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Abstract

Planets are assembled from the gas, dust, and ice in the accretion disks that encircle
young stars. Ices of chemical compounds with low condensation temperatures (<200
K), the so-called volatiles, dominate the solid mass reservoir from which planetesimals
are formed and are thus available to build the protoplanetary cores of gas/ice giant
planets. It has long been thought that the regions near the condensation fronts
of volatiles are preferential birth sites of planets. Moreover, the main volatiles in
disks are also the main C-and O-containing species in (exo)planetary atmospheres.
Understanding the distribution of volatiles in disks and their role in planet-formation

processes is therefore of great interest.

This thesis addresses two fundamental questions concerning the nature of volatiles
in planet-forming disks: (1) how are volatiles distributed throughout a disk, and (2)
how can we use volatiles to probe planet-forming processes in disks? We tackle
the first question in two complementary ways. We have developed a novel super-
resolution method to constrain the radial distribution of volatiles throughout a disk by
combining multi-wavelength spectra. Thanks to the ordered velocity and temperature
profiles in disks, we find that detailed constraints can be derived even with spatially
and spectrally unresolved data — provided a wide range of energy levels are sampled.
We also employ high-spatial resolution interferometric images at (sub)mm frequencies
using the Atacama Large Millimeter Array (ALMA) to directly measure the radial

distribution of volatiles.

For the second question, we combine volatile gas emission measurements with
those of the dust continuum emission or extinction to understand dust growth mech-

anisms in disks and disk instabilities at planet-forming distances from the central
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star. Our observations and models support the idea that the water vapor can be
concentrated in regions near its condensation front at certain evolutionary stages in
the lifetime of protoplanetary disks, and that fast pebble growth is likely to occur

near the condensation fronts of various volatile species.
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Chapter 1

Introduction

How did we get here? Are we alone in the Universe? Humankind has been seeking
answers to these two enduring questions since ancient times. The answers to both
questions demand an understanding of the formation of our own Solar system as well
as the planetary systems around other stars.

We are privileged to be at a juncture where giant steps forward are being made
in our understanding of planet formation. Over the past decade, more than three
thousand planet candidates around other stars have been identified, indicating planet
formation is a ubiquitous process in the local Universe. It is, however, striking to have
discovered that most of the planetary systems around nearby stars show properties
wholly distinct from our Solar system. What drives the large diversity observed?
Might there be life in other planetary systems that are clearly so different from our
own? There are two principal approaches to be taken in seeking further answers. One
avenue involves the study of mature planetary systems around other stars, much as
we have been doing for the Solar system. The architecture and chemical composition
of a planetary system provides rich information on how it was formed. On the other
hand, since planet formation is ubiquitous, we can also take advantage of nearby
forming planetary systems to characterize the birth environments of planets directly,
and use our knowledge of physics and chemistry to decipher the ongoing processes of
planet formation.

The second approach is adopted in this thesis. Planets are formed in disks of gas

and dust rotating around young stars. The physical and chemical structure of these
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disks largely regulates the final outcome of planetary system formation. Over the past
decade, significant advances have been made in characterizing many basic properties
of these disks, including the dust mass in disks and the disk evolutionary timescale(s).
One of the most basic properties of disks, that of its chemical composition, is still
largely unknown, however. Indeed, a rocky planet at the ‘right’ orbital distance may
not be a habitable one, because it also must retain sufficient liquid water and critical

elements such as carbon and nitrogen to form life.

Thus, we want to know the distribution of essential living-giving materials, or
volatiles, such as water, CO/COy and NHs, in disks, before planetary surfaces are
assembled. In particular, this thesis will focus recent steps toward understanding
the distribution of volatiles in planet-forming disks, and seeks to answer questions
such as: how are volatiles distributed in the disks? How does the general evolution
of disks change their distribution? This brief introductory chapter is organized as
follows: protoplanetary disks, in the context of star and planet formation, are defined
and discussed in Section 1.0.1. I then introduce the definition of volatiles and discuss
the important role that they play in planet formation processes in Section 1.0.2. I
next describe current observations of volatiles in disks (Section 1.0.3), and conclude

with an outline of the main chapters in this thesis.

1.0.1 Protoplanetary disks

Stars are formed from the interstellar medium through the collapse of matter inside
the dense cores of molecular clouds. An accretion disk is developed during the process
because the collapsing gas (principally Ho+He) has too much angular momentum to
collapse directly to center of the core. Conventionally, Young Stellar Objects (YSO)
are grouped into Class 0, I, II, and III objects empirically based on the infrared
(and far-infrared) slope of their Spectral Energy Distribution (SED), which measures
the distribution of flux as a function of wavelength (Lada & Wilking, 1984). This
classification has later been given physical meaning thorough modeling of each stage

in the process (Adams et al., 1987), see Figure 1.1.



Fragment
g Parent cloud
m —
s W
= =3 Cold black body @
S =)
= o
g |
w
g
& 1 10 102 103
A (um)
Formation of the central protostellar object
t=0 -~ ———— - -
S [ Cold black body - B -
k=) —_ O -—
-] — -
-
] el — — ~
©
s 1 10 10 103
H A (um)
5 1<0.03 Myr
@ Class |
: N\ |/
)
= ~
Infrared excess I
Black body /:/’/ \\1\
1 10 102
A (um
(um) Birthline for
t=0.2 Myr B e .
Class Il pre-main sequence stars
g a >
2 Protoplanetary disk?
S
(]
b 1 10 102
S A (um)
§ t=1 Myr
c Class Il
g
& = Disk? A N—
m -
o ) 5
= | Sstellar black body Debris + planets?

t=10 Myr A (um)

Figure 1.1 The current theoretical framework for the formation of a low-mass star (illus-
tration adapted from Dauphas & Chaussidon 2011). The left column shows a canonical
spectral energy distribution for each one of the stages that are shown. The right column
presents an illustration of the main components that characterize each stage. From top
to bottom: a fragment inside a molecular cloud experiences contraction under its own self
gravity (top). Runaway growth ensues and a protostar is formed (Class 0 YSO). Angular
momentum is conserved and a disk of material orbiting the star results, but the star+disk
system is still surrounded by an envelope (Class I YSO). Once the envelope dissipates the
central object becomes visible at optical wavelengths, with only a disk surrounding the
pre-main sequence star (Class II YSO). Finally, the disk is accreted but collisions between
macroscopic bodies may create a debris disk (Class III YSO).
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The earliest stages of cloud collapse is represented by the so-called Class 0 objects
— systems so deeply embedded within optically thick gas and dust that they are not
visible even in deep near-IR rimages. At this stage, a rotationally supported disk may
have been formed, but high angular resolutions observations are still sufficiently rare
that our characterization the properties of the disks in this stage is poor. Unlike Class
0 objects, a rotational signature of a disk can easily be detected in Class I objects,
which still have an envelope of infalling material, and which are usually associated
with strong outflows or jets. The transition from a Class 0 to Class I object takes
less than 0.5 Myr (Evans et al., 2009). As accretion proceeds, the envelope eventually
dissipates (~1 Myr) and the central young star becomes optically visible, representing
the start of the Class II phase. For low and medium mass stars(< 3 M), the gas disk
is called a protoplanetary disk (Figure 1.2). These disks can last for a few million
years (e.g., Haisch et al. 2001, Damjanov et al. 2007, Gutermuth et al. 2008), setting
a critical limit for the timescale of the formation of gas giant planets. Once the gas
disk has dissipated, the accretion onto the central star wanes and the flux excess at
long-wavelengths decreases. A dusty debris disk of so-called ‘second generation’ dust

(and small amounts of gas) can be formed via collisions between planetesimals (Class

I11).

This thesis focuses on the Class I and II stage, the two critical stages for the
earliest steps in planet formation. It is mainly at these stages that (sub)micron-
sized interstellar grains grow into planetesimals and planets. Because the core of
a giant planet must grow massive enough to accrete gas before the primordial disk
is dissipated, the lifetime of the gas disk sets a hard upper limit to the formation
timescale of giant planets. Since planets are built from the materials in disks, the
chemical reactions that occur during this stage will define the chemical composition

of any future planetary system.
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Figure 1.2 Sketch of the physical and chemical structure of a ~1—5Myr old proto-
planetary disk around a Sun-like star, adapted from Henning & Semenov (2013).
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1.0.2 Volatiles in planet formation

Volatiles are compounds with low sublimation temperatures (<200 K). In protoplan-
etary disks, these are usually small molecules that form the principle reservoirs of
the abundant elements carbon, nitrogen, and oxygen. The most important examples

include water, CO, and No/NHs.

Volatiles, especially water, play an essential role in planet formation. They not
only provide the major solid mass reservoir for planetesimal and planet formation
at sufficiently low temperatures, but also set the initial chemical composition in the

atmospheres of forming planets.

Recent studies have also suggested that volatiles can greatly accelerate the forma-
tion of planetesimals, from which planets are built. Planetesimals are usually defined
as solid bodies that are held together by self-gravity rather than material strength
(minimum size 100-1000 meters, Benz 2000). The growth from (sub)micron-sized ISM
grains to planetesimals is a difficult process in protoplanetary disks, because once the
grains grow into millimeter or larger size, the strong gas drag in a disk will cause
solid bodies to collide destructively or they are dragged radially into the central star
before they can grow into planetesimals. Volatiles can accelerate the growth process
primarily via two routes: (i) condensed volatiles can add a large amount of solid
material that is available for planetesimal formation; and (ii) the icy mantle formed
by condensed volatiles on dust grains can greatly enhance their ‘stickiness’ in binary

collisions.

The initial distribution of volatiles in a protoplanetary disk thus determines the
chemical composition of planetesimals, which will later contribute to the bulk chem-
ical composition of planets. Asteroids, meteorites and comets are believed to be the
remnants of Solar system planetesimals that are either primitive or have that un-
dergone dynamical and chemical processes. Nevertheless, these objects are our best

window into the volatile composition of the Solar protoplanetary disk.

In core accretion planet formation theories, the regions just beyond the condensa-

tion fronts of most abundant volatiles are optimal locations for building giant planet
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cores. In our Solar system, the terrestrial planets are all in the inner region while the
gas and ice giants are located at further distances from the Sun. This architecture is
attributed to the dividing line provided by the water condensation front, or snow line,
where most of the locally available water vapor condenses as solid ice. The condensed
water ice can directly increase the surface density of solids beyond the snow line by
factors of a few (between 2-4, depending on the elemental ratios adopted). Further-
more, the competition between the inward migration of icy grains and the outward
diffusion of water vapor can enhance the local surface density just beyond the snow
line by much larger factors (up to ~75, Stevenson & Lunine 1988). As was men-
tioned above, the enhanced surface density can significantly accelerate the formation
of planetesimals and planetary cores. The regulation of other condensation fronts is
probably less significant than the water snowline, but it has been suggested that many
properties of Neptune and Uranus can be accounted for if they formed just beyond

the CO condensation line in the Solar protoplanetary disk (Ali-Dib et al., 2014).

Besides accelerating the formation of giant planets, volatiles also set the initial
chemical composition in the atmosphere of giant planets. For example, one important
parameter of planetary atmospheres is the elemental C/O ratio, determining whether
a carbon-dominated or oxygen-dominated chemistry is manifest. Due to the prefer-
able condensation of oxygen carriers over some regions of the disk (outside the water
sonwline but inside the CO snow line), the C/O ratio in disk gas can be higher than
the that of the central star. If a giant planet forms via core accretion from solids
followed by the accretion of a gaseous envelope, it will inherit the high C/O ratio in

its atmosphere (Oberg et al., 2011).

At smaller distances from the young star, volatiles are crucial components to the
creation of habitable planets. It is still under debate where the water in the Earth’s
oceans originated, since terrestrial planets are thought to be assembled from dust
in the innermost regions of the disk where volatiles are relatively depleted. The
leading theories suggest that water was deposited on the near-surface of the early
Earth through bombardment by asteroids and comets which were formed at disk

radii beyond the snow line.
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1.0.3 Observations of volatile in prototplanetary disks

For many years, the Solar system provided our only case study of planet formation.
Direct sampling or spectroscopic observations of planets, meteorites, and comets pro-
vided key information on the chemical composition of materials formed in the pri-
mordial Solar Nebula and retained in the current planetary system. It is found that
the C, N, and O elemental abundances increase with the distance from the Sun and
that the terrestrial planets have the largest depletion. Since the majority of the C,
N, and O elements are in volatiles, this trend is also that of volatile depletion. As
noted above, the distribution of terrestrial planets inside of 3 AU and massive gas/ice
giant planets orbiting beyond this radius has long been thought to be related to the
presence of a water ice condensation front.

The last decade brought several breakthroughs in the observations of volatiles
within protoplanetary disks. Thanks to great sensitivity of the Spitzer Space Tele-
scope and Infrared ground-based facilities on 8-10m telescopes, for example, simple
volatiles have now been detected in a large number of protoplanetary disks, including
water, CO, CoHy, HCN, and CO, (Carr & Najita, 2008; Pontoppidan et al., 2010b;
Salyk et al., 2011), see Figure 1.3. Modeling shows that these emission bands origi-
nate from the warm inner region of protoplanetary disks (that is, distances out to a
few AU). In the far-IR wavelength range, the Herschel Space Telescope has detected
water vapor emission in a few protoplanetary disks (Hogerheijde et al., 2011). At

(sub)mm wavelengths, ALMA is rapidly expanding our understanding of volatiles in

disks (e.g., Qi et al. 2013, Oberg et al. 2015) .

1.0.4 Thesis Outline

In this thesis, I aim to observationally constrain the distribution of volatiles in pro-
toplanetary disks by employing multi-wavelength spectroscopic observations, high
spatial resolution interferometric imaging, and long-term spectroscopic monitoring.
By studying the distribution of volatiles in planet-forming disks, we constrain the

initial conditions for planetesimal and planet formation. The structure of this thesis
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is as follows:

In Chapter 2, I discuss the use of multi-wavelength water emission spectra from
the mid- to far-IR to constrain the location of the water snowline in the gas-rich
protoplanetary disk around TW Hya. This is the first observational constraint on the
location of snow line in a protoplanetary disk.

In Chapter 3, I present high spatial resolution interferometry observations of the
dust and several volatile molecules in the so-called transition disk around the young
star J1604-2130 in the Upper Sco-Cen association. I explain in detail how these
observations show that the distribution of dust and gas can be shaped quite differently
when the disk undergoes significant structural evolution, likely as the result of planet
formation.

In Chapter 4, I present the analysis of near-IR spectroscopic mentoring of the
highly inclined protoplanetary disk surrounding the classical T Tauri star AA Tau,
which showed a sudden dimming in its optical photometry after maintaining a nearly
constant luminosity for more than two decades. I demonstrate that the photometric
variation and CO line shape changes associated with AA Tau possibly arise from a
disk instability /outburst, which powers material transport from large scale heights in
the outer disk toward the inner disk region.

In Chapter 5, I analyze ALMA (sub)mm long baseline Science Verification con-
tinuum images of the young star HL. Tau, which shows a mysterious suite of dark
rings. [ show that the most prominent rings are remarkably close to the expected
condensation fronts of major volatiles in the mid-plane of the disk, and that the dust
emissivity changes between 1.3 and 0.877 mm wavelengths are consistent with dust
growth into decimeter size scales inside the dips. These observations suggest that
fast pebble growth is likely to be driven around the condensation fronts of abundant
volatiles.

In Chapter 6, I summarize the findings of this thesis and discuss future prospects

in the study of volatiles within protoplanetary disks.
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Chapter 2

Evidence for a Snow Line Beyond
the Transitional Radius in the TW
Hya Protoplanetary Disk
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2.1 Abstract

We present an observational reconstruction of the radial water vapor content near
the surface of the TW Hya transitional protoplanetary disk, and report the first
localization of the snow line during this phase of disk evolution. The observations
are comprised of Spitzer-IRS, Herschel-PACS, and Herschel-HIFI archival spectra.
The abundance structure is retrieved by fitting a two-dimensional disk model to
the available star+disk photometry and all observed H5O lines, using a simple step-
function parameterization of the water vapor content near the disk surface. We find
that water vapor is abundant (~ 10~* per Hy) in a narrow ring, located at the disk
transition radius some 4 AU from the central star, but drops rapidly by several orders
of magnitude beyond 4.2 AU over a scale length of no more than 0.5 AU. The inner
disk (0.5-4 AU) is also dry, with an upper limit on the vertically averaged water
abundance of 107% per Hy. The water vapor peak occurs at a radius significantly
more distant than that expected for a passive continuous disk around a 0.6 M, star,
representing a volatile distribution in the TW Hya disk that bears strong similarities
to that of the solar system. This is observational evidence for a snow line that moves
outward with time in passive disks, with a dry inner disk that results either from gas
giant formation or gas dissipation and a significant ice reservoir at large radii. The
amount of water present near the snow line is sufficient to potentially catalyze the

(further) formation of planetesimals and planets at distances beyond a few AU.
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2.2 Introduction

Giant planets and planetesimals form in the chemically and dynamically active en-
vironments in the inner zone of gas-rich protoplanetary disks (Pollack et al., 1996;
Armitage, 2011). Processes taking place during this critical stage in planetary evolu-
tion determine many of the parameters of the final planetary system, including the
mass distribution of giant planets, as well as the chemical composition of terrestrial

planets and moons.

Indeed, some of the most important features of mature planetary systems may
be dictated by the behavior of the water content of protoplanetary disks. Such pro-
cesses include the formation of a strong radial dependence of the ice abundance in
planetesimals — the snow line (Hayashi, 1981). The deficit of condensible water in-
side the snow line leads to a need for radial mixing of icy bodies during the later
gas-poor stages in the evolution of the planetary system, in particular to explain the
existence of water on the Earth (Raymond et al., 2004). Ice mantles on dust beyond
the snow line allow grains to stick at higher collisional velocities, allowing for efficient
coagulation well beyond the limits of refractory grain growth alone (Blum & Wurm,
2008). The combined mass of the solid component in protoplanetary disks is likely
dominated by volatile, but condensible, species, the most abundant of which is water

(Lecar et al., 2006).

Thus, core accretion models that rely on the availability of large concentrations of
solid material suggest that giant planets will initially be found beyond the snow line, as
their formation requires the existence of a massive ice reservoir (Kennedy & Kenyon,
2008; Dodson-Robinson et al., 2009). The added solid density offered by condensible
water may also offer a way out of the “meter-barrier” for planetesimal formation
(Weidenschilling, 1997), in which centimeter to meter size icy bodies migrate inwards
and are lost to the central star on time scales much shorter than those of steady state
grain aggregation (Birnstiel et al., 2009): beyond a certain mass density of solids, local
concentrations of boulder-sized particles may overcome the effects of turbulence acting

to disperse them and will gravitationally contract to form Ceres-mass planetesimals
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(Johansen et al., 2007, 2009).

Given the central role that water plays in the formation of planetary systems, its
distribution and abundance in protoplanetary disks has been the subject of intense
theoretical study (e.g., Ciesla & Cuzzi, 2006; Garaud & Lin, 2007; Kretke & Lin,
2007). Yet, the only source of observational constraints on the initial radial distribu-
tion of water in planet-forming regions has been the distribution of ice in the current
Solar System (Hayashi, 1981), the remaining bodies of which represent only a small
part of the story. Apart from the fact that the solar system water distribution may be
unique, theoretical study shows that the initial distribution of ices in protoplanetary
disks evolves as does the disk temperature distribution (e.g. Garaud & Lin, 2007), and
that in later stages it is confounded by the dynamical interactions between planets
and the planetesimal swarm (Gomes et al., 2005). The final distribution of water in
a planetary system is thus an obscured tracer of initial conditions, and to understand
the role of water and other volatiles in the formation of planets, we should measure
their distribution before, during, and after planet(esimal) formation.

The most direct way to trace the water abundance distribution in protoplanetary
disks is to image line emission from water vapor. However, due to the strong radial
gradient of gas temperature in disks, each line of a given excitation energy will only
trace a limited areal extent of the disk. For instance, high-J rovibrational transitions
in the mid-infrared waveband are sensitive to the warmer (2 300 K) and inner parts
of the disk surface (< 10 AU). Far-infrared transitions arise from cooler gas (< 300 K)
in the outer (2 10 AU) and deeperregions of the disk. In order to measure the total
water vapor content in the disk surface, it is necessary to observe lines across states
of widely varying excitation energies.

