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1. Introduction 3

"We live in a universe whose age we can’t quite compute, surrounded by stars whose dis-
tances we don’t altogether know, filled with matter we can’t identify, operating in conformance
with physical laws whose properties we don’t truly understand."” - Bill Bryson: ‘A short his-
tory of nearly everything’

Since the beginning of humanity, people have looked up to the sky and wondered where
they come from. Both religion and philosophy played a major role to explain everything we
saw that we could not understand. Observing the motions and phenomena in the sky within
the human perspective gives only a limited view on what is going on in the Universe. It
is then even harder to imagine that there is a link between the Earth we live on, the Sun
that rises and sets every day and the twinkling dots in the night sky. The major question
throughout history is the place of humans (and their home planet) within the Universe: from
Aristarchos who suggested for the first time that the Sun was the center of the Universe instead
of the Earth, to Galileo’s discovery of moons orbiting Jupiter, to William Herschel defining
the Sun as an ordinary star somewhere in the outer parts of the Milky Way, to exoplanets
not quite following the ‘perfect’ configuration of our Solar System. With time, ideologies
and philosophical theories were replaced by science and empirical research. Even now, new
discoveries are constantly overtaken by the understanding at that time, creating new problems
and challenges for scientists to be solved and new ideas to be explored.

One of the most remarkable revolutions was the idea that stars and planets do not live
forever, but that they must be born, live and die. The main trigger for this idea was the
discovery of nuclear fusion as the main fuel of stars in the beginning of the 20 century, which
implies directly that there has to be a beginning and end of the fueling process. The Solar
Nebular Hypothesis was already proposed in the 18™ century by Emanuel Swedenborg and
further developed by Immanuel Kant. This theory contributed to the idea that stars and planets
are formed at some stage. It is surprising that the idea of an infinite, unchanging Universe was
taken for granted for such a long time, while evidence of birth and death is all around us in
every day life. The main reason is again the limitation of the human perspective: the spatial
and temporal scales in which things happen in the Universe go beyond our imagination. Even
if we put numbers and units to these scales, it is difficult to put a feeling to what it is really like
in the Universe. As a consequence, astronomy was for a long time driven by the development
of physics itself.

With the technological innovations and the exponential increase of new telescopes and
instruments at wavelengths outside the optical regime in the second half of the 20” century,
observations did not only confirm or disprove theories, but started to drive new theories. The
dawn of every new telescope revealed new objects, new structures, new prospects for our
understanding of the Universe. The insight in formation of young stars, disks and planets
has been revolutionized by telescopes such as IRAS, Spitzer and Herschel in the infrared, and
JCMT, IRAM, APEX and SMA in the (sub)millimeter, where these objects are shining the
brightest.

Of particular interest for this thesis are the protoplanetary disks, and the processes leading
to the formation of planets in these disks. Disks can be seen as flattened, rotating structures
of gas and dust around protostars, which evolve through viscous accretion to gas-poor debris
disks. Transition disks, the disks with cleared-out inner dust cavities, are the prime targets of
this study. The major questions that we aim to answer in this thesis are the following. What
is the structure of the gas in transition disks? What is the clearing mechanism, the origin of
dust cavities? How do recently formed planets sculpt their surrounding disk? How can small
dust grains grow into larger pebbles and planetesimals, the start of planet formation? What
can gas observations tell us about physical processes in disks? In general: what is the role of
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transition disks in the planet formation process?

The arrival of ALMA, the Atacama Large Millimeter/submillimeter Array, is another
revolution in answering these questions. ALMA is an array of 66 antennas operating at
(sub)millimeter wavelengths, built at the Chajnantor plateau in the Atacama desert at 5000
m altitude in Chile. ALMA is an international partnership of ESO, NSF (USA) and NINS
(Japan), together with NRC (Canada), NSC and ASTAA (Taiwan), and KASI (Republic of Ko-
rea), in cooperation with the Republic of Chile. When finished, the antennas will be equipped
with 10 receivers ranging from 30 to 950 GHz (0.3 millimeter up to 1 cm) and placed in
configurations with baselines up to 16 kilometer, resulting in spatial resolutions at the mas
level. Both the sensitivity and spatial resolution exceed the pioneering millimeter interfer-
ometers by two orders of magnitude. Of particular importance for this thesis are the high
frequency Band 9 receivers operating at 690 GHz (Baryshev et al![2015), developed by NOVA
(the Netherlands Research School for Astronomy) and SRON (Netherlands Institute for Space
Research). ALMA started operations in 2011 with a partially completed array of 16 antennas
and 4 receivers with baselines up to 400 meter (0.2" resolution at the highest frequency) and
has gradually increased its capacities in the following years. ALMA allows us to zoom in
deeper on the birth of planets than any other telescope before, unraveling more questions than
we could ever have imagined in the wonder about our origin.

1.1 Stars, disks and planets

1.1.1 Star formation

Stars and planets are ubiquitous in the universe and their formation process has been the sub-
ject of decades of study (see reviews e.g.|Shu et all[1987; [Williams & Cieza 2011/;|Armitage
2011;|André et al|2014;Raymond et al.[2014;Helled et al|2014). Planets are thought to form
in protoplanetary disks of gas and dust around young low-mass and intermediate mass (<8
M) protostars (see Figure [[.1] for an evolutionary sequence). These disks are a natural con-
sequence of star formation. A star is formed by gravitational collapse of a molecular cloud,
where the conservation of angular momentum ensures the spin up of material leading to a
flattened, rotating structure around the star, called a ‘disk’. The cloud mass is dominated by
the gas with a typical gas-to-dust ratio of 100. In the early phases of evolution the disk is sur-
rounded and fed by the protostellar envelope (embedded disk) and simultaneously depositing
material onto the still forming star for a period of a few 10° years (Evans et al/2009; Dunham
et al. 2014). After this, a period of several Myr years starts in which the disk disperses its
material, through viscous accretion inside the disk and stellar winds at the disk surface. Since
the bulk of the disk mass is in the gas, the gas dominates the dynamical processes in the disk.
By some critical point, the disk has lost a large fraction of its gas mass and accretion onto the
star has come to an end. Some, if not all planets in the system may already have formed at
this stage. The star continues its evolutionary path towards the main sequence until hydrogen
fusion starts; by this time the star and its surrounding planets have several billion relaxing
years ahead of them until the star has run out of its nuclear fuel. Although the formation of
high-mass stars (>8 Mg) likely follows more or less the same sequence of events, the physical
processes behind it are less well understood due to the destructive consequences of their much
higher radiation fields.
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Figure 1.1: The evolutionary process of star and planet formation. A prestellar core collapses
to a protostar still embedded in its envelope. Material keeps falling in and a rotating disk forms
around the star. Molecular outflows and accretion remove the envelope material, until only a
disk remains. The disk evolves from a massive gas-rich to a gas-poor debris disk, ending as a
planetary system. Figure by Magnus Persson.

1.1.2 Planet formation

One of the many open questions is when and how the formation of planets fit into this story.
Current statistical studies of exoplanets suggest that most stars in the Milky Way (and perhaps
the Universe) hosts at least one planet (Batalha [2014). This conclusion raises the question
whether planets are just a natural by-product of disk evolution and star formation. Since the
construction of a planet is a long-lasting process taking up millions of years (see Section [[.2)),
we have to study the structure of their birth cradles, the protoplanetary disks, in order to learn
more about the relevant physical processes. This thesis focuses on the structure of the gas and
dust in disks, which is now possible due to the sensitivity and spatial resolution of ALMA,
which started operations only a few years ago. Interestingly, the Solar Nebular Hypothesis
was proposed long before astronomers could prove the presence of circumstellar disks around
other stars and study how planets form inside these disks.

1.1.3 Protoplanetary disks

The objects that are now known as young stars with circumstellar disks were originally iden-
tified through optical observations as pre-main sequence stars that were thought to be in the
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middle of their formation; the presence of disks was not confirmed until several decades later.
The main characteristics of this new class of stars pointing to their pre-main sequence status
were e.g. their systematically higher brightness compared to main sequence stars of the same
spectral type; their overabundance inside dark clouds; and strong optical emission lines such
as the hydrogen Balmer lines (e.g. Ha) and Ca II (Joy[1945; Herbig[1957). They were called
T Tauri stars and their massive, bright equivalents the Herbig Ae/Be stars. The latter were rec-
ognized early on as equivalent to T Tauri stars (Herbig|1960), with the distinct difference that
the star is of earlier type and illuminates a reflection nebula, which is a natural consequence
of the star being brighter.

Initially the T Tauri/Herbig stars were thus not even known to have disks. T Tauri stars
often show emission excess in the UV with respect to the stellar photosphere, which is not so
evident in Herbig stars. At this stage, two types of T Tauri stars were known: classical (CTTS)
and weak-line (WTTS or NTTS: naked TTS), referring to the emission strength and width of
the Ha line. In addition WTTS show strong X-ray emission (e.g. Walter & Kuhi|1981) and
much less UV excess. The first evidence for dust grains surrounding these stars was found
through additional emission excess above the photosphere in the infrared up to 5 um (Mendoza
V. 11966). However, the pieces of the puzzle were not put together until the suggestion of a
self-luminous viscous accretion disk model to explain the nature of both of these types of
excess emission (Lynden-Bell & Pringle|1974; Kenyon & Hartmann|1987). This was also the
time that both UV and far infrared data became available through the International Ultraviolet
Explorer (IUE) and the InfraRed Astronomical Satellite (IRAS) in 1978 and 1983, respectively.
The bright infrared emission with optically visible stars proved that the dust grains could
not be distributed in a spherical shell, as this would result in much higher optical extinction.
Therefore the emission had to originate from a physically thin structure: a disk. Another piece
of evidence for disks was found through optical spectroscopy showing only the blue-shifted
component of forbidden line emission: the red-shifted emission is obscured by an occulting
disk (e.g.[Edwards et all[1987;[Bertout|1989). The recognition and understanding of disks has
thus always been strongly driven by new observational facilities, just as this thesis is largely
driven by ALMA.

Remarkably, one of the main reasons that T Tauri and Herbig stars were even recognized
as a signature of protostellar evolution, is their similarity to high mass counterparts seen in
short-lived (and thus recently formed) OB associations, whereas the high-mass star formation
process itself remains much less understood. The Herbig stars were studied largely separately
from T Tauri stars due to their bright nature and thus easy observability. This terminology
splits up the pre-main sequence stars in different categories, whereas they are likely just similar
in nature, albeit with a different spectral type and mass, and thus a different evolutionary pace.
In this thesis we study several disks for a range of spectral types from A-type Herbig to M-type
T Tauri stars.

In the decades after the discovery of circumstellar disks through excess emission, they
were successfully imaged: the nearby S Pic debris disk in scattered light (Smith & Terrile
1984), the ‘proplyds’ (acronym for protoplanetary disks seen in silhouette against a bright
HII region) in Orion with the Hubble Space Telescope (O’Dell et alll1993) and the millimeter
continuum and CO line images showing Keplerian rotation (e.g.Sargent & Beckwith [1987).
Accretion was related to UV excess and optical line emission (Kenyon & Hartmann [1987).
With the availability of infrared data from IRAS and Infrared Space Observatory (ISO) an
evolutionary sequence in the path of planet formation was proposed (Adams et al! [1987):
from the disks deeply embedded in their envelope (Class I), to the young stars with a bright
accreting disk (Class II or CTTS), to the pre-main sequence stars with only weak disk and
accretion signatures (Class III or WTTS).
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This classification (Lada classification) relies on the infrared part of the Spectral Energy
Distribution or SED: the (spatially unresolved) photometric spectrum from optical to millime-
ter wavelengths. Dust grains are heated by the star and by viscous heating, and emit primarily
through thermal emission. As the dust temperature in a disk (or envelope) largely depends on
the distance from the central heating source, this results in a broad continuous excess above
the stellar photosphere at infrared and longer wavelengths due to the range of temperature in
the disk. Disk emission is clearly distinct from envelope emission because a spherical en-
velope obscures a much larger fraction of the emission originating from the protostar. With
the Spitzer Space Telescope complete samples of young stellar objects in nearby star-forming
regions were constructed. From the complete survey of star-forming regions it was possi-
ble to compute statistics and derive typical time scales of the different stages in the star and
disk evolution process, which were compared to evolutionary models (e.g.[Evans et all[2009).
Disks around young stars were found to be a common feature. At the same time the number
of discovered exoplanets was steadily growing, giving more and more evidence that planets
around stars are ubiquitous.

1.1.4 Transition disks
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Figure 1.2: Spectral Energy Distribution of a transition disk, showing the different compo-
nents of the system and their emitting wavelengths. The stellar photosphere emits as a black-
body in optical to near-infrared wavelengths, an inner disk is recognized as near-infrared ex-
cess above the photosphere due to hot dust grains, the hole is seen as a dip in the mid-infrared,
while the bulk of the dust in the outer disk emits in far-infrared up to millimeter wavelengths.

One of the main questions in this evolutionary process is the transformation of the massive,
gas-rich circumstellar Class II disks towards the tenuous Class III debris disks with planets.
During this crucial transition the material from the disk is accreted onto the star, dispersed into
the interstellar medium and possibly merged into planets, although planet formation could
also start at an earlier stage. The transition is thought to be rapid, due to the small amount
of disks with properties in between Class II and III (or between CTTS and WTTS). The
discovery of disks with a dip in the mid infrared excess in the SED through /RAS photometry
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was interpreted as a sign of inner holes or dust clearing (Strom et al|[1989). This group of
disks were named ‘transition disks’ (see Figure[[.2), although it remains unclear whether all
disks go through a ‘transition disk phase’. Several other disks with cleared inner cavities were
identified 10-15 years later through dips in their Spitzer IRS spectra (5-35 um) (Forrest et al.
2004; Calvet et al.2005; Brown et al.2007).

