x107'7 s~!. This implies an electron abundance of a
few 10~ much higher than expected for the warm molecular layer.

6.4.2 Low vs high temperature deuteration pathways

Our preferred CD+WD+TI model uses a constant abundance Xwp = 3.2 x 1072 and an
effective temperature of Teg= 32 K to parametrize the contribution and onset of the WD
channel. From Fig. 6.4 the abundance of model CD is about 1.2 x 107! at larger radii
corresponding to a ratio between the DCO* column densities produced by the WD and the
CD channel of 0.2. This ratio agrees well with the detailed chemical modeling of Favre et al.
(2015) which is on average about 0.25 outside the CO snowline. Since the amount of DCO™*
produced by the CD channel depends on the CO abundance, an appropriate CO gradient
can maximize the DCO™ produced via the CD channel and minimize the contribution of
the WD channel to ~ 10%. This limit is only slightly lower than the 20% found by our
CD+WD+T1 model, which is therefore a robust number. The adopted T, where the WD
channel is fully operative, is effectively defined by the innermost drop off of the DCO*
emission. Provided that the contribution of the WD channel can be constrained, DCO*
can trace the temperature structure and CO snowline of a protoplanetary disk through
their CD channel formation pathway.

6.5 Summary

In this work, we implemented a simple chemical network for cold deuteration and a
parametrized treatment of warm deuteration, and carry out a 2D modeling of the DCO*
emission in the disk around HD163296. The following points summarize the conclusions
of this work:

e We found that a simple chemical model of the CD channel using a CO constant
abundance of 2.0x1077, above an effective dust temperature of 19 K where CO starts
to evaporate, coupled with thermal inversion at around ~260 AU can reproduce the
DCO™" emission in the outer regions of the disk surrounding HD163296.

e In addition, modeling the contribution of the WD channel with constant abundance
of 3.2x107'2 and an effective temperature of 32 K, describing an isothermal surface
corresponding to a midplane radius of ~ 40 AU, reproduces the DCO* emission in
the inner disk where the CD channel is not yet active. The ratio of the amount of
DCO* produced by the WD and CD channels outside the CO snowline in this model
is 0.2, consistent with previous full chemical models of DCO*.

e With the CD channel tracing the CO abundance at 2.0x1077 for radii < 150 AU, DCO*
is a tracer of the onset of CO evaporation. The bulk of the evaporation of CO occurs
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at radii < 90 AU, where temperatures are too high for the CD channel to be efficient.
This opens possibilities to probe the binding energy of CO ice and its evaporation
process.

e We conclude that the formation and destruction mechanisms of DCO* are very tem-
perature sensitive, both through the efficiency of the CD channel and the CO abun-
dance. With proper treatment of the DCO™ production through the WD channel,
DCO* can be used as tracer of the location of the CO snowline and the temperature
structure, and specifically its gradient, at the outer disk.
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Figure 6.5: Top panel shows the DCO* J=3-2 data channel maps. The middle panel map shows
the CD+WD+TI model. The bottom panel shows the residual channels. Contours are 30, where o
corresponds to the standard deviation of a line free channel. The channel maps presented here are
binned in velocity to enhance signal to noise.
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Samenvatting

De mensheid heeft zich altijd vragen gesteld over zijn oorsprong en plaats in het universum.
Onze voorouders keerden zich naar de hemel en zochten naar antwoorden in de sterren.
Talloze mythen en legendes zijn doorgedrongen in de grote beschavingen uit het verleden
en dienden als een verklaring voor fundamentele vragen over de oorsprong van het uni-
versum en de mensheid. Het is pas sinds kort dat de moderne astrofysica geprobeerd heeft
om met rationeel denken de oorsprong van de aarde en het leven in het zonnestelsel te
verklaren.

De meest geaccepteerde ster- en planeetvormings-theorie begint met een moleculaire
wolk van gas en stof, die massief genoeg is om onder zijn eigen zwaartekracht ineen te
storten. Tijdens dit proces ontstaat er een schijf, omdat materiaal dat van verder weg komt
een meer rotatie heeft (of hoekmoment, zoals natuurkundigen dit noemen). Deze schijf is
oorspronkelijk ingesloten in een omhulsel van gas en stof. Na ~ 0.5 miljoen jaar wordt de
envelop weggeblazen door uitstromen, die worden aangedreven door de centrale ster. Deze
uitstromen openen een holte uit het omhulsel en laten een schijf achter. Er wordt gedacht
dat planeten zich vormen in deze circumstellaire schijven, die daarom de naam protoplan-
etaire schijven dragen. Deze schijven zijn ontdekt rond vele jonge sterren in verschillende
evolutionaire stadia met zeer verschillende fysische en chemische eigenschappen.