That line emission from water vapor is common in disks is now well established
thanks to observations with the Spitzer IRS instrument, which has detected a forest
of emission lines in the 10-35 pm range. Carr & Najita (2008) and Salyk et al.
(2008) first reported a large number of rotational lines due to warm water in AA Tau,
AS 205N, and DR Tau, while Pontoppidan et al. (2010b) report a water emission

detection rate of ~50% in their Spitzer survey of 46 disks surrounding late-type (M-
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G) stars. With upper energy levels of E,, ~ 1000 — 3000 K, these water lines arise
from the inner few AU region of the disks. Detailed radiative transfer models show
that the surface water vapor abundance may need to be truncated beyond ~1 AU
for a typical classical T Tauri star (¢TTs) disk in order to match the general line
ratios over 10-35 um (Meijerink et al., 2009). Follow-up ground-based spectra of the
brightest targets have constrained the gas kinematics, and confirmed that the water

vapor resides inside the snow-line (Pontoppidan et al., 2010a).

Recently, complementary spectral tracers of water vapor in the outer disk have
become accessible via Herschel Space Observatory PACS and HIFI observations.
Riviere-Marichalar et al. (2012) describe the discovery of warm water emission at
63.3 um in 8 out of their 68 T Tauri disk sources, and tentative detections of water
transitions with similar excitation energies have also been reported for the Herbig
Ae/Be star HD 163296 (Meeus et al., 2012; Fedele et al., 2012). The first sensitive
search for ground-state emission lines of cold water vapor in DM Tau indicated that
the vertically averaged water vapor abundance in the outer disk of this source is
extremely low, < 107'% per hydrogen molecule (Bergin et al., 2010). Finally, two
ground state water emission lines in TW Hya were detected with HIFI (Hogerheijde
et al., 2011). Again, the vertically averaged water vapor abundance is $107!° per
hydrogen, while the estimated peak water vapor abundance is closer to ~1078 —10~7
in the near surface layers of the disk. These are values that can be produced by UV
photodesorption from icy dust grains. In this interpretation, the low excitation water

lines trace a large, but otherwise unseen, reservoir of ice in the outer disk.

Here we present an observationally-based method for reconstructing the water
vapor column density profile in the surface of a protoplanetary disk, based on multi-
wavelength, multi-instrument IR/submillimeter spectra, and apply the method to
the TW Hya transitional disk. We chose TW Hya because of the availability of
deep archival Spitzer and Herschel water spectroscopy and the existence of detailed
structural models. Further, we report on the spectroscopic identification of warm
water vapor emission at 20-35 pum, a detection that permits, in combination with the

Herschel data, the first localization of the snow line in a transitional disk.
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The outline of the paper is as follows: in Section 2.3, we describe the Spitzer
and Herschel data. In §3.5.1, we describe the structural gas/dust model for the TW
Hya disk. Section 2.5 applies a two-dimensional line radiative transfer model to the
model disk structure to retrieve a radial abundance water profile based on the full

spectroscopic dataset. The results are discussed in §4.4.

2.3 Data reduction

The Spitzer IRS 10—35 pm high resolution mode (R~600) spectra of TW Hya were
acquired as part of a survey program of transitional disks (PID 30300), with J. Najita
as PI. The observations were done in two epochs using different background obser-
vation strategies, for an observation log see Najita et al. (2010). In the first epoch,
TW Hya was observed on source (AOR 18017792), followed by north and south off-
set observations (AORs 18018048, 18018304). In the second epoch (AOR 24402944),
TW Hya was observed using a fixed cluster-offsets mode, such that the background
scans were observed in the same sequence. All of the datasets were extracted from the
Spitzer archive and reduced using the Caltech High-resolution IRS Pipeline (CHIP)
described in Pontoppidan et al. (2010b), which takes full advantage of the existence
of redundant background observations. CHIP implements a data reduction scheme
similar to that developed by Carr & Najita (2008).

In an extensive analysis of the 10-20 um Short-Hi (SH) spectrum, Najita et al.
(2010) report the detection of excited OH emission lines and a host of other molecular
features from TW Hya, but no water emission above a lower flux limit of ~10mJy.
As stressed by Najita et al. (2010), the lack of detectable water emission from the
highly excited water lines below 20 um does not preclude the presence of cooler water
vapor, and in a follow-up paper (in prep), these authors interpret the SH and Long-Hi
(LH) data together. Our independent reduction of the deep Spitzer IRS observations
at longer wavelengths displays numerous water emission lines in the 20—35 pm LH
module. The strongest transition at 33 um can be clearly seen in all LH epochs.

The spectrum from the fixed cluster-offsets AOR has the highest signal-to-noise ratio
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(SNR), and our analysis is therefore based on this spectrum (presented in Figure 2.1).
The SH spectrum is scaled by a factor of 1.25 to match the flux of LH spectrum and
IRAS 12 pm photometry data.

The Herschel HIFT line fluxes for the ground state ortho and para water transitions
are taken from Hogerheijde et al. (2011). Somewhat higher excitation lines are probed
by the PACS instrument, and narrow-range line spectra of TW Hya from 63—180 pum
were acquired as part of the public Herschel Science Demonstration Phase program
(observation ID 1342187238). The PACS data were reduced using the Herschel inter-
active processing environment (HIPE v.6.0), up to level 2. After level 1 processing,
spectra for the two nod positions were extracted separately from the central spaxel.
The spectra of the two nod positions were uniformly rebinned, using an over-sampling
factor of 2 and an up-sampling factor of 2, before co-adding to produce the final re-
sult. Linear baselines were fitted to the local continua and integrated line fluxes (see
Table 2.2) were obtained using Gaussian fits. While no water emission is formally
detected with PACS at 30, there are indications of water lines consistent with our

water abundance model predictions; see Section 2.5 for further discussion.

2.4 The TW Hya disk structure

The accuracy of retrieved chemical abundances in protoplanetary disks is coupled to
how well the two- or three-dimensional gas kinetic temperature and volume density
structures are known. Our model development consists of three stages: first, we con-
struct an axisymmetric model of the dust component of the disk, based on fits to the
continuum spectral energy distribution (SED), using the RADMC code(Dullemond &
Dominik, 2004). We then assume that the gas density distribution follows that of the
small dust grain population — a reasonable assumption, since the small grains carry
most of the disk opacity and are dynamically well-coupled to the disk gas. However,
we do allow thermal decoupling of the gas from the dust near the disk surface, in the
form of a constant temperature offset constrained using the CO rovibrational emission

spectrum near 4.7 um. Finally, we constrain the water vapor radial column density
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Figure 2.1 (a) The Spitzer IRS high resolution (R~600) spectrum of TW Hya from 10-
35 pm; (b) continuum subtracted spectrum between 10 and 20 pm; (c) continuum sub-
tracted spectrum between 20 and 35 ym. No water emission is detected in the 10-20 pym
SH modules (Najita et al., 2010), but the 20-35 ym LH spectrum shows clear evidence for
water vapor. The short vertical ticks indicate water vapor rest wavelengths (HITRAN 2008
database) for lines with intensities >5x1072? cm~!/(molecule cm~2).



19
distribution (and thus abundance) at all disk radii via fits to the multi-wavelength

water spectra acquired for TW Hya.

2.4.1 The dust temperature and density structure

Dust, as the dominant source of disk continuum opacity, determines the disk SED
shape. At a distance of only ~ 51 £ 4pc (Mamajek, 2005), TW Hya is one of the
best studied protoplanetary disks, with extensive photometric data available from UV
to cm wavelengths. Calvet et al. (2002) developed a physically self-consistent dust
structure model for TW Hya. They found that the disk is vertically optically thin
within 4 AU, corresponding to a depletion of small dust grains by orders of magnitude
at these radii. This inner zone of dust depletion has been confirmed by subsequent
observations (Eisner et al., 2006; Hughes et al., 2007). A small amount of dust in
the inner disk is needed to explain the 10-25 um amorphous silicate features (Calvet
et al., 2002), and accretion onto the star continues. The existence of hot gas in the
innermost disk has been further confirmed by the detection of CO Av=1 rovibrational
emission near 4.7 um (Rettig et al., 2004; Salyk et al., 2007, 2009) and via Spectro-
Astrometric (SA) observations of these same lines (Pontoppidan et al., 2008). It is
not yet clear whether the gas content has been depleted to the same degree as the
dust in the inner disk, although Gorti et al. (2011) estimated enhancements of 5-50
in gas/dust in in the inner disk.

We adopt M, = 0.6 M, R = 1Ry and Teg = 4000 K for the stellar mass, stellar
radius and effective temperature (Webb et al., 1999). The inclination angle of the disk
axis to the line-of-sight is fixed to i = 7° (Qi et al., 2004). The standard gas-to-dust
ratio of 100 is used to estimate the total disk mass.

The dust structure model adopted is similar to Andrews et al. (2012): an optically
thin inner disk between the sublimation radius (rg,,) and the cavity edge (reay), a
cavity “wall” and an optically thick disk. The cavity “wall” component is needed
to reproduce the spectral shape of TW Hya from 10—30 um (Uchida et al., 2004).

The sublimation radius was set to ¢, = 0.055 AU, which is the location where dust
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Figure 2.2 Left panel: A 2-D model fit to the TW Hya SED using RADMC and the param-
eters in Table 2.1. The stellar spectrum (peaking near 1 um) is generated from a Kurucz
model with Teg = 4000 K. The photometric points are taken from Rucinski & Krautter
(1983), 2MASS, Low et al. (2005), and Weintraub et al. (1989), while the 5-35 um Spitzer
IRS spectrum is that displayed in Figure 2.1. Middle panel: Fiducial gas temperature pro-
file. Right panel: Fiducial gas density profile, with the A,=1 height depicted by the solid
line.

temperature reaches 1400 K. The cavity radius is fixed as r.,, = 4 AU, in accord with
previous near-IR interferometry (Eisner et al., 2006; Hughes et al., 2007; Akeson et al.,
2011). We adopt the power-law density profile of Andrews et al. (2012) for the outer
disk, which is based on 870 pum continuum interferometric imaging. A summary of

the dust structure model parameters can be seen in Table 1.

Following Pollack et al. (1994) and D’Alessio et al. (2001), we use a dust mixture
of astronomical silicates, organics, and water ice. For the optically thin inner disk,
pure glassy silicate is used to match the strong silicate bands at 10 and 18 pym. The
dust size distribution is taken to be n(a) oc a=® with s = 3.5 between G, = 0.9 and
Umax = 2.0 um (Calvet et al., 2002). In the cavity wall, we use a dust size range
between 0.005 and 1 um; outside the cavity wall, 95% (by mass) of the dust has a
size distribution extending from 0.005 ym to 1 mm, with the remaining 5% contained
in grains from 0.005 — 1 pum. Total dust masses in the optically thin and thick parts
of the disk are 2.77 x 107 and 4.4 x 107 Mg. The SED fit and our fiducial gas
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Table 2.1. Disk parameters for the dust model

Parameter Inner disk Cavity wall Outer disk

r (AU) 0.055 —4 4 —5 5—196
p 0.8 0.0 1.0
~ 0.3 -0.25 0.2

Note. — Here 7 is the index that describes the
vertical scale height z4: zq = zo(r/ro)'™7 where 2,
= 0.7 at 1o = 10AU; p is the index of the surface
density distribution: X, = Yo (r/rq)P.

temperature and density profiles, discussed further below, are presented in Figure

2.2.

2.4.2 The gas density and temperature

The gas/dust ratio in disks evolves due to grain growth and transport processes
(Birnstiel et al., 2009), and likely has significant radial and vertical structure. For
simplicity, the gas density is here assumed to follow that of the dust, with a constant
gas/dust mass ratio throughout the disk. For TW Hya, the estimated global gas/dust
ratio varies from 2.6 to 100 (Thi et al., 2010; Gorti et al., 2011). The recent detection
of the HD J = 1-0 line from TW Hya has offered an independent and robust estimation
of the gas mass (Bergin et al., 2013), which indicates a globally averaged gas/dust
ratio close to 100, a value we adopt here. Significant dust vertical settling will produce
an enhanced gas-to-dust ratio in the upper layers of the disk. Such settling should
have little impact on the longest wavelength water transitions studied here, or on the
strongest, optically thick lines traced by the Spitzer IRS. By creating a larger column
of gas above the 74, = 1 surface, the absolute fractional abundance of water derived
by a well mixed LTE model likely provides an upper bound, but the inferred radial

structure in the water vapor column density should be fairly robust against changes
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to the dust distribution.

Above a certain altitude in the disk, where the environment becomes exposed
to the ambient radiation field, the gas can also be thermally decoupled from the
dust. The gas will adopt a temperature profile that is a balance among heating pro-
cesses, such as mechanical heating via accretion or that driven by photodissociation
or the photoelectric electric effect, and cooling rates driven by atomic, molecular, and
dust grain emission (Glassgold et al., 2004; Kamp & Dullemond, 2004). General gas
temperature profiles can be estimated using detailed thermo-chemical models (e.g.
Woitke et al., 2009; Najita et al., 2011). However, such profiles can be highly depen-
dent on input assumptions, and interdependencies between model parameters and
observables can be obscure. Here, we simplify the process by deriving the vertical
gas temperature structure in the inner disks using the rotational ladder from M-band
CO P-branch v = 1 — 0 emission lines. Due to its (photo)chemical robustness, the
abundance of CO is predicted to be fairly constant at nco/ny, ~ 1.2x 107 in regions
warmer than 20 K (Aikawa et al., 1996). A high CO abundance is expected to persist
even for a depleted inner disk, such as that of TW Hya. Indeed, in the chemical
model of Najita et al. (2011), the abundance of CO rises to ~ 10~* once the vertical
column density of Hy reaches 10?! em™2 for radii beyond 0.25 AU (physical densities
are >10% cm™3).

Since the heating of the inner disk gas is driven by X-ray and FUV photons from
the central star and stellar accretion flow (Kamp & Dullemond, 2004; Gorti et al.,
2011), we assume that gas and dust temperature become decoupled in regions where

the radial optical depth for visible photons is less than unity. That is,

Ty, A, >1
Toas = : (2.1)
Ty + 6T, A, <1

where Ty is dust temperature in the disk at (r, ) in spherical coordinates, A, is the
visual extinction along the radial direction @, and 6T is a free parameter that describes
the gas-dust temperature difference, to be determined through fits to observational

data.
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Figure 2.3 Model CO rovibrational fluxes from decoupled gas/dust temperature models

compared with the observational data (depicted as crosses with error bars, from Salyk et al.

2007). The models show three different values of §T, the temperature difference between
gas and dust, with values of 120 (diamonds), 135 (squares), and 150 K (circles).

The v=1-0 P(1-12) CO line fluxes at 4.7 um are taken from Salyk et al. (2007),
while the model spectra are generated by the raytracing code RADLite (Pontoppidan
et al., 2009). The lines are ~7.5km/s wide (FWHM) (Pontoppidan et al., 2008),
consistent with the nearly face-on orientation of TW Hya. The inner edge of the CO
emission in the inner disk is set at r;, = 0.11 AU, based on SA imaging of the 4.7 ym
line emission (Pontoppidan et al., 2008). The outer edge of the CO-emitting zone
is not well constrained, and is set to 4 AU, the dust transition radius. The model is
relatively insensitive to the size of the outer edge, since the majority of the emission

is produced at radii < 4 AU.

The best fit has dT=135+15K (Figure 2.3). From M-band rotation diagram fits,
Salyk et al. (2007) derive Ngo = 2.2 x 10'® em™2, corresponding to a vertical total
gas column density of Ny~10%2cm~2. The 135 K gas-to-dust temperature difference
is consistent with the detailed gas temperature balance model of Najita et al. (2011),

whose treatment yields 6T~100 K at r=0.25 AU for an integrated column density
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of Ng = 10*2cm~2. RADLite simulations predict a line width (prior to instrument
profile convolution) of FWHM~6.8-9.6 km /s for vy ~ 0.05 Ukepler- This is somewhat
larger than observed 7.5km/s linewidths, but this difference may be accounted for
by the difference in disk inclination relative to that (i = 4°) derived by Pontoppidan
et al. (2008).

The best fit 6T of 135K applies only to the inner disk radii probed by CO, but
similar physics will decouple the gas and dust temperatures near the disk surface at
larger radial distances. To model this decoupling, we adopt T, = Ty4+0T" x e~ "/50AU for
the gas temperature at large scale heights, a parameterization that matches broadly
the models of Thi et al. (2010) for TW Hya. Again, the gas density structure follows
that of the dust.

We stress that such gas/dust thermal decoupling should have only a modest im-
pact on a principle molecular mapping result presented here, namely the significant
drop in the water vapor column density beyond the snow line. For the highest excita-
tion lines measured by Herschel (and Spitzer) that trace the photon-dominated, and
thus heated, layers in the inner disk and cavity wall, gas densities are at least ~10°
Hy/cm?. Under such conditions the simulations of Meijerink et al. (2009) show that
the emergent fluxes of the water lines detected here are within factors of two-three of
their LTE values. Thus, the water vapor column densities should be reasonably well
determined by LTE calculations whose temperature distributions are constrained by
the CO M-band observations.

The outer disk is too cold to emit in such high excitation water lines, and as
discussed further in Section 4.4, the physical density in the A,~1 layer at radii beyond
5-10 AU is only ~10” Hy/cm?®, some 100-1000x less than the critical densities of the
mid- to far-infrared water vapor lines examined here. Only the lowest-excitation water
transitions measured by Herschel principally trace the outer, deeper disk layers. Here
the M-band CO observations are of little use, but the lowest-J pure rotational lines
do probe the relevant disk gas. In RADLite simulations of lines up to J = 6-5 we
find, in agreement with Qi et al. (2004), that significant CO depletion in the cold

disk midplane is needed to match the observed line fluxes. Water can be expected
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to deplete in a similar manner, with the bulk of the vapor emission arising from an
intermediate layer at densities where LTE calculations offer column density estimates

good to within an order-of-magnitude (Hogerheijde et al., 2011).

2.5 Retrieving the radial water vapor profile

2.5.1 The water line model

Given the gas temperature and density structure for TW Hya, we can now constrain
the water vapor content of the TW Hya disk surface as a function of radius. Our goal
is not to provide an exacting description of the volatile abundances versus radius and
height, but to determine what radial distribution of water vapor is most consistent
with the available data.To this end, we construct a step function in water vapor
abundance, with one value, Xj,,er, in the inner gas-depleted disk within 4 AU, another,
Xiing, in a ring starting at 4 AU and extending to the snow line at Rg,qw, and an outer

disk abundance X uer. That is,

Xinner, R <4AU
X1,0 = ¢ Xying, 4AU < R < Raow (2.2)
Xouter7 R > Rsnow

As described below, our calculations assume LTE but do account for line and contin-
uum opacity. The Xy,o values derived thus reflect the water vapor column densities
to different depths into the disk. Inside of 4 AU and for the longest wavelength Her-
schel lines sensitive to the outermost radii the dust opacity permits the full vertical
extent of the disk to be sampled. For the IRS features and the shorter wavelength
PACS lines that sample gas near the transition radius, significant dust opacity limits
the fitted column densities, and hence the Xy,o values, to the upper layers of the
disk. Freeze-out and dust/line opacity greatly limit access to the midplane beyond 4
AU.

Given the wide span in upper level energies of the lines considered, it is generally
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possible to identify subset of lines that co-vary. Consequently, we can explore one
model parameter at a time to derive a best-fit model, illustrated in Figure 2.4. As we
shall see, the simplest LTE model, namely a constant water abundance throughout
the disk, is inconsistent with the data in hand.In Section 4.2.2, we further discuss
whether the data support a modification to this basic structure in which the drop in
water abundance beyond the snow line instead occurs over some finite, measurable

distance.

To render model spectra, we set the level populations to LTE. While the critical
densities (ngix = 10 — 102 em™) of the high energy mid-IR water transitions
suggest that a non-LTE treatment is needed, there is currently no robust and fully
tested non-LTE framework for the modeling of infrared water lines. That is, a non-
LTE calculation is also likely to be inaccurate, given the uncertainty of collisional
rates and the complexity of the transition network. Further, previous work suggests
that non-LTE effects may alter line fluxes by factors of only a few for the moderate
excitation lines detected here (Meijerink et al., 2009; Banzatti et al., 2012), which
will preserve the qualitative aspects of our treatment. In setting level populations to
LTE, we make it easier to reproduce our results and to evaluate the validity of our

retrievals using more detailed models in the future.

We assume a subsonic turbulent velocity broadening of vy, ~ 0.05 Vkepler, and
a constant ortho-to-para (O/P) water ratio of 3:1, one that is consistent with the
mid- and far-infrared lines (Pontoppidan et al., 2010b). The cold gas seen by HIFI
has a lower O/P ratio of 0.7 (Hogerheijde et al., 2011), but the difference does not
substantially affect the derived abundance structure. Model spectra are typically
rendered with a grid of 0.3km/s, and then convolved with a Gaussian instrument
response function to match the observed spectra. The Herschel HIFI spectra are

rendered with a finer velocity grid of 0.05km/s.
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Table 2.2. Observed and calculated water line fluxes

Type  Transition A Eup A coefficient Flux Model
(pm) () (s7) (107¥W/m?)  (107W/m?)