In this transitional phase a range of processes were thought to be responsible for the ap-
pearance of a cavity (see also next section): (1) grain growth, where dust grains inside the
cavity have grown to larger sizes that do not emit sufficiently at the observed wavelength; (2)
photoevaporative clearing, where the stellar UV heats gas to temperatures above the escape
speed, resulting in a photoevaporative wind that clears the disk from the inside out; (3) certain
instabilities leading to dust concentrations in the outer disk; (4) companion clearing, where
either a planet or a star carves a gap in the dust and gas in their orbit.

interaction
. with planet
a1 o Jee trapping
L S o 6 T
X5 . e..o
cavity et cavity
1AU 10 AU 100 AU 1AU 10 AU 100 AU
photo . instabilities
evaporation . . ‘o .
oy 1 foge trapping
............ 4 | 90 ®
5 . < . “.%.
cavity ' cavity

N

1AU 10 AU 100 AU 1AU 10 AU 100 AU

Figure 1.3: Cavity clearing mechanisms in dust (black dots) and gas (yellow). Top left:
increased grain growth inside the cavity, while the gas density remains unchanged compared
with the original disk. Bottom left: photoevaporative clearing, with both the gas and dust
cleared simultaneously from the inside out. Top right: clearing by a companion, in which the
gas density inside the cavity drops and the large dust particles get trapped at the edge. Bottom
right: instabilities due to e.g. viscosity or entropy gradients create a dust trap, the gas density
remains unchanged. Figure based on cartoon by Simon Bruderer.

The discovery of transition disks thus opened up an interesting possibility of studying the
most important disk evolution processes for understanding planet formation. Most observa-
tional studies of transition disks have focused on the dust distribution in these disks, while
the key for distinguishing between the mechanisms lies in the gas, which is predicted to be
different in all cases (see Figure[T.3): the gas density is unaffected by grain growth and certain
instabilities, is cleared completely by photoevaporation from the inside out and is reduced in
case of companion clearing depending on the companion mass and disk viscosity (Lubow &
D’ Angelo2006; [Crida et al!2006; Pinilla et al/2012a).

Early observations have revealed evidence for the presence of warm atomic and molecular
gas inside dust cavities from optical and infrared observations (e.g. Najita et al![2003; Acke &
van den Ancker 2004; Salyk et al/[2007; [Pontoppidan et al. [2008). However, measurements
of the bulk of the molecular material inside the dust cavity was not possible until the arrival
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of ALMA. In this thesis we quantify the gas distribution directly with resolved ALMA obser-
vations of several transition disks in order to answer the questions of their underlying clearing
mechanism and their role in planet formation and disk evolution.

1.2 Disk processes

With a large range of observations of the planet birth cradles, the step towards solving the
puzzle of planet formation itself appears to be close, but this could not be further from reality:
although increasingly sophisticated evolution models explain a large range of disk properties
and physical processes, planet formation itself remains a mystery, as any theory that has been
developed so far ultimately breaks down when compared to the actual time scales and exo-
planet properties. Transition disks are promising candidates with active planet formation. The
spatially resolved ALMA observations of gas and dust presented in this thesis can be com-
pared directly with physical disk processes to get a better understanding of their role in disk
evolution.

1.2.1 Dust evolution
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Figure 1.4: Dust processes in the disk. The left part shows the physical processes affecting
the dust grains in the disk, as described in the text. The right part shows which section of the
disk is observed at different wavelengths, as discussed in Section 2.3. Figure taken from Testi

etal. (2014).

The starting point of planet formation lies in the evolution of dust grains: the growth
of small (sub)micron-sized particles, which are present in the interstellar medium (ISM), to
centimeter-sized pebbles, planetesimals and beyond. Several physical processes are involved
in grain growth in disks, which need to be taken into account in models. Dust grains can
grow by collisions, followed by either coagulation or fragmentation, depending on the relative
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velocities (which in turn are affected by turbulence, drift, mixing and location in the disk) and
the grain stickiness (composition, icy layers and fluffiness or shape). Dust evolution requires
numerical modeling, with constraints on the collision outcomes set by laboratory experiments
(Blum_& Wurm 2008). Dust growth models show that ISM grains can indeed efficiently
grow to millimeter sizes within 10° year time scales (Brauer et al. 2008). However, growth is
stymied by several processes, including fragmentation and drift.

The most important issue is the presence of gas in the disk, which prevents dust particles
from moving freely: they experience a drag force (depending on their physical size) when
they move relative to the gas. One of the consequences is vertical settling: larger dust particles
settle to the midplane of the disk due to damping of the drag force, although turbulent mixing
partially opposes the effect. The vertical structure of dust particles is thus an equilibrium
between settling and mixing (e.g.[Dullemond & Dominik 2004)). Another consequence is the
radial drift problem (Whipple [1972; Weidenschilling |1977). Dust and gas orbit in Keplerian
motion in a protoplanetary disk, due to gravitational and centrifugal forces. However, the gas
feels an additional pressure force, due to the outward pointing pressure gradient in the disk,
resulting in slightly sub-Keplerian velocities of the gas. This causes a head-wind or friction
for the dust particles, which consequently lose angular momentum and spiral inwards on short
time scales: typically 100 years for a one-meter-sized object at 1 AU or a millimeter-sized dust
grain at 100 AU, since the efficiency of this phenomenon depends on the dust particle size and
orbital time scale. This ‘meter-size-barrier’ prevents particles to grow to larger pebbles, which
is a crucial first step in planet formation. Radial drift also predicts that larger grains are radially
more concentrated than the gas in a protoplanetary disk.

If the drift barrier can be overcome, the fragmentation barrier limits dust to grow beyond
1 meter in the outer disk. Fragmentation occurs when larger particles collide with relatively
high velocities (Brauer et al/2008). In principle this problem can be overcome when additional
dust growth mechanisms such as sweep-up and mass transfer are included (Xie et al![2010;
'Windmark et al.![2012). However, the radial drift problem can not be solved by dust processes
alone.

1.2.2 Disk dynamics and dust trapping

A possible way to overcome the radial drift problem is to trap dust particles in so-called pres-
sure bumps in the gas. A local region of high pressure in the outer disk provides a negative
pressure gradient outwards, reversing the drift direction and effectively trapping the dust par-
ticles (Whipple [1972). Anti-cyclonic vortices in disks were suggested first to act as pressure
bumps (Barge & Sommerid|1995;|Klahr & Henning1997).

Vortices result from hydrodynamical processes such as Rossby-wave and baroclinic insta-
bilities in a disk (Lovelace et al.[1999; Klahr & Bodenheimer 2003). Several other physical
processes in a disk can create dust traps: the most well-known are the density bumps at the
edges of gaps cleared by planets (Zhu et all2011; [Pinilla et al.[2012a, and Figure and
the edges of so-called dead zones. Dead zones are regions of low ionization in the disk in
which the MRI angular momentum transport does not work (MRI is magnetorotational insta-
bility). They can form spontaneously in between cosmic or UV-ray ionized low-density outer
regions and collisionally ionized warm high-density inner regions of disks (Varniére & Tagger
2006; Regaly et al/2012). These and other processes are described in more detail in/Armitage
(2011)). The planet-gap scenario is interesting as it returns to the original question of what
causes the clearing of a transition disk. However, as an explanation of the planet formation
scenario it creates a chicken and egg problem: if a dust trap is required to grow particles and
form planets, where does the first planet that has made the dust trap come from?
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1.2.3 Planetesimal and planet formation

In general, a radial pressure trap would result in a ring of millimeter-sized particles, while an
azimuthal maximum such as seen in a vortex would result in an asymmetric millimeter-dust
distribution (Wolf & Klahi[2002; |Regaly et all2012; Birnstiel et all[2013). In this thesis we
present the first clear observational evidence for such a dust trap in the Oph IRS 48 disk. Other
transition disks imaged by ALMA show asymmetric dust distributions (Casassus et all[2013;
Pérez et all[2014). Trapping depends on the particle size, so smaller particles are predicted
to spread further throughout the disk and continue to flow inwards through the gap. This
radial segregation of small vs large particles is also referred to as dust filtration (Rice et al.
2006). On the other hand, larger centimeter-sized dust particles are expected to be even further
concentrated in a dust trap, either radially or azimuthally. This is indeed found for the dust
trap in IRS 48 as well.

Time-dependent dust evolution models show that dust not only gets trapped but also grows
more efficiently inside these traps, as fragmentation is lower due to a decrease in relative
velocities (Brauer et all2008). Growth continues up to planetesimal sizes, which can then
grow further to rocky planets through runaway or orderly growth, as their own gravitational
field starts to attract planetesimals in their surroundings. Once a rocky planet of >10 Earth
masses has been formed, the core accretion model predicts the formation of a gas giant, where
the planet accretes gas from the disk. This implies that the rocky core needs to be formed
before the gas disk has dissipated. Alternatively gravitational instability can result in disk
fragmentation and quick gas giant formation (e.g. [Helled et all2014)). Both models have
difficulties explaining the observed exoplanets and their orbital radii, also due to the expected
migration of planets through the disk-planet torques.
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Figure 1.5: Cartoon of a radial pressure bump, induced by a planet. The gas surface density
is lowered at the location of the planet, resulting in a pressure maximum at the edge of the
gap, where the milimeter dust gets trapped. Figure by Paola Pinilla.
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1.2.4 Disk dispersion and photoevaporation

Although planet formation is one of the major drivers for disk studies, it is not the main reason
why disks disappear: observations of both the Solar System and exoplanets show that planets
contain only 1% of the initial disk mass. Instead, the main mechanisms for disk dissipation
are accretion onto the star and photoevaporation (Hollenbach et all2000; [Gorti et all[2009;
Alexander et all2014): stellar and interstellar high energy radiation (UV and/or X-rays) heats
the disk surface to higher temperatures, up to the point where the thermal energy exceeds the
gravitational binding energy and the heated gas escapes as a photoevaporative wind. Disk
dispersal by photoevaporation becomes important when the accretion rate from the disk onto
the star drops below the photoevaporationrate: at that point the material in the inner part of the
disk is no longer replenished by the outer disk and will disappear from the inside out on time
scales of ~ 107 years. Transition disks with cleared out cavities have been suggested to be
caused by photoevaporation, but disks with large cavities (R >20 AU) which are still strongly
accreting cannot be explained by photoevaporation models only (Owen & Clarke 2012).

1.3 Observations

Disk theories are developed from a theoretical point of view, in attempts to explain planet for-
mation, and directly driven by disk observations. New observations provide better constraints
but also raise new questions: the measurement of millimeter fluxes in disks confirmed larger
particles in disks than in the ISM (Beckwith & Sargent|1991) but set the challenge of solving
the radial drift problem; the discovery of the stellar companion of CoKu Tau 4 solved the
question of its large cavity (Ireland & Kraus2008) but binarity could not explain other transi-
tion disks; scattered light imaging confirmed a gap in the small dust grains in some disks but
did not reveal a cavity in others (e.g. [Follette et all|2013); large cavity sizes were confirmed
by millimeter interferometry observations (Andrews et all[2011)), but they were generally too
large to match with exoplanet orbital radii (planet clearing mechanism) or photoevaporation
models. This thesis combines the results of several of the studies mentioned above with new
ALMA data and resolves some of the issues.

1.3.1 SEDs

One of the difficulties of disk observations is their low mass (only a fraction of the cloud mass)
and thus total flux and their angular size: due to the distances of the nearby star-forming re-
gions of ~100-200 pc, disks are typically only a few arcseconds in size. Their detection
and identification was relatively easy when the first infrared observations became available
through /RAS photometry in the 1980s. However, resolving disks was only possible for the
proplyds in silhouette against a bright background until the arrival of the first millimeter inter-
ferometers in the early 2000s. Fortunately, even SEDs consisting of unresolved photometry
fluxes provide important information on the structure of the dust disk, especially transition
disks. As the dip in the mid infrared part of the SED is the main signature of a transition disk,
the Spitzer Space Telescope with a wavelength range from 3.6 up to 70 um was by far the most
important tool to recognize and study transition disks. All nearby star forming regions were
observed in the Cores to Disks (c2d) and Gould Belt Spitzer programs, and several transition
disks were discovered by observations with the Spitzer IRS spectrograph 5-35 um range.

Disk structure in the SED The SED of a transition disk consists of signatures of the stel-
lar photosphere in the optical/near-infared, accretion in the UV, the presence of an inner dust
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disk in the near-infrared and the outer dust disk at wavelengths from mid-infrared up to mil-
limeter emission (Figure [[.2). The continuum emission at long wavelengths probes the cold,
optically thin millimeter-sized dust. Some disks have a strong near-infrared excess while oth-
ers do not, implying systems with and without an optically thick inner disk. [Espaillat et al
(2007) interpret the existence of these two types of systems as an evolutionary effect and name
them pre-transitional and transitional, respectively, as clearing by a companion would first just
clear a gap and later remove the inner disk entirely. However, as the clearing mechanism is
unknown for most disks and as material needs to continue to flow through the gap to explain
the accretion onto the star, one needs to be careful with interpreting this observational differ-
ence as a real evolutionary sequence. Hence the term pre-transitional disk will not be used in
this work.

Identifying transition disks A transition disk is often identified in the SED by comparison
with a representative disk (usually the median SED of disks in the well-studied Taurus star
forming region): typically the excess between 5 and 20 um is lower in a transition disk while
the SEDs are similar at longer wavelengths. A problem of photometry is confusion: the large
beam size of IRAS could contain multiple young stellar objects, as they are often grouped to-
gether, leading to overestimating the excess emission and the false presence of a mid-infrared
deficit. The Spitzer beam was better at the longest wavelengths where the beam is largest,
with a 70 um beam size of 157, similar to single dish submillimeter observations. Photometry
of the Herschel telescope with a 4 times larger mirror has revealed cases of Spitzer confusion
of objects at 70 um (Ribas et al/[2013).

With the large surveys from Spitzer, several criteria of infrared colors have been developed
in order to select transition disk candidates from surveys, which have been tested against
sources with full IRS spectra available (e.g. [Brown et al/[2007; Hernandez et al|[2007; Cieza
et al. 2010; Merin et al! 2010). In this thesis we present a study of a large transition disk
candidate sample, using color criteria on the Spitzer catalogs.