Het gas- en stofgehalte van protoplanetaire schijven kan worden onderzocht met behulp
van waarnemingen van spectrale lijnen van moleculen in de gasfase en waarnemingen van
de thermische straling die wordt uitgestraald door het stof, wat een continuiim-spectrum
oplevert. Tijdens zijn typische levensduur van ~ 10 Myrs ondergaat de schijf vele dy-
namische processen die zijn structuur veranderen, wat uiteindelijk leidt tot de vorming
van planeten en de dissipatie van het gas. Bovendien vertonen protoplanetaire schijven
een rijke chemie die voornamelijk wordt aangedreven door ultraviolette- en rontgenstral-
ing en die intrinsiek kan worden verbonden met de fysische evolutie van de componen-
ten van de schijf (zie Fig.7.1). Het doel van dit proefschrift is om een verklaring te geven
voor de waargenomen morfologie van de emissie van belangrijkste stikstof-, zuurstof- en
koolstofhoudende moleculaire soorten door ze te vergelijken met de morfologie van het
dichtheidsprofiel van het stof. Het doel van dit proefschrift is om antwoord te vinden op
de volgende twee vragen:

e Waar zitten de belangrijkste zuurstof- en stikstofhoudende soorten, namelijk water
en ammoniak, in planeetvormende schijven?

o Hoe verhouden fysische structuren, zoals temperatuurgradiénten en substructuren in
de dichtheid van het stof veroorzaakt door stofevolutieprocessen, zich tot de vorming
en chemie van veelvoorkomende moleculen?
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Dit proefschrift

Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding van stervormingstheorie en
protoplanetaire schijven, met de nadruk op de evolutie van het stof en de verschillende
chemische regimes binnen deze schijven. De analyse is gericht op twee goed bestudeerde
protoplanetaire schijven, TW Hya en HD163296. Beide schijven zijn uitstekende laborato-
ria vanwege hun nabijheid en hun enorm zware en heldere schijven. In dit proefschrift wor-
den zowel infraroodwaarnemingen van de Herschel Space Telescope als (sub)millimeter
waarnemingen van de Atacama Large Millimeter Array (ALMA) gebruikt. Herschel was uit-
gerust met een enkele spiegel van 3.5 m doorsnede en had drie instrumenten die bij elkaar
een golflengte-bereik hadden tussen ~ 50 um en ~600 yum. Gegevens uit het waarneem-
programma "Water in stervormingsregio’s met Herschel" (WISH), genomen met het HIFI-
instrument aan boord van Herschel, werden in dit werk gebruikt. ALMA is een radiotele-
scoop bestaande uit zesenzestig antennes met een ongekend ruimtelijk oplossend vermo-
gen en gevoeligheid. Voor onze twee bronnen zijn met ALMA zowel continuiim emissie als
moleculairelijn emissie waargenomen, die worden gepresenteerd in dit proefschrift.

In Hoofdstuk 2 worden ALMA-waarnemingen op een golflengte van 1.3 mm gebruikt
om te onderzoeken waar stofdeeltjes van ongeveer 1 mm groot zich in de schijf rond TW
Hya bevinden. In planeetvormende schijven klonteren kleine stofdeeltjes (~ pm) samen
en groeien uit tot grotere stofdeeltjes (mm, cm en groter) om uiteindelijk planeten te vor-
men. Terwijl stofdeeltjes van um-formaat goed aan het gas zijn gekoppeld, zullen grotere
stofdeeltjes naar binnen bewegen als gevolg van de wrijving met het gas. De waarnemin-
gen laten zien dat de mm-formaat stofdeeltjes voorkomen tot ~ 47 AU vanaf de ster, waarna
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Figure 7.1: Cartoon van stofevolutie en chemische gebieden in de schijf. Figuur uit Henning & Se-
menov (2013).
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hoeveelheid van deze deeltjes snel daalt. Een dergelijke sterke daling wordt voorspeld
door theoretische berekeningen van de samenklontering van stofdeeltjes en hun transport
door de schijf. Voor typische realistische stofevolutiemodellen van T Tauri-schijven zijn
de waargenomen omvang van deze stofdeeltjes en hun totale hoeveelheid echter te groot
voor een schijf van 8-10 Myrs. Mogelijke verklaringen hiervoor zijn een veel hogere initiéle
schijfgrootte en -massa, een gat in de stofdichtheid, geopend door een tot nu toe nog niet
waargenomen planeet, die de radiéle migratie van het mm-formaat stof stopt of een lokale
overproductie van mm-stofdeeltjes tegenhoudt, geholpen door de aanwezigheid van ijzige
stofdeeltjes in gebieden waar CO is bevroren, die efficiénter groeien dan kale stofdeeltjes.