0-HoO  1139-10010 17.23  2438.8603 9.619E-1 < 163.7 37.6

p-H2O  1199-10119 17.36  2432.5234 9.493E-1 < 617.3 110.4

0-H2O  836-To7 23.82 1447.5970  6.065E-1
p-H2O  9g1-872 23.86 2891.7024 3.128E+1
0-HoO  9g9-871 23.86 2891.7022 3.128E+1
O—HQO 845—716 23.90 1615.3501 1.034
0-HoO  11g6-1055  23.93  3082.7639 1.612E+1
p-HoO  1156-1047  23.94  2876.1493 9.754
p-HoO  853-Ty4 30.47  1807.0023 8.923
p-H2O  761-652 30.53 1749.8575 1.355E+1 3750+317¢ 4940
0-HoO  7g2-651 30.53 1749.8506 1.355E+1
0-HoO  854-743 30.87  1805.9308 8.687
0-HaO  634-505 30.90  933.7488  3.504E-1

46691364 3051

1883£287¢ 3393

0-HoO  815-7o7 63.32  1070.7757 1.730 < 123.2 84.8
0-HoO  7g7-616 71.95  843.5459  1.147 < 127.2 77.0
p-H2O  817-8ps 72.03  1270.3910 3.099E-1 < 35.4 11.6
0-HoO  493-315 78.74  432.1913  4.852E-1 < 39.1 76.3
p-H2O  615-594 78.93  781.1873  4.501E-1 < 54.3 33.7
p-H2O  399-211 89.99  296.8471  3.541E-1 < 60.9 45.8
p-H2O  413-39 144.52  396.4126  3.345E-2 < 5.9 8.5

0-HoO  215-1p1 179.53 114.3874 5.617E-2 < 8.6 10.7
p-H2O  111-0gg 269.27 53.4366 1.852E-2 3.07+ 0.19 3.24
0-HoO  119-11 539.29  60.9686 3477TE-3 3.46+ 0.15 1.89

Note. — a. Water lines are often blended in the Spitzer IRS LH spectrum due to the

limited resolution of R~600. The fluxes are measured by integrating the spectrum over each
distinctive feature/region after a linear continuum subtraction.
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2.5.2 Best-fitting model

The best-fitting radial water column density profile in TW Hya is shown in Figure
2.4, whose spectral predictions are compared to the Spitzer LH data in Figure 2.5.
We find that the inner optically thin region of TW Hya is dry, with upper limits
on the vertically integrated fractional water abundance of Xjyner < 107%. The water
detected by Spitzer originates in a thin ring near the disk surface, starting at 4 AU
and ending at a snow line just beyond this at Rgow ~ 4.2 AU. At larger radii, the
fractional water abundance drops abruptly by several orders of magnitude, to Xouter
values near 3.5x 10711,

The uniqueness of this solution is illustrated in Figure 2.6, which shows how
variations in the water abundance in different regions of the disk affect different lines.
This differential sensitivity is the foundation of our method for retrieving the radial
column density, and thus abundance, profile, and are the subject of the following

discussion.

2.5.2.1 The inner disk

The inner disk of TW Hya — radii within 4 AU — is partially cleared out, leading
to integrated vertical column densities that are more than two orders of magnitudes
lower than those typical for ¢cTTs. The non-detection of water lines between 10 and
20 pm, in the Spitzer SH range, may be a reflection of this, but even though the
column density in the inner disk is dramatically reduced from the extrapolation of
the outer disk to smaller radii, the scale height is sufficiently small that the physical
densities at the A,~1 surface exceed 10° Hy/cm®. Thus, non-LTE effects are likely
to be fairly unimportant, and we are able to produce meaningful upper limits on the
fractional water abundance at r <4 AU.

We investigated the effects on the Spitzer and Herschel lines when varying the
inner disk abundance ratios between Xiner = 1077 and 107, Interestingly, we find

that inner disk fractional abundances higher than 107% significantly overpredict sev-
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Figure 2.4 The best-fit radial abundance of water vapor in TW Hya, illustrated by the
vertically integrated column density profile (solid curve). Within 4 AU, the maximum
water abundance is depicted by arrows. The dashed curve is the total gas column density.
At the top of the figure, the role of multi-wavelength observations in tracing different radii
of the disk are highlighted, along with representative facilities of each wavelength window.
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Figure 2.5 Detailed comparisons of the Spitzer IRS spectrum (black) with RADLite LTE
water models (red). The spectrum of RNO90, one of the strongest water emitters in Pon-
toppidan et al. (2010b), is plotted at bottom, to guide the eye. The vertical dashed markers
show the location of OH lines not discussed in this paper.
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Figure 2.6 The sensitivity of selected water line fluxes to variations in the water
vapor column density distribution. The first column shows the model water vapor
distributions. The best-fit model is the solid red curve, while the green and blue curves
are models calculated to illustrate the sensitivity of the various lines to changes in the
water abundance at different disk radii. The numbers in the first column indicate the
fractional (per hydrogen molecule) water abundance in (a) the optically thin inner
disk, (b) the ring at the transition radius and (c) the outer disk. The final (d) panel
shows the sensitivity of the model to the radius of the snow line. The following six
columns show model line spectra compared to the observed spectra for TW Hya. The
ladder crossed line in the 30 um column is OH, which is not discussed in this paper.
Please see Fig. 2.5 for additional OH line identifications.
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eral water lines in the PACS range, especially the high excitation 63.3 ym lines, while
the Spitzer SH lines allow somewhat larger abundances. That is, the Spitzer SH
spectrum tends to be consistent with a model in which the lack of lines below 20 pum
is explained by the overall low gas mass in the inner disk, and not necessarily a drier
disk. It is the addition of the non-detection of PACS lines that require the fractional

water abundance to be suppressed in the inner disk.

2.5.2.2 The transition region and the snow line

Next, we consider the origin of the water lines seen at 20-35 um. Figure 2.6 shows
that the Spitzer LH lines detected are uniquely sensitive to variations in the water
vapor content around the transition region. It is clear that a high water vapor col-
umn density is required to fit the Spitzer spectra, with an emitting area close to
7x1 AU?. Our fiducial dust/gas model yields Xymg ~ 2.5 x 107* above the Tq,s=1
surface (line opacity is also significant). As discussed in §5.2, the required column
density/abundance can be traded off against excitation temperature to some extent,
with higher excitation temperatures corresponding to slightly smaller radii.

In the context of our transitional disk model, the most likely location for warm
water vapor lies at the transition radius, or 4 AU, a prediction that can be tested
by measurements of the water (or perhaps OH) emission line profiles using high
resolution thermal-infrared spectroscopy. Interestingly, the cavity “wall” structure
needed to reproduce the 10-30 um SED (with a z/r value of 0.3) has a surface area
close to that derived from the water emission for an inclination of seven degrees,
further reinforcing the likely radial location of the high water vapor abundance.

Further, the PACS and HIFT lines are sensitive to the location of the snow line (the
outer edge of the water-rich ring). Consequently, we varied the location of the snow
lines between 4.2-6 AU. In Figure 2.6, it is seen that placing the snow line farther out
in the disk over-predicts primarily the PACS lines. Hence, the detection of water lines
by Spitzer in combination with the non-detection of water lines in PACS waveband
provides strong constraints on the location of the surface snow line.

We explored one more aspect of the water abundance profile around the snow line.
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Because the water condensation temperature is a function of pressure and because
of the strong vertical gradients in the disk, the local water vapor abundance need
not precisely be a step function in radius. In particular, can the water lines between
40-150 pm be used to constrain how rapidly the water abundance, as inferred from
the column density structure, drops beyond the snow line with radius?
Specifically, we modify the abundance step function with an exponential drop-off

beyond the snow line:

RSI’!OW —R

XHQO(R > Rsnow) - (Xring - Xouter)€< Reft ) + Xoutera (23)

where R.g is the scale length of the abundance change. We consider R.g = 0.1,
0.5, and 1 AU, and find that models with R.g = 0.5 AU produce more flux than is
observed by the Herschel PACS instrument (Figure 2.7). This supports our original
assumption of a step function, and we conclude that the surface snow line in TW
Hya is radially narrow; that is, it occurs over a region that is a small fraction of its

distance to the star.

2.5.2.3 The outer disk

An extremely low vertically averaged abundance beyond the snow line, X,yper=3.5x10711,
is required by LTE fits to the HIFI ground state water lines at 267 and 537 pm. In-
deed, the strongest constraint on the outer disk water vapor abundance is provided by
the ground-state lines, although significant limits are also provided by slightly higher-
lying transitions in the PACS range, in particular the 179.5 ym transition. The low
water vapor content of the outer disk is consistent with the analysis of Hogerheijde
et al. (2011) and the HIFI non-detection of water lines in another transitional disk,
DM Tau (Bergin et al., 2010). Specifically, our X,y is comparable to the global
disk-averaged value derived by Hogerheijde et al. (2011) — 7.3x10%! g of water in a
1.9x1072 My, disk, or Xp,0=2.2x107!* — but as these authors stress there is likely
significant vertical structure in the water vapor abundance and a large ice reservoir

beyond 4-5 AU.
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Figure 2.7 Constraints on the sharpness of the snow-line in TW Hya. The left panel shows
model water vapor abundance decreases from Xz,0 ~ 2.5 x 1074 to 3.5 x 107! with three

different radial scale lengths: 0.1 AU (dot line), 0.5 AU (solid line) and 1 AU (dash line).
The right panel shows the modeled LTE line fluxes over-plotted on Herschel PACS spectra.
The line styles are the same as in the left panel.

2.6 Discussion

From an analysis of the water emission lines from the TW Hya disk over the 10 —
567 pm interval, both warm (~220 K) and cold water vapor are found to be present.
The warm water emission most likely originates in a narrow ring region between 4—
4.2 AU where abundant water vapor carries much of the cosmically available oxygen,
X0 ~ 1074 Outside of 4.2 AU, the vertically averaged water vapor column density
decreases dramatically over a radial distance less than 0.5 AU, marking the location
of the disk’s surface snow line. Each of the datasets included in this study uniquely
constrain one aspect of the distribution profile, and so we demonstrate the importance
of the use of multi-wavelength datasets. Here we discuss some implications of our

results.
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2.6.1 The origin of the surface water vapor

How does this study inform the origin of the observed water vapor, and of water in
protoplanetary disks in general? There are two potential sources of water: one is in
situ gas-phase formation, while the other is grain surface formation in a cold reservoir,
which could be the disk itself or the primordial protostellar cloud. In the second case,
a mechanism is needed to transport the ice inwards and upwards to a location where
it can either thermally evaporate or be photodesorbed and observed in the form of

vapor (see, for example, Supulver & Lin, 2000).

In the warm inner disk (r<1AU, z/r<0.2), H,O can be formed in the gas phase
(Glassgold et al., 2009; Bethell & Bergin, 2009), even in the presence of substantial
photolyzing radiation. The key is a sufficient supply of Hs, which drives the forma-
tion of water via successive hydrogenation of atomic oxygen in reactions with sig-
nificant activation barriers. More precisely, we find that using the photodissociation
rate calculated only at Ly (which dominates the 3x107?Le, FUV continuum flux),
and water reaction rates from Baulch, D. L. (1972) — kop=3.0x 10717 e~480/T ¢m?
molecule™'s™! and ky,0=3.6x10"11Te~2%/T ¢cm3 molecule 's~* — this simplified chem-
ical model predicts water abundances near 10~* when 7, 2200 K, n,>10° cm™3. These
conditions are satisfied in the inner disk and the cavity wall, but not necessarily in

the photon-dominated upper layers of the outer disk.

Thus, production of water via gas-phase reactions can potentially explain the high
abundance of ~220 K water vapor observed inside the TW Hya snow line, even if the
initial conditions are atomic, and only until the elemental abundance of oxygen is
depleted (~ 5 x 107 relative to H, Frisch & Slavin, 2003). Indeed, modern thermo-
chemical models (Woitke et al., 2009; Najita et al., 2011; Walsh et al., 2012) predict
both that much of the oxygen is locked up in water vapor in the warm inner disk and

at large scale heights where the gas is heated by UV and X-ray photons.

The best fit water content just inside the TW Hya snowline is not sufficiently
high enough to distinguish between in situ gas-phase formation and evaporating icy

bodies, but is consistent with thermo-chemical models. Well inside the transition
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radius, the water abundance drops by two orders of magnitude, in conflict with this
simple model. However, the models by Woitke et al. and Walsh et al. do not include
the depleted inner region of TW Hya, making direct comparisons difficult for the

innermost disk.

The warm gas-phase chemistry will not operate in the outer disk. Here, the
primordial surface ice chemistry will dominate (Tielens & Hagen, 1982), resulting in
a huge reservoir of icy dust and larger bodies from which water molecules must be
thermally evaporated or desorbed by high-energy particles and photons. As discussed
in Bergin et al. (2010) and Hogerheijde et al. (2011), models of photodesorption from
icy grains find that a depletion of icy grains from the outer disk surface, presumably
by setting to the midplane, is needed to reproduce the low observed outer disk water
vapor abundances. A zeroth-order expectation is that the water vapor abundance
across the snow-line can be treated as a step function (Ciesla & Cuzzi, 2006), with
high inner disk water vapor abundances created by a mixture of gas-phase reactions

and evaporating icy bodies and a low outer disk abundance maintained by desorption.

We find a very low (vertically averaged) outer disk water abundance of a few
times 107! per hydrogen, consistent with previous Herschel-HIFI observations, but
in conflict with the static thermo-chemical models, which indicate surface abundances
of 1077 — 107 per H. We interpret this as further evidence for settling of icy grains

in the outer disk of TW Hya.

Another potential test for icy-grain contributions to the observed disk water vapor
content would be a measurement of the O/P ratio. For gas phase formation of water
at >200K, an O/P ratio of 3 is expected, while the O/P ratio for evaporation or
sputtering can be considerably less than 3 for grain surface temperatures less than
~ 40 K. However, for higher temperature ices formed in regions close to the snow
line, the O/P ratio may still be near 3. Thus, detailed measurements of the O/P
ratio will be needed to trace the origin of the snow-line water vapor, such as could
be obtained, for example, with next generation ground-based (VLT-VISIR) or space-
based (JWST-MIRI) thermal-IR spectrographs.
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Figure 2.8 The x? surface for LTE slab model water fits for TW Hya as a function of
N and T, with an effective radius R=1.0 AU. The contour plot is based on Spitzer IRS
LH spectra, with best-fit parameters of T' = 220 K and N=10'® cm~2. The shadowed
area depicts the parameter space that is excluded by the water upper flux limits from
the Spitzer IRS SH spectrum. Empty squares depict the best LTE slab model fit
results for ¢TTs with water detections in the Spitzer-IRS wavelength range (Salyk
et al., 2011).

2.6.2 The water vapor abundance distribution in transitional

disks

The Spitzer IRS spectrum reveals that the water vapor emission from TW Hya is
different from that of typical, but less evolved, protoplanetary disks around solar-
type stars. A comparison of the basic properties of the TW Hya water emission
is shown in Figure 2.8, where an LTE slab model (disk-averaged) temperature and
column density are compared to those of ¢TTs disks (Salyk et al., 2011). This is

consistent with the detailed radial abundance structure derived for TW Hya.
Although the relative contribution to the observed water vapor in TW Hya from

gas-phase reactions and evaporating icy planetesimals is unknown, it may be the ideal

target to observe the evaporation process as its relatively small ‘hole’ size allows the
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snow line to reside in the optically thick outer disk. In contrast, many of the known
transitional disks have transition radii of 10 AU or greater (Andrews et al., 2011),
and the snow-line would be located well inside the optically thin region of the disk.
They also typically lie two or three times more distant than TW Hya. Therefore,
comparisons with additional transitional disks may need to wait for the availability
of more sensitive instruments.

In contrast to the ~1 AU snow line found by Meijerink et al. (2009) for ¢TTs
disks, the TW Hya snow-line is located at a significantly larger radius, in spite of its
lower luminosity as compared to DR Tau and AS 205 N. In the case of transitional
disks, however, the exposure of the transition radius to nearly unobstructed stellar
light and the ‘face on’ nature of the cavity wall at the transition radius should heat
the disk more readily at large radii and push the snow-line outwards. One interesting
consequence of this property is that if giant planets form and clear out a hole in the
disk, creating a transitional disk, the subsequent migration of the snow line to larger
radii could slow the growth of new planetary cores over a larger range of radii, out to
the location of the new snow line.

At the same time, new planetesimal formation may be catalyzed near the new
snow line due to enrichment of water by a combination the radial cold finger effect
of Stevenson & Lunine (1988) and inwards radial migration of icy bodies (Ciesla &
Cuzzi, 2006). The observed high abundance of water around 4 AU in TW Hya is
supportive of a scenario in which new icy planetesimal formation, and perhaps even
giant planet formation, is ongoing at this location.

Another interesting feature of the distribution of water vapor abundance in TW
Hya is the relatively dry inner disk. The water vapor abundance in the innermost
disk (< 0.5AU) is actually unconstrained by the Spitzer data due to beam dilution,
but for » >0.5 AU the abundance upper limit is two orders of magnitude below that
estimated in ¢TTs disks, and the lack of water in inner disk can be explained by two
possible scenarios.

First, the inner disk really is empty between 0.5-4 AU, a scenario consistent with

near-IR interferometric data. Akeson et al. (2011) found that an inner optically thick
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ring around 0.5 AU plus an outer optically thick disk starting at 4 AU can match
the full suite of near-IR interferometric data and the general SED shape of TW Hya.
Recent 8 - 18 um speckle imaging, however, has suggested a more continuous dust
distribution out to 4 AU and perhaps the presence of a companion (Arnold et al.,
2012).

Furthermore, analysis of the ALMA CO J=2-1 and 3-2 Science Verification ob-
servations of TW Hya has revealed gas signatures down to radii as close as 2 AU
(Rosenfeld et al., 2012). Thus, the more likely scenario for the structure of the TW
Hya disk is that outlined in Figure 2.4, namely an inner disk in which CO remains
abundant, since the kinetic temperature is much higher than that needed for freeze-
out (~ 20K).Water in the inner disk can still be subjected to some depletion, or in
the case that a companion gates the accretion flow into the inner disk any water-ice
rich grains that settle to the (outer disk) mid-plane may be blocked from further
inward migration. If this is the case, there should be a large difference in the gas
phase C/O ratios between the inner and outer parts of the disk. Thus, the quantity
of gas along with its C/O content potentially probes that can distinguish whether
a given transition disk has been sculpted by planet formation or other mechanisms
(grain growth or photo-evaporation, for example; see Najita et al. 2011 for further
discussion of how changes in the C/O ratio can impact disk chemistry).

A final aspect of these observations is the short scale length (<0.5 AU) over which
the dramatic water vapor decrease occurs, a distance in conflict with scenarios that
consider only freeze-out. Such a radial profile may be further evidence for a vertical
cold finger effect, in which the surface snow-line location reflects that at the mid-plane,

perhaps due to mixing (Meijerink et al., 2009).

2.6.3 Molecular mapping with multi-wavelength spectra

We have demonstrated here how multi-wavelength spectroscopic data can be used
to reconstruct molecular abundances, even when the observations are spatially (and

often spectrally) unresolved.The snow line differences inferred for the tiny sample
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observed to date are in accord with the changing physical conditions that passive ¢TTs
disks experience as they evolve. Much more detailed constraints and comparisons
to models will become available over the coming years by exploiting the significant
infrared database that exists for stars+disks of varying mass and evolutionary state
(Pontoppidan et al., 2010b; Salyk et al., 2011) along with new observations at longer

wavelengths.

Because protoplanetary disks are complicated structures, the multi-wavelength
molecular mapping method should be used with some caution, however. The flux of
each line will arise from a range of disk regions, with lines at various wavelengths
characterizing different radii and/or vertical depths, and an overview of several of the
key water vapor tracers for the best fitting TW Hya model is presented in Fig. 2.9.
As demonstrated in this work, it can take considerable effort to build realistic models
for an individual source, and efforts herein were aided by a large set of ancillary
observations of this well-studied disk. Nevertheless, it is important to stress that
relatively fewer uncertainties are introduced in this type of modeling than with the
use of full thermal-chemical disk models, in which chemical abundances are sensitive
to a wide array of model parameters, including FUV and X-ray fluxes, accretion
rate, disk viscosities and transport rates, dust-versus-gas settling geometries, grain-
surface reaction rates, and so on (e.g. Heinzeller et al., 2011). Further, studies of large
disk samples will require fast, robust models. We therefore advocate for the direct
measurement of chemical abundances with relatively few free parameters, such as is
described in this work, to be used in conjunction with physical intuition derived from

the more complex thermal-chemical models.