Modeling transition disks For a proper assessment of the disk structure and its cavity,
SED modeling with a radiative transfer code is required, such as RADMC, MCFOST and
McMAX (Dullemond & Dominik 2004; [Pinte et all [2006; Min_et_al. [2009). These codes
calculate the expected dust emission based on a given 2D density structure by computing the
dust temperature at all locations in the disk from the scattering and absorption of photons
from a central star. The density structure of a transition disk is usually assumed to be a
radially decreasing surface density law with a sharp cavity in the inner part of the disk and, if
required by near-infrared excess, an inner disk close to the star (see Figure[L.8)). The vertical
structure (flaring or settling) is either calculated from hydrostatic equilibrium or parametrized.
The vertical structure is particularly important. A flaring disk intercepts more radiation in
the outer part of the disk, while a high scale height in the inner disk and at the wall edge
can cast a shadow on the outer disk, lowering the temperature and thus the emission at far-
infrared and longer wavelengths. Dust opacities are a key ingredient for any radiative transfer
model and require assumptions about the dust composition and grain size distribution. Silicate
and polyaromatic hydrocarbon (PAH) features that are sometimes seen in the mid-infrared
spectrum set constraints on the dust composition (e.g. Kessler-Silacci et al![2006). Transition
disks have been successfully fit with SED modeling, in particular those SEDs for which IRS
spectra with fluxes between 5-35 um were available (Brown et al. [2007; Merin et all2010).
Using millimeter interferometry (see Section 1.3.3), dust cavity sizes were confirmed to be
within a factor of two of the results from SED modeling (Brown et al![2009; |Andrews et al|
2011). Degeneracies in SED modeling exist, especially in the vertical structure and amount
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Figure 1.6: Typical dust density structure for modeling a transition disk.

of dust in the inner disk, which influence the derived cavity size.

Time domain studies of SEDs have shown so-called ‘seesaw’ variability in some transition
disks where the slope of the infrared spectrum changes with time on time scales of weeks up to
years. This suggests changes in the inner disk structure with time although it remains unclear
what causes this behaviour (Muzerolle et al.2009; Espaillat et al.[2011).

1.3.2 Gas observations

Whereas the dust distribution in disks has been studied to great detail, observational con-
straints on the gas distribution are rather limited, while the gas is considered to be dominating
the disk properties such as mass and dynamical processes. In particular, the clearing mecha-
nisms for transition disks described above have similar effects on the dust distribution, while
the gas is affected in completely different ways and provides thus a way to distinguish between
them (see Figure[I.3)). Photoevaporation removes the gas and dust simultaneously, a compan-
ion would lower the gas density and trap the millimeter-sized dust at the edge and instabilities
(and grain growth) would not significantly change the gas density inside the cavity at all. In
particular, in case of a companion, planet-disk interaction models have shown that knowing
the depth and shape of the gas gap could set constraints on the disk viscosity and planet mass
(Crida et all[2006; [Pinilla et al/[2012a). Measuring the gas density inside and outside the dust
cavity is thus a crucial step in understanding the transition disks, which is the main topic of
this thesis.

Molecular line observations The reasons for the limited amount of gas observations to date
are the low line sensitivity compared to continuum sensitivity for most instruments, confusion
with surrounding envelope material (for single dish observations) and lack of direct density
tracers. While the bulk of the gas mass is in Hj, its molecular lines cannot be used as mass
tracer due to its lack of dipole moment. CO (with its isotopologues '3CO and C'80) is the
second most abundant molecule in the gas and has been detected in several disks (e.g. Dutrey
et al. [1997; IDent et al. 2005). The proper interpretation of CO as column density tracer is
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challenging. CO rotational emission cannot be translated directly into mass for several rea-
sons. First, the '2CO and '>CO lines are usually optically thick. Second, the gas temperature
is decoupled from the dust temperature, especially in the higher layers in the disk. Third,
the CO abundance is not constant with respect to Hy: in the surface layers CO is photodis-
sociated by stellar radiation; in the mid-plane the CO freezes out onto the dust grains due to
the low temperatures; and the chemical formation/destruction of CO depends strongly on the
local density, temperature and radiation conditions (van Zadelhoff et al![2001); [Woitke et al
2009). Even though the gas motion is Keplerian, the line-of-sight velocity is confused by
contributions from different parts of the disk and it is almost impossible to derive mass infor-
mation from unresolved spectra alone. Spatially resolved observations in combination with
a physical-chemical modeling tool for proper interpretation of the emission are thus required
for study of the gas density distribution.

The physical-chemical modeling tool developed for the purpose of interpreting molecular
line emission in disks and in particular transition disks in this thesis is DALI (Dust And LInes)
(Bruderer et al/2012; Bruderen[2013). The DALI code first solves the dust radiative transfer in
2D for a given density structure and stellar radiation field. With the derived dust temperatures
as starting point, the heating-cooling balance of the gas and chemistry are solved simultane-
ously to determine the gas temperature, molecular abundances and molecular excitation. All
effects discussed above are thus taken into account. Special attention is paid to the chemistry
and heating inside the dust-free cavities (Jonkheid et al/[2006). The resulting CO abundance
in the disk in combination with the gas temperature determine the intensity and profile of the
CO line emission in the final step, the ray tracer. The code is summarized in Figure[.7l For
CO isotopologues it was shown that isotope-selective photodissociation plays an important
role: without the inclusion of this effect the column density based on C'80 observations can
be severely underestimated (Miotello et ali[2014)). In this thesis we have used DALI to analyze
the gas structure in several transition disks.
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Figure 1.7: DALI modeling structure. The input of the model is a 2D density structure and a
stellar spectrum. Using dust radiative transfer (based on RADMC), the dust temperatures are
calculated. DALI then solves the heating-cooling balance of the gas to determine molecular
abundances, temperatures and excitation before raytracing spectra and spectral line cubes.

A similar modeling code is ProDiMo (Protoplanetary Disk Modeling), which was de-
veloped to interpret infrared lines observed with Herschel (Woitke et all[2009), and has a
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comparable approach as DALI. Other codes to interpret gas line emission are e.g. ANDES
(Akimkin et al/[2013) and the code developed by |Gorti & Hollenbach (2004).

Gas inside the cavity The presence of accretion in the majority of the transition disks sug-
gests that some gas must still be present inside the dust cavities. This gas is hotter than in
the outer disk and can be traced by ro-vibrational and atomic lines, which can reveal the pres-
ence and kinematics of molecules, but no global density information. Ro-vibrational CO line
observations at 4.7um of several bright transition disks reveal Keplerian gas down to radii
smaller than the dust cavity radius using the spectroastrometry technique for e.g. Oph IRS
48, SR 21 and HD135344B (Pontoppidan et al. 2008; [Brown et al![2012a), which are key
targets in this thesis. For other disks, the CO line observations are often single-peaked, con-
sistent with a photoevaporative wind (Bast et al. [2011; [Brown et all[2013), previously seen
in [Ne II] line emission (Pascucci et all[2007; [Lahuis et al![2007). However, although these
results are promising, they do not indisputably reveal the gas surface density structure and
thus the mechanism responsible for the transition disk. The ALMA observations presented in
this thesis reveal deep drops in the gas density inside the dust cavity, where the gas cavity is
smaller than the dust cavity, hinting directly at the presence of embedded planets. The proper
interpretation was possible due to the use of the DALI model.

Disk chemistry The chemical composition of planet atmospheres is related to the chemical
composition of the disk. Emission originating from the outer disk from simple molecules
such as HCO™, CS, HCN, CN, H,CO, No,H™ and H,O have been detected in several disks in
rotational line emission (Dutrey et all|[1997;Thi et al.[2004}; Dent et al.[2005; ()berg etall2011;
Hogerheijde et all[2011,, e.g.). Herschel observations reveal the presence of high J H>O, CO,
[O1],OH, CH™ and [C II] lines originating from the hot surface layers of the disk (Meeus et al.
2012; [Fedele et al.[2013). An interesting aspect is that the chemical complexity is observed
to be higher for T Tauri stars compared to Herbig stars despite their lower stellar brightness:
the larger FUV luminosities of the Herbig stars leads to more efficient photodissociation of
molecules. Complex organic molecules in disks form the building blocks of life on planets.
However, the chemical variation in disks detected to date is rather low: apart from the simple
molecules mentioned above, slightly more complex molecules c-C3H, (Qi et al)[2013a) and
CH3CN (QOberg et al. 2015) have only recently been detected in transition disks by ALMA.
This is surprising, as the presence of a cavity allows a view into the normally hidden mid-
plane composition. Many complex molecules are expected to be formed and locked up in ices
in a disk, but the directly UV irradiated wall in a transition disk should result in increased
photodesorption of these ices (Cleeves et al. 2011)).

1.3.3 Millimeter observations

Interferometry Resolved imaging of the dust continuum at (sub)millimeter wavelengths in
the pre-ALMA era has confirmed the presence of dust cavities in about two dozen transition
disks with large cavities of 15-75 AU (~0.15-0.65" at 120 pc) to date (e.g [Piétu et al|[2006;
Brown et al![2009; Isella et al.|2010a; /Andrews et al/[2011;[Williams & Cieza|2011)). Interfer-
ometric arrays such as the PdABI, CARMA and SMA have been used to resolve the structure
down to ~ 0.3” diameter resolution. The millimeter images of these SED-selected transition
disks show a ring-like morphology, confirming the deficit of dust inside the cavity. In some
cases hints of asymmetries were seen, but the signal-to-noise of the images was too poor to
conclude whether these asymmetries were significant. Even though their significance was de-
batable, these asymmetries were already suggested to originate from vortices (Regaly et al.
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2012). The quality of the images was also low because of the limited u, v-coverage (spatial
scales) of the observations, due to the small number of antennas. With the larger number of
antennas of ALMA the issues of sensitivity and u, v-coverage are largely resolved for imaging
these disks.

The analysis of the pre-ALMA data, using radiative transfer codes, was performed on the
interferometric visibilities, which show a Bessel function in case of a ring, where the first
"null" (crossing of zero) is a measure of the ring size. The basic modeling structure was a
surface density with a sharp dust cavity wall with cavity radii of ~15-75 AU and an empty
dust gap, but the dynamic range of the images was limited and the inner disk was set by the
SED with all its caveats. Alternative models suggested that a smooth cavity wall fits equally
well (Isella et al![2012) and that some dust may still be present inside the gap (Isella et al
2010a; Mathews et all2012). For some disks it was already known that gas was present inside
the cavities as well (e.g.|Pontoppidan et all[2008).

It is important to recognize that modeling disk structure was (and is) not dictated by theo-
retical models of disk clearing mechanisms, but by a simple parametrization based directly on
the observations with limited parameter space due to the large number of uncertainties, both
in the data and in the modeling assumptions. However, the deep millimeter cavities could
rule out grain growth in the inner part of the disk as a transition disk mechanism: although
grain growth in the inner part of the disk results in a dip in the SED, the grains do not grow
sufficiently large to stop emitting at millimeter wavelengths (Birnstiel et al/[2012). Interfero-
metric imaging was very time expensive; multiple nights in different array configuration were
required to cover sufficient spatial scales and the sensitivity was limited to observations of the
brightest disks. With the large number of antennas of ALMA it is now possible to get high
S/N images of the millimeter-dust structure within hours.

Dust opacity Millimeter continuum emission is usually optically thin and originates from
the cold outer disk. The dust opacity k, represents the level of warm dust emissivity per
unit mass, depending on composition, porosity and size distribution n(a) of the dust grains.
In general x, ~ 2, where the spectral index f3 is sensitive to the maximum particle size in
n(a) (Draine 2006). The small dust grains in the interstellar medium have a typical value of
B ~ 1.7. For a dusty disk with a power-law size distribution and a maximum grain size of ~1
millimeter this results in 8 values lower than 1. At a specific observing wavelength Ay, the
emission is sensitive to dust particles up to 34,ps. Although S can not be measured directly,
in the Rayleigh-Jeans tail of the SED (where the dust is optically thin), the spectral slope @,
given by F, ~ v*mm can be used to derive 8 using 8 = a,;, — 2. The observational parameter
@mm can thus be used as a probe of dust growth.

Observing dust growth The detection of multi-wavelength millimeter emission with low
values of 8 has confirmed dust growth up to at least millimeter-sized grains in protoplanetary
disks as the start of planet formation (e.g. Beckwith & Sargent [1991; |Andrews & Williams
2005, 20074; IRodmann et al/2006; Lommen et al|2009; Ricci et al![2010a,b). Dust evolution
models predict that in absence of pressure maxima the continuum emission will be radially
concentrated due to the radial drift (Birnstiel & Andrews 2014). This has been observed
several protoplanetary disks in spatially resolved millimeter observations, indicating a radially
increasing spectral slope B(r) (Guilloteau et all[2011; [Pérez et all[2012). The global value of
B in transition disks is higher than in normal disks due to the removal of large grains inside
the cavity (Pinilla et al.[2014). However, dust growth inside pressure bumps would reveal a
local decrease of S in spatially resolved observations at the pressure maximum (Birnstiel et al.
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2013). This effect is studied in this thesis for three transition disks using ALMA and VLA
observations.

1.3.4 Infrared observations

Infrared imaging has been used to probe the small dust grains in the hot surface layers of the
inner part of the disk. The brighter Herbig disks are most suitable for these observations, al-
though some T Tauri stars have been imaged as well. Scattered light or polarimetric imaging
in the near-infrared is a particularly useful tool for high spatial resolution images. Polari-
metric imaging of transition disks has been done with VLT/NACO (e.g. Quanz et al. 2011;
Garufi et al/2013) and in the SEEDS survey with Subaru/HiCIAO (e.g.Thalmann et al.[2010;
Muto et al. 2012; [Follette et al!i2013) in H and K bands. These observations have revealed
a large variety of features in the small dust distribution: spiral arms, warps, gaps and dips.
Remarkably, the dust gap seen at infrared wavelengths, if present, is often smaller than the
millimeter-dust cavity. In some cases no gap is seen, although it could simply be smaller than
the mask that is used to block the stellar light. Future observations with SPHERE and GPI are
expected to reveal even more detail, at < 0.1” spatial resolution. Dust filtration/trapping by
a planetary companion has been suggested as a possible reason for the discrepancy between
the millimeter/micrometer-sized dust grain cavities (Dong et al. 2012; |de Juan Ovelar et al.
2013).

At longer infrared wavelengths the thermal radiation of the cavity wall dominates the dust
emission. Mid-infrared imaging with e.g. the VLT/VISIR instrument has resolved dust cavi-
ties of several bright transition disks (Geers et al.2007; Maaskant et al![2013), including IRS
48, which is used in this thesis as a comparison between small grains and large millimeter
grains seen by ALMA. Infrared interferometry with VLTI and the Keck Interferometer pro-
vides only limited imaging due to the low u, v-coverage, but by modeling the visibilities it was
found that the gaps of a handful of transition disks were indeed largely depleted of dust (Olof-
sson et al. [2011)) and evidence was found for a smooth rather than sharp cavity edge (Mulders
et al. 2013).