Hoofdstuk 3 presenteert de allereerste detectie van ammoniak in een planeetvormende
schijf. De o-NHj 14-0y overgang werd waargenomen met het HIFI-instrument aan boord
van Herschel samen met emissielijnen van 0-H,O en p-H,O in TW Hya. Er worden vier
verschillende modellen voor de verdeling van deze moleculen onderzocht, ervan uitgaande
dat water en ammoniakijs gemengd zijn en dat ze tegelijkertijd aan de gasfase worden
afgegeven. Alleen de meest radieel en verticaal compacte verdeling van zowel water als
ammoniak in de gasfase, die volgt uit de omvang van de emissie van het mm-stof (r < 60
AU), is consistent met de ammoniak-waterverhouding (~5% -10%) gevonden in het interstel-
laire medium en objecten in het zonnestelsel. Andere configuraties die verder uitgestrekt
zijn in de radiéle of verticale richting kunnen alleen in overeenstemming worden gebracht
met de waarden van de interstellaire medium en het zonnestelsel als extra formatieroutes
van ammoniak worden toegevoegd. Het afgeleide reservoir van ammoniak en water in de
gasfase in elk van deze modellen is slechts een klein deel van het geschatte totale reservoir,
wat aangeeft dat het grootste deel van deze moleculen is opgesloten in het ijs.

Verwacht wordt dat het koude gas reservoir van planeetvormende schijven een grote
hoeveelheid deuterium-dragende moleculen zoals NH,D bevat. Hoofdstuk 4 analyseert
zowel Herschel waarnemingen van de o-NH; 19-0y overgang en ALMA-waarnemingen
van de p-NH,D 1-0y overgang voor de schijf rond HD 163296. Beide overgangen werden
niet gedetecteerd vanwege de bescheiden integratietijden. Dit hoofdstuk onderzoekt twee
verschillende radiéle verdelingen van het o-NH3 en p-NH,;D gas om limieten te stellen
aan hun de sterktes van hun lijnemissie en op hun totale massa. De bovengrenzen die
zijn afgeleid voor de totale massa van het 0-NHj3 en p-NH;D gas voor deze schijf zijn tien
keer lager die voor de ongeveer even zware schijf van TW Hya, wanneer deze waardes
worden uitgerekend in hoofdstuk 3 voor het best werkende model gebruik makende van
een NH3;/NH;D-ratio van 10%. Dit suggereert dat de schijf rond HD 163296 NH3-arm is met
ten minste een factor 5 in vergelijking met de schijf rond TW Hya. Andere stikstofhoudende
moleculen gedetecteerd in de richting van deze schijven vertonen verschillende relatieve
verhoudingen die niet overeen komen met die voor ammoniak. Dit suggereert dat het
gevonden verschil in de totale hoeveelheid 0o-NHj3 gas tussen deze schijven te wijten is een
verschil in de formatie van ammoniak en niet aan een verschil in de totale hoeveelheid
stikstof tussen deze twee schijven.

De focus van Hoofdstuk 5 is de analyse en radiéle karakterisatie van drie eenvoudige
gedeutereerde moleculen in een planeetvormende schijf. DCO*, DCN en N,D* werden
waargenomen en gedetecteerd in Band 6 met ALMA voor de schijf rond HD 163296. Dit
hoofdstuk vertaalt het radiéle emissieprofiel van deze drie moleculen naar radiéle dichthe-
den onder simpele aannames. De DCO* radiéle emissie kan worden gereproduceerd
door een model met drie opeenvolgende radiéle gebieden en verschillende constante abon-
danties tussen ~50 AU en ~316 AU met twee radiéle sprongen bij ~118 AU en ~245 AU.
De eerste twee radiéle gebieden van het best passende model van de DCO*-emissie correl-
eren ruimtelijk met de best passende modellen die de radiéle emissieprofielen van DCN en
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N,D* beschrijven. Dit kan worden geinterpreteerd als een weerspiegeling van het feit dat
er verschillende manieren zijn om deuterium in de chemie te injecteren. Eén route werkt
alleen bij de laagste temperaturen en produceert N,D*; een andere werkt op iets hogere
temperaturen en produceert DCN. DCO* vormt zich via beide routes. De oorsprong van
de derde regio van DCO*-emissie bij ~260 AU is onbekend, maar het zou kunnen wijzen
op een hogere temperatuur in dit gebied die er voor zorgt dat CO op deze grote radiéle
afstand van de ster sublimeert waarna het kan reageren om DCO™ te vormen.

Hoofdstuk 6 probeert de waargenomen DCO *-emissie te reproduceren die wordt gep-
resenteerd in Hoofdstuk 5 met behulp van een meer verfijnd, maar nog steeds eenvoudig
netwerk van chemische reacties voor de vorming van DCO* in koude omgevingen en een
parametrisch model voor de vorming van DCO* in warmere omgevingen. De DCO*-
emissie wordt gereproduceerd door een model met zowel een CO-abondantie van 2x10~’
in regio’s waar de gastemperatuur hoger is dan 19 K als een bijdrage van 20% van de warme
vormingsroute in gebieden waar beide formatieroutes actief zijn. Op grotere radiéle afs-
tanden kunnen de waargenomen grootte en vorm van de DCO™-emissie worden gerepro-
duceerd door een temperatuurgradiént te gebruiken die lijkt op de temperatuurgradiént
die wordt voorspeld door modellen van de evolutie van stofdeeltjes in de aanwezigheid
van radiaal binnenwaartse migratie van mm-formaat stofdeeltjes.