It is interesting to note that the precision of derived abundance profiles is pri-
marily determined by the availability of high-quality spectra across a wide range of
excitation energies, as well as by the knowledge of the overall disk structure, especially
the gas temperature. Thus, more precise measurements can be obtained as spectro-
graphs with higher spectral resolution and sensitivity become available, irrespective
of the instrumental spatial resolution (provided the disk structure is reasonably well

characterized) — though of course instruments that provide detailed kinematic profiles
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of lines with a significant range of excitation energies will provide the most stringent
probes. This technique thus provides an ideal means to study chemical structure at

the size scales relevant to planet formation.

With a properly chosen spectral suite, we have demonstrated that it is possible to
probe molecular abundance distributions on AU scales, and it is worth emphasizing
that this method is highly complementary to the capabilities of ALMA. At its longest
baselines (16 km), the full ALMA will be able to resolve a nearby disk (140 pc) on AU
scales at its shortest operational wavelength, ~400 pum, in dust emission. However,
due to the quantum-limited nature of heterodyne receivers and the available collecting
area, it will be a severe challenge even for ALMA to robustly image the warm molecu-
lar gas inside of 10 AU — the principle formation region of terrestrial and giant planets
according to core accretion theory. Thus, for the foreseeable future, multi-wavelength
methods (which can incorporate ALMA spectral data cubes) offer perhaps the best
means of deriving the molecular abundance patterns in planet-forming environments.
Table 2.3 presents the general selectivity of each wavelength window for disks around

Sun-like stars.

Although current observational S/N levels limit chemical abundance studies to a
few species, this technique can in principle be applied to the study of any molecule
whose transitions cover sufficient excitation space. The gas phase distribution of con-
densible species provides particularly valuable information on the temperature, den-
sity, chemical, and transport patterns in disks; and when used together, observations
of a wide variety of molecules are best suited to the isolation and thus understanding
of particular disk processes. To combine both infrared and (sub)mm data on the
inner/outer disk, polar species with greatly differing sublimation temperatures are
preferred. The most obvious candidates, beyond water vapor and OH, are CO and
HCN, which are widely detected in surveys of protoplanetary disks. The former pro-
vides a fiducial chemical marker that only becomes significantly affected by freeze-out
at very low temperatures, while the abundance drop for HCN across the snow line

may well be sensitive to the C/O ratio in the gas.
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Table 2.3. Volatile line tracers at different disk radii

Wavelength Radius Facility

(m AU
2-5 0.1 NIRSPEC, CRIRES
6-10 0.1-1  SOFIA FORECAST
10-35 0.5- 5  Spitzer IRS

40 - 200 1-100 Herschel PACS
200- 30000 >50 HIFI, ALMA
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Figure 2.9 The radial and vertical locations bounding water vapor emission from the
TW Hya disk. The boxes mark the 15% and 85% cumulative radial line flux limits
(vertical lines) and the heights where 15% and 85% of the line flux arises from each
vertical column (horizontal lines). The gas density of the disk is shown in greyscale,
and the location of the A,~1 gas/dust decoupling transition (7, = Ty) is shown by
the dotted line. As a guide to the eye, the ny, = 10° cm™ density contours are
labeled by the solid line. Excitation and dust/line opacity are principally responsible
for the lack of sensitivity to the cold, dense disk midplane (c.f. Figure 2.2).
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2.7 Conclusions

This paper uses multi-wavelength spectra to probe the water vapor distribution in
protoplanetary disks, and demonstrates the first application of this method to in-
vestigate the water vapor abundance from 0.5-200 AU in the transitional disk TW
Hya. Our modeling shows that there is a narrow region between 4-4.2 AU where
water vapor is warm (~220K) and optically thick, resulting in a high abundance
(Xg,0~107%). Outside the snowline, the water vapor column density in the disk at-
mosphere decreases dramatically over a scale length of less than 0.5 AU due to freeze
out, resulting in a vertically integrated vapor abundance of Xz,0~107! at large radii.

Both current and near-term astronomical facilities from the near-IR to radio fre-
quencies can generate a rich molecular data set of the emission lines from protoplane-
tary disks. We expect the multi-wavelength molecular mapping method will soon be

applied to a substantial ensemble of disks and molecular species.
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3.1 Abstract

We present ALMA observations of the 880 pm continuum and CO J= 3-2 line emis-
sion from the transition disk around [PZ99] J160421.7-213028, a solar mass star in
the Upper Scorpius OB association. Analysis of the continuum data indicates that
80% of the dust mass is concentrated in an annulus extending between 79 and 114 AU
in radius. Dust is robustly detected inside the annulus, at a mass surface density 100
times lower than that at 80 AU. The CO emission in the inner disk also shows a sig-
nificantly decreased mass surface density, but we infer a cavity radius of only 31 AU
for the gas. The large separation of the dust and gas cavity edges, as well as the
high radial concentration of millimeter-sized dust grains, is qualitatively consistent
with the predictions of pressure trap models that include hydrodynamical disk-planet

interactions and dust coagulation/fragmentation processes.
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3.2 Introduction

Planets form in the disks orbiting young stars, but the paths by which the primordial
gas and dust accumulate into planetary bodies remain unclear. The capabilities of new
optical, infrared, and (sub)-millimeter telescopes can place constraints on the planet
formation process by mapping the gas and dust emission of planetary systems in
the act of formation. Transition disks, defined by their significantly reduced infrared
emission at wavelengths <8 um compared to the median disk emission (Strom et al.,
1989; Wolk & Walter, 1996), are of particular interest. The relative lack of infrared
emission implies the absence of warm dust in the innermost disk. This dust depletion
might be a manifestation of the early stages of planet formation as a result of the
dynamic interactions between the disk and forming giant planets (Lin & Papaloizou,
1979; Artymowicz & Lubow, 1994), but other mechanisms can suppress near-infrared
dust signatures without the presence of planets, such as a decrease in the dust opacity
due to grain growth (e.g., Strom et al., 1989; Dullemond & Dominik, 2005) or disk
photoevaporation driven by stellar radiation (e.g., Clarke et al., 2001; Alexander et al.,

2006a).

The three mechanisms outlined above can reproduce the infrared Spectral Energy
Distributions (SEDs) characteristic of transition disks (Alexander et al., 2006b; Birn-
stiel et al., 2012; Alexander, 2014), but make different predictions about the relative
spatial distributions of the gas and dust. In the planet-disk interaction scenario, the
gaseous disk is expected to be truncated near the planet orbital radius. Depending
on the viscous properties of the disk, dust grains larger than a few millimeters in
size are expected to decouple from the gas and concentrate in a narrow ring with a
radius larger than the gas truncation radius (Zhu et al., 2012; Pinilla et al., 2012).
In the grain growth scenario, the drop in infrared opacity is due to the coagulation
of sub-micron grains into larger bodies, but the gaseous disk should extend inward
down to a few stellar radii. Finally, disk photoevaporation preferentially removes the
gaseous disk and sub-micron sized grains entrained in the gas flow. The inner edge of

the gas disk moves steadily outwards and the strong inward pressure gradient at the
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evaporation radius drives all dust grains smaller than a few millimeter size outwards.
As a result, the grains are swept up by the moving edge of the gas disk. In this
case, the truncation radius of the gaseous and dusty disk components are expected
to be similar, and some large grains (> cm-sized) might be able to survive inside the

gas-free regions if not removed by other means (Alexander & Armitage, 2007).

High spatial resolution images of the gas and dust emission are thus key to inves-
tigating the nature of transition disks. Sub-millimeter observations are particularly
valuable since the dust continuum traces the distribution of millimeter-sized dust
grains while molecular line emission traces that of the gas. Sub-arcsecond continuum
images obtained for the brightest transition disks have revealed large cavities and,
in some cases, azimuthal asymmetries in the distribution of millimeter-sized grains
(Piétu et al., 2007; Brown et al., 2008; Hughes et al., 2009; Isella et al., 2010; Andrews
et al., 2011; Isella et al., 2012; Casassus et al., 2013; van der Marel et al., 2013; Isella
et al., 2013; Pérez et al., 2014). The CO emission has been imaged at high angular
resolution in only a few cases and reveals that molecular gas is present in the dust
cavity (Piétu et al., 2007; Isella et al., 2010; Casassus et al., 2013; Pérez et al., 2014;
Bruderer et al., 2014). However, the limited sensitivity and angular resolution of
existing observations, and the large optical depth of low-J CO transitions, have so

far hampered a detailed comparison between the gas and dust spatial distributions.

In this paper, we present 880 um ALMA observations of the [PZ99] J160421.7-
213028 (henceforth J1604-2130) transition disk that resolve the dust continuum and
molecular gas emission on subarcsecond angular scales. J1604-2130 is a member of
the Upper Scorpius OB association at a distance of 145 pc (de Zeeuw et al., 1999),
with a spectral type of K2, a stellar mass of 1.0 M, and an estimated age between 5
and 11 Myr (Preibisch et al., 2002; Pecaut et al., 2012). The disk is the most massive
known around K-M type stars in the Upper Scorpius OB association (Mathews et al.,
2012; Carpenter et al., 2014) and has one of the largest cavities reported in continuum
emission — R~72 AU, as revealed by 880 um SMA observations (Mathews et al., 2012).
The SMA observations also suggest that the CO J=3-2 distribution that may extend

closer to the star than the millimeter-emitting dust. Our ALMA observations achieve
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substantially higher signal-to-noise ratios compared to the SMA observations to place
stringent constraints on the spatial distributions of gas and dust in J1604-2130.

This paper is organized as follows. The observations and data calibration are
presented in Section 5.3. Section 4.4 discusses the morphology of the dust and gas
emission. The ALMA data are compared to the predictions of theoretical models for
the disk emission in Section 3.5, and the results of the model fitting are presented at
the end of the same section. In Section 5.7, we discuss the nature of the J1604-2130

transition disks and a summary of the main results follows in Section 3.7.

3.3 Observations

The observations of J1604-2130 were carried out on 28 August 2012 as part of the
ALMA cycle 0 project 2011.0.00526.S (Carpenter et al., 2014) with 28 12-meter an-
tennas. The total integration time on J1604-2130 was 315 seconds. Baselines ranged
from 21 to 402 m (23-457k\). The spectral setup consists of four windows centered at
345.77, 347.65, 335.65, and 333.77 GHz, respectively, each providing a total bandwidth
of 1.875 GHz in 488 kHz (0.42km s7') channels. The data are Hanning smoothed, so
the spectral resolution is twice the individual channel width.

Reduction and calibration of the data were performed using the Common As-
tronomy Software Application (CASA) version 4.1 (McMullin et al., 2007). Quasar
J1625-2527 was observed before and after the on-source integrations for phase cali-
bration. Short-term phase variations were corrected using the on-board water vapor
radiometers, and the visibilities were self-calibrated on the continuum emission of the
science source to reduce atmospheric decoherence. The bandpass was calibrated with
the radio sources J175140939 and J1924-292, and the visibility amplitude scale was
calibrated from observations of Titan with an estimated uncertainty of ~10%. For
each uv point, we fitted the visibilities of each spectral window with a power-law
(F, o< v*). We then subtracted the best-fit result from the data, and measured the
variance (0?) in the residual; 1/0? is used as the weight of each uv point.

Four lines are detected: CO J=3-2 (345.795 GHz), H*CO* J=4-3 (346.998 GHz),
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HBCN J=4-3 (345.339 GHz), and HN'3C J=4-3 (348.340 GHz). Continuum emis-
sion from J1604-2130 was extracted from the total 7.5 GHz coverage by combining
the line-free channels from all four windows after flagging the edge channels. The
spectral lines were first continuum-subtracted in the uv domain, and the composite
visibilities then Fourier inverted, deconvolved with the CLEAN algorithm using natu-
ral weighting, and restored with a synthesized beam of size 0”.73x0”.46 (106 x67 AU
at 145pc). The beam major axis position angle is 105° east of north. Here we focus
on an analysis of the dust continuum and CO data because the optically thick CO

emission better traces the full radial extent of the gaseous disk.

3.4 Results

Figure 3.1 presents the 880 pm synthesized continuum image of J1604-2130 along with
the real and imaginary visibilities. The continuum image shows a resolved “ring” mor-
phology, characterized by a radius of about 0.”6, or 90 AU at 145 pc. The continuum
flux density integrated over a central 4” square box is 226+1mJy (with 10% absolute
flux uncertainty). Mathews et al. (2012) reported a lower continuum flux of 16546
mJy (20% absolute flux uncertainty) from SMA observations by integrating all flux
above a 20 contour. Using an integration region similar to that in Mathews et al.
(2012), we obtained a total flux of 202mJy, consistent with the SMA result within
the absolute flux uncertainties. The high signal-to-noise (S/N) ALMA image allows
the inclusion of weaker emission from the outer disk, and is therefore a more accurate
measure of the integrated continuum flux density. The synthesized continuum image
has an rms noise level of 0.18 mJy beam™!, yielding a signal-to-noise ratio of >200.
The radial profile of the real visibilities shows two nulls at 120 kA and 300 kX,
respectively. The amplitudes of the first and second lobe are about 30% and 13%
of the intensity on the shortest baselines, indicating a sharp transition in the radial
surface brightness profile. Similar structure is seen in the SMA observations of J1604-
2130 but with a lower amplitude, suggesting a smoother radial profile. The difference
in morphology between the ALMA and SMA observations is possibly due to the
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fact that the higher sensitivity of ALMA observations allowed self-calibration to be
applied to the data, reducing the de-correlation caused by atmospheric turbulence.

The radially averaged imaginary visibilities show values consistent with zero up to
about 400 kA, implying that the continuum emission is symmetric on angular scales
as small as 0.”5. Note that the apparent double-lobed morphology in the continuum
map is due to the elliptical shape of the beam, and not to an intrinsic asymmetry in
the dust emission. A slight deviation from azimuthal symmetry is observed on the
longest baselines, where the imaginary visibilities reach values near 10 mJy, and in
the continuum image, where the northern peak is ~10% brighter than its counterpart
to the south.

An overview of the CO J = 3-2 data is provided in Figure 3.2. The line channel
maps in the first row show clear signatures of rotation, with emission firmly detected
(>50) over a narrow velocity range between 3.46 and 6 km s™' due to the nearly
face on geometry. We measure an integrated intensity of 21.440.2Jy km s~! over a
central 6” square box, consistent with CO 3-2 line flux from single dish observations
of 21.740.8 Jy km s (Mathews et al., 2013) but 4.1x larger than that reported by
the SMA (Mathews et al., 2012), for which the line flux was calculated by summing
over only those regions with a signal-to-noise ratio>2. The higher S/N of the ALMA
image allowed CO J=3-2 emission to be detected over an extended region of the disk
which contains a significant fraction of the total flux.

In the second row of Figure. 3.2 we display the CO J = 3-2 zeroth (a) and first (b)
moment maps, the deprojected visibility profile (¢) and the spatially integrated spec-
trum (d). Similar to the continuum emission, the CO J= 3-2 momentum zero map
shows a double-lobed morphology, which indicates an inner cavity in the CO emission,
but the peak-to-peak separation in CO (a preliminary indication of the inner ring ra-
dius) is noticeably smaller than that of the continuum emission. The CO emission is
also more diffuse than the continuum, extending to ~290 AU in radius. Fig. 3.2(c)
displays the deprojected CO visibility profile (integrated across the line shape). Com-
pared to the continuum, the null in the visibility profile occurs at a longer baseline

length and the side lobes are less prominent, indicating a smoother CO brightness
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distribution.

The CO J=3-2 moment zero map shows depressed emission in the inner ~0.”3,
which could in principal be explained either by a depleted gas surface density or
temperature variations. We argue that temperature variation is unlikely to be the
case here. Extremely cold gas inside of 30 AU is physically implausible. For hot gas
inside this radius the resulting excitation can indeed produce an optically thin J= 3-2
transition, but we do not detect any CO rovibrational emission at 4.7 ym with Keck
NIRSPEC (probing gas temperature > 300K, e.g. Salyk et al. 2009). This rules out
the possibility of a significant high temperature CO reservoir in the inner disk. Since
CO and H, can survive the intense UV radiation in the cavities of transition disks
down to a gas surface density of 107* g cm™2 (Bruderer, 2013), we assume CO coexists
with Hy. We thus consider the most likely case for the depressed CO emission is that
the gas is largely depleted inside the cavity.

3.5 Modeling Analysis

The goal of this section is to model the continuum and CO emission from the disk
around J1604-2130. Because of differences in optical depths, these two tracers probe
different regions of the disk. At the typical densities of circumstellar disks, the
millimeter-wave dust emission is typically optically thin and therefore traces the dust
density and temperature in the disk mid-plane. In contrast, the CO emission is ex-
pected to be optically thick and therefore traces the gas temperature at larger scale
heights. For this reason, we fit models to the dust and CO observations in separate
steps.

First, we construct a disk model that reproduces the broadband SED composed
of data from the literature and the ALMA 880 pum continuum observations. This
enables us to constrain the dust mass surface density and, through radiative transfer
calculations, the mid-plane temperature. Starting from the best fit model for the
dust continuum emission, we then fit the CO emission to constrain the parameters

that mostly affect the gas emission, such as the gas temperature and the component
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of the gas velocity along the line-of-sight.

3.5.1 Dust emission: model description

We adopt a model for the mass surface density of the dusty disk similar to that
presented in Mathews et al. (2012), which is briefly summarized here. In order to
reproduce the the disk SED and ALMA observations with a minimum number of
free parameters, we construct a disk model composed of the three radially distinct
regions (see Figure 3.3). The outermost disk region, at R > Req,, is described by the
similarity solution of a viscous accretion disk (Lynden-Bell & Pringle, 1974), adopting
the parameterization of Isella et al. (2009),

HR%:&(%gwxaw{—i?}% (%)%7—4}, (3.1)

where R; is the radius at which the transition between power law and exponential

profiles occurs, ¥, is the surface density at R;, and  defines the slope of the surface
density profile. At Ry, < R < R, the disk model has a depleted dust region
characterized by constant mass surface density § X 3(R..), with § <1. Finally, to
account for the depressed infrared excess for A <8 pm, the disk region within R, is

devoid of dust. The dust surface density model is therefore defined as

0, if R < Ryqp
Yaust(R) = ¢ 0 X 2(Reaw), if Ryap < R < Reaw (3.2)
Y(R), if R > Reay

The vertical dust density profile is a Gaussian

> __ 22
p(R, Z) — ﬂe 2h2(R)’ (3.3)

V271h(R)

in which the scale height h(R) varies with radius as h(R) = ho(R/Ry)' ™. We set the

reference radius Ry to 100 AU. We choose to parameterize the scale height instead
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of assuming hydrostatic equilibrium because the vertical distribution of millimeter
grains and gas may differ due to the settling of large dust grains toward the disk
mid-plane (D’Alessio et al., 2001).

We assume a dust population of astronomical silicates and carbonaceous grains,
with optical constants as in Draine (2003) and Zubko et al. (1996), respectively, and
at relative abundances as in Pollack et al. (1994). Single grain size opacities are
calculated using Mie theory under the assumption of spherical grains. The single size
grain opacities are then integrated over the grain size distribution n(a) as described in
Miyake & Nakagawa (1993). We assume a power-law grain size distribution, n(a) o
a=3?, from api,= 0.005 pum to a given amyax.

After defining the properties of the dusty disk, we calculate the dust temperature
and the corresponding emission using the 2D Monte Carlo radiative transfer code
RADMC (Dullemond & Dominik, 2004), where the stellar radiation field is calculated
assuming Tor = 4550 K, R, = 1.41 Ry, and M, = 1 Mg, (Preibisch et al., 2002).

In summary, the model for the dust continuum emission has 11 free parameters:
three that describe the gap and cavity of the transitional disk {R,ap, Reav, 0 }, three
that define the surface density in the outer disk {¥;, R;, 7}, two that characterize
the vertical density distribution {hg, ¢}, two that define the orientation of the disk
on the sky, i.e., inclination and position angle {i, PA}, and one (an.x) that defines

the maximum dust grain size.

3.5.2 Dust emission: fitting procedure and results

Obtaining the best fit model by exploring an 11-D parameter space is computationally
challenging. Instead, we reduce the dimensionality of the problem by taking into
account the fact that the disk SED and the spatially resolved 880 pm dust continuum
observations probe two nearly independent sub-sets of model parameters.

The disk infrared emission is optically thick and mainly probes the disk temper-
ature, which depends on the vertical profile of the disk through the parameters hy,
¢, and Ry, (e.g., D’Alessio et al., 2006). At (sub-)millimeter wavelengths, the disk
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emission is optically thin and its spectral slope depends on the dust opacity, which, in
our model, is controlled by the maximum grain size a,,4, (see, e.g., Testi et al., 2014).
In particular, the optically thin 830 ym emission profile probes the surface density of
millimeter-sized grains, as defined by the parameters ¥;, R;, v, Req, and 6. Finally,
observations of the molecular line emission are the best tracer of the disk orientation.
We therefore assume a disk inclination of 6° and a position angle of 77°, as derived
from the analysis of the CO emission presented in Section 3.5.4.