The combination of infrared and millimeter observations and theoretical models in the last
decade have thus shown several hints for dust trapping in transition disks. However, it was not
until spatially resolved observations of gas and dust became available with ALMA that clear
evidence for dust trapping was found.

1.4 This thesis

The advent of ALMA has revolutionized our view on transition disks, giving unprecedented
spatial resolution and sensitivity in (sub)millimeter observations. For the first time, the sen-
sitivity is sufficient to resolve the dust and the gas at high S/N, connecting the dots in the
complex framework of transition disks. The main questions we aim to answer in this thesis
are: What is the gas density structure inside transition disk cavities? What does that tell us
about their origin and the properties of any embedded planets? Can we find observational
evidence for dust trapping in these disks? What can statistical studies of a broad sample of
transition disks tell us about their role in evolution?

In the ALMA Early Science Cycles we requested CO line observations at high spatial res-
olution (~ 0.25”) of several famous transition disks in order to constrain the clearing mecha-
nism. The disks were selected based on previous SMA dust continuum observations and VLT
CRIRES CO observations, already indicating the presence of gas inside the dust cavity, which
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could now finally be quantified through ALMA CO rotational line observations and the mod-
eling program DALI. The first disk studied was Oph IRS 48, a Herbig star in the star forming
region Ophiuchus (d=120 pc) with a known micrometer-dust ring at 55 AU from mid-infrared
observations. PAHs are found inside this dust cavity and a hot CO gas ring is seen at 30 AU.
Subsequently a sample of 7 other disks have been observed and modeled to draw more general
conclusions.

e In Chapter 2, the discovery of an azimuthally asymmetric dust trap in IRS 48 is pre-
sented through ALMA Band 9 observations of the 690 GHz continuum and the '>CO
6-5 lines. The azimuthal asymmetry came as a total surprise, as the millimeter-dust
continuum was only a by-product of the requested line observations. The millimeter-
sized dust shows peanut-shaped emission on one side of the disk at 60 AU radius, in
contrast with the CO and the mid-infrared emission which are consistent with ring-like
emission. The system could be modeled as a disk with a vortex, caused by a Rossby-
wave instability of a radial pressure bump generated by a massive planet.

e Chapter 3 and 4 continue the exploration of the dust trap scenario: the concentration
of dust grains inside the IRS 48 dust trap is confirmed through spatially resolved VLA
observations of centimeter grains. Chapter 4 presents spectral index variations in SR 21
and HD135344B from 345 and 690 GHz ALMA observations, which are compared
with dust evolution models to test the validity of the trapping model for these transition
disks.

e In Chapter 5, the '2CO 6-5 observations of IRS 48 are modeled in more detail using the
physical-chemical modeling code DALI. The gas disk is found to have two drops in the
density distribution: one within 20 AU and one within 60 AU, suggesting the presence
of multiple planets.

o In Chapter 6 ALMA Early Science observations of six other well studied transition
disks are analyzed with DALI to derive the gas and dust density structures. The dust
surface density and in particular the cavity size is constrained by a simultaneous fit of
the SED and the 690 GHz continuum visibilities. The density drop of the dust inside the
cavity is at least a factor of 1000 for all disks. Assuming a gas-to-dust ratio of 100 in
the outer disk, the '>CO 6-5 line data are fit using the same surface density model, but
with different drops in the gas density inside the cavity. For five of the disks, the drop
in gas density is found to be less deep than the drop in dust density, which is consistent
with the planet clearing scenario.

e Chapter 7 continues the analysis of gas inside cavities through spatially resolved '3CO
and C!80 observations of four disks: IRS 48, DoAr 44, SR 21 and HD 135344B. The
last two disks were also part of the '2CO analysis of Chapter 6. The CO isotopologues
suffer less from optical depth and are more direct column density tracers. For three of
these disks, the CO observations clearly show gas cavities smaller than the dust cavities,
which is a direct hint of clearing by planets. The observations are compared with the
outcome of planet-disk interaction models to estimate the mass of the embedded plan-
ets. Also, in this analysis the isotope-selective CO photodissociation model is applied,
resulting in a more robust derivation of the disk mass through C'80 emission.

o Chapter 8 zooms in on the chemistry in IRS 48. We present the discovery of warm
H,CO in the IRS 48 disk from ALMA observations and set an upper limit on the abun-
dance of this molecule with respect to Hy of 1073, Upper limits for several other com-
plex molecules are derived and found to be consistent with full chemical models.
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o Finally, in the last chapter, a large SED survey of 200 Spitzer-selected transition disk
candidates is presented. The candidates are selected using color criteria derived by
Merin et all (2010) from the Spitzer catalogs and spectroscopy of nearby star-forming
regions. SEDs are constructed from optical, 2MASS and Spitzer photometry, comple-
mented by new WISE, Herschel and (sub)millimeter data. Spectral types are derived
from a large optical spectroscopy program. Using RADMC modeling, the SEDs are
modeled to infer the cavity sizes. The survey has resulted in at least 70 new candidate
transition disks with large inner cavities, that can be followed up by ALMA observa-
tions.

Each chapter ends with its conclusions based on the presented data. Overall the main
conclusions from this thesis are:

e The first unambiguous evidence for a dust trap in a transition disk has been found
through combined micrometer, millimeter and centimeter observations (Chapter 2,3).
This discovery confirms theoretical predictions that have been made in the last three
decades. This conclusion is strengthened by spatial variations in the millimeter spectral
index (Chapter 4).

o All transition disks that have been studied with CO observations in this thesis show that
gas is present inside the dust cavity. The gas cavity is smaller than the dust cavity and
the gas density drops by a factor of 100-1000. This indicates that planets are embedded
in these disks which have cleared their orbit and trapped the millimeter dust in a ring
around it (Chapter 5,6,7).

e Color criteria provide a robust method to select good transition disk candidates with
large dust cavities from Spirzer catalogs (Chapter 9).

1.5 Outlook

ALMA has revolutionized our view of transition disks, making a direct connection with dust
trapping models and zooming in on the gas structure inside the dust cavities. The observations
presented in this study were taken in ALMA Early Science, with baselines of less than 1
kilometer. In the coming years observations will be taken with very long baselines up to 10-15
kilometers, providing spatial resolution of milliarcseconds, such as shown in the astonishing
image of dust rings in the HL Tau disk (ALMA Partnership et al. 2015).

Observing other transition disks at such high resolution will allow us to measure the gas
structure to much better detail, constraining the shape of the gaps to the precision of theoret-
ical disk models and resolving dust and gas cavities as small as a few AU. Direct detection
of planets inside disks remains challenging, but has been done in a few cases (Huélamo et al.
2011; [Kraus & Ireland 2012; IQuanz et all2013; [Reggiani et al. 2014; |Quanz 2015). Mea-
suring the shape of the gas cavity will allow us to determine properties of embedded planets
indirectly, leading to the earliest view on these recently formed planets. The high spatial res-
olution will allow the detection of circumplanetary disks as well, another indirect method of
detecting planets in a disk. ALMA also has the sensitivity to observe less massive transition
disks, so the sample is no longer restricted to the brightest known disks studied so far. Measur-
ing cavities down to a few AU radius and disk masses down to less than a Jupiter mass means
a much more complete picture of transition disks, which will give us a better understanding of
their origin. Are multiple mechanisms responsible for the cavities? Are there different classes
of transition disks? What role do transition disks play in the disk dispersion process?
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Multi-wavelength observations of the dust continuum at high spatial resolution will give
further constraints on dust growth in disks, by measuring spectral index variations as a func-
tion of position in the disk. The Band 9 observations that were used in this thesis to show
spectral index variations have the limitation that the dust is likely optically thick at this wave-
length. With the longer baselines of ALMA, high spatial resolution can be achieved also at
longer wavelengths where the dust becomes optically thin. The ongoing Disks@EVLA key
program will observe 66 disks at centimeter wavelengths, which can be compared directly
with millimeter observations. The multi-wavelength approach provides information on dust
grain sizes in disks, which is crucial for dust evolution theories and understanding the start of
planet formation.

Large disk surveys of Class I and Class III objects with ALMA in gas and dust may finally
connect the link between the gas-rich primordial disks and gas-poor debris disks: ALMA
observations of a handful of bright debris disks have already revealed that gas is still present
in some of these disks, possibly second-generation gas due to icy planetesimal collisions (e.g.
Kospdl et all 2013; IDent et al. [2014)). Perhaps transition disks and debris disks are more
closely linked than previously thought.

Finally, the ALMA sensitivity will increase further, and some complex molecules are ex-
pected to be detected in disks in the coming years (Oberg et al.2015). Knowing the chemical
composition of disks will answer important questions about the composition of exoplanet at-
mospheres and, ultimately, the origin of life.

Other telescopes and instruments will also contribute to an even better understanding of
transition disks. The VLT SPHERE instrument has just started operations, creating beautiful
scattered light images of the small dust grains in disks at less than 0.1" resolution that can
be compared directly to the millimeter dust in ALMA observations. Infrared spectroscopic
observations with future facilities such as the James Webb Space Telescope, the European
Extremely Large Telescope and the Thirty Meter Telescope will zoom in on the hot inner
regions of disks, providing even more information on the gas dynamics close to star where
planets are expected to form.
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Abstract

The statistics of discovered exoplanets suggest that planets form efficiently. However, there
are fundamental unsolved problems, such as excessive inward drift of particles in protoplan-
etary disks during planet formation. Recent theories invoke dust traps to overcome this prob-
lem. We report the detection of a dust trap in the disk around the star Oph IRS 48 using
observations from the Atacama Large Millimeter/submillimeter Array (ALMA). The 0.44-
millimeter-wavelength continuum map shows high-contrast crescent-shaped emission on one
side of the star originating from millimeter-sized grains, whereas both the mid-infrared image
(micrometer-sized dust) and the gas traced by the CO 6-5 rotational line suggest rings centered
on the star. The difference in distribution of big grains versus small grains/gas can be modeled
with a vortex-shaped dust trap triggered by a companion.
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2.1 Main article

Although the ubiquity of planets is confirmed almost daily by detections of new exoplanets
(Batalha et al/[2013), the exact formation mechanism of planetary systems in disks of gas and
dust around young stars remains a long-standing problem in astrophysics (Armitage|2011). In
the standard core-accretion picture, dust grains must grow from submicrometer sizes to rocky
cores of ~10 Mg Within the ~10 million year lifetime of the circumstellar disk. However,
this growth process is stymied by what is usually called the radial drift and fragmentation
barrier: Particles of intermediate size (~1 m at 1 AU, or ~1 mm at 50 AU from the star)
acquire high drift velocities toward the star with respect to the gas (Whipple [1972; Weiden-
schilling [1977). This leads to two major problems for further growth (Brauer et all[2008):
First, high-velocity collisions between particles with different drift velocities cause fragmen-
tation. Second, even if particles avoid this fragmentation, they will rapidly drift inward and
thus be lost into the star before they have time to grow to planetesimal size. This radial drift
barrier is one of the most persistent issues in planet formation theories. A possible solution
is dust trapping in so-called pressure bumps: local pressure maxima where the dust piles up.
One example of such a pressure bump is an anticyclonic vortex which can trap dust particles
in the azimuthal direction (Barge & Sommeria|1995; Klahr & Henning 1997; Birnstiel et al.
2013;|Casassus et al/l2013).

Using the Atacama Large Millimeter/submillimeter Array (ALMA), we report a highly
asymmetric concentration of millimeter-sized dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44 millimeter (685 GHz) continuum emission (Figure 2.T). We argue that
this can be understood in the framework of dust trapping in a large anticyclonic vortex in the
disk. The young A-type star Oph IRS 48 [distance ~ 120 pc] has a well-studied disk with a
large inner cavity (a deficit of dust in the inner disk region), a so-called transition disk. Mid-
infrared imaging at 18.7 um reveals a disk ring in the small dust grain (size ~50 um) emission
at an inclination of ~50°, peaking at 55 AU radius or 0.46 arcsec from the star (Geers et al|
2007). Spatially resolved observations of the 4.7 um CO line, tracing 200 to 1000 K gas, show
aring of emission at 30 AU radius and no warm gas in the central cavity (Brown et al.[2012a).
This led to the proposal of a large planet clearing its orbital path as a potential cause of the
central cavity.

Although these observations provide information about the inner disk dynamics, they do
not address the bulk cold disk material accessible in the millimeter regime. The highly asym-
metric crescent-shaped dust structure revealed by the 0.44-mm ALMA continuum (Figure[2.T))
traces emission from millimeter-sized dust grains and is located between 45 and 80 AU (+ 9
AU) from the star. The azimuthal extent is less than one third of the ring with no detected flux
at a 30 level (2.4 mJy per beam) in the northern part (Figure 2.3). The peak emission has a
very high signal-to-noise ratio of ~390 and the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The complete absence of dust emission in the north
of IRS 48 and resulting high contrast make the crescent-shaped feature more extreme than
earlier dust asymmetries (Andrews et all[2011);ICasassus et al.[2013). The spectral slope @ of
the millimeter fluxes F, (0.44 mm combined with fluxes at lower frequencies v (see Section
is only 2.67 + 0.25 (F, « v%), suggesting that millimeter-sized grains (Draine 2006)
dominate the 0.44 mm continuum emission. However, the gas traced by the '2CO 6-5 line
from the same ALMA data set indicates a Keplerian disk profile characteristic of a gas disk
with an inner cavity around the central star (Figure 2.T)). 1200 6-5 emission is detected down
to a 20 AU radius, which is consistent with the hot CO ring at 30 AU (see Section[2.2)). This
indicates that there is indeed still some CO inside the dust hole, with a significant drop of
the gas surface density inside of ~25 + 5 AU. The simultaneous ALMA line and continuum
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observations leave no doubt about the relative position of gas and dust.