Algemene conclusies

De analyse gepresenteerd in Hoofdstukken 3 en 4 geeft een antwoord op de eerste vraag
die dit proefschrift probeerde te beantwoorden. Het water en ammoniak gas in TW Hya
volgt de locatie van het bevroren water en ammoniak reservoir dat is gevangen in grotere
stofdeeltjes en planetoiden die zijn neergedaald en naar binnen zijn getransporteerd. De
locatie van dit reservoir wordt bepaald door de radiéle inwaartse beweging van stofdeeltjes
die enige groei hebben ondergaan en vervolgens zijn opgenomen in grotere rotsen. Dit sce-
nario kan worden bevestigd door NH,D en HDO te observeren in de richting van TW Hya
en HD 163296. Hoofdstukken 5 & 6 trekken conclusies over het effect van fysieke struc-
turen op de verdeling van eenvoudige moleculen. Temperatuurgevoelige soorten, zoals
DCO*, kunnen substructuren volgen in het temperatuurprofiel van planeetvormende schi-
jven. Hoewel de belangrijkste factor in de temperatuurstructuur van de schijf de verwarm-
ing door de centrale ster is, wijzigen substructuren als gevolg van stofgroei, en het neerdalen
en de inwaartse beweging van stofdeeltjes de temperaturen. Moleculen als DCO™ kunnen
worden gebruikt om indirect de invloed van stofgrootte op de morfologie van de schijf te
achterhalen. Het omgekeerde proces, dat wil zeggen de invloed van de locatie van een-
voudige moleculen op de evolutie van stof, wordt onderzocht in hoofdstuk 2 en kan wor-
den bestudeerd door de vorm van de millimetercontinuiimemissie en de locatie van de
sneeuwlijn van de belangrijkste moleculaire soorten zoals CO met elkaar te vergelijken.
Nieuwe instrumenten voor infrarood- en zichtbaar licht in faciliteiten zoals de toekomstige
James Webb Space Telescope (JWST) of de Extremely Large Telescope (ELT) zullen in
staat zijn om belangrijke moleculen waar te nemen in de warme omgevingen van de schijf,
ijseigenschappen af te leiden en opgeloste afbeeldingen te maken van het door klein stof
weerkaatste sterlicht. Dit stelt ons in staat om de verschillende scenario’s te onderschei-
den die in dit proefschrift worden onderzocht. Grootschalige systematische onderzoeken
van planeetvormende schijven zouden de verschillen tussen individuele objecten helpen
wegnemen en de algemene trends in hun structuur en evolutie naar voor brengen, wat zal
leiden tot een beter begrip van de processen van planeet- en stervorming.



English Summary

Humanity has always wondered about its origin and place in the Universe. Our ancestors
turned to the skies and searched for answers in the stars. Countless myths and legends
have permeated across the great civilizations of the past and served as an explanation to
fundamental questions about the origin of the Universe and humankind. It has been only
recently that modern astrophysics tried to employ rational thinking to explain the origin of
Earth and life within the Solar System.

The most widely accepted star (and planet) formation theory starts with a gravitation-
ally unstable molecular cloud of gas and dust. As the cloud collapses under its own gravity,
a disk quickly forms as more distant material falls in with larger amounts of rotation (or
angular momentum, as physicists call this) . This disk is initially embedded in an envelope
of gas and dust. After ~ 0.5 Myr the envelope is cleared out by outflows, driven by the
central star, that pierce a cavity within the envelope and leave behind a disk. It is in this
circumstellar disk where planets are thought to be formed, thus bearing the name of pro-
toplanetary disks. These disks have been detected around many young starts at different
evolutionary stages with very different physical and chemical properties.

The gas and dust content of protoplanetary disks can be probed by observing spec-
tral lines from molecules in the gas-phase and the thermal radiation emitted by the dust
resulting in a continuum spectrum. During their typical life span of ~ 10 Myrs the disk
undergoes many dynamical processes that transform its structure, eventually leading to
the formation of planets and the dissipation of the gas. In addition, protoplanetary disks
exhibit rich chemistry mainly driven by ultraviolet and X-ray radiation that may be intrin-
sically connected to the physical evolution of the disk components (see Fig.8.1). The aim
of this thesis is to provide an explanation for the observed morphology of the emission
of major nitrogen-, oxygen- and carbon-bearing molecular species by comparing them to
the morphology of the dust density profile. In particular, this thesis sets to answer two
questions:

o Where are the main oxygen- and nitrogen-bearing species, namely water and am-
monia, located within planet-forming disks?

e How do physical structures, such as temperature gradients and substructures in the
density of the dust caused by grain evolution processes, relate to the formation and
chemistry of common molecular species?

This Thesis

Chapter 1 of this thesis gives an overall introduction of star formation theory and proto-
planetary disks with an emphasis on the dust evolution process and the different chemical
regimes within disks. The analysis is focused on two well-studied protoplanetary disks,
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TW Hya and HD163296. Both disks are excellent laboratories because of their proximity
and their massive and bright disks. This thesis uses both infrared data from the Her-
schel Space Telescope and (sub)millimeter data from the Atacama Large Millimeter Array
(ALMA). Herschel was equipped with a 3.5 m single mirror and had three instruments that
covered wavelengths ranging from ~50 ym to ~600 um. Data from the key program "Water
In Star-forming regions with Herschel" (WISH), taken with the HIFI instrument on board
Herschel were used in this work. ALMA is a radio telescope consisting of sixty six anten-
nas with unprecedented spatial resolution and sensitivity that was used to observe both the
continuum and line molecular emission presented in this thesis toward our sources.