To find the disk model that best reproduces the dust emission observations, we
first use the slope of the millimeter SED to constrain the maximum grain size ,,q;.
In the optically thin case, the slope of the dust opacity [ is related to the slope of the
flux, a, by the relation a = g+ 2. In the case of J1604-2130, o = 3.2+0.2, leading to
B = 1.2 (Mathews et al., 2012). This corresponds to a maximum grain size of about
0.05mm for the dust composition and grain size distribution discussed above. The
dust opacity at 880 pum is 7.26 cm? g1

We then use the Levenberg-Marquardt x* minimization algorithm (LM) to search
for the optimum values of hy, ¢, and Ry, by comparing the synthetic disk emission
with the measured SED between 1-200 um. We note that the IRAC photometric data
for J1604-2130 are discrepant from its IRS spectra and the WISE photometry results
between 3 and 16 pm (Carpenter et al., 2006; Dahm & Carpenter, 2009; Luhman &
Mamajek, 2012). This discrepancy might suggest variability in the IR disk emission
as observed, e.g., in the case of LLRL 31 (Muzerolle et al., 2009). Taken at face value,
the near-IR excess suggested by the WISE photometry is well fit with an optically
thick ring of dust at the temperature of 1500 K extending from 0.043 AU to 0.049 AU,
where the former radius is the dust evaporation radius for a star with the properties
of J1604-2130 (Isella et al., 2006). Such a warm dust component so close to the star
would be distinct from the cool outer disk, whose dust emission peaks at 100 pm.
Thus, fitting the IRAC data only, as was done in Mathews et al. 2012, should have
little effect on other disk parameters except Ryqp.

In either case and as discussed above, the infrared SED is insensitive to the exact

value of the disk surface density provided the disk is optically thick to stellar radiation.
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In this step we therefore assume the surface density used by Mathews et al. (2012). We
show the best fit model for the SED in Figure 3.4, for which R,,, = 14.6£2.5AU, ¢ =
0.61+0.1, and higoay = 4.0+0.2 AU. Fitting the WISE photometry with an optically
thick blackbody component results in a larger R, = 26.5£2.8 AU, closer to that
derived from CO (discussed in Section 4.4).

As second step, we compare synthetic 880 ym images to the ALMA observations
to constrain X;, Ry, 7, Reqw, and d. To make a fair comparison with previous work on
transition disks, we adopt v =1 (Andrews & Williams, 2007; Andrews et al., 2011).

We will discuss the effect that this choice has on the results in § 3.5.5.

The model fitting is performed in the Fourier domain adopting the procedure
discussed in Isella et al. (2009). In brief, the synthetic image is Fourier transformed
to calculate the synthetic visibilities on a regular uv grid, which are then interpolated

at the uv coordinates sampled by the ALMA observations. The 2, defined as

X =Y [(Ref — Ref™)? + (Im¢ — Im!")?] - wf, (3.4)

%

is used as the likelihood estimator. In Equation 3.4, Re and Im are the real and

imaginary part of the complex visibilities; the upper-case “o” means observation and

“m” stands for model. The weight w is calculated as described in §2.

We adopt a hybrid method of Levenberg-Marquardt y? minimization algorithm
(LM) and Markov chain Monte Carlo (MCMC) approach (Piétu et al., 2007; Isella
et al., 2009). The LM algorithm is first used to search for the best fit values, from
which the MCMC code is used to obtain probability distributions around the LM best
fit parameters. In practice, we launch 150 independent LM algorithms with random
initial values to avoid local minima. Most searches end up with very similar values.
Then, we carry out 10 independent MCMC calculations starting at the medium value

of the best fit LM searches. A total number of 5x10* models were run.

Table 3.1 lists the best fit values for the dust continuum model, which is compared
to the ALMA 880 pm continuum data in Figure 3.5. Panel (a) shows the azimuthally

averaged visibilities, while panels (b - d) display the continuum image, model, and
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Table 3.1. Disk parameters

Dust disk parameters reduced y? = 2.02

Cavity radius Reav (AU) 78.8£0.1
Depletion factor log(9) -1.86£0.03
Surface density Y (Reay) (g em™2)  (9.440.1)x1072
Transition radius R; (AU) 10.640.2
CO parameters reduced y? = 1.02
Cavity radius Rco (AU) 31.2+0.3
Turbulence factor £ 0.2540.01
Temperature at 100AU Ty (K) 45.840.2
Temperature index q -0.64+0.01
Position angle PA (°) 76.8+0.5
Note. — The errors are 1o uncertainty.

residual. The residual image is produced by subtracting the model visibilities from
those observed, and then imaging the results following the same procedure used for
the observations. Low level residuals (~50) exist on the west side of the disk and

suggest an azimuthal variation in the dust density or temperature of <10%.

We find that the dust cavity radius is about 79 AU. Within this radius the dust is
depleted by almost two orders of magnitude. The surface density at the cavity edge
corresponds to an optical depth of 0.7, and the total mass in dust is 0.16 My,,. The
transition radius, R; (see Eq. 3.1), is much smaller than the cavity radius, implying
that the dust surface density at the position of the ring decreases nearly exponentially
with radius. As a result, the dusty ring is very narrow, with approximately 80% of

the mass contained between 79 AU and 114 AU.
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3.5.3 CO emission: model description

The model used to analyze the ALMA 2CO J= 3-2 spectral line observations is simi-
lar to that presented in Isella et al. (2007). At the typical densities of protoplanetary
disks, the rotational transitions of CO are optically thick and therefore trace the
temperature of the layer characterized by 7co ~1 (Beckwith & Sargent, 1991, 1993;
Dutrey et al., 1996; Isella et al., 2007). Chemical models of disks and direct obser-
vations suggest that the optically thick CO layer is located far above the mid-plane,
where the gas density is low and the collisions between dust grains and CO molecules
are rare (Woitke et al., 2009; Walsh et al., 2012). Thus, a proper calculation of the
gas temperature requires a fully coupled chemical and line radiative transfer model
(e.g. Kamp & Dullemond 2004; Woitke et al. 2009; Walsh et al. 2012). Since this is
beyond the scope of this paper, we parametrize the CO temperature as a power law,
that is, Tco(R) = To x (R/100AU)4. Although this choice is arbitrary, it enables us
to describe the CO temperature independently from that of the dust with a minimum

number of free parameters.

The low-J CO lines generally provide poor constraints on the CO column density,
and thus on the overall gas content. We therefore fix the gas-to-dust mass ratio and
assume the gas and dust are well mixed. More precisely, the gas density is obtained
by multiplying the dust density of the best fit model for the continuum emission by a
constant gas-to-dust mass ratio of 100. The CO number density at each grid point of
the disk is then calculated by assuming a constant CO/H, abundance ratio of 5x107°
(Aikawa et al., 1996). The critical density of the CO 3-2 transition is ~10* cm™ from
5-2000 K (Yang et al. 2010), a value reached in our disk model only in regions at
least five scale heights above the mid-plane. We can thus safely assume the CO is in

Local Thermodynamic Equilibrium (LTE).

We allow for distinct gas and dust truncation radii as the CO moment zero map
reveals that the gas disk extends inside the cavity observed via the dust. We set an
outer edge of the CO disk as that radius where the CO temperature reaches 17K —

the condensation temperature of CO onto dust grains (Aikawa et al., 1996).
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For each line-of-sight in the disk, the observed CO line width has contributions
from the different rotational velocities and thermal plus turbulent broadening. The
thermal broadening is calculated as Vthermal:\/m , where k; is the Boltz-
mann constant and mco = 28 my is the CO molecular mass. The turbulent velocity
is assumed to be equal to a fraction of the local sound speed, that is, Vi, = &cs,
where ¢ is a free parameter. Finally, the gaseous disk is assumed to rotate at the
Keplerian velocity corresponding to a stellar mass of 1 Mg, and the component along
the line-of-sight is calculated by assuming a disk inclination angle of 6° as measured
by Mathews et al. (2012).

In summary, the model for the CO emission has five free parameters: the CO
temperature at 100 AU {7}, the radial slope of the CO temperature {q}, the turbu-
lence velocity parameter {£}, the inner radius of the CO disk {Rco }, and the position
angle of the disk {PA}.

3.5.4 CO emission: fitting procedure and results

For any set of free parameters {Ty, ¢, &, Rco, PA} we calculate the synthetic CO
J= 3-2 line emission using the ray-tracing code RADLite (Pontoppidan et al., 2009)
under LTE assumption. The model cube is convolved to the velocity resolution of the
observations and re-sampled at the velocity grid of the channel maps. As with the dust
continuum emission model, the synthetic CO channel maps are Fourier transformed
to calculate the theoretical visibilities at the wv coordinates sampled by the data. A
minimization on the y? surface (Equation 3.4) is then performed to find the best fit
model.

Following the dust modeling, we start with 150 independent LM runs and random
initial values in the search. However, the computational time required to generate
synthetic CO data cubes precludes an efficient sampling of the four dimensional y?
surface using a MCMC procedure. Instead, we use the Hessian matrix to derive the
the uncertainties on the model free parameters following the method presented in

Piétu et al. (2007).
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The best fit values for the model parameters are listed in Table 3.1, while the com-
parison between the synthetic and observed channel maps is presented in Figure 3.6.
We find that the CO disk is truncated at an inner radius of 31 AU, larger than the
gap radius (Rg,p) inferred for the dusty disk from the SED modeling but half that of
the partially dust depleted cavity (Rcay) derived from the spatially resolved 880 pym
continuum observations. Our analysis suggests that the temperature of the CO layer
decreases with radius as r~%%4 starting from a temperature of ~100 K at 31 AU. The
CO emission becomes optically thin around 350 AU, which sets the outer radius of
the observable CO disk. Between 80 to 200 AU the temperature of the CO layer is
20-30 K higher than the mid-plane dust temperature, which is consistent with our
initial assumption that the CO J= 3-2 emission mainly arises from a warm molecular
layer above the mid-plane.

The residual maps presented in Figure 3.6 reveal that our model reproduces the
main kinematic features of the CO emission. Thus, the observations are consistent
with Keplerian rotation. We derive a turbulent velocity equal to ~25% of the local
sound speed, which is within the range predicted by MHD turbulence models (Simon
et al., 2011a). Finally, we measure a disk position angle of 77°, a value consistent
within errors with that derived from SMA 880 pm continuum and 1.6 pum polarized

intensity images (Mathews et al., 2012; Mayama et al., 2012).

3.5.5 Uncertainties from the choice of ~

The results obtained so far assume that the disk surface density has a radial profile
characterized by v = 1. We relax this assumption here to assess its impact on the
resulting disk structure. To this end, we repeated the dust continuum modeling
assuming v = 0.5 and v = 1.5. The best fit models for v =0.5, 1, and 1.5 are
listed in Table 3.2, while Figure 3.7 shows the comparison with data along with the

corresponding surface density profiles and cumulative mass distributions.

All three models provide similar quality fits to the 880 pum visibilities. As ex-
pected, we find that v and R; are degenerate. Varying ~ also contributes additional
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Table 3.2. Continuum model parameters for different

7 Rcav 10g5 Z (Rcav) Rt X 72»
[AU | [gem™] [AU]

05 782 -1.79 7.8x107% 225 2.029
1.0 788 -1.86 94x1072 106 2.024
1.5 780 -1.90 88x 1072 1.6 2.025

uncertainty to the cavity size and depletion factor estimates. Even so, the cavity size
remains well constrained under the assumption of a sharp truncation at the cavity
edge, with an uncertainty of ~1 AU. The depletion factor varies from 0.013 to 0.018.

More generally, the parameters vary with v by more than the formal uncertainties
derived by the MCMC probability distribution sampling discussed above. Thus the
uncertainties in Table 3.1 should be used with caution. Nevertheless, the cumulative
mass distributions of the three best fit models suggest that 80% of the dust mass
traced by the ALMA data is concentrated in an annulus extending from ~ 80 AU
to 120 AU, a result that is independent of the exact disk mass surface density profile.

3.6 Discussion

3.6.1 Comparing J1604-2130 with other transition disks

The ALMA observations reveal that J1604-2130 disk has a large dust cavity with
most of its dust mass concentrated in an narrow annulus (~35AU wide) beyond the
dust truncation radius. Here we compare the mass distribution of J1604-2130 with

other transition disks.

We define a characteristic width, AW, by

Reav+AW 400
/ X(r) x 2wrdr = 0.8 X / X(r) x 2mwrdr (3.5)

cav

The average radius of the annulus holding 80% of disk mass is then R=R,up +
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AW/2. The AW /R ratio can be used as an tracer of the compactness of the mass
distribution. In Figure 3.8(b), we compare AW /R for J1604-2130 with that for the
transition disks studied in Andrews et al. (2011). The surface density in all 13 disks
was determined by analyzing resolved 880 pum continuum visibilities using similarity
solution with v fixed at 1. Thus, all of the results are expected to represent the
mass distributions of dust grains over similar sizes. Interestingly, J1604-2130 has the
largest dust cavity among the thirteen disks but is also the most compact as measured
via AW/R. It is worth mentioning that some of the transition disks might actually
be more compact than they appeared since their SMA observations could be affected

by decorrelation that will spread the dust emission.

This high concentration of dust and the large cavity radius is difficult to under-
stand from viscous evolution alone because an expanding disk should produce a more
diffuse mass distribution, unless a very large cavity can be opened early in the life
time of the disk, ~10°yr (Isella et al., 2009). On the other hand, transition disks
are clearly going through significant changes, so mechanisms other than viscosity are
likely to be important in shaping the mass surface density at this particular evolution-
ary stage. We discuss possible scenarios for the evolution of the J1604-2130 transition

disk next.

3.6.2 Formation of the J1604-2130 transition disk

The main result from the model fits to the dust continuum and CO emission is that
the radius of the gas cavity (31 AU) is roughly half that of the dust (79 AU). Similar
results are found in the transition disk IRS 48, where CO shows a 20 AU cavity while
the dust is truncated at ~45 AU (Bruderer et al., 2014).

Such differences in the gas and dust distributions have implications for the for-
mation mechanisms of transitions disks. It is known that gas exists inside the dust
cavity in some transition disks. Salyk et al. (2009) detected rovibrational CO lines
near 4.7 pm in nine out of fourteen transitional disks, suggesting that high temper-

ature gas often exists inside the cavity. Several transition disks show rotational CO
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emission inside dust cavity, indicating that cool gas is present (e.g. Piétu et al. 2006;
Isella et al. 2010; Tang et al. 2012; Casassus et al. 2013; Pérez et al. 2014). However,
these observations were unable to determine if there is a cavity /gap in gas. Only in
the case of GM Tau was CO inferred to be depleted within 20 AU based on the lack of
high velocity wings in the rotational transitions of CO isotopologues (Dutrey et al.,
2008).

We discuss here the possible formation mechanisms for the J1604-2130 transi-
tion disk, using the separate truncation edges in the dust and gas along with other
observational properties as constraints. We consider (1) grain growth inside the cav-
ity (D’Alessio et al., 2006), (2) mass-loss in a wind driven by photoevaporation or
magneto-rotational instability (MRI) (Alexander et al., 2006a,b; Suzuki & Inutsuka,
2009), and (3) tidal interactions with companions (Bryden et al., 1999; Crida et al.,
2006).

Grain growth. For J1604-2130, the clear detection of a large gas cavity indicates
that grain growth is unlikely to be the dominant clearing mechanism, because even
small amounts of gas containing CO are expected to survive inside a cavity where
dust grains have grown to large size (Bruderer, 2013). Thus, the lack of CO emission
inside of ~ 31 AU cannot be caused by pure grain growth.

Photoevaporation. Another possible mechanism for gas and dust removal is a wind
driven by photoevaporation. However, two observational properties of J1604-2130 are
inconsistent with the predictions of current photoevaporation models.

The first problem is the large separation between the gas and dust truncation
radii. Disk photoevaporation preferentially removes the gaseous disk and sub-micron
sized grains entrained in the gas flow. The inner edge of the gas disk moves steadily
outwards and the strong inward pressure gradient at the evaporation radius sweeps
up all dust grains smaller than a few millimeters in size. Only very large grains (>
cm-sized) might be able to survive inside the gas-free regions if not removed by other
means. In this case, the gaseous and dusty disk components are both truncated at the
inner rim of the outer disk (Alexander & Armitage, 2007). Thus, for either the grain

growth or photoevaporation scenarios it is difficult to produce the large separation
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between the characteristic gas and mm-sized dust radii in J1604-2130.

The second difficulty concerns the high mass surface density of J1604-2130. Pho-
toevaporation winds continuously remove material from the disk surface. When a
gap as large as tens of AU is opened, the surface density of the outer disk is expected
to be less than 0.1g cm™2 (Alexander et al., 2006b; Alexander & Armitage, 2007;
Gorti et al., 2009). The gas surface density of J1604-2130 at the truncation edge is
~10g cm™2 (assuming a gas-to-dust ratio of 100), far too massive to be explained by
photoevaporation.

Tidal interactions with low mass companions. Here, interactions between brown
dwarf companions and the disk are unlikely to be the cause of the J1604-2130 cavity.
Kraus et al. (2008) have ruled out the presence of a close companion with aperture
masking interferometry (0.06 Mg down to ~2 AU, and 0.01 M, down to ~9 AU), while
Ireland et al. (2011) have placed upper limits on companion masses of 0.07-0.005 M,
at separations from 60-300 AU using adaptive optics. We thus compare the CO and
dust radial structure with the predictions of disk tidal interactions with planets.

The disk-planet interaction scenario can naturally explain the large morphological
differences in the gas and dust emission in J1604-2130. Recent disk-planet dynamical
models (e.g. Pinilla et al. 2012; Zhu et al. 2012) have begun to incorporate dust
coagulation and fragmentation processes in hydrodynamical simulations. One of the
key features of these new models is that the difference between the planet orbital
radius and the peak of surface density of mm-sized particles may be as large as tens
of AU if the planet is sufficiently massive. A giant planet not only opens a gap in the
disk, but also produces a local pressure maximum where dust particles within some
size range can be trapped. The planet orbit and local pressure maximum separation
depends on the mass of the planet — the more massive the planet, the larger the
separation. For example, Pinilla et al. (2012) showed that the local pressure maximum
can be located at more than twice the planet orbital radius for a 9 My,, planet.

A planet-induced disk pressure trap is also consistent with the high concentration
of mm-sized dust in J1604-2130. Because the efficiency of dust trapping is size-

dependent, the general observable outcome would be that the large grains are trapped
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into the local pressure maximum while small grains and gas should persist in a more
diffuse distribution (de Juan Ovelar et al., 2013). As shown in Figure 3.8, J1604-2130
has most of its mm-sized dust mass concentrated in a highly radially confined ring.
Further, Mayama et al. (2012) reported that the 1.6 um polarized intensity images
(tracing micron-sized particles) that peak at ~63 AU, which is 15 AU closer to the
central star than the 880 pum emission. The 1.6 um data also show that scattered light

extends inwards to ~40 AU (smaller separations lie within their saturation radius).

3.6.3 Pressure trap and evolution

In the ALMA 880 pm continuum and CO J=3-2 emission maps, J1604-2130 appears
to be regular and largely azimuthally symmetric, but with the dust highly concen-
trated in a narrow ring. A similar morphology has recently been reported in the
evolved circumbinary disk around V4046 Sgr (Rosenfeld et al., 2013a). In contrast,
large azimuthal asymmetry features have been observed in several transitional disks
(Brown et al., 2009; Regaly et al., 2012; Isella et al., 2013; van der Marel et al., 2013;
Pérez et al., 2014), possibly caused by extended vortices created by planet-disk tidal
forces or large viscosity gradients. Intriguingly, the two types of dust morphologies
(azimuthal asymmetry and symmetry) are both consistent with the idea of a pressure

trap, but are expected at different evolutionary stages.