The observations thus indicate that large millimeter-sized grains are distributed in an
asymmetric structure, but that the small micrometer-sized grains are spread throughout the
ring. To our knowledge, the only known mechanism that could generate this separation in the
distribution of the large and small grains is a long-lived gas pressure bump in the radial and
azimuthal direction. The reason that dust particles get trapped in pressure bumps is their drift
with respect to the gas in the direction of the gas pressure gradient: vgyg — Ugas o< Ap (Whip-
ple 1972; Weidenschilling 11977), where vqus and vg,s are the dust and gas velocities and p is
the pressure. In protoplanetary disks without vortices this gradient typically points inward, so
dust particles experience the above-mentioned rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the gas pressure in the disk (i.e. where Apgys = 0
and Ap2,. < 0), then particles would converge toward this point and remain trapped there
(Whippfe 1972; [Weidenschilling1977), avoiding both inward drift and destructive collisions
(see Section2.2). Because small dust particles are strongly coupled to the gas they will be sub-
stantially less concentrated toward the pressure maximum along the azimuthal direction than
large particles. Various mechanisms have been proposed that could produce a local pressure
maximum in disks, for instance when there is a "dead zone" (Regdly et all2012)) or a substel-
lar companion or planet (Draine [2006; [Pinilla et al!|2012a) in the disk, hindering accretion.
Until recently, however, the presence of such dust pressure traps was purely speculative, be-
cause pre-ALMA observations did not have the spatial resolution and sensitivity necessary to
constrain the distribution of gas and dust required for testing dust trapping models (Williams
& Ciezal2011)).

Although vortices in models have an azimuthal gas contrast up to only a factor of a few
(Regaly et alll2012; Lovelace et all|1999;|de Val-Borro et all[2007), models predict that even
a very minor pressure variation in the gas ring will trap the dust efficiently, leading to a strong
lopsided azimuthal asymmetry in the dust ring if the vortex is long-lived. A gas contrast of
only 10% can create a dust contrast of 100 for large dust particles in ~ 103 years (Birnstiel
et al. [2013), so a long-lived azimuthal pressure bump can readily explain the observed high
asymmetry in the dust structure of IRS 48. Vortices created by planets have been shown
to survive over at least 10 years (Meheut et al/ 2013). Even though these vortices tend to
diffuse at longer timescales, ~ 10° years is enough time to create strong dust concentrations
that remain even if the vortex disappears. It takes millions of years to even out these dust
concentrations completely (Birnstiel et al|[2013). More generally, vortices are expected to be
long-lived if they have an elongation (an aspect ratio of arc length over width) of at least 4
(Lesur & Papaloizou 2009). The accumulated dust in IRS 48 has an elongation of ~3.1 (+
0.6).

We present a detailed numerical model (see Section 2.2), showing the feasibility of our
proposed scenario (Figure[2.2). Given the central cavity in the Oph IRS 48 disk, we propose
a substellar companion as the cause of the inner cavity which also creates a long-lived ring
of enhanced pressure outside the planetary orbit. The gas densities inside the cavity are de-
creased with the level depending on the companion’s mass and the disk viscosity (Crida et al.
2006; IDodson-Robinson & Salyk[2011). The drop of the gas surface density at ~25 + 5 AU
in combination with the shape and steep radial drop of the millimeter dust emission at 45
AU suggests that this substellar companion is located between the star and dust trap around
~20 AU, and has a mass of at least 10 My, (Pinilla et al.[2012a). The presented model with
these parameters shows that the radial overdensity at the edge of the cavity is Rossby unstable,
leading to the production of an anti-cyclonic vortex (see Section[2.2)). Dust accumulation in
this pressure bump results in the spatial separation between the gas and the millimeter dust
emission (Pinilla et al![2012a; Zhu et al![2012). Other than the hole, the high gas velocities
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Figure 2.1: IRS 48 dust and gas observations. The inclined disk around IRS 48 as observed
with ALMA Band 9 observations, centered on the star (white star symbol). The ALMA beam
during the observations is 0.32" X 0.21" and is indicated with a white ellipse in the lower left
corner. A) The 0.44-mm (685 GHz) continuum emission expressed both in flux density and
relative to the root mean square (rms) level (o = 0.82 mJy per beam). The 63 AU radius is
indicated by a dashed ellipse. B) The integrated CO 6-5 emission over the highest velocities
in contours (6,12,...,600co levels, oco = 0.34 Jy km sh): integrated over -3 to 0.8 km s
(blue) and 8.3 to 12 km s™! (red), showing a symmetric gas disk with Keplerian rotation at
an inclination i = 50°. The green background shows the 0.44 millimeter continuum. The
position angle is indicated in the upper right corner. C) The Very Large Telescope Imager
and Spectrometer for the mid-infrared (VISIR) 18.7-um emission in orange contours (36 to
1200 v1sr levels in steps of 120visIR, OvISIR = 0.2y arcsec_z) and orange colors, overlayed
on the 0.44 millimeter continuum in green colors and the 50 contour line in green. The VISIR
beam size is 0.48” in diameter and is indicated with an orange circle in the bottom right corner.

are symmetric in the east and west and consistent with Keplerian motion around a 2 Mg star
(see Figure2.1). Any gas density variation along the azimuthal direction cannot be observed
directly in the CO 6-5 observations, due to high line optical depth within the disk and fore-
ground absorption, but C!70 data are not inconsistent with a full gas ring (see Section 2.2).
Regardless of the formation mechanism, the ALMA observations clearly show a concentration
of dust grains within a small region of the disk. The total measured dust emission corresponds
to 9 MEyn, assuming a dust temperature of 60 K. The millimeter observations confirm dust
growth up to a maximum grain size of amax = 4 mm. Including larger grains, the dust mass
could be a factor of +/amax(mm)/4 larger (see Section 2.2). The mass is similar to the full
disk dust masses found in other young disks (Andrews & Williams [2005). This amount of
large dust in a small area will favour grain growth up to ~1 m size until the fragmentation
barrier (Brauer et al/[2008). Further growth to planetesimal sizes is possible when additional
mechanisms such as the sweeping-up of small particles by larger seeds and bouncing effects
including mass-transfer are considered (Xie et al.[2010;Windmark et al/2012). Because these
closely formed planetesimals will scatter and disperse along the ring on short time scales, it is
not possible to continue growth and form a planetary core with regular orderly growth models
within ~10 million years at this large distance from the star. On the other hand, the dust trap
could initiate the formation of a Kuiper Belt around IRS 48 such as that found in our own
solar system at comparable radii (Jewitt & Luu [2000). The dust trap as a "Kuiper Belt ob-
ject factory" is analogous to a "planet factory" at smaller radii around other stars, where both
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Figure 2.2: Model of the dust asymmetry. A) Simulated ALMA Band 9 dust continuum
images at 0.44 millimeter (685 GHz) for our model using the dust trapping scenario (Birnstiel
et al. 2013). Details of the model and model parameters are derived based on the IRS 48
properties (see Section[2.2)). The high azimuthal contrast is similar to that found in the data.
B) Normalized logarithmic azimuthal cut at the peak emission radius through the dust ring
of the observations (black) and the ALMA-simulated model (red), showing the large contrast
in the millimeter dust density between the maximum and the opposite side of the ring. The
(normalized) 30~ upper limit of the ALMA data is indicated with a dashed line. The data points
below the normalized 30 level have been removed for clarity.

the fragmentation barrier is higher and the collisional growth is faster (Brauer et all2008).
Thus, the possibility of dust trapping as the start of core formation could help to explain the
observations of massive planets at smaller radii around A-stars such as found in HR 8799
(Marois et al. [2008) and beta Pictoris (Lagrange et all2010). Dust asymmetries have been
hinted at in other disks by SubMillimeter Array (SMA) observations (Andrews et all2011])
and are clearly seen in earlier ALMA observations (Meheut et al.[2013). The low image fi-
delity of the SMA data (low sensitivity and spatial sampling) and the lower contrast leave
room for multiple interpretations, although a relation to vortices has been hinted at (Meheut
et al. 2013). In contrast, the ALMA observations of IRS 48 with their unprecedented spatial
resolution and sensitivity show a contrast of at least 130 in the continuum along the ring, with
no indications of a highly asymmetric small dust/gas distribution. Alternative scenarios are
discussed to be less likely (see Section2.2). A long-lived azimuthal gas pressure bump trig-
gered by a companion, followed by particle trapping, appears to be the most viable scenario
that could produce this. The key feature is the observed separation between big and small dust
grains/gas, which is a direct consequence of the dust trapping model.
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2.2 Supplementary Materials

2.2.1 1RS48

The AO star IRS 48 a.k.a. WLY 2-48 (J2000 RA=16 27 37.18, Dec=-24 30 35.3) is located
in the p Ophiuchi star formation region at a distance of 120 parsec (Loinard et al.[2008). A
ring-like structure peaking at ~55 AU radius was found by spatially resolved 18.7 ym imaging
of the dust continuum with the Very Large Telescope (VLT)-VISIR instrument (Geers et al|
2007). The 18.7 um emission is dominated by the thermal dust emission of small grains (~50
pm) and is merely tracing the surface layer of the disk which is irradiated directly by the star,
since thermal dust emission is very optically thick at this wavelength (Draine 2006). The 18.7
um image appears to be brighter in the north (Figure 2.1l Geers et all2007). This is due to the
inclination of the disk, with our line of sight directly to the inner wall. The near (southern) part
of the inner wall is hidden by the intervening body of the disk itself (Dullemond & Monnier
2010). The bright peak at 55 AU radius implies a large scale height of the disk. The inner
radius of the small grain disk is not constrained by the VISIR image, as the inner 20-55 AU
may sit in the shadow of an inner disk and may thus not be heated enough to emit brightly at
18.7 um.

Interferometric imaging with the SubMillimeter Array (SMA) in the very extended con-
figuration at 0.85 mm (345 GHz) revealed a single elliptical structure, that was modeled with
a hole size of only 13 AU (Brown et al![2012b). Without the simultaneous dust and gas ob-
servations available with ALMA, the SMA dust continuum was modeled as if centered on the
star rather than offset. Since the gas line kinematics allow a very precise determination of
the stellar position, the combined ALMA observations of line and continuum within the same
dataset is crucial for accurate interpretation. The crescent-shaped structure is expected to be
similar at 345 GHz: when the continuum as found in the ALMA observations is convolved
with the beam from the SMA observations, the result is indeed the same shape as found in the
SMA image.

Previous information on the gas in the IRS 48 disk comes from VLT-CRIRES spectra of
the CO ro-vibrational transition at 4.7 um clearly showing extended CO emission (Brown
et al.20124). Modeling of its extent and position is compatible with a hot gas ring at ~30 AU
radius in Keplerian rotation around the young A star. However, the lack of hot CO emission
inside 30 AU may be due to a lack of excitation of the vibrationally excited level and does not
imply a lack of colder gas inside the hole, which could exist due to shielding of an inner disk.
Given the fact that polycyclic aromatic hydrocarbons (PAHs) are still abundant inside the dust
hole (Geers et al.[2007), a complete absence of molecular gas would be unlikely, especially
since accretion is ongoing (Salyk et al|[2013).

2.2.2 ALMA observations

The ALMA observations of IRS 48 were taken using Band 9 in Early Science Cycle 0 using
the extended configuration. Data were taken on June 6th and July 17th 2012 in three execu-
tion blocks of 1.7 hours each (one on June 6th and two on July 17th). Between these three
execution blocks, 18 to 21 antennas were used with baselines up to 390 meter. The average
precipitable water vapor (PWV) levels during the executions were 0.50, 0.34 and 0.17 mm re-
spectively. The spectral setup consisted of four spectral windows, centered at 674.00, 678.84,
691.47 and 693.88 GHz. This setup was meant to target the C'’0 J=6-5, CN J=6-5, 12CO
J=6-5, and H13CO™ J=8-7 transitions. Each spectral window consists of 3840 channels, a
channel separation of 488 kHz and thus a bandwidth of 1875 MHz. The resulting velocity res-
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olution is 0.21 km s~! using a reference of 690 GHz. The astrometric accuracy of the ALMA
data is measured to be on average ~30 milliarcseconds.

Reduction and calibration of the data was done using the Common Astronomy Software
Application (CASA) version 3.4. The bandpass was calibrated using quasar 3¢279 and fluxes
were calibrated against Titan. For Titan, the flux calibration was done using only the shortest
~30% of the baselines, since Titan was resolved out at longer baselines. For the second
execution block taken on July 17th, the original bandpass and flux calibrators were quasar
J1924-292 and asteroid Juno respectively. Both sources are significantly weaker than 3¢279
and Titan. As such, after thorough comparison of the calibration solutions of the first execution
block, as well the applications on the gain calibrators over both executions taken that night,
the solutions of 3¢279 and Titan were preferred over the solutions of J1924-292 and Juno.

The gains were calibrated using at first the solutions of quasars J1625-254 and J1733-130,
which were observed at 12 minute intervals. It was found that using just J1625-254 resulted in
the best solution. After applying the gain solutions, it was found that the resulting amplitudes
and phases of IRS 48 were dominated by short-term (10 minutes or less) phase fluctuations.
The calibration was improved by calibrating these fluctuations on the continuum of IRS 48
itself. This resulted in a net gain of 40% in S/N. As the continuum of IRS 48 is resolved, the
unselfcalibrated continuum solution served as the model for this self-calibration. No changes
in shape larger than 5% were seen as a result of this self-calibration. In the end the overall
calibration uncertainty is less than 20%.

The continuum emission from IRS 48 was extracted from the total coverage by combining
the line-free channels from all four spectral windows, flagging the edge channels and the
channels containing the strong CO 6-5 emission. No other areas containing lines were flagged
as no other strong lines were identified. The total bandwidth of the continuum is ~6.5 GHz,
with a mean frequency of 684.55 GHz.

The image conversion of the continuum and line data was done using natural weighting,
providing a synthesized beam of 0.32" x 0.21" at a position angle of 96°. For the cleaning
of the continuum an elliptical cleaning mask around the continuum shape was used, derived
from the unselfcalibrated continuum shape, padded by half a beam at the 30 level of the
unselfcalibrated image. For the lines, a rectangular cleaning mask centered on the detected
emission peaks was used was used, extending 0.24” in all directions to cover most assumed
emission. This mask was applied and changed adaptively to the emission of each channel and
each peak with emission larger than 30 in the various iterations of cleaning of the dataset.
For the weaker lines, the final mask of the 2CO cleaning was used. The rms noise level is
0.82 mJy/beam for the continuum and ~18 mJy/beam per 1 km s~! bin for the line data. This
noise level is measured in a region between 2 and 5" from the central source position, avoiding
any contamination from the disk emission. The continuum shows isotropic noise levels in all
areas of the primary beam and no systematic effects. The total continuum flux is 950 mJy. To
confirm that the dust trap is not an artifact of the reduction steps, different sizes and shapes of
clean masks were compared to the result seen in the main paper. This was done both on the
selfcalibrated and the unselfcalibrated image, with no structural differences seen. From the
comparison we conclude that no more than 2% of the presented noise level can be attributed
to the choice of calibration methods, much lower than the overall calibration uncertainty.
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Figure 2.3: The 0.44 millimeter (685 GHz) continuum emission of IRS 48 as observed with
ALMA Band 9 observations, in exponential color scale to show the dynamic range of the
image and the high contrast between north and south. Positive values from 0 to 3900 (o =
0.82 mJy/beam) are shown with blue through red, while negative values from 0 to -4o are
shown with blue, violet, and black. The image is centered on the star (white star symbol). The
ALMA beam is indicated with a filled white ellipse in the lower left corner. White and black
contours indicate the 2, 3, 10 and 1000 rms levels.