In Chapter 2, ALMA observations at a wavelength of 1.3 mm are used to investigate
where grains of about 1 mm in size are located in the disk around TW Hya. In planet
forming disks, small grains (~ um) stick together and grow into larger grains (mm, cm,
and beyond) to ultimately form planets. While ym-sized grains are well coupled to the
gas, larger grains will drift inward due to the friction with the gas. The observations show
that the mm-sized grains are found out to ~47 AU from the star, after which their amount
rapidly drops. Such a steep drop is predicted by theoretical calculations of grain growth
and their transport in the disk. However, for typical realistic dust evolution models of T
Tauri disks, the observed extent of the grains and their total amount are too large for a
disk of 8-10 Myrs. Possible explanations for this include a much higher initial disk size
and mass, a dust density gap stopping the radial migration of the mm-sized dust opened
by an unseen planet companion or a local overproduction of mm-sized grains aided by the
presence of icy grains in regions where CO is frozen out that grow more efficiently than
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Figure 8.1: Cartoon of dust evolution and chemical regions in the disk. Figure from Henning &
Semenov (2013).
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bare dust grains.

Chapter 3 presents the very first detection of ammonia toward a planet forming disk.
The 0-NHj; 1¢—0p line was observed with the HIFI instrument on board Herschel together
with emission lines of 0-H,O and p-H,O in TW Hya. Four different models for the distribu-
tion of these molecules are explored assuming that water and ammonia ices are intermixed
and released to the gas-phase simultaneously. Only the most compact and settled distri-
bution of both water and ammonia in the gas-phase, following the millimeter continuum
emission radial extent of r <60 AU, is consistent with the ammonia to water ratio found
in the gas between the stars of our galaxy and Solar System bodies of ~ 5%-10%. Other
configurations, at larger radii or heights, can only be reconciled with the interstellar and
Solar System values if additional formation pathways of ammonia are invoked. The derived
gas-phase reservoir of ammonia and water in any of this models is only a tiny fraction of
the estimated total reservoir, indicating that most of these molecules are locked up in ices.

The cold gas environment of planet forming disks is expected to host a large amount
of deuterium-bearing species such as NH;D. Chapter 4 analyzes both Herschel data of the
0-NHj; 1¢—0g line and ALMA data of the p-NH,;D 1y—0g line toward the disk around HD
163296. Both resulted in non-detections given their modest integration times. This chapter
explores two different radial distributions of gas-phase 0-NHj3 and p-NH,D to put limits on
their line strengths and total masses. The upper limits derived for the total mass of gas-
phase o-NH3 and p-NH,D towards this disk are ten times lower than the values toward
the similar-mass disk of TW Hya, derived in Chapter 3 for the preferred model, assuming
a NH3/NH,D ratio of 10% . This suggests that the disk around HD 163296 is NHj-poor
by at least a factor of 5 compared to the disk around TW Hya. Other nitrogen-bearing
species detected towards these disks show different relative amounts than those found for
ammonia. This suggest that the difference observed in the total mass of the gas-phase 0-NH3
between these disks is due to its formation pathway and not an overall lack of elemental
nitrogen.

The focus of Chapter 5 is the analysis and radial characterization of three simple deuter-
ated species toward a planet-forming disk. DCO*, DCN, and N,D* were observed and
detected in Band 6 with ALMA toward the disk around HD 163296. This chapter translates
the radial emission profile of these three molecules to radial densities under simplifying
assumptions. The DCO* radial emission can be reproduced by a model with three consec-
utive radial regions and different constant abundances from ~50 AU to ~ 316 AU with two
radial breaks at ~118 AU and ~ 245 AU. The first two radial regions of the best-fit model of
the DCO™ emission correlate spatially with the best-fit models describing the radial emis-
sion profiles of DCN and N,D*. This can be interpreted as a reflection of the fact that
there are multiple ways to inject deuterium into the chemistry. One path operates only at
the lowest temperatures, and produces N,D™; another operates at slightly higher tempera-
tures, and produces DCN. DCO* forms through both paths. The origin of the third region
of DCO* emission at ~260 AU is unknown but it could be tracing higher temperatures
allowing CO to evaporate at large radii, where it can react to form DCO™.

Chapter 6 tries to reproduce the observed DCO™ emission presented in Chapter 5 using
a more sophisticated, but still simple network of chemical reactions for the formation of
DCO" in cold environments and a parametric model for its formation in warm environ-
ments. The DCO* emission is reproduced by a model with a CO abundance of 2x1077,
in regions where the gas temperature exceeds 19 K, and a contribution from the warm
environment formation of 20% in regions where both formation pathways are active. At
larger radii, the extent and shape of the DCO™" emission can be reproduced by considering
a temperature gradient similar to those predicted by models of dust grain evolution in the
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presence of inward radial migration of mm-sized dust grains.