Fu et al. (2014), for example, show that the emergence and lifetime of the vortices
created by planets strongly depend on the disk viscosity — with vortices typically
diffusing into a ring-like structures at later stages —while simulations of vortices caused
by large viscosity gradients demonstrate that the vortices and rings appear alternately
(see Figure 3 in Regaly et al. 2012). To make any further statement about the nature
of these dust concentrations in disks, other manifestations of pressure trap must be
observed, such as the expected radial variation of the dust-to-gas mass ratio, as well

as disks at different evolutionary stages.
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3.6.4 Dust inside the cavity

Transitional disks were first identified through the dip in their infrared SED, suggest-
ing that warm dust near the central star is substantially depleted (Skrutskie et al.,
1990). Since the infrared dust emission is usually optically thick, only lower limits
to dust mass can be derived from the SED (Andrews et al., 2011). In contrast, the
millimeter wavelength dust emission probes much larger column densities, but spa-
tially resolved millimeter images have so far lacked the sensitivity to constrain the
dust density inside the cavity. There is one case, LkCa 15, in which a small amount
of 870 pum continuum emission has been detected inside the dust cavity, leading to
an estimated surface density ~5 times lower than the regions immediately beyond
the dust cavity (Andrews et al., 2011). Our observation of J1604-2130 also shows
detectable emission (at ~100) inside the cavity with a surface density of mm-sized
particles nearly ~100 times lower than that of the disk beyond the dust cavity. In
both cases, the depletions estimated from sub-mm images are significantly higher
than the 107%- 1075 typical lower limit from the transition disk SED analysis (An-
drews et al., 2011). We stress, however, that the two depletion factors are difficult to
quantitatively compare because the IR emission mostly arises from small dust grains
(~ pum size) in the disk atmosphere while the sub-mm emission is mainly from large

grains (~mm-sized) close to the mid-plane of the disk.

3.6.5 Outer disk radius

The CO J=3-2 emission of J1604-2130 appears to extend to a radial distance much
larger than the associated 880 pm continuum (see Figures 3.1 and 3.2). Similarly large
discrepancies between continuum and gas emission have been observed in several other
protoplanetary disks (Piétu et al., 2005; Isella et al., 2007; Panic et al., 2009; Andrews
et al., 2012; Rosenfeld et al., 2013b). It has being debated whether the apparent size
discrepancy reflects actual differences in the outer radii of dust and gas in these
disks. Hughes et al. (2008) suggested that the apparent discrepancy may be due to
optical depth effects, and demonstrated that models with a tapered exponential edge
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in the surface density profile could better reproduce the dust and gas observations.
There are some cases, however, where tapered surface density profiles are unable to
simultaneously reproduce the CO and dust observations (Panic et al., 2009; Andrews
et al., 2012; Rosenfeld et al., 2013b). In such cases, a radially varying gas-to-dust
mass ratio is required to explain the observations. For the case of J1604-2130, we
find that a tapered surface density profile and radially invariant gas-to-dust ratio
is consistent with the current CO and continuum observations. Future high spatial
resolution observation of optically thin transitions (e.g. CO isotopologue lines) are
necessary to distinguish if the outer edge of gas and dust in J1604-2130 are truncated

at different radii.

3.7 Summary

In this paper, we have studied the radial structure of the transitional disk J1604-2130
with sensitive ALMA data of the 880 pum continuum and CO J = 3-2 line emission.

The key conclusion of our analysis are:

e Both the dust continuum and CO gas show central cavities in the synthesized
images but the gas truncation radius is about half that of the dust (Rco = 31 AU
vS. Reay = 79 AU). The presence of a large gas cavity rules out the possibility of
dust growth as the main mechanism for the central depletion. A large separation
in the edges of gas and dust is not predicted by photoevaporation models, but

is expected for massive planet-disk interactions.

e Dust inside the cavity is detected in the 880 um continuum, but with a surface
density 100 times lower than that just beyond the dust truncation radius. The

estimated dust mass inside the dust cavity is ~1.1Mg.

e 80% of the dust mass is concentrated in an annulus extending between 79 and
114 AU in radius. This morphology is qualitatively consistent with the accu-
mulation of dust grains in a local pressure bump such as that generated by the

dynamical interaction between a gas giant planet and the disk.
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Figure 3.1 (a) 880 pm continuum map of J1604-2130. The synthesized beam, shown
at lower left, has a FWHM of 0.”73x0.”46, while the wedge marks the conversion from
color to surface brightness. The rms noise level is 0.18 mJy beam™!. (b) Azimuthally
averaged real part of the correlated flux as a function of deprojected baseline length,
calculated by assuming a disk inclination of 6° and a position angle of -13°(Mathews
et al., 2012). (c) Azimuthally averaged imaginary part of the correlated flux as a

function of deprojected baseline length.
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Figure 3.2 Top row: channel maps of the CO J = 3-2 emission from J1604-2130.
The contours begin at 30 (45mJy beam™') in each 0.42km s~! wide channel and
are spaced by 10o0. The cross indicates the direction of the disk major and minor
axes. Bottom row: The moment 0 and moment 1 maps of CO J = 3-2 emission
are shown in (a) and (b). Contours on the moment 0 map start at the 3o level
and increase by 100; those on the moment 1 map are spaced by 0.08km s™1. (c)
Azimuthally averaged CO J = 3-2 emission visibilities as a function of deprojected
baseline length, integrated over the seven channels plotted in the upper row. (d) CO
J = 3-2 spectrum of J1604-2130 integrated over a central 6" x6"box.
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Figure 3.3 Dust surface density model. The disk is divided into three regions: the
outer disk (R> Reay) follows a similarity solution, while the surface densities inside
the cavity ( Rgap < R < Reav), are scaled down by a factor of § compared to the outer
disk. The innermost region of the disk ( R < Rgap) is empty.
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Figure 3.4 Spectral energy distribution and model (see text) for J1604-2130. The
red line shows a Kurucz model atmosphere normalized to the optical and near-IR
photometry. The circles are photometric data as follows: the B and R photometry
are from USNO-A2.0 (Monet, 1998), V photometry is from NOMAD (Zacharias et al.,
2005), and I photometry is taken from the DENIS catalogue (DENIS Consortium,
2005). The BVRI data have been de-reddened with A, = 0.66 (Carpenter et al.,
2014). The 2M ASS J, H, K measurements are from Cutri et al. (2003); Spitzer 4.5,
8 and 16 um photometry is published in Carpenter et al. (2006). The green open
circles are photometry data from WISE catalog. The discrepancy between the WISE
and IRAC photometry is discussed in the text. The IRS spectra (Orange) is taken
from Dahm & Carpenter (2009). The MIPS 24 pm photometry is from Carpenter
et al. (2009) while the PACS 70, 100 and 160 pm data are from Mathews et al. (2013).
The 880 pum data point is based on this work. The 1.2mm point and 2.6 mm fluxes
are from Mathews et al. (2012). The solid black line is the best fit model to the
star+disk system.
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Figure 3.5 (a) Comparison of the ALMA 880 pm continuum visibility profile (black)
with the synthetic model (red line) summarized in Table 3.1. (b) 880 pm continuum
map of J1604-2130. The cyan dashed circle indicates the truncation radius of dust
cavity (Reaw). (¢) 880 um continuum model image. (d) 880 pm continuum residual
map with contours indicating 5 and 10 o residuals (solid contours for positive residuals
and dotted contours for negative residuals).
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Figure 3.6 Comparison of the observed CO J =3-2 channel and moment zero maps
with synthetic data from the CO model. The solid contours start at 3o (45 mJy
beam™!) and increase at 100 intervals. Dashed contours indicate the -3¢ level. The
color scale of the moment zero maps is the same as that in Figure 3.2 (a).
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Figure 3.7 Left: Comparison of models with v = 0.5, 1.0 and 1.5 (Table. 3.2) to the
880 pm continuum visibility profile (filled grey circles). All three models clearly pro-
duce similar fit to the data. Middle and Right: Surface mass density and normalized
cumulative mass distributions of the models with the three different v assumed.
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Figure 3.8 Left: The normalized cumulative mass distribution profile of J1604-2130
(red solid line) as compared to the range of distributions observed in twelve transition
disks by Andrews et al. (2011) (shaded region). It can be seen that J1604-2130 has a
high mass concentration beyond its dust cavity. We also illustrate the characteristic
width AW as the width of the annulus including 80% of the disk mass. Right:
Comparison of dust cavity sizes with the compactness of the dust ring in the thirteen
transition disks plotted at left. The compactness of the dust ring is defined as the
ratio between the width of the annulus, including 80% of the dust mass and the mean
radius of the dust ring, i.e., AW/R. J1604-2130 has the largest dust cavity among
the thirteen disks, while its mass distribution is among the most compact.
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4.1 Abstract

AA Tau, a classical T Tauri star in the Taurus cloud, has been the subject of intensive
photometric monitoring for more than two decades due to its quasi-cyclic variation
in optical brightness. Beginning in 2011, AA Tau showed another peculiar variation
— its median optical though near-IR flux dimmed significantly, a drop consistent with
a 4-mag increase in visual extinction. It has stayed in the faint state since. Here
we present 4.7 ym CO rovibrational spectra of AA Tau over eight epochs, covering
an eleven-year time span, that reveal enhanced 12CO and ¥*CO absorption features
in the Jiow <13 transitions after the dimming. These newly appeared absorptions
require molecular gas along the line of sight with T~500 K and a column density of
log (Ni2¢o) ~18.5 cm™2, with line centers that show a constant 6 km s™! redshift. The
properties of the molecular gas confirm an origin in the circumstellar material. We
suggest that the dimming and absorption are caused by gas and dust lifted to large
heights by a magnetic buoyancy instability. This material is now propagating inward,

and on reaching the star within a few years will be observed as an accretion outburst.
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4.2 Introduction

Sun-like stars are born surrounded by disks which regulate the angular momentum
redistribution required for accretion. It is also in these disks that planets form. Un-
derstanding the angular momentum transport and accretion processes in circumstellar
disks is thus critical for our understanding of star and planet formation (Turner et al.,
2014). Photometric and spectroscopic monitoring of young stars and their accretion

disks is an important way to study the dynamics at play.

The classical T Tauri star AA Tau has provided many clues to the magnetospheric
accretion process that channels material from the inner edge of the disk onto the
central star (Bouvier et al., 1999). AA Tau shows a quasi-cyclic variation with a
period of 8.5 days in its optical photometry with an amplitude of 1.4 mag in the BV RI
bands (Bouvier et al., 1999, 2003, 2007; Ménard et al., 2003; Grankin et al., 2007).
This peculiar behavior is interpreted as a result of periodic occultations of the star
by a non-axisymmetric inner disk warp, perhaps driven by a misalignment between
the stellar magnetic dipole and rotation axes (Bouvier et al., 1999, 2003; Terquem
& Papaloizou, 2000; O’Sullivan et al., 2005; Donati et al., 2010; Esau et al., 2014).
Such occultations require that the AA Tau disk has a nearly edge-on (i ~ 71 — 75°)
orientation, which has indeed been seen in optical scattered light images (Cox et al.,

2013).

Recently, another peculiar variation was discovered (Bouvier et al., 2013). In 2011,
AA Tau dimmed ~ 2 - 4 mag in the V' band after maintaining a V-band magnitude
between 12.3 and 14.3 mag for more than two decades (1987-2010, Grankin et al.
2007, see Figure 4.1). Its visual extinction increased by 4 mag based on the JHK
color changes, and AA Tau has remained in the faint state since (September 2014,
current V-band mag=14-17, Bouvier et al. 2013, and Grankin, priv. commun.).
Surprisingly, no significant change was found in the mass accretion rate onto the
central star by comparing accretion tracers observed before and one year after the
dimming started (based on Ha, HS and [Hel] line fluxes, Bouvier et al., 2013). This is

in contrast to other observations of disk variability, which are usually accompanied by
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accretion rate changes (Sitko et al., 2012). Bouvier et al. (2013) concluded that the
sudden dimming is due to additional circumstellar extinction along the line of sight
and suggested that the extra extinction is possibly produced by a non-axisymmetric
overdense region in the outer disk which recently moved into the line of sight via
disk Keplerian rotation. Despite the importance of discovering the origin of the
enhanced extinction, photometric data alone provide limited insight into the physical
and dynamical properties of the extra material along the line of sight, so we turn to
spectroscopy to measure gas kinematics and temperature.

Here we present new observational constraints on the origin of the dimming of
AA Tau in the form of eight epochs of CO 4.7 um spectra taken over an eleven-year
time span. Significantly enhanced 2CO and *CO absorption components are seen
in the spectra taken after the dimming started, at a velocity redshifted with respect
to the star. The spectra can be used to measure the properties of the absorbing gas,
providing new constraints to the origin of both the dimming and absorption. Indeed,
since the optical extinction and CO absorption appear at similar times, and have
persisted since, the absorbing gas and obscuring dust most likely arise from the same
event(s). We argue that a non-axisymmetric region in the Keplerian disk is unlikely
to account for the extra absorption and velocity shift, and suggest that the enhanced
extinction and extra absorption may be produced by a disk instability-driven infalling

flow.

4.3 Observations

We carried out high resolution spectroscopic observations of AA Tau at eight different
epochs between November 2003 and September 2014. Figure 1 shows the dates of
the M-band observations, overlaid on the V-band photometry time series of AA Tau
over the last decade. A detailed observation log is provided in Table 4.1. Most
of our spectra were taken with NIRSPEC (McLean et al., 1998), a high resolution
spectrometer (R~25,000) at the Keck II telescope, as part of a large NIRSPEC survey
of protoplanetary disks (Blake & Boogert, 2004; Salyk et al., 2009), in both the
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native seeing and adaptive optics (AO) modes. The M-band (4.7 pm) echelle spectra
were observed with a 0.”43x24" slit (native seeing observations) or a 0.7041 x 2.”26
slit (with AO). Two spectral settings were used, covering wavelengths between 4.65
and 5.15 pm, with gaps between orders. The total wavelength range covers a large
portion of the v = (1-0) fundamental rovibrational band of 2CO, i.e., the first two
R-branch lines (the total angular momentum quantum number of the lower energy
state Jiow=0,1) and the low/mid P-branch (Jiow=1-12 and Jj,,=30-40), as well as an
accretion tracer, the H1 Pfg transition. The AA Tau M-band spectrum of October
2007 is obtained from archival VLT CRIRES data, taken as part of a large survey on
protostars and protoplanetary disks (Pontoppidan et al., 2011; Brown et al., 2013).
The CRIRES spectrum covers a wavelength range between 4.65 and 4.77 um at a
spectral resolution of ~95,000.

Objects were observed in nod pairs, with subsequent pairs subtracted from one
another to remove telluric emission features. The differenced images were flat field
corrected and then averaged to increase the signal-to-noise ratio. We extracted 1-D
spectra from the 2-D averaged images using the optimal extraction (Horne, 1986).
The wavelength calibration was derived by fitting a fourth order polynomial to the
telluric emission lines within the same echelle order. Telluric absorption features were
removed by dividing the AA Tau spectra by that of HR 1620 (A7 spectral type), taken
close in time and airmass. To investigate the continuum flux variation with time, we
compared the raw photon counts of AA Tau with those of HR 1620 in the continuum
around 4.7 pm at different epochs. We found the flux ratio varied less than 30%
from the midpoint of all values obtained over the past eleven years, with no apparent
correlation between the continuum flux and CO emission line intensities. We thus
assumed the 4.7 ym continuum is constant and flux calibrated the 1-D spectra by
normalizing the continuum to the interpolated IRAC fluxes between 3.6 um (352
mJy) and 4.5 pm (332 mJy)(Luhman et al., 2006). It is worth noting that we do not
expect to detect continuum variability caused by the enhanced extinction, because
an Ay of 2-4 mag produces a flux change of less than 10% at 4.7 pm using a Mathis
extinction law (Mathis, 1990).



30

Table 4.1. AA Tau Observation Log

Obs. Date Spectral Range Int. time Instrument AQO“

(UT) (i) (min)

2003-11-03  4.65-4.72, 4.95-5.03 12 NIRSPEC
2004-12-27  4.65-4.72, 4.95-5.03 12 NIRSPEC
2004-12-30 4.70-4.78, 5.02-5.09 8 NIRSPEC
2007-10-12 4.65-4.77 240 CRIRES

2010-12-15 4.70-4.78, 5.02-5.09 64 NIRSPEC
2012-12-31 4.65-4.72, 4.95-5.03 32 NIRSPEC
2013-01-01 4.70-4.78, 5.02-5.09 24 NIRSPEC
2013-10-19 4.65-4.72, 4.95-5.03 24 NIRSPEC
2013-12-23  4.65-4.72, 4.95-5.03 24 NIRSPEC
2014-09-06 4.65-4.72, 4.95-5.03 47 NIRSPEC

ZKK KKK <222

Note. — a: Observations with adaptive optics; b: The final spec-
trum combines observations with two partially overlapping spectral
settings with 10 and 14 min. of integration time, respectively.

4.4 Results

Figure 4.2 displays our CO M-band spectra of AA Tau taken between November 2003
and September 2014 (data obtained within three days were consistent and merged
into a single spectrum). Readily detectable v = (1-0) fundamental rovibrational *?CO
emission lines are seen in all eight epochs. The 2CO emission components appear to
be double-peaked and spectrally resolved with an average FWHM of ~130km s~
The double-peaked line shape is expected for emission from a highly inclined, Keple-
rian disk. By fitting the CO line profile, Salyk et al. (2011) suggested the molecular
emission arises from ~0.1 AU. Our AO data show no CO spectro-astrometric signa-
tures along the disk major axis to a 3¢ limit of 0.19 AU, consistent with the previous
result. In five of the eight epochs, the lines were asymmetric, with the blue-shifted
peak stronger than the red-shifted peak (Figure 4.3). The line-to-continuum ratio
also varied significantly, from 0.15 to 0.38, but there is no apparent link between the
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emission line variability and the V-band extinction change.

The most striking discovery is the emergence of deep, low- to moderate-J 2CO
(Jiow<13) and ¥CO absorption below the continuum in spectra taken after the op-
tical dimming (see Figure 4.2 and 4.3). The CO absorption components have a
FWHM~14.2km s~ !, a value close to the width of the nominal instrumental pro-
file (FWHM~12km s™!). The mid-J CO lines between 4.95-5.09 um (of lower state
excitation energies Ejo, ~2000K), however, did not show enhanced absorption after
the dimming, suggesting the absorbing gas cannot be hotter than ~1000 K. For all
the spectra taken before the dimming, the center of the double-peaked emission line
profile aligned well with the stellar velocity (heliocentric velocity V, = 16.1+2km
s~ Hartmann et al. 1986). In contrast, the absorption line centers from 2011 and

after show a clear and constant redshift of ~6+1km s~!.

Because the goal of this paper is to shed light on the origin of the dimming
and absorption towards AA Tau, we focus here on the properties of CO absorption
lines. The varying CO emission of AA Tau will be discussed in a separate paper
which investigates the variation and asymmetry of M-band CO emission in a large
sample of disk sources (Crockett et al. 2015, in prep). We have taken additional
L-band NIRSPEC observations before and after the dimming to search for additional
molecules such as water in the disk gas; but the complex photospheric structure
present at these wavelengths means that only very deep absorption lines would be

recognized, and no such features have been found.

4.4.1 The physical properties of the absorbing gas

The line profiles of the absorption components are possibly varying (see Figure 4.3),
but variations in the Earth’s atmosphere can also mimic the line profile change since
both the telluric and AA Tau features are marginally resolved, at best. Nevertheless,
the line fluxes are less affected and the rotational ladder of CO v = (1-0) lines pro-
vides abundant information on the physical properties of the absorbing gas. Under

the assumption of a Boltzmann distribution for the rotational states, the line flux
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ratios provide a direct constraint to the excitation temperature of the gas. Once the
excitation temperature is known, the total column density of the absorbing gas can

be derived from the absolute strengths of the absorption components.

This assumption of local thermodynamic equilibrium is reasonable in this case
because the CO v = 0,J < 13 states are expected to be thermalized due to their
moderate critical densities of < 107 em™>. Given the lack of constraints on the
geometry of the absorbing gas, we make the simplest assumptions, i.e. the gas is
isothermal and has a constant number density along the line of sight. Our model
thus has three free parameters: the gas temperature 7, the column density N along
the line of sight, and the intrinsic line width o (needed because the >CO and 3CO
absorption lines are largely spectrally unresolved at R=25,000). The line width is an
upper limit to the local turbulence velocity since the absorbing gas may exist over
a range of radial distances and azimuthal angles. The differential projected radial

velocity from gas at different locations can broaden the line profile.

We measured the equivalent width (W) of each absorption line as W = [(Leont —
I(v))/Ieons dv. The 2CO equivalent line widths provide a particular challenge since
the absorption is built on top of emission lines. Because our goal is the study of the
additional absorption that appears after the dimming, we measured the equivalent
widths of the 2CO absorption from the difference between spectra, specifically those
from December 2004 and January 2013, because they cover the largest wavelength
range and thus provide the best constraints on the excitation temperature. Each
absorption component in the residual is then fit with a Gaussian function rather than
directly integrating over the line profile since certain velocities are missing in regions
that overlap with saturated atmospheric lines. The gaussian fits are then divided by
the continuum flux to calculate the '2CO equivalent widths, while those for *CO

were measured directly from continuum subtracted January 2013 spectra.