2.2.3 Morphology of the continuum emission

The extent of the dust trap was estimated by a simple surface density profile of the dust emis-
sion, assuming a fourth power Gaussian-like distribution in radial and azimuthal direction:

~(R=Re)*

Y(R) = Xge 2" 2.1
~(¢-0c)*

Y(p) = Zge M (22)

with R,, and R, the half-width and center in the radial direction and ¢,, and ¢, the half-width
and center in azimuthal direction. The full profile X(R, ¢) = %(R) - £(¢) and the normaliza-
tion constant product X - X4 is chosen such as to match the scale of the observations. These
high power profiles are required to match the steep rise in both radial and azimuthal direction
and broad peak in the data. Although the arc is only just resolved in the radial direction, it can
not be infinitesimally thin considering the high total dust continuum flux of 950 mJy and a
typical dust temperature of 60 K. The temperature is based on a generic radiative transfer cal-
culation of a transition disk with a dust hole around an A-type star. Applying the inclination of
i=50°, position angle of 97°(measured from the CO data; North to East) and the central posi-
tion (derived from the CO Keplerian model described below) and convolving the total surface
density model with the ALMA beam from the observations, the best fit to the continuum data
was found for R, = 63 (+ 8) AU, Rw = 18 (+ 2) AU, ¢, = 95°(+ 10°) and ¢,,= 50°(+ 5°). The
main uncertainty arises from the uncertainties in the stellar position (~0.05”). Defining the
extent of the profile as 2R,, and 2¢,,, the dust extends from ~45 - 80 (+ 9) AU and covers in
the azimuthal direction an arc length of ~100°, less than a third of the disk ring. As discussed
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Figure 2.4: Cartoon of the proposed disk structure of IRS 48. The brown spots represent the
large and small grains as traced by the 0.44 millimeter ALMA continuum and VISIR 18.7
micrometer emission, the large grains concentrated in the dust trap in the south. The blue
represents the gas surface density as traced by CO 6-5 and fundamental rovibrational CO line
as observed by CRIRES, with a gas hole carved out by the planet at 15-20 AU.

in the main text, these characteristics of the dust emission make this source very different from

what has been observed before (Casassus et al2013; Andrews et all 201 1; Williams & Cieza

M). The elongation (aspect ratio of arc length over width) of an arc is defined as:

e= Rctp;;—v[:ad] (2.3)
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The elongation of our dust trap is ~3.1 ( 0.6) with the derived parameters. If the dust trap
is entirely coincident with the gas vortex, this elongation indicates whether the vortex is long-
lived: in general vortices are expected to be long-lived if they have an elongation of at least 4
(Lesur & Papaloizou 2009).

The high north/south contrast is shown in Figure 2.3} although a narrow 20~ emission (o~ =
0.82 mJy/beam) arc indicates some dust emission in the north, this is not sufficient to measure
the contrast. However, this image demonstrates that the emission in the south (3900 peak
emission) is at least a factor 130 higher than in the north.

The radial structure of this disk is as follows (see Figure 2.4): the gas shows a surface
density decrease around ~25 + 5 AU, whereas the dust inner rim is at least 45 AU away from
the star. The model presented later in the Supplement confines the location of the companion
to 15-20 AU, although it is possible that multiple companions are present. While the large
dust grains are azimuthally concentrated, the smaller micrometer-sized grains traced by 18.7
pm continuum imaging extend over the full ring (Meheut et al![2013). The small grains could
be either following the gas, only depleted in the inner most region by the companion (Crida
& Morbidelli 2007), or be distributed along a dust ring around 55 AU. The ALMA continuum
data were overlayed on the VISIR 18.7 um (Figure 2.TIC) by aligning their central positions,
determined by the CO Keplerian velocity profile for the ALMA line data and by the VISIR
PAH images (taken to be centered on the star) for the 18.7 um image. The 18.7 um image and
PAH images were taken in sequence so the relative alignment errors are small.

2.2.4 Dust mass

The continuum flux of the dust emission can be written as
Fyoc QX By(Tgyst) X (1—€7™) 2.4)

with solid angle Q) = A/d? with A emission area, d distance and 7, the opacity. The area
of the continuum emission seen in the ALMA images is A = 7((R. + Ry)> — (R. — Ry)?) X
2¢,,/360° X cos(i) = 2544AU? , using the estimates derived in the previous section. The
dust temperature is estimated to be ~ 60 K at a radius of 60 AU. For the total flux density of
950 mJy at 685 GHz, we obtain 743565, = 0.43. Flux loss due to larger scale emission was
measured to be less than 20% for the 230 and 345 GHz emission for spatial scales >100 AU
(Brown et al. [2012b). For the ALMA data, the spatial filtering occurs for >500 AU, so flux
loss by spatial filtering will be even less than 20%. The opacity is defined as 7, = pgustky S
with pgus¢ the dust density (g cm™), k, the dust mass opacity (cm? g_l) and s the length of
the slab along the line of sight. Therefore the dust mass Mg, can be calculated as:

Mayst = ASpaust = Al 2.5)
Ky

For 685 GHz and a dust temperature of 60 K, the Rayleigh-Jeans limit is justified and the
slope of the (sub)millimeter emission a(F, o v®) can be directly related to the power-law
index of the dust opacity «, o« v, where @ = 2 + . The value of 3 is estimated by making
a power law fit to the (sub)millimeter fluxes at 230, 345 and 685 GHz (50, 160 and 950 mJy
(Brown et al![2012b), the 685 GHz flux density derived in this work) and we obtain 8 = 0.67
+ 0.25. This low value of 8 < Bism =~ 1.7 is indicative of grain growth (Draine [2006). Since
dust grains larger than ~ 31 do not contribute to the opacity, dust growth can be confirmed
up to a grain size of at least 4 millimeter due to the detected dust emission at 1.3 mm. For
a dust-size distribution N(a) ~ a3 and amorphous silicate spheres, the dust mass opacity
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is approximately (Draing 2006) kegsGr; = 9/ \/dmax [mm] cm? g~ ! (valid for amax > 1 mm).

‘We thus obtain a dust mass of
Mgyst = 4.5 % \/amax [mm} MEgarh (2.6)

With apmax > 4 mm this yields a lower limit of the dust mass of 9 Mg,,. This mass does not
include larger bodies (boulders or planetesimals).

2.2.5 CO 6-5 lines
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Figure 2.5: Full '>CO 6-5 spectrum integrated over the entire disk area. The profile is dis-
torted by absorption features from foreground clouds around 3.5 km s™!. A) The velocity
limits used for the integrated contour map in Figure[2.1] are indicated by blue and red dashed
lines for the blue-shifted and red-shifted emission, respectively. The limits are taken at -3,
+0.8, +8.3 and +12 km s~'. B) The spectrum is folded over the source velocity of 4.55 km
s!, showing that the spectrum is symmetric, as expected for a Keplerian disk.

The 2CO 6-5 line (Ey = 116 K) is detected throughout most of the disk of IRS 48 with
an rms level of 47 mJy in 0.21 km s™! velocity channels and a peak S/N of ~45. Figure
shows the flux profile over the entire region of the disk. The profile shows a strong absorption
feature around 3.5 km s~!, caused by foreground clouds also seen in C'80 3-2 observations
(van Kempen et all|2009). The Local Standard of Rest source velocity is derived from the
symmetry of the 2CO 6-5 profile as 4.55 km s~!'. Due to the small offset of the foreground
cloud velocity compared to the disk velocity, the red-shifted emission of the disk appears to be
stronger than the blue-shifted emission. Inspection of the high velocity channels shows that
the profile is in fact symmetric, as expected from a Keplerian disk. Folding the full spectrum
over the source velocity of 4.55 km s~ also shows this symmetry (Figure 2.3B). Furthermore,
the red velocity channels that are not contaminated by the foreground absorption extend within
the region of dust continuum emission.

In order to derive the inner radius R;, of the gas hole, the kinematics of the CO 6-5 line
were studied. The fastest gas detected in the line wings agrees both kinematically and spatially
with a location at 20 AU. The maximum detected velocities are -3 and 12 km s~! or + 7.5 km
s~! from the source velocity. The emission in these channels has a separation of 0.33", in
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agreement with gas at 20 AU in Keplerian rotation around a 2 Mg star at an inclination of
50°. The non-detection of faster gas in both the line wings and strongly decreased emission at
the central position at any velocity imply a significant drop in surface density in the inner 20
AU. This is slightly interior to the hot CO gas ring at 30 AU detected at 4.7 um (Brown et al.
2012a). The CRIRES observations trace much warmer gas which must by illuminated by the
central star but the general kinematics are in good agreement with the gas seen by ALMA.

Due to the foreground absorption in the >CO 6-5 line around the source velocity (Figure
2.3), this emission does not reveal a full gas ring: emission is missing in the north and south
part of the disk. However, the small dust grains, that are coupled to the gas, show emission
both in the north and south as well as east and west (Figure 2.TIC and |Geers et all [2007).
Similarly, the near infrared CRIRES lines (Brown et all[20124d) show hot gas emission also
to the north and south of the star. Both observations are consistent with the presence of gas
along the entire ring.

The '2CO 6-5 line is likely optically thick, so deviations from a symmetric full outer disk
(including azimuthal density variations) can not be traced directly from these '>CO observa-
tions. Optically thin C!7O 6-5 emission shows significant detections (4-60-, o = 25 mJy/beam)
in the eastern and western parts of the disk. In the north and south C'70 6-5 emission is not
detected, but this can be understood by limb brightening due to the inclination of the source,
where emission on the sides of the disk appears up to twice as bright as in the north and south.
The C'70 6-5 observations are thus also not inconsistent with gas along the entire ring.

Integrating over the channels with significant C'’O detections (962 mJy km s~!) and cal-
culating the mass for an average gas temperature between 50 and 200 K, we find a total gas
mass between 1.3 and 1.8 Myy,. The integrated flux Fjy is related to the number of c'7o
molecules N7 by
NcigfrTeshe

4nd?
with fr = 13¢71133K/T / O(T) the fraction of molecules in J=6, Q(T) the partition function,

Ags the Einstein A coefficient of the 6-5 transition and d the distance. This is converted into
gas mass (assuming all is in Hy) by

Fine = 2.7

M = Ncviogmu, Xy, j12coXi2co/c7o (2.8)

with X the relative abundances (2500 for 12co/C170, 1.2:10* for H2/12CO) and my, the
mass of a H, molecule (3.35.10‘24 2).

For comparison, the dust mass of 9 Mg, derived from the millimeter-sized dust suggests
a gas mass of 900 Mgy = 2.8 Myyp assuming that this dust was originally smeared out over
the entire disk with a standard gas/dust mass ratio of 100. No overdensity at the central loca-
tion of the dust trap is detected in the C!70 emission, but the high dust continuum emission
makes weak C'7O emission more difficult to observe there. The gas mass of 1.3-1.8 Myyp that
is seen even outside the dust trap proves that there is a lot of gas along the disk ring, even
without the (undetected) gas emission at the location of the dust trap. An overdensity of a
factor 100 at the dust trap location compared to the east and west would make the total disk
mass as high as ~0.1 M and the implied gas/dust ratio of ~ 10*, which is very unrealistic
(Williams & Cieza 2011]). Moreover, such a high gas mass should have readily been detected
in C!'70 even in the south. A gas density contrast within a factor of a few in the dust trap
compared with the east and west can not be ruled out, however. Alternatively, if the emission
in the east or west was the only location with a high gas overdensity, the dust would have been
trapped at that location.

Altogether, the data can be modeled with a full gas ring with possible azimuthal density
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variations. The amount of variation cannot be constrained by the current data set.

2.2.6 Dust trapping

Trapping of dust particles has been proposed as a solution for the radial drift and fragmentation
barrier. Dust trapping is a natural consequence of pressure gradients, since particles tend to
drift with respect to the gas in the direction of the pressure gradient. In its simplest form
one could have an axisymmetric disk with a mass accumulation at some radius, leading to a
ringlike pressure trap along the radial direction with dpeas(r) /dr = 0 and d* peas(r) /dr? < 0
(Whipple [1972; Brauer et all[2008; [Kretke & Lin [2007; Johansen et al. 2009). In a radial
pressure bump, where the pressure gradient is zero, the drift velocity vanishes for particles of
all sizes, so that not only the drift barrier but also destructive collisions can be avoided. The
presence of a massive planet has been demonstrated to create radial pressure bumps due to
a reduction of the gas surface density in the inner part of the disk (Pinilla et al![2012a). By
combining two-dimensional hydrodynamic gas simulations using FARGO (Masset2000) with
coagulation/fragmentation dust evolution models (Birnstiel et al.|2010), it has been shown that
dust grains converge toward these ring like pressure bumps and grow efficiently (Pinilla et al.
2012b). The efficiency of the dust trapping (the largest produced grain size) and the location of
the dust depend on the planet orbit, planet mass and (for planet mass < 5 Myy;) the turbulence
in the disk. For planets of more than 5 Myy;,, the pressure bump and therefore also the dust can
be located at distances of more than twice the star-planet separation (Pinilla et al|2012a). The
gas accumulation at the outer edge of the cavity depends on the planet mass and disk viscosity
(Crida et al.2006).