Overall Conclusions

The analysis presented in Chapters 3 & 4 provides an answer to the first question this thesis
sought to answer. The gas-phase water and ammonia in TW Hya follows the location of
their icy reservoir trapped in larger bodies that have settled and drifted inwards. The loca-
tion of this reservoir is set by the radial drift of grains that have undergone some growth,
and subsequently were incorporated in larger rocks. This scenario can be confirmed
by observing NH,D and HDO toward TW Hya and HD 163296. Chapters 5 & 6 draw
conclusions on the effect of physical structures on the distribution of simple molecules.
Temperature-sensitive species, such as DCO™, can trace substructures in the temperature
profile of planet-forming disks. While the most important factor in the disk’s temperature
structure is the illumination by the central star, substructures resulting from grain growth,
settling and drift modify the temperatures. Species like DCO* can be used to indirectly
trace the impact of grain evolution on the disk’s morphology. The inverse process, i.e. the
impact of the the location of simple molecules on dust evolution, is explored in Chapter 2
and can be studied by comparing the shape of the millimeter continuum emission and the
location of the snowline of main molecular species such as CO. New infrared and visible
light instruments in facilities such as the future James Webb Space Telescope (JWST) or
the Extremely Large Telescope (ELT) will be able to observe key molecules in the warm
environments of the disk, ice features and resolved scattered light emission allowing us to
distinguish the different scenarios explored in this thesis. Large surveys of planet form-
ing disks would help to average out the differences between individual sources and bring
forward the general trends in their structure and evolution leading to a comprehensive
understanding of the planet and star formation processes.



Resumen en Espanol

La humanidad se ha preguntado siempre sobre su origen y lugar en el Universo. Nuestros
ancestros observaron los cielos en busca de respuestas. Incontables mitos y leyendas han
permeado a través de las grandes civilizaciones del pasado, y han servido de explicacién
para las preguntas fundamentales sobre el origen del Universo y los seres humanos. Ha sido
tan solo recientemente que la astrofisica moderna intenté emplear el pensamiento racional
para explicar el origen de la Tierra y la vida dentro del Sistema Solar.

La teoria de formacion estelar (y planetaria) mas ampliamente aceptada comienza con
una nube molecular de gas y polvo gravitacionalmente inestable. Mientras la nube colapsa
bajo su propia gravedad, un disco se forma rapidamente a medida que material lejano
con grandes cantidades de rotacién (o momento angular, como es concido en fisica) se de-
sploma hacia el centro del sistema. Este disco esta inicialmente inserto en una envoltura
de gas y polvo. Luego de ~0.5 millones de afios esta envoltura es disipada por chorros y
flujos bipolares, generados por la estrella central, que crean una cavidad en la envoltura de-
jando atras un disco. Es en este disco circumestelar donde los planetas se forman, llevando
asi el nombre de disco protoplanetario. Estos discos han sido descubiertos alrededor de
muchas estrellas jovenes en distintas etapas evolutivas con propiedades fiscas y quimicas
muy diferentes.

El contenido de gas y polvo de los discos protoplanetarios puede explorarse observando
las lineas espectrales de las moléculas en estado gaseoso y la radiacién térmica emitida por
el polvo, lo que da como resultado un espectro continuo. Durante su tiempo de vida tipico
de ~10 millones de anos, el disco se somete a muchos procesos dindmicos que transforman
su estructura, conduciendo eventualmente a la formacién de planetas y a la disipacién de
su contenido gaseoso. Adicionalmente, los discos protoplanetarios presentan una quimica
diversa impulsada principalmente por la radiacién ultravioleta y de rayos X que puede
estar intrinsecamente conectada a la evolucion fisica de los componentes del disco (ver
Fig.9.1). El objetivo de esta tesis es proporcionar una explicacién para la morfologia que se
observa en la emision de especies moleculares portadoras de nitr6geno, oxigeno y carbono
mediante su comparacién con la morfologia del perfil de densidad del polvo. En particular,
esta tesis busca responder dos preguntas:

e ;Dénde estan ubicadas las principales especies portadoras de oxigeno y nitrégeno,
concretamente agua y amonfaco, dentro de los discos formadores de planetas?

o ;Cémo se relacionan las estructuras fisicas, tales como los gradientes de temperatura
y las subestructuras en la densidad del polvo causadas por los procesos de crec-
imiento granular, con la formacién y la quimica de moleculas comunes?
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Esta Tesis