The theoretical equivalent width of a given transition is calculated using I, =

Lonexp(—sNyp,), where N is the CO column density of a rotational state J, ¢, is
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the intrinsic line profile, and s is the integrated cross section (cm? s7!), or

Au 2 U 1%
5= 2wl Juy o] (4.1)
w2 g

The spontaneous decay rate, A,; is taken from HITRAN (Rothman 2005), while a
Voigt function is used for ¢,. The Doppler width of Voigt function, Avp = /20,
contains ¢ as the third free parameter. We used an average ISM value of 12CO/3CO
number ratio of 69 to scale the column densities of '2CO to those of *CO (Wilson,

1999).

The fit results are summarized in Figure 4.4. Our best fit has T = 494732% K, with a
total column density of 12CO along the light of sight of log (Ni2co) = 18.540.1 cm ™2
and an intrinsic width o of 2.24:0.1kms~!. We stress that this result is not very
sensitive to the input isotopic ratio; changing the *CO/ 3CO value from 69 to 30
would result in T = 427K, log (Ni2cg) = 18.1, and o = 2.6. The best-fit column
density decreases in this case because the 2CO absorption lines are saturated and

only the optically thin 3CO lines provide the main constraints on the column density.

A smaller 2CO/ 3CO ratio thus produces a smaller N(12CO).

For the remaining epochs, we did not fit the three parameters (7', N, and o)
simultaneously because the available data often cover a smaller wavelength range,
with many absorption lines that are heavily contaminated by saturated atmospheric
absorption due to unfavorable Earth-induced Doppler shifts. Since the gas column
density is most sensitive to the *CO line strengths, we derived the CO gas column
density in these epochs by fixing the T and o parameters with the best-fit values
from January 2013. In the three 2013 spectra the derived column densities of the
absorbing gas vary by <30%. For the September 2014 epoch, the column density
decreased to log (N'2CO) = 18.2+0.1cm™2, about a half of that in 2013. In the
pre-dimming epochs, the October 2007 spectrum provides the most stringent column
density upper limits, suggesting log (N*?CO) < 17.5cm™2 at 99% confidence (T and
o are fixed). Because the '3CO lines are optically thin, these column density changes

can be directly seen in Figure 4.3.
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The contemporary existence of the absorbing gas and the obscuring dust suggests
that they are likely to arise from the same event(s). Assuming the gas and dust are
co-spatial, we can derive an average gas-to-dust mass ratio in the absorbing mate-
rial along the line of sight, by combining the 2CO column density with the increase
in visual extinction associated with the dimming. Assuming a maximum fractional
abundance of nco/ng=10"% in protoplanetary disks, the total column density of ab-
sorbing gas is at least 3.2x10?2 cm™2, resulting in a Ng/Ay >8x10?' cm~2 mag™*
— about a factor of 4 larger than the average ratio measured in nearby molecular
clouds (Vuong et al 2003), suggesting a gas-to-dust ratio of ~400 in the absorbing
gas. Such an increased gas-to-dust mass ratio is expected if the absorbing gas at large
disk heights has experienced significant dust grain growth and/or settling towards the
mid-plane. The slope of the spectral energy distribution of AA Tau in (sub)mm wave-
length range is consistent with the expectation of significant dust growth (Andrews

& Williams, 2007).

4.5 The origin of the absorbing gas

The fairly sudden emergence of enhanced extinction and absorption indicates that
some obscuring material recently appeared or moved into our line of sight. We argue
that this new material is unlikely to be a foreground source. First, the absorbing gas
is too warm (~ 500 K) compared to the typical interstellar diffuse cloud excitation
temperatures of 10-100 K (Snow & McCall, 2006). Second, Bouvier et al. (2013) found
that the enhanced extinction was restricted to AA Tau since three field stars nearby
(projected distance between 26”and 53”) did not exhibit any luminosity variation.
This projected distance is much smaller than that of a typical gas clump in molecular
clouds at 140 pc. For example, the Jeans length of gas with T of 500 K and Ny, of
10* em™3 is 1.3 pc, i.e., a projected distance of 1915”.

The absorbing gas is also unlikely to be in circumstellar envelope surrounding AA
Tau because various evolutionary indicators suggest that AA Tau is a Class II object,

i.e., a disk with little or no envelope (Robitaille et al., 2007). Moreover, gas in a
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circumstellar envelope should be much cooler than 500 K (van Dishoeck et al., 2013).

The final possibility is that the absorbing material lies in the disk. We can place
some constraints on its location based on the gas temperature of ~500 K. Utilizing
existing thermo-chemical models in the literature which are constructed for classical
T Tauri disks similar to AA Tau, we can use this temperature to estimate the vertical
and radial location of the absorbing gas. In the vertical direction, due to the high
inclination of the disk and the optical depth of the infrared CO transitions observed,
the absorbing gas must be high in the disk atmosphere but deep enough that sufficient
CO column density is present in order to shield itself from photodissociation by high-
energy stellar photons (Visser et al., 2009). The dominant heating sources for this
warm molecular layer are X-ray and UV radiation (e.g. Glassgold et al. 2004; Gorti
et al. 2011). The X-ray luminosity of AA Tau is ~ 103 erg s~ in quiescence and
~ 103! erg s7! during brief flares (Schmitt & Robrade, 2007; Grosso et al., 2007), all
within the typical X-ray luminosity of classical T Tauri stars (Feigelson et al., 2005).
Najita et al. (2011) computed a thermo-chemical model for classical T Tauri stars
with an Ly of 103 erg s~. Their model shows that CO starts to survive beyond a
vertical column density of Ny ~ 10*! cm~2. At such columns, a temperature of 500 K
requires a radius that is less than 10 AU distant from the central star. Walsh et al.
(2010, 2012), for example, used the X-ray, UV continuum and Ly« spectra of TW
Hya in their thermal chemical model, and their calculations predict that the high
altitude CO molecular layer inside ~10 AU is warmer than 500 K. In summary, the
warm temperature of the absorbing gas suggests a location of <10 AU in radius.

We conclude with a discussion of the possible origins of the suddenly enhanced
extinction and CO absorptions in the AA Tau disk:

(1) A non-axisymmetric overdense region in the disk

Bouvier et al. (2013) suggested that the enhanced extinction is caused by a non-
axisymmetric structure that recently moved into our line of sight due to Keplerian
rotation. However, we argue that this scenario becomes less likely considering the
CO absorption components presented here. Because the M-band continuum and

the CO emission both arise from very small regions (R<0.5 AU), only gas and dust
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located inside a small solid angle can produce the enhanced extinction and absorption.
Therefore, the absorption lines should be centered at the stellar velocity. However,

! over the past two

the CO absorption lines display a constant redshift of ~6km s~
years. This redshift cannot be explained by the uncertainty of the stellar velocity
of AA Tau as all previous measurements of the stellar velocity are consistent within
2km s~ (Hartmann et al. 1986 of 16.14+2km s, Bouvier et al. 2003 of 17.14+0.9 km
s~! and Donati et al. 2010 of 17.240.1km s~!). A highly eccentric orbit might be
able to explain the redshift, but the CO emission lines are well centered at the stellar
velocity — suggesting at least the disk gas in the CO emitting region is in circular
motion. If the non-axisymmetric structure rotates at Keplerian speeds, its orbital
period is then at least 27 years, the total time span of AA Tau in the bright state and
the duration of the dimming. Thus the structure must lie beyond >8.4 AU (assuming

M,=0.8 M, Bouvier et al. 1999).
(2) Inward flow driven by disk instability

Another possibility is the absorbing material has been newly lifted to large heights
due to an instability of the disk’s magnetic fields, leading to an accretion outburst
involving the inward transport of gas and dust. The buoyant rise of the magnetic
fields generated in magneto-rotational turbulence has been demonstrated in stratified
isothermal shearing-box magnetohydrodynmic calculations (Miller & Stone, 2000)
and in calculations including the stabilizing effect of the external starlight heating
(Hirose & Turner, 2011). In all cases, the magnetic fields dominate the pressure
above about two density scale heights. The fields are erratic, with stronger activity
coming in bursts, if the magnetic diffusivity is near the threshold for switching off the

magneto-rotational dynamo (Turner et al. 2007, Simon et al. 2011b).

As such material propagates inward, an accretion outburst can potentially result
(Zhu et al., 2010). Episodic accretion outbursts have been observed in some pre-main
sequence low-mass stars (e.g. see a review by Audard et al. 2014). Well-known
examples include FU Orionis objects (with typical accretion rates during an outburst

of 107* Mg, yr~! and a decay timescale of ~100 years) and EX Lupi objects (smaller



87

but more frequent outbursts with a typical outburst accretion rate of 1077 Mg, yr—1).
Could AA Tau be a pre-FUor/EXor? AA Tau has a quiescent accretion rate between
1072 and 10~® M, yr~!, and has shown no significant accretion rate increase since the
dimming (Bouvier et al., 2013). Similarly, we did not detect significant changes in the
accretion tracer H1 Pf§ around 4.65 um before and after the absorption appeared. In
Section 3.1, we measured a column density in the extra gas component of 3.2x 10?2
cm 2. Assuming this gas is present in a wall at 10 AU with a scale height of 1 AU, and
that this material will fall onto the star within three years, the accretion rate would
rise to ~1.3x107" Mg yr~!. Based on the evolutionary stage of AA Tau and our
estimate of the accretion rate of the current outburst, we suggest AA Tau is unlikely
to be a pre-FUor object but could be a pre-EXor candidate.

There is one additional hint that suggests episodic outbursts have previously oc-
curred in AA Tau, in that Cox et al. (2013) found a chain of Herbig-Haro knots above
the AA Tau disk in [SII] images. Such Herbig-Haro objects are usually associated
with elevated accretion activity in young stars (Reipurth & Bally, 2001). The spacing
of Herbig-Haro knots in the AA Tau [SII] images, together with the inferred speed of
knots >200km s™!, suggests a time between ejections of at most a few years, which
appears consistent with the smaller and more frequent outbursts in the EX Lupi type.

The observed redshift in the absorption suggests the molecular gas is propagat-

1

ing inward. The magnitude of the speed is, however, puzzling: 6km s~ is too

high for a viscous disk but too low for a free-fall velocity. With a central star of
0.8 Mg, the free-fall velocity /2GM,/r is 38km s~' at 1 AU. A disk with viscos-
ity v will evolve at radius r on a timescale of t, ~ r?/v. We adopt the usual
parameterization of the viscosity as v = ac?/Q (cs is the sound speed, © the Ke-
plerian angular velocity) and use the o ~ 0.1 found in FU Ori outburst (Zhu
et al., 2007) to estimate a viscous disk timescale. The radial velocity so obtained

is 7/t, ~ 2 /1 GM=0.07x gy 5507 (A7) (gaas) /2 km s

The instability driven inward flow scenario is speculative since certain critical disk
physical parameters, such as the magnetic field and viscosity, are largely unknown.

Monitoring the physical properties of the absorption components and the accretion
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rate over the next few years will provide crucial constraints on the origin of the optical
dimming. With a radial velocity of 6 km s™!, matter within 10 AU from the central
star (T~500K) should drive an accretion rate increase over the next few years if
the absorption lines are caused by infalling gas. Any subsequent outburst’s accretion
rate and duration combined would yield the amount of material involved, while the
duration of the absorption would suggest a location for the triggering instability.
Furthermore, assuming the inflowing material rotates at near-Keplerian velocities,
the duration of the absorption constrains the azimuthal extent of the absorber. For
example, at a distance of 5 AU, the three-year ongoing absorption suggests an angular
extent of at least 90 degrees. In short, the dimming and absorption observed in AA

Tau may contain important clues into the transport processes in disks.
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Figure 4.1 V-band photometry time series of AA Tau (Bouvier et al., 2013) overlapped
with observational dates of CO M band spectra (red vertical dash lines). The 2013
December photometry data are from Grankin and Bouvier (priv. commun.).
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Figure 4.2 CO M-band spectra of AA Tau before and after the 2011 V-band dimming.
(a) CO rovibrational spectra between 4.64 and 4.78 pum. The blank regions represent
regions with telluric transmission <25%, which we have masked out due to high noise
levels. The rest wavelengths of the 2CO transitions are marked as small vertical lines
at the top of the panel. The region highlighted by the dashed box is enlarged in panel
(b). (b) A close up of the 4.64-4.73 pm region, highlighting the *CO absorption lines
that appear after 2011. Rest wavelengths of the 3CO v= 1-0 lines are marked with
dashed lines. (c) High-J CO spectra between 4.95 and 5.09 pm.
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Figure 4.3 Time variation in the low-J 2CO and ¥*CO line shape(s). The average
12CO line shape of each epoch combines the 2CO v =(1,0) Jiow <12 lines, that for
13C0 averages the isolated from *CO R12 and 13 lines. There is no *CO line profile
for December 2010 epoch because the spectra do not include the two '*CO transitions.
All of the lines are normalized to the continuum flux. The two vertical dashed lines
indicate the locations of stellar velocity and a red shift of 6km s~!. The horizontal
dotted lines denote the onset of dimming in 2011.
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5.1 Abstract

Water and simple organic molecular ices dominate the mass of solid materials available
for planetesimal and planet formation beyond the water snow line. Here we analyze
ALMA long baseline 2.9, 1.3, and 0.87 mm continuum images of the young star HL
Tau, and suggest that the emission dips observed are due to rapid pebble growth
around the condensation fronts of abundant volatile species. Specifically, we show
that the prominent innermost dip at 13 AU is spatially resolved in the 0.87 mm image,
and its center radius is coincident with the expected mid-plane condensation front
of water ice. In addition, two other prominent dips, at distances of 32 and 63 AU,
cover the mid-plane condensation fronts of pure ammonia or ammonia hydrates and
clathrate hydrates (especially with CO and Nj) formed from amorphous water ice.
The spectral index map of HLL Tau between 1.3 and 0.87 mm shows that the flux ratios
inside the dips are statistically larger than those of nearby regions in the disk. This
variation can be explained by a model with two dust populations, where most of solid
mass resides in a component that has grown into decimeter size scales inside the dips.
Such growth is in accord with recent numerical simulations of volatile condensation,

dust coagulation, and settling.



95
5.2 Introduction

The frost lines of abundant ices have long been thought to be important for planet
formation, in part because the extra material provided by condensation can signif-
icantly enhance the local mass surface density of solids in the disk (Hayashi, 1981;
Stevenson & Lunine, 1988; Desch, 2007). This in turn significantly shortens the time
scale needed to form protoplanets in core-accretion models (Pollack et al., 1996). Fur-
thermore, the bulk composition of terrestrial planets and the cores of gas or ice giants
is determined by that of the planetesimals from which they are built. Because volatil-
ity is highly species specific, it is the condensation fronts of the principal solid-vapor
reservoirs in the mid-plane of protoplanetary disks that set the rough boundaries of

planetesimals with different compositions (Oberg et al., 2011).

Recent experiments and numerical simulations of dust coagulation and settling
suggest that condensation fronts may play a crucial role in planetesimal formation
via two aspects: first, the growth efficiency of dust grains is composition dependent.
Lab experiments show that icy aggregates are significantly more ‘sticky’, and resis-
tant to compaction than silicate aggregates (Giittler et al., 2010; Seizinger & Kley,
2013; Kelling et al., 2014). The second, perhaps more important, aspect is that the
enhanced local surface mass density near snow lines may produce pressure bumps,
high dust-to-gas mass ratios, or viscosity gradients, thus triggering instabilities that
form planetesimals (Kretke & Lin, 2007; Ros & Johansen, 2013; Bitsch et al., 2014;
Drazkowska & Dullemond, 2014).

Despite the wealth of theoretical predictions concerning condensation fronts in
disks, no direct observations of fast dust growth near such fronts have been carried
out. The small angular separation and emitting areas of such zones, even in the near-
est protoplanetary disks, make such observations challenging. ALMA, with its un-
precedented spatial resolution and sensitivity, is changing this situation dramatically.
Young, actively accreting objects are good initial targets because their luminosities
and disk temperature profiles move the condensation fronts out to larger, resolvable,

distances (Kennedy & Kenyon, 2008; Blake & Bergin, 2015).
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HL Tau, a young star in the Taurus molecular cloud (~10°yr), was recently ob-
served by ALMA at 2.9, 1.3, and 0.87mm with a spatial resolution as good as 3 AU
(Partnership et al. 2015, APR henceforth). Here we propose that the dark concen-
tric rings observed in the (sub)mm interferometry of HL Tau are due to fast pebble
growth near condensation fronts. We first characterize the location and width of sur-
face brightness dips in the ALMA images before comparing their location with the
expected condensation fronts in the mid-plane of the disk. We then examine the dust

properties in the dips to determine if they are consistent with pebble growth.

5.3 Observations

The ALMA Band 3, 6, and 7 (or wavelengths of 2.9, 1.3 and 0.87 mm, respectively) HL
Tau observations were carried out in 2014, as part of its long-baseline commissioning
and science verification (SV) program. With longest baselines of 15.2km, the HL. Tau
observations achieved exceptional spatial resolution, with beam sizes of 11.9x8.6 AU,
4.9x3.1 AU and 4.2x2.7AU at 2.9, 1.3 and 0.87mm (for an adopted distance of
140 pc). More detailed descriptions of the data and calibration can be found in APR,
who demonstrated the HL. Tau continuum images are ~axisymmetric and well fit
with a series of elliptic rings. Therefore, a first order approximation of the HL Tau
surface brightness is a single parameter function of the distance from the star.

For our purposes, it is much easier to work on deprojected, circular images.
We thus start with the calibrated measurements, and use CASA v4.3 (McMullin
et al., 2007) to deproject the visibility data and generate synthesized images for all
three bands. Assuming the peak continuum emission represents the location of the
central star, we first shift the phase center of each band to that of HL Tau (by
A, = —14mas,As = 196mas). We then deproject the visibility data using the
best-fit inclination angle ¢ = 46.72° and PA = 138.02° from APR.

From the deprojected visibility data in bands 6 and 7 we have also generated a
spectral index («, where I, oc ¥*) map. This result is computed using the CLEAN

task with nterms=2, based on the multi-frequency deconvolution algorithm developed
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by Rau & Cornwell (2011).

5.4 Charactering the emission dips

We measure the surface brightness versus radial distance in steps of 0.5AU, and
present the azimuthally averaged radial brightness distributions in Figure 5.1. The
most consistent features in all the bands are three emission depressions, or dips,
around ~13, 32 and 63 AU. We note that there are many subtle bumps in the surface
brightness distribution, and we refer interested readers to a more detailed description
by APR. Here we focus on the three most prominent, ~radially-symmetric dips.

In order to constrain the dip widths and depths, a smooth fit to the surface

brightness distribution is needed. We use a simple vertically isothermal model,

I(r) = cosix By,(T,)(1 — e =rrw seciy (5.1)
T, = Tyr/[AU)y (52)
Y(r) = o(r/re) Texpl—(r/r.)* 7] (5.3)

where I, is the surface brightness (Jy arcsec™2), i the inclination angle, x, the con-
tinuum opacity in cm? g~!, and X(r) the dust+gas mass surface density distribution
for a steady accretion disk (Pringle, 1981; Andrews et al., 2009). The cosi factor in
eq. (1) accounts for the effects of the deprojection on the synthesized beam.

Since our goal is to produce a smooth fit to the surface brightness distribution
rather than a realistic physical model, we use x, = 0.01 cm? g~ (r/230[{GHz|) through-
out the disk (Ossenkopf & Henning, 1994).

The results of the best-fit models are plotted as dashed lines in Figure 5.1. We
then divide the observed I,(r) with the best-fit model in each band to constrain the
shape of the dips, see Figure 5.1 (b). The locations are consistent with those of
the dark rings reported in APR. The 13 AU and 32 AU intensity dips appear to be
highly symmetric. Gaussian fits to the normalized radial brightness profile are listed

in Table 5.1. The 63 AU dip is asymmetric, so we only list the radius of the minimum
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Table 5.1. Parameters of the dips, normalized to the local continuum

band ind Center [AU] FWHM [AU]  Amplitude

band 7 1 12.6+0.1 7.2£0.3 0.56=£0.02

3.0x5.5AU 2 32.2£04 5.3£1.0 0.26£0.05
3 63.5 17.7 0.44

band 6 1 12.7£0.2 7.4£0.3 0.66£0.03

3.3x6.6 AU 2 32.2£0.3 6.9+0.6 0.41£0.04
3 64.0 18.0 0.52

band 3 1 13.6+0.3 10.4+0.4 0.39£0.03

9.1x15.1AU 2 32.4+0.6 11.1£1.5 0.22+0.03
3 66.0 16.8 0.45

and the dip FWHM. The FWHM of the 13 and 32 AU dips are 5 — 7 AU, about 2x
the minor axis of the synthesized beams at 1.3 and 0.87 mm, indicating that the dips
are spatially resolved. The 63 AU dip is resolved at all bands, with a FWHM of
17-18 AU. The minimum surface intensity of the dips range from 37% to 78% that of

the smooth continuum from the best-fit models.