If the overdensity at the outer edge of the cavity is high enough, it becomes Rossby un-
stable (de Val-Borro et all2007; [Lyra et al![2009) and forms vortices that could be long-lived,
~ 10° years (Meheut et al/[2013). A vortex is defined as a gas region where the perturbed
velocity spins around a center. In case of an overdensity created by a planet, the Rossby in-
stability creates anticyclonic vortices (super-Keplerian motion at the inner and sub-Keplerian
motion at the outer radius). Such a vortex acts as a long-lived non-axisymmetric pressure
bump and can trap dust in the azimuthal direction along the ring (Birnstiel et all[2013). The
azimuthal location of the dust trap is tied to variations in the gas density rather than the planet
location, because the material in the outer disk only sees the planet as an orbital ring as it is
moving much faster than the outer disk. The density contrast in the dust can become signif-
icantly larger than the contrast in the gas, depending on the coupling of the dust to the gas
summarized in the Stokes number:

st=—"0% 0 2.9

PgasCs \/8/_77 ¢ @9

where p; is the intrinsic dust density (density of the material out of which the dust is

made), a the particle radius, pg,s the local gas mass volume density, ¢ the vertical isothermal

sound speed and (), the Keplerian rotation rate. Particles with St< 1 are strongly coupled to

the gas and move along with the gas, while particles with St 1 move with their own velocity

i.e. Keplerian velocity. In pressure maxima gas moves with Keplerian velocity, so there is no

friction any more between gas and dust and as a consequence particles naturally get stuck in
the pressure maximum.

The trapping is, however, never perfect, because even small amounts of turbulence will,
to some extent, counteract the converging motion of the dust particles. As a result, in a steady
state situation, small dust particles will be substantially less strongly concentrated toward the
trapping point than large particles. In the case of IRS 48 it is possible that the small grains,



2. A major asymmetric dust trap in Oph IRS 48 37

traced by the 18.7 um emission, are still radially trapped (although not azimuthally), but since
the inner radius of the 18.7 um emission can not be constrained this possibility can not be
confirmed.

For estimating the mass and location of the planet in the IRS 48 disk, we use the Hill
radius ry, defined as ry = rp(M p/ 3M*)1/ 3 where rp s the orbital radius of the planet. The
outer edge of a gas cavity created by a planet is expected to be at most at 5 rg (Dodson-
Robinson & Salyk 2011]) whereas the location where the gas pressure bump forms - hence
dust accumulates - is ~10 rg for planets with M), > 5Myy,, (Pinilla et al. 20124). In the case
of IRS 48, with a gas hole edge at ~25 AU and a dust trap peaking at ~63 AU with the inner
edge at ~45 AU, these approximate relations can not reproduce the large gas-dust separation
exactly, but it indicates that the mass of the companion, likely located at 17-20 AU, has to be
more massive than 10 Myy,.

2.2.7 Model of the IRS 48 dust trap

A model is presented in Figure 2.2] reproducing the high azimuthal contrast in the dust trap
in IRS 48. The gas surface density features a cavity carved out by a companion. For the
disk-planet interaction process, we use the two-dimensional hydrodynamical code FARGO
(Masset2000). The FARGO simulations are done considering a single planet in a fixed orbit
(no migration effects are taken into account) to study the resulting gas density distribution
when a massive planet carves a cavity in a disk. The used parameters are: stellar mass Mgy =
2Mg, companion mass M, = 10My,,, companion orbital radius r, = 20 AU and turbulence
a; = 107*. The initial gas surface density profile in FARGO was taken as a power-law with
2o = 135 10‘4M5tar/r12) = 3.0 g cm~2. This number is based on the estimated gas mass of
the IRS 48 disk, assuming a gas/dust ratio of 100 with the gas distributed over the entire disk,
but it turns out that the gas mass of the disk does not matter much for the nature of the vortex.
For the vertical disk structure, we use an aspect ratio &/ r (height over radius) = 0.05 at r, and
a flaring disk with a flaring index of 0.25. The radial dust temperature structure was based on
a generic radiative transfer calculation of a transition disk with a dust hole around an A-type
star. The gravitational potential is smoothed around the planet by € = 0.5 ry (rg is the Hill
radius of the planet). The inner boundary conditions are non-reflecting. FARGO uses a fixed
grid in cylindrical coordinates (7, ¢). The number of pixels n in each direction is n, X ng =
[512, 757]. The radial grid is logarithmically spaced. The radial boundaries are r;, = 0.1r,
and rout = 7.5 7p.

These simulations show that a 10 My, planet at 20 AU creates a Rossby unstable radial
pressure bump that becomes a vortex within 103 year (Figure Z.6). The vortex continuously
evolves (there is no steady-state solution) but it does not disappear for at least 10° years, which
is sufficient to trap the dust efficiently. Recent work (Meheut et al![2012) shows that vortices
in 3D simulations decay quickly compared to 2D observations when the origin of the Rossby
instability disappears, but that there is no decay when the pressure gradient is sustained. Since
the planet sustains the Rossby unstable overdensity, this is not an issue in our case. Therefore,
the long lifetime of 2D vortices is well justified. The azimuthal gas contrast of the vortex at
the outer edge of the cavity could reach values of 2-3 (Figure 2.6)).

The dust evolution and resulting dust distribution is calculated separately from the FARGO
simulations because it is computationally expensive to do simulations of gas and dust evo-
lution with grain growth simultaneously. We can not use the FARGO output directly be-
cause vortices are dynamical objects, whose shape varies with time. The FARGO simulations
demonstrate that vortices survive long enough and have high enough gas contrast to trap par-
ticles and model the observations. The radial gas disk profile from the FARGO simulations
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Figure 2.6: Three snapshots in time of the resulting gas surface density of a disk with a 10
My companion at 20 AU after 1200 companion orbits, simulated with FARGO hydrodynam-
ical code. The companion is indicated with a white cross. The gas surface density was used
to model the trapped dust in pressure bumps (Figure[2Z.7B), to simulate the observed dust trap
around IRS 48 (Figure[2.2).
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Figure 2.7: In both A and B, the blue dotted line indicates the location of the planet, the red
dashed line the point of zero pressure gradient where the dust gets trapped. A) The radial gas
surface density Y.gas after running >1000 orbits (~0.1 Myr) with a 10 My, planet at 20 AU
in the model disk. B) The pressure gradient dlog P/dlog r corresponding to the gas surface
density profile in A). The grey dashed horizontal line shows where the pressure gradient equals
zero. C) The azimuthal profile of the gas density (black line) versus the large dust grain density
(blue) and small dust grain density (red) in the model (Birnstiel et al!|2013). The contrast in
the large dust is significantly higher than in the gas.
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(Figure2.7A) is used as the initial condition for the dust evolution model. The dust evolution
code (Masset 2000) is run on this profile, simulating the growth, fragmentation and radial
transport of dust to calculate the radial size distribution. For the dust evolution, we consider a
grid of grain size from 1 ym to 10 cm and an intrinsic dust density p; = 0.8 g cm™>.

To study the azimuthal asymmetry, we now redistribute at each radius the dust using a
sinusoidal perturbation (Birnstiel et al|[2013) with a gas contrast of 3, as a steady-state solution
based on the vortex in the FARGO simulations described above. The size distribution from the
radial profile is distributed azimuthally at each radius using the analytical solution for the gas
contrast (Birnstiel et al|[2013). This leads to a weak over-density of micrometer-sized grains,
but a very strong overdensity of millimeter-sized grains (see Figure 2.7IC).

The resulting grain size distribution as function of radius and azimuth was used to cal-
culate the opacities and the resulting continuum intensity maps, assuming low optical depth
and spherical magnesium-iron-silicate grains (Henning et al/|1999). The resulting continuum
emission is imaged using CASA (v3.4.0) using the same configurations as in the actual ALMA
observations. The final image (Figure[2.2]A) shows that the dust trap created by this model has
the same morphology and high azimuthal contrast as observed in IRS 48 (Figure 2.2B). The
model does not predict the exact same radial extent as the dust trap in IRS 48: the model trap
is somewhat closer to the star and narrower in the radial direction. The peak emission is also
higher than in the observational data. A more massive companion or placement at a larger
radius would increase the radius of the dust trap, but also moves the gas hole edge too far out.
A more complex system with multiple companions may solve this problem.

2.2.8 Alternative scenarios

The highly asymmetric dust structure in the Oph IRS 48 disk can be explained by a vortex dust
trapping model (Figure[2.2]and associated discussion), with the vortex formed from a pressure
bump created by a substellar companion. In this section, we discuss other scenarios that could
potentially lead to this kind of asymmetry and explain why they are less likely based on the
available observations.

Alternative origin of the pressure bump

The vortex is induced by a Rossby instability of a radial pressure bump, independent of its
origin. In this work we present a pressure bump generated by a gas density gradient. Although
photoevaporation (Alexander et al/[2006b) could also create a cavity with an overdensity at the
edge, photoevaporative clearing is unlikely in the case of IRS 48 as it still has an accretion rate
of ~ 1078 Muyr~! (Salyk et al!2013), much higher than typical EUV photoevaporation rates
(~ 10719M,yr™1) (Alexander et al!2006b). In any case, the large hole radii observed for IRS
48 put this source outside the cases that can be reproduced by photoevaporation only (Owen
et al.[2011)). A pressure bump could also be generated by a viscosity gradient. This gradient
exists along the edge of a so-called dead zone: a region of low viscosity below the surface
layer of the disk, which occurs if the gas does not have a high enough ionization fraction to
enable magnetorotation instabilities that transport the gas. Dead zones form in regions where
stellar X-rays and interstellar cosmic rays cannot penetrate and the temperature is not high
enough to collisionally ionize the gas, as in the midplane in the inner disk (Gammie [1996).
Rossby unstable pressure bumps are formed at the edges of this dead zone (Varniere & Tagger
2006) and the resulting vortices will trap the dust (Regaly et al.|2012). The presence of a dead
zone can not be excluded from the data presented here, so a dead zone could have formed the
unstable pressure bump as well. However, the absence of gas in the inner region of the disk
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implies a density gradient that is already sufficiently steep to become a vortex, so a dead zone
is not required and we consider this origin less likely.

Gravitational instabilities

If a disk is very massive, gravitational instabilities (Vorobyov & Basu [2008) in the gas could
result in the formation of dense gaseous clumps where dust can accumulate. In a rapid cool-
ing scenario, this could lead to direct gas giant planet formation (Boss [1997). Considering
the gas-dust separation observed in IRS 48, gravitational instability as a cause of the dust
concentration is unlikely, since such an instability would concentrate gas and dust simultane-
ously. Also the gas and temperature properties of the IRS 48 disk are such that gravitational
instability is not expected. The classical criteria for gravitational collapse are (Armitage(2011;
Toomre [1964; Gammie 2001)): Toomre parameter

¢s (r)u(r)
o(r) = ————= <1 (2.10)
(r) TG Lgas (1)
with vertical isothermal sound speed
kgT
es(r) = 4220 @11
Hmp

in combination with fast enough cooling time

 E(r)es(r)

-1
= T < 30(r) 2.12)

with kp the Boltzmann constant, ¢ the mean molecular mass (u =2.3), m,, the proton mass,
G the gravitational constant and o the Stefan-Boltzmann constant. Applying the formulae to
IRS 48 in combination with the model temperature structure neither of these requirements are
met. Although the assumptions here are simple, the temperature structure or the gas surface
density would need to change considerably (more than an order of magnitude) to push the
criteria to these limits.

Planet collision remnants

If a massive collision happened between two rocky planets, the resulting debris and dust will
be first sheared along a ring before it will be turbulently mixed in the radial direction. A single
collision is unlikely to have produced the ~9 Mg, of millimeter-sized dust observed here.

Dust clumps in debris disks

Concentrations of large grains have been observed in debris disks, where the dust is produced
in situ by planetesimal collisions and is then trapped in clumps through resonances with an
existing planet (Wyatt|2003; Lazzaro et alll{1994). This scenario is ruled out here by the large
amounts of gas still present in the disk outside 25 AU.
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Abstract

Azimuthally asymmetric dust distributions observed with ALMA in transition disks have been
interpreted as dust traps. We present VLA Ka band (34 GHz or 0.9 cm) and ALMA Cycle 2
Band 9 (680 GHz or 0.45 mm) observations at 0.2 resolution of the Oph IRS 48 disk, which
suggest that larger particles could be more azimuthally concentrated than smaller dust grains,
assuming an axisymmetric temperature field or optically thin 680 GHz emission. Fitting an
intensity model to both data demonstrates that the azimuthal extent of the millimeter emission
is 2.3 £0.9 times as wide as the centimeter emission, marginally consistent with the particle
trapping mechanism under the above assumptions. The 34 GHz continuum image also reveals
evidence for ionized gas emission from the star. Both the morphology and the spectral in-
dex variations are consistent with an increase of large particles in the center of the trap, but
uncertainties remain due to the continuum optical depth at 680 GHz. Particle trapping has
been proposed in planet formation models to allow dust particles to grow beyond millimeter
sizes in the outer regions of protoplanetary disks. The new observations in the Oph IRS 48
disk provide support for the dust trapping mechanism for centimeter-sized grains, although
additional data is required for definitive confirmation.
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3.1 Introduction

Studies of transitional disks — protoplanetary disks with inner holes in their dust distribution
— are revolutionizing our understanding of planet formation (see review by |[Espaillat et al.
2014). High spatial resolution ALMA observations reveal not only the dust cavities, but also
azimuthal asymmetries (van der Marel et al. [2013; [Casassus et all [2013; [Fukagawa et al|
2013; [Pérez et al. 2014)), and gas still present inside the dust cavities (van der Marel et all
2013; |Casassus et al. [2013; [Bruderer et all [2014; [Zhang et al! 2014; [van der Marel et all
2015d; [Perez et al. [2015). Dust trapping has been suggested as a solution for the radial drift
problem (Whipple1972;Weidenschilling 1977; Brauer et al![2008) which prevents dust grains
to grow beyond millimeter-sizes in the outer disk. Trapping facilitates the crucial steps in dust
growth toward the formation of planetesimals (and therefore planets). As dust continuum
emission is dominated by grains with sizes up to 3 times the observing wavelength (Draine
2006), different continuum wavelengths probe different particle sizes. Since particle trapping
depends on particle size, disk turbulence, and the pressure gradient profile, multi-wavelength
observations are required to confirm the trapping scenario and constrain disk parameters such
as viscosity (e.g. Birnstiel et al. 2013, and references therein).