El Capitulo 1 de esta tesis ofrece una introduccién general a la teoria de formacén estelar y a
los discos protoplanetarios, con énfasis en el proceso de evolucion del polvo y los diferentes
regimenes quimicos dentro de los discos. El andlisis se centra en dos discos protoplanetarios
bien estudiados, TW Hya y HD 163296. Ambos objetos son excelentes laboratorios debido
a su proximidad y sus brillantes y masivos discos. Esta tesis utiliza datos infrarrojos del
Telescopio Espacial Herschel y datos (sub)milimétricos del Gran Conjunto Milimétrico de
Atacama (ALMA por sus siglas en inglés). Herschel estaba equipado con un tnico espejo
de 3.5 metros y tenia tres instrumentos a bordo que cubrian longitudes de onda desde
~50 yum a ~600 ym. En este trabajo se usaron los datos del programa clave “Agua en
las regiones de formacién estelar con Herschel” (WISH, por sus siglas en inglés), tomados
con el instrumento HIFI a bordo de Herschel. ALMA es un radiotelescopio que consta
de sesenta y seis antenas con una resolucion espacial y sensibilidad sin precedentes que
se utilizé para observar tanto la emision molecular como el espectro continuo de los dos
objetos seleccionados.

El Capitulo 2 utiliza observaciones de ALMA a una longitud de onda de 1.3 mm para
investigar donde se encuentran los granos de aproximadamente 1 mm de tamaiio en el
disco alrededor de TW Hya. En los discos formadores de planetas, los granos pequenos
(~ pm) se unen y se convierten en granos mas grandes (mm, cm y mayores) para finalmente
formar planetas. Mientras que los granos pequenos con tamarfios aproximados de ym estan
bien acoplados al gas, los granos mas grandes se desplazan hacia el centro del disco debido
a la friccién con el gas. Las observaciones muestran que los granos de tamaro milimétrico
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Figure 9.1: Caricatura de la evolucién del polvo y las diferentes regiones quimicas de un disco proto-
planetario. Figura de Henning & Semenov (2013).
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se encuentran hasta ~47 AU de la estrella central. A distancias mas largas su cantidad
disminuye rapidamente. Esta pronunciada caida se ha predicho, mediante célculos tedricos,
como consecuencia del crecimiento de los granos de polvo y su transporte en el disco.
Sin embargo, para modelos de evolucién de polvo realistas que son tipicos de discos T
Tauri, la extensién observada de los granos y su cantidad total son demasiado grandes
para un disco de 8-10 millones de afnos de vida. Posibles explicaciones para esta aparente
contradiccién incluyen una masa y tamarfio del disco inicial mucho mayor, una brecha
en la densidad de polvo que detiene la migracién radial del polvo de tamano milimétrico
abierta por un comparfiero planetario invisible o una sobreproduccién local de granos de
tamano milimétrico generada por la presencia de granos cubiertos de hielo que crecen mas
eficientemente que los granos sin hielo en regiones donde el CO esta congelado.

El Capitulo 3 presenta la primera deteccién de amoniaco en un disco formador de plane-
tas. La linea 0-NHj3 1o—0y fue observada con el instrumento HIFI a bordo de Herschel junto
con las lineas de emisioén de o-H,O y p-H;O en el disco alrededor de TW Hya. Cuatro mod-
elos diferentes para la distribucién de estas moléculas fueron explorados, asumiendo que
los hielos de agua y amoniaco se entremezclan y se liberan al medio gaseoso simultanea-
mente. Solo la distribucién mas compacta y decantada tanto del agua como del amoniaco
en estado gaseoso, siguiendo la extension radial de la emision del continuo milimétrico de
r <60 AU, es consistente con la razén amoniaco/agua encontrada en el gas entre las estrel-
las de nuestra galaxia y cuerpos del Sistema Solar de ~ 5%-10%. Otras configuraciones, a
radios o alturas mayores, solo se pueden conciliar con los valores interestelares y del Sis-
tema Solar si se invocan vias de formacién adicionales para el amoniaco. La reserva de
amoniaco y agua derivada de su estado gaseoso en cualquiera de estos modelos es solo una
pequena fraccion de la reserva total, lo que indica que la mayoria de estas moléculas estan
contenidas en granos con hielo.

Se piensa que el gas frio de los discos formadores de planetas alberga una gran cantidad
de especies portadoras de deuterio, como NH,D. El Capitulo 4 analiza los datos de Herschel
de la linea 0-NHj 19-0g y los datos de ALMA de la linea p-NH;,D 1¢-0y del disco alrededor
de HD 163296. Ambas observaciones no pudieron detectar las lineas de emisién dado
sus modestos tiempos de integracién. Este Capitulo explora dos distribuciones radiales
diferentes de o-NH3 y p-NH,D en su estado gaseoso para poner limites en sus intensidades
de linea y masas totales. Los limites superiores derivados para la masa total de o-NH; y
p-NH,D en su estado gaseoso en este disco son diez veces inferiores a los valores en el
disco de similiar masa alrededor de TW Hya, de acuerdo al modelo preferido derivado
en el Capitulo 3, asumiendo una razon NH3/NH,D de un 10%. Esto sugiere que el disco
alrededor de HD 163296 es pobre en NH; por un factor no menor a 5 en comparacién con
el disco alrededor de TW Hya. Otras especies portadoras de nitrégeno detectadas hacia
estos discos muestran cantidades relativas diferentes a las encontradas para el amoniaco.
Esto sugiere que la diferencia observada en la masa total de 0-NH; en su estado gaseoso
entre estos discos se debe a su via de formacién y no a una falta general de nitrégeno
elemental.