5.5 Condensation fronts of major volatiles in pro-

toplanetary disks

To check if the dark rings/dips in the ALMA HL Tau images are correlated with
condensation fronts, we calculate the condensation temperatures of major ice species
under realistic pressure ranges and compare them with the expected disk mid-plane
temperature distribution.

Here we consider the major condensible carriers of these elements based on the
composition of comets, which are believed to be the best representatives of primordial
icy materials in the Solar Nebula (Mumma & Charnley, 2011). We include Ny, one of
the major carriers of N as predicted by chemical models of disks (Schwarz & Bergin,

2014). As a homonuclear diatomic, Ny cannot be directly measured in cometary
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comae.

For “pure”(single component) ices we define the condensation temperature of

species ¢ as that where the thermal desorption and accretion rates are equal, i.e.,

7 7 . 7
Nice X kdesorp - ngas X kaccr ) (54)

%
accr

(2009) and Walsh et al. (2010).

where kjjpp, and k.., are calculated using the treatment outlined in Woitke et al.

Besides pure ices, we also consider clathrate hydrates, special forms of (water) ice
found in large quantities on the Earth and that have been postulated to be important
in the outer Solar System. These are crystalline water-ice compounds in which gaseous
molecules can be trapped inside the lattice cages of the ice. At typical mid-plane disk
pressures, abundant volatiles such as methane, HyS, CO and Ny are expected to be
trapped in the form of clathrate hydrates before they condense as pure ice species,
given a sufficiently large water ice surface area to which the vapor has access (Lunine
& Stevenson, 1985). This interesting feature of clathrate hydrates has been employed
to explain the low N/O elemental ratio observed in comets as compared to that of
the Sun’s photosphere (Iro et al., 2003), and the existence of methane in Titan’s

atmosphere (Lewis, 1971).

A summary of the condensation temperatures of pure ice species from such calcu-
lations is shown in Table 5.2, along with the condensation temperatures of clathrate
hydrates from Lunine & Stevenson (1985) and Iro et al. (2003). Our condensation
temperatures are consistent with the results of Pollack et al. (1991) over the same
pressure range. Table 5.2 shows that most of the clathrate hydrates can be created
at higher temperatures than their pure ice condensates. The exceptions are NHj,
which has a very similar temperature for its hydrate and pure ice forms, and CO,,
which condenses as a pure frost at higher temperatures than for which the clathrate

is stable.

In Figure 5.2 we compare the dip radii with the expected disk condensation front

locations. In this figure we plot the observed brightness profile, which provides a
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Table 5.2. Condensation temperatures of the major volatiles in disks

Species T¢ E,  Cometary Abundance Ref

cond

H,O 128-155 5165 100 1,5
CO 23-28 890 0.4-30 1,5
COq 60-72 2605 2-30 1,5
CH4 26-32 1000 0.4-1.6 2,5
CH3;0OH 94-110 4355 0.2-7 1,5
Ny 12-15 520 2,5
NHj 74 - 86 2965 0.2-1.4 1,5
HCN 100-120 4170 0.1-0.6 3,5
H,S 45-52 1800 0.1-0.6 4,5
NH3-H,O 78-81 6

HyS* 77-80 6

CH; 55-56 (69-72) - -- e 6,7
CO* 45-46 (58-61) - -- ce 6,7
Ny* 41-43 (55-57) .- e 6

Note. — a. Condensation temperature ranges for ices corre-

sponding to gas number densities of 10°- 103cm™2, suitable for

disk mid-planes. * Condensation temperatures of clathrate hydrate
formed from hexagonal ice or hydrate under gas number densities of
10'2- 103cm™2. The values in parentheses are for clathrates formed
from amorphous ice.

References: (1) Martin-Doménech et al. (2014), (2) Luna et al.
(2014), (3) Sandford & Allamandola (1993), (4) Hasegawa & Herbst
(1993), (5) Mumma & Charnley (2011), (6) Iro et al. (2003), (7)
Lunine & Stevenson (1985)
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rigorous lower bound to the dust temperature. The actual physical temperature in this
embedded disk can be larger in the case of either optically thin dust emission (likely
in the outer disk) or significant grain coagulation. As a more detailed estimate of the
HL Tau mid-plane temperature structure we follow Men’shchikov et al. (1999) (MFH
henceforth), who used two-dimensional radiative transfer models to quantitatively
match the available spectral energy distribution, intensity, and linear polarization
data on HL Tau from near IR to (sub)mm wavelengths. Their best-fit model results
in Tpq = 665 (r/AU)"%6K for the mid-plane temperature distribution. This is
greater than that estimated from the observed brightness distribution in the ALMA
image, at all radii. Interestingly, as Figure 5.2 shows the dips overlap nicely with the
condensation fronts of the most abundant volatiles using the MFH profile: pure water
condenses around the 13 AU dip, while pure NH3 or ammonia (and hydrogen sulfide)
hydrates condense around the 32 AU dip. At further distances, the condensation front
of pure CO, and the onset of the CO and Ny clathrate hydrate stability fields, from

an amorphous water ice seed occurring near the 63 AU dip.

5.6 Dust properties inside the dips

We have shown above that the most prominent dips in the HL Tau images are re-
markably close to the expected condensation fronts of abundant volatiles. We now
investigate the dust properties across these radii.

At (sub)mm wavelengths, the spectral index a of the surface brightness (where
I, < v*) is a widely-used observable to characterize dust properties in protoplanetary
disks (Natta et al., 2007). For optically thin dust emission, a can be expressed as
a=2+03, where k,  (v/14)?. The value of 3 is sensitive to the maximum dust size,
(max, fOr a given a size distribution, n(a) oc a?. If the emission is optically thick,
however, =2 (the blackbody limit) and information on the dust size is lost.

APR provided a cross-cut of a along the major axis of the as-observed image; but
it is not clear if this cross-cut is representative of the full disk. In Figure 5.3, we

show the radial distribution of «, measured between 1.3 and 0.87 mm, in crosscuts
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at = 0, 45, 90 and 135° (starting from west) along with the azimuthally averaged
a(r). Despite large azimuthal variations, there is a clear general pattern: inside
of 48 AU a~2, except for increases to values of ~2.6 and ~2.4 at the 13AU and
32 AU dips, respectively. Outside 48 AU, « gradually increases from 2 to 2.7 and
then becomes relatively flat, except for two shallow decreases around 70 and 80 AU
near local maxima in the surface brightness.

One way to explain a~2 invokes optically thick dust emission in the inner disk,
while that in first two dips is optically thin with a=+2. This explanation faces two
difficulties. First, a massive disk is needed to create optically thick mm-continuum
with modest grain growth. Given a typical continuum opacity of x,=0.01 cm? g7 (v /[230GHz]),

2 at 48 AU is needed to reach Ty 3,m = 1 — a

a surface density of ,,s=100 g cm™
value 20x larger than that for the MMSN (Hayashi, 1981). The second issue is the
large discrepancy between the temperature derived from SED fits (the MFH model)
and the observed brightness temperature (Figure 5.2). These should be nearly equal
if the mm-dust emission is optically thick.

An alternative explanation for a~2 that mitigates these difficulties is a scenario
where the dust emission for R <48 AU is effectively optically thin, but with g~ 0.
This can occur when dust grains grow to sizes (a) larger than the observational
wavelength (A). Under such conditions, the absorption cross section simply equals
the particle geometric cross section — and is thus independent of wavelength. Such
significant dust growth is likely in the dense inner disk, considering that grains beyond
48 AU have grown to >mm sizes (a=2.77+0.13 (APR)). This dust growth scenario,
however, also faces a problem: for a single dust size-distribution, o > 2 within the
13/32 AU dips demands smaller dust (and reduced mass surface densities) at these
radii. It is difficult to understand why the disk inside of and, particularly beyond,
the 13 and 32 AU dips should have experienced more extensive dust growth than the
dense inner regions of the disk.

We suggest the apparent contradiction in the dust growth scenario can be solved
by a model with two dust populations. This model differs from the commonly invoked

power law size distribution but is commonly encountered in numerical simulations of
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dust growth (e.g. Dullemond & Dominik 2005, Drazkowska & Dullemond 2014). Our
first dust population has intermediate growth and a dust opacity of Kqust1,., While the

second population has grown to an average size for which a > A. Thus:

1%
Rdustl,y = 51(7)51 (55)
0
Ta’ 31
ust2,y  — —5 — 5 — 5.6
Fedust?, 4/3mpa®  4pa (5.6)
Rdust,y = (1 - f)/'idustl,z/ + f/fdustQ,u (57)

where a and f are the average dust size and mass fraction of the second dust popu-
lation, and p is the physical density of the dust.

A plausible order of magnitude estimate can be found if we assume Kqyst1,, = 1 cm?
g 1 (v/|230GHz]), or dust grain growth to mm size. For the second population, we
assume p=1g cm™?, that is, ice dominated grains, and Kqust2,, =0.75(a/[cm]) ™! cm?
g~ 1. We further adopt £=0.9, i.e., 90% of the dust mass in the second dust population.
For modest optical depths in the first population, the overall value of o between
1.3 and 0.87mm changes with a (Figure 5.3f). For a near 1cm, the cm-sized dust
dominates the opacity and leads to a~ 2. When a grows to decimeter-size, the mm-
sized grains (population 1) dominate the mass specific dust opacity, even though they
contain a small fraction of the dust+ice mass, and a becomes significantly greater

than 2.

Thus, with significant dust aggregation in the second population, the flux and «
behavior in the dips can be explained. With modest mass surface densities, the frac-
tional area of a given column of the disk covered by the dust becomes <unity, and the
brightness temperature drops below the physical temperature even though individual
dust aggregates are optically thick. Further (sub)mm to cm high resolution contin-
uum images can distinguish between these two dust/disk structure scenarios through
more accurate constraints on the «(r) distribution, as can direct measurements of the

vertical and radial gas temperature distributions via molecular emission.
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5.7 Discussion

The analysis presented above demonstrates that the location of the three most promi-
nent dips in the HL Tau (sub)mm interferometric images are coincident with the
expected condensation fronts of the main volatiles, using the mid-plane temperature
distribution derived from observations. Further, the spectral index variation inside
the dips can be explained by a bimodal dust size distribution model without the need

to invoke significant surface mass density depletions.

From our simple order of magnitude model, we infer that most of the dust mass
needs to reside in a population that has grown to decimeter size scales inside the 13
and 32 AU dips. Ros & Johansen (2013) showed that near the water condensation
front dust growth from millimeter to at least decimeter-sized pebbles is possible on a
time scale of only 1000 years. This rapid growth is consistent with young age of HL.
Tau, between 0.1 and 1 Myr (Beckwith et al., 1990; Robitaille et al., 2007).

To date, the numerical simulations for dust growth around condensation fronts
have considered only water. It is unclear if pebble growth is sufficiently rapid around
other condensation fronts to explain the HLL Tau results. The extra solid material
delivered by clathrate hydrates cannot significantly enhance the solid mass surface
density as does H,O at the water snowline, since each host molecule needs ~ six
water molecules to form the cage structure. The condensation fronts of pure CO,
and CO are potentially more important for enhancing mass surface density since
they account for ~30% of water abundance in comets. Nevertheless, the model used
by Ros & Johansen (2013) can in principle to be applied to other condensation fronts.
Clathrate hydrate formation, perhaps driven by the transient warming of amorphous
ice (Blake et al. 1991) via accretion bursts, can alter the ice rheology. Changes to
the sticking efficiency, porosity and compaction of dust+ice aggregates may thus be
central to triggering rapid pebble growth in the outer disk.

Once a critical decimeter-sized pebble population is formed, streaming instabil-
ities can drive the creation of >km-sized planetesimals (Johansen et al., 2014). If

fast pebble growth does preferentially occur around the condensation fronts of abun-
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dant volatiles, this would suggest that snow lines regulate the formation and chemical
composition of 1-100 km planetesimals, and ultimately the formation and bulk com-
position of planets.

As the disk evolves the location of condensation fronts will shift inward, perhaps
countered by the effects of episodic accretion. How this might affect dust evolution is
uncertain (Hubbard & Ebel, 2014). Nonetheless, the possibility that disks such as that
encircling HL. Tau might be seeded with pebbles suggests that planetesimal formation
might occur during early evolutionary stages. This is consistent with the cosmochem-
ical record in our Solar system which shows that large and differentiated bodies had
already begun to form <1 Myr after the condensation of calcium-aluminum-rich inclu-
sions (CAls), the oldest minerals in the Solar system (Qin et al., 2008; Kleine et al.,
2009; Kruijer et al., 2014).
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Figure 5.1 (a) Normalized radial surface brightness distributions of HL Tau at 0.87
(blue), 1.3 (red), and 2.9 mm (black). The solid lines depict the observations, dashed
lines the best-fit models (described in §3). (b) The observation-to-model surface
brightness ratio. The three dotted vertical lines indicate the dip minima.
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Figure 5.2 The expected condensation fronts in the disk mid-plane of HL. Tau. The
shaded areas show the clathrate-hydrate (abbreviated as CL in the legend) condensa-
tion temperature ranges given in Table 5.2, the vertical lines the mean condensation
front radii. The thick solid curve is the brightness temperature distribution of the
0.87mm image, the thin curve the mid-plane temperature from MFH. A black dia-
mond denotes the condensation temperature of pure CO, frost, which is close to edge
of the 63 AU dip.
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Figure 5.3 Panels (a)-(d): crosscuts of the spectral index «, measured between bands 6
and 7, at four angles (6 starts from the west). The grey regions depict 1o uncertainty
intervals. Panel (e): An azimuthal average of the continuum spectral index a. The
grey region again shows the 10 uncertainty range. Panel (f): Spectral index « as a
function of average dust size, a, in the large dust aggregate population.
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Chapter 6

Conclusions and Future Directions

6.1 Summary of this thesis

Planets are born in disks rotating around young stars. Gas, dust and ice in disks
provide raw materials for planetesimal and planet formation. Therefore their mass
distribution and composition largely regulate the final demography and habitability
of a planetary system.

Among molecular species in disks, volatiles play a key role in planet formation.
Beyond water condensation front, water and organic ices dominate the available solid
mass for planetesimal and planet formation. Condensation can significantly enhance
the local mass surface density of solids in the disk (Hayashi 1981, Stevenson & Lunine
1988), which in turn greatly shortens the time scale needed to form protoplanets in
core-accretion models (Pollack et al. 1996). Furthermore, snow lines of the principal
solid-vapor reservoirs set the rough boundaries of planetesimals with different elemen-
tal compositions, which further determine the bulk composition of terrestrial planets
and cores of gas or ice giants (Oberg et al. 2011).

The goal of this thesis is to advance our knowledge of volatiles in protoplanetary

disks. In particular, I seek questions to two important questions.

e How are volatiles distributed throughout a disk?

e How do we use volatile emissions to probe dust growth and dynamics in a

planet-forming disk?
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The works of this thesis are summarized as following:

In Chapter 2, I constrained the radial water vapor content near the surface of
the TW Hya transitional protoplanetary disk using multi-wavelength spectra from
Spitzer and Herschel space telescopes. This multi-wavelength mapping method was
novel and this study provides the first observational detection of water snowline in a
protoplanetary disk beyond the Solar System.

In Chapter 3, I analyzed the high spatial resolution ALMA images of CO and
880 pm dust emissions in the transition disk J1604-2130. I found that the CO gas
and mm-sized dust are truncated at distinctive inner radii, and the dust emission is
confined in a narrow ring region. These peculiar morphologies of dust and gas are con-
sistent with the predictions of pressure trapping models that include hydrodynamical
disk-planet interactions and dust coagulation/fragmentation processes. These obser-
vations are one of the first pieces of evidence for pressure trapping in disks.

In Chapter 4, I presented a case study of using spectroscopic monitoring of young
stars and their accretion disks to understand dynamics at play. The classical T
Tauri star AA Tau recently showed enhanced CO absorption features along with
a significant dimming in its optical brightness. These newly appeared absorptions
provide constraints on temperature and column density on the absorbing gas along
the line of sight. We suggest that the dimming and absorption are caused by gas and
dust lifted to large heights by a magnetic buoyancy instability. This material is now
propagating inward, and on reaching the star within a few years will be observed as
an accretion outburst.

In Chapter 5, I provided the first observational evidence of fast pebble growth
near condensation fronts in protoplanetary disks. Analyzing the ALMA long-baseline
science demonstration observations of the HL. Tau protoplanetary disk at 2.9, 1.3 and
0.87mm continuum, I found that the prominent dark rings in the disk are remarkably
close to the expected mid-plane condensation front of abundant volatiles (H,O, NHj,
CO and Ny), and the dust properties inside the rings are consistent with the expec-
tation of pebble growth. Such growth is in accord with recent numerical simulations

of volatile condensation, dust coagulation and settling.
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The works of this thesis show that we are starting to observationally constrain
the initial distribution of chemical compounds in planet-forming disks, and volatiles

emission maps provide a powerful probe to understand on-going processes in disks.

6.2 Future directions

The next a couple of years represent tremendous opportunities to study planetesimal
and planet formation. As ALMA has entered into a phase where science observations
dominate activities and started its long-baseline operation, spatially resolved gas/dust
emission at planet-forming distance from young stars will soon be available for a large
number of sources. These observations will reveal remarkably detailed physical and
chemical structures in planet-forming disks (e.g. Partnership et al. 2015). Further-
more, complex organic molecules are starting to be detected in disks thanks to the
great sensitivity of ALMA (C)berg et al., 2015). All of these observations will thus
for the first time provide abundant constraints to chemical and dynamical models of

protoplanetary disks.

6.2.1 Opportunities from ALMA

One particular exciting opportunity is that ALMA will reveal if planet preferentially
form in some regions in a planet-forming disk.

Regions near snowlines have long been thought to be preferential sites for planet(esimal)
formation in the disks around young stars (Hayashi, 1981; Stevenson & Lunine, 1988;
Kennedy & Kenyon, 2008). Recent experimental and numerical simulations of dust
growth further confirm that snow lines may play a crucial role in planetesimal for-
mation. The first reason is that the growth efficiency of dust grains are likely to
be composition dependent. Lab experiments show that icy aggregates are signifi-
cantly more ‘sticky’, and resistant to compaction than bare silicate aggregates. And,
enhanced local surface mass densities near the condensation fronts may produce pres-

sure pumps or high dust-to-gas mass ratios that can trigger various instabilities that
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form planetesimals (Kretke & Lin, 2007; Drazkowska & Dullemond, 2014). Coagu-
lation simulations have consistently shown that fast dust growth can occur around
the water condensation front — millimeter-sized particles can grow to decimeter-sized
pebbles on a time scale of 1000s of years (Ros & Johansen, 2013). Once a critical
decimeter-sized pebble population is formed, streaming instabilities can readily drive
the creation of km-sized or larger planetsimals in the mid-plane of protoplanetary
disks (Johansen et al., 2014). If fast pebble growth does preferentially occur around
the condensation fronts of abundant volatiles, this would suggest snow lines largely
regulate the formation and chemical composition of planetesimals, and ultimately the
formation of planets and their bulk composition.

With the advent of ALMA long baseline capabilities, it is now possible to directly
image angular scales of snowlines in the closest star-forming molecular clouds. Young,
actively accreting objects are good initial targets because their luminosities and disk
temperature profiles move the condensation fronts out to larger distances (Kennedy
& Kenyon, 2008). It is remarkable to see the coincidence between dark rings in the
continuum images of the HL. Tau disk and its expected mid-plane snowlines (see
Figure 6.1, Blake & Bergin 2015, Zhang et al. 2015). These observations might have
provided the first hint of preferential formation of planet(esimal) around snowlines.

By taking spatially resolved images of optically thin emission from rare isotopo-
logue molecules, ALMA can probe the temperature structure deep in disks and thus

directly constrain the location of mid-plane snowlines.

6.2.2 Combining multi-wavelength observations

However, even an amazing facility like ALMA cannot directly detect gas at/inside of
the water snow line in most low accretion rate classical T Tauri stars (Kennedy &
Kenyon, 2008). Thankfully, on the medium term horizon there is the JWST and the
ELT/TMT platforms that will come on-line and transform the spectroscopic opportu-
nities in the near- to mid-IR. Combined, ALMA/JWST/TMT-ELT will be sensitive

to gas across all distances in protoplanetary disks, and with sufficient throughput to
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Figure 6.1 A deprojected 1.0 pym continuum ALMA SV image of the HL. Tau proto-
planetary disk. The dotted circles represent the locations of emission dips in the long
baseline data, radii at which water ice, frozen ammonia/hydrogen sulfide hydrates,
and clathrate hydrates with CO and nitrogen are expected to condense using the
mid-plane temperature distribution of Men’shchikov et al. (1999). The black curve
at lower right shows the radial distribution of surface brightness normalized against
a smooth disk profile.
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enable the study >100 objects across all stages of planetary system assembly.
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