El Capitulo 5 se enfoca en el andlisis y caracterizacion radial de tres especies deuteradas
simples en un disco formador de planetas. Las lineas de emisién de DCO*, DCN, y N,D*
se observaron y detectaron con ALMA en el disco alrededor de HD 163296. Este capitulo
traduce el perfil de emisién radial de estas tres moléculas a densidades radiales bajo su-
posiciones que simplifican su célculo. La emisién radial de DCO* puede ser reproducida
por un modelo con tres regiones radiales consecutivas y diferentes abundancias constantes
desde ~50 AU a ~316 AU con dos saltos radiales en ~ 118 AU y ~ 245 AU. Las dos primeras
regiones radiales del modelo que mejor reproduce la emisiéon de DCO* se correlacionan



128 Resumen en Espariol

espacialmente con los modelos que mejor describen los perfiles de emisién radial de DCN
y N,D™. Esto puede interpretarse como un reflejo del hecho de que hay multiples formas
de ingectar deuterio en la quimica. Una de estas rutas es solo activada a temperaturas ba-
jas y produce N,D*; la otra opera a temperaturas ligeramente mas altas y produce DCN.
DCO* se forma a través de ambas rutas. El origen de la tercera region de emision DCO™ a
~260 AU es incierto, pero podria estar correlacionado con temperaturas altas permitiendo
que el CO se evapore a distancias lejanas, donde puede reaccionar para formar DCO™.

El Capitulo 6 trata de reproducir la emisién de DCO * presentada en el Capitulo 5
usando una sencilla red de reacciones quimicas, pero un poco mas sofisticada que el
tratamineto del Capitulo 5, para la formacién de DCO* en ambientes frios y un modelo
paramétrico para su formacién en ambientes mas célidos. La emisién de DCO * puede
ser reproducida por un modelo con una abundancia de CO de 2x10~7, en regiones donde
la temperatura del gas excede los 19 K, y una contribucién de la formacién de DCO* en
ambientes mas calidos del 20% en regiones donde ambas vias de formacién estan activas.
A mayores distancias de la estrella central, la extensién y forma de la emisién de DCO*
puede reproducirse considerando un gradiente de temperatura similar a los predichos por
los modelos de evolucién y crecimiento de los granos de polvo en presencia de migracién
radial de los granos de tamano milimetrico hacia el centro del sistema.

Conclusiones generales

El andlisis presentado en los Capitulos 3 & 4 proporciona una respuesta a la primera pre-
gunta que esta tesis trat6 de responder. El agua y amonifaco en estado gaseoso alrededor
de TW Hya siguen la estrucutura espacial de sus reservas de hielo. Estas reservas se en-
cuentran atrapadas en cuerpos grandes que se han asentado y desplazado hacia el centro
del sistema. La ubicacién de este reservorio es determinada por la migracién radial de
los granos de polvo que han experimentado algin crecimiento, y que posteriormente se
incorporaron en rocas mas grandes. Observaciones de NH,D y HDO hacia TW Hya y HD
163296 podrian confirmar este escenario. Los Capitulos 5 & 6 sacan conclusiones sobre el
efecto de las estructuras fisicas del disco en la distribucién de moléculas simples. Especies
sensibles a la temperatura, como DCO™, pueden rastrear las subestructuras en el perfil
de temperatura de los discos formadores de planetas. Si bien el factor mas importante
en la estructura de la temperatura del disco es la iluminacién por la estrella central, las
subestructuras producidas por la evolucion y crecimiento de los granos de polvo pueden
modificar el perfil térmico del disco. Especies como DCO* se pueden utilizar para rastrear
indirectamente el impacto de la evolucién y el crecimiento de los granos de polvo sobre la
morfologia del disco. El proceso inverso, es decir, el impacto de la ubicacién de moléculas
simples en la evolucién del polvo, es estudiado en el Capitulo 2 comparando la forma de la
emision del continuo milimétrico y la ubicacién de la snowline de las principales especies
moleculares como por ejemplo el CO. Nuevos instrumentos de luz infrarroja y visible en in-
stalaciones tales como el futuro Telescopio Espacial James Webb (JWST, por sus siglas en
inglés) o el Telescopio Extremadamente Grande (ELT, por sus siglas en inglés) podréan ob-
servar moléculas clave en ambientes célidos dentro del disco, caracteristicas del hielo que
cubre a los granos de polvo e imagenes espacialmente resultas de luz en dispersién permi-
tiendonos distinguir los diferentes escenarios explorados en esta tesis. Observaciones de
multiples discos protoplanetarios podrian ayudar a promediar las diferencias entre fuentes
individuales y dilucidar las tendencias generales en su estructura y evolucion, conduciendo
finalmente a una comprensién integral de los procesos involucrados en la formacion de
estrellas y planetas.
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dust.
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