The Oph IRS 48 transition disk exhibits a highly asymmetric structure in the 0.45 mm
dust continuum. The continuum emission is generated by millimeter-sized grains gathered
in a peanut-shaped structure, spanning less than a third of the disk ring azimuth; the peak of
this structure is > 100x higher than the opposite side of the ring (van der Marel et al. [2013).
However, the gas traced by '>?CO J=6-5 line emission has an axisymmetric disk distribution
down to 20 AU in radius (Bruderer et all[2014)), confirmed by CO isotopologue observations
of the same disk (van der Marel et al!|2015b). Likewise, the thermal mid-infrared and near-
infrared scattered light emission, tracing small micrometer-sized grains, suggest a ring-like
structure although variations along the ring cannot be seen due to high optical depth (Geers
et al. 2007; [Follette et all2015). A separation between large and gas/small grains indicates
trapping of the large grains in a pressure trap (Barge & Sommeria [1995; [Klahr & Henning
1997; Brauer et al. [2008; [Pinilla et all[2012b). Azimuthal traps may result from vortices,
which can be due to instabilities such as the Rossby wave or baroclinic instability (e.g. Lyra &
Lin[2013;Raettig et al.2013;|[Fung et all[2014}; [Flock et all[2015). A vortex locally increases
the gas pressure over a limited radial and azimuthal extent. In the outer disk, millimeter-
sized particles will then drift toward this pressure maximum and get trapped in the azimuthal
direction (e.g.|Ataiee et all[2013;Zhu & Stone 2014}, which can explain the observed features
in IRS 48. Inside traps dust particles continue to grow to the maximum grain size permitted
by the fragmentation barrier (Birnstiel et al! 2010), which in the outer disk corresponds to
centimeter-sizes (e.g. Pinilla et al.[2012b). Further growth to planetesimal sizes can occur by
streaming instabilities (Johansen et al|2009) or by taking mass transfer effects into account
(Windmark et al!l2012)).

The trapping depends on the particle size: small dust particles are strongly coupled to the
gas and thus follow the gas distribution, while larger particles (traced at longer wavelengths)
are less coupled and therefore feel the drag force towards the pressure maximum, resulting
in a more spatially concentrated distribution of these particles, both radially and azimuthally.
Both the trapping concentration and the maximum particle size in the trap are dependent on
the turbulence and the gas surface density (Pinilla et al![20154). In this paper we present spa-
tially resolved observations of Oph IRS 48 at both millimeter and centimeter wavelengths,
taken with the Atacama Large Millimeter/Submillimeter Array (ALMA) and the Karl G. Jan-
sky Very Large Array (VLA). The distributions of dust emission at 450 ym and 0.9 cm are
compared and we aim to provide confirmation of the dust trap scenario in a transitional disk.
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Section 3.2 describes the observation setup and calibration process, Section 3.3 presents the
images and the derived intensity profile and Section 3.4 discusses the interpretation of the
different morphologies and possible implications for the dust trapping scenario.

3.2 Observations

Table 3.1: Image properties

Array Freq BW Beam size Beam PA  Flux Peak Rms

(GHz) (GHz) ©) (mly) (mJy/beam) (mJy/beam)
ALMA 680 4.7 0.197x0.15” 79 1000 190 0.6
VLA 34 8.0 0.46”x0.26” 21 2511073 138x1073  3.5x1073

Observations of Oph IRS 48 at 34 GHz (9 mm) were obtained using the VLA in the CnB
and B configurations in January-February 2015 as part of program 14B-115, with baselines
ranging from 75 to 8700 m. The spectral windows were configured for a maximum possible
continuum bandwidth of 8 GHz centered at 34 GHz (Ka band) in dual polarization, using
64 spectral windows of 128 MHz each, with 3-bit sampling. Due to the low declination,
the source was observed in 3 scheduling blocks of 2.75 hours with 1.25 hours on source in
each block. The bandpass was calibrated using J1517-2422 (in the third block J1924-2914
was used instead), the absolute flux was calibrated using 3C286 and J1625-2527 was used as
gain calibrator, periodically observed every 3 minutes. The pointing was checked on the gain
calibrator in X-band every 30 minutes. The calibrated data were concatenated and imaged
using Briggs weighting with a robust parameter of 0.5. Deconvolution using CASA imfit
reveals that the source is marginally resolved. The flux calibration uncertainty is 10%.

Observations at 680 GHz (440 um) were obtained using ALMA in Cycle 2 in July 2014 in
the C34-3 configuration with Band 9 (Baryshey et al.[2015) as part of program 2013.1.00100.S.
The observations were taken in four spectral windows of 1920 channels: three windows have
a bandwidth of 937.5 MHz, centered on 661, 659 and 675 GHz, the fourth spectral window
was centered on 672 GHz with a bandwidth of 1875 MHz. The total continuum bandwidth
was ~4.7 GHz. The flux was calibrated using J1517-243, the bandpass with J1427-4206 and
the phase with J1626-2951. The total on-source integration time was 52 minutes. The data
were self-calibrated and imaged using Briggs weighting with a robust parameter of 0.5. The
flux calibration uncertainty is 20%.

Table[3.J]lists the properties of the images. The astrometric accuracy is set by the calibra-
tors, and is typically <30 mas for these two datasets, which is much smaller than the beam
size.

3.3 Results

Figure 3.1 shows images of the dust continuum emission at 680 and 34 GHz. The 630 GHz
continuum has a similar asymmetry as observed in [van der Marel et all (2013) in the Band
9 Cycle 0 data, although these new data have improved angular resolution. The 34 GHz
continuum emission peaks at the same location, but is much more azimuthally concentrated.
This is not a sensitivity effect: when the 680 GHz data are restored with the same cleaning
beam as the 34 GHz data, its azimuthal extent is still clearly wider than in the measured
34 GHz data (see Figure 3.1d). The radial width can not be compared due to the vertically



ADec (")

ADec (")

3. A concentration of centimeter-sized grains in Oph IRS 48 47

elongated VLA beam shape, which is caused by the low declination of the source with respect
to the VLA site, but given the disk geometry, this elongation does not affect constraints on
the azimuthal width, the key parameter of interest here. Spatial filtering can be ruled out as
an explanation for the different azimuthal extents; these data recover all of the flux found on
the shortest baselines from previous VLA observations in the DnC configuration (beam size
3.3x1.3”, flux =252 +11uJy). Also, we have simulated the ALMA image as if observed by the
VLA by sampling the ALMA image on the VLA visibilities (Figure[3.1k) to rule out horizontal
spatial filtering. Besides, the largest angular scales recovered by the CnB observation is 5",
which is much larger than the disk. Thus, the centimeter-sized dust grains (traced by the 34
GHz continuum) have a narrower azimuthal distribution than the millimeter-sized dust grains
(traced by the 690 GHz continuum). The peak brightness temperatures for the 680 GHz and
34 GHz are 31 and 1 K, respectively.

F (mJy) F (udy)

0 31 63 94 126 158 1890 22 45 68 91 114 137

Figure 3.1: ALMA and VLA observations of dust emission at 680 and 34 GHz of the Oph
IRS 48 disk. a) the 680 GHz image (color scale); b) the 34 GHz (color scale); ¢) the overlay
of the 34 GHz contours in red (taken at 3,6,...,390, 0=3.5 uJy) on the 680 GHz contours in
black (taken at 3,12, 24,...,3240, with 0=0.6mJy); d) the overlay of the observed 34 GHz
image (red) on the 680 GHz image imaged with the 34 GHz beam (black) in contours taken
at 10,20,...,90% of the peak; e) the overlay of the 680 GHz image as if observed by the VLA
(sampled on the VLA visibilities) with the 34 GHz observations taken at 3,6,9,12,...0-, with
o = 3.5uly. Ellipses indicate the beam size listed in Table[3.1l
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Figure 3.2: The best fits of the intensity profile given in Equation 1 to the dust continuum for
the 680 GHz (left) and 34 GHz (right) data. The top panel shows the data in colorscale (the
yellow contour shows the 30 level), the middle two panels the unconvolved and convolved
model and the bottom panel the residual image, with in colors the absolute values of the
residual in the color scale of the data and contours at 50 spacing (630G, =0.6 mJy beam™,
034GHz=3.5 uJy beam™"). Dashed contours indicate negative intensity levels.
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In order to quantify the concentration of the dust grains, the morphology of the continuum
image is fit to a two-dimensional 4" power Gaussian intensity profile / (r,¢) (van der Marel

et al.[2013): ) )
—(V—rc) _(¢_¢c)
I(r,¢) = ICexp( o )exp( 208 ) (3.1)

Previous studies describe azimuthal dust asymmetries due to vortices as regular 2" power
Gaussians (Pérez et al. 2014}; [Lyra & Lin 2013), but it was found that our data are fitted
much better with the 47 power equation. The stellar position was set to 16727"37%.185 -
24°30°35.39”, taken from a Keplerian model fit to the CO isotopologue data from the same
ALMA data set (van der Marel et al![2015b). The proper motion is negligible compared to the
beam size for the period in between these observation sets (~6 months), so they can be overlaid
directly. For the fitting we use y*> minimization over a grid of ¢, ¢, . and r,, with steps of 1
degrees and 1 AU for angle and radius respectively. The fitting is performed in the uv-plane,
with the model visibilities sampled onto the observed spatial frequencies. We find the best
fit (see Figure for r.=61(x 2) AU, r,=14(£2) AU, ¢.=100(%£3)° with ¢,,=41(+4)° for
the 680 GHz and ¢,,=18(+7)° for the 34 GHz continuum. The area at 680 GHz is smaller
than that reported invan der Marel et al. (2013), due to better spatial resolution, although still
within the derived error bars. The values and errors for r¢, r,, and ¢, are mainly constrained
by the ALMA data, as the VLA data did not have sufficient spatial resolution to constrain the
error bars. The errors are estimated by rescaling the reduced y? to 1.

The important conclusion is that the azimuthal width of the centimeter emission is 2.3(+0.9)
times narrower than the millimeter emission. The aspect ratio of the submillimeter emission
is 3.1(+0.6), and >1.4 for the centimeter emission.

The residual of the 680 GHz image still shows significant emission outside the Gaussian
fit (peak 250), especially at the tail in the east: 15% of the total absolute flux remains in the
residual. The intensity equation described by Eqn. [3.1lis clearly not sufficient to describe the
detailed structure: additional (vertical) features may be present. The disk is known to have
a large scale height (Bruderer et al! 2014, which is not taken into account in the intensity
model, while the dust is possibly optically thick at this wavelength and the vertical structure
may be relevant. However, as still more than 85% of the structure is recovered by the Gaus-
sian intensity equation and the SNR is very high, the description is sufficient to compare the
azimuthal width at the two wavelengths.

The residual of the 34 GHz image clearly shows a point source at the stellar position, with
a peak flux of 36 uJy beam™! (1007). This point source can be either dust emission from an
unresolved inner disk, or free-free/synchrotron emission from ionized gas close to the star.
Since this emission is not seen in the ALMA data, the spectral index of this emission is <1.3,
so dust emission is unlikely. The origin of this emission can be determined using longer
wavelength observations (Rodmann et al/[2006; [Ubach et al.[2012). The total flux of the dust
emission in the dust trap is thus only 216 uJy at 34 GHz.

3.4 Discussion and summary

The difference in azimuthal width between the two continuum images suggests a segrega-
tion of particle sizes, where centimeter-sized grains are more azimuthally concentrated than
millimeter-sized dust grains. However, optical depth effects can hide a narrow concentra-
tion of millimeter-dust grains equivalent to the 34 GHz morphology on top of the apparent
millimeter-dust distribution. The optical depth 743067, can not be measured independently
from the temperature with the available data. The measured brightness temperature at 680
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GHz of 31 K (assuming the Planck equation) is only a factor of 2 lower than the calculated
physical dust temperature of 60 K (at 60 AU radius in a physical disk model, Bruderer et al.
2014) so the emission is likely not highly optically thick. In order to quantify the optical depth
at 680 GHz, we assume that the peak millimeter emission originates from an isothermal area
Opeam (s1) of the beam size with T4, =60 K. This is a conservative limit as 7 likely decreases
azimuthally outwards. For the peak flux of 189 mly, 76306#,=0.5, so the emission is indeed
marginally optically thick at 680 GHz. If the dust temperature is much lower than assumed
here, the emission becomes fully optically thick and a narrow concentration of millimeter-dust
grains could remain hidden. Locally lowering the temperature is possible by shadowing due
to an inclined inner disk, such as proposed for HD142527 (Marino et al.2015) to explain the
scattered light emission. For Oph IRS 48, there is no evidence for a local temperature drop,
so we propose that the difference in emission originates from a spatial segregation between
particles, where the centimeter-sized grains are more concentrated than the millimeter-sized
grains. Spatially resolved continuum observations at intermediate wavelengths are required to
confirm the dust temperature and optical depth.

Combining the total 34 GHz flux of 216+22 pJy with SMA and disk integrated ALMA
observations at 230, 345 and 680 GHz gives a spectral slope o = 2.84 + 0.06(F, ~ v*). The
fluxes are 50+7.5, 160+24 and 1000+200 mJy respectively, taken from Brown et al! (2012b)
and this work, with the errors dominated by the flux calibration uncertainty. Measuring @
independently between 680 and 230 GHz (2.8+0.2) and between 230 and 34 GHz (2.85+0.7)
results in the same value within error bars, supporting at most modest optical depth at 680
GHz.
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Figure 3.3: Comparison of the ALMA and VLA data of Oph IRS 48, imaged with the same
synthesized beam of 0.46’x0.26” (lower left corner). The left plot shows the spatially resolved
spectral index «, using 34 GHz and 680 GHz data. The right plot shows the error on « as
function of position. The ALMA data are overlaid in yellow contours with 10,20,...,90% of
the peak flux. The spectral index decreases at the peak of the dust emission. Data points where
the 34 GHz flux density is less than 20~ (o = 3.5ulJy) are excluded.
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As both the VLA and the ALMA data are spatially resolved, the spectral index can be
computed as a function of position (see Figure 3.3). For this figure, the ALMA data were
convolved with the same synthesized beam as the VLA observations. The figure shows that &
increases from 2.6+0.08 in the center to 3.3+0.15 in the outer wings, similar to the synthetic
spectral index map from [Birnstiel et al. (2013) of azimuthal trapping. The error in spectral
index across the image is calculated based on the S/N, as shown in the right panel of Figure
[3.3] Therefore, the decrease of the spectral index at the peak of the dust emission is significant.
Due to the flux calibration uncertainty, which is 20% for ALMA Band 9 and 10% for the VLA
Ka band observations, the calibration error over the entire image on o, is ~ 0.07, but this does
not vary with position and therefore it is not included in the error plot.

Analysis of the dust opacity index 8 (1, o« ¥) is an important tool in constraining the
dust particle sizes in the disk. When the dust emission is optically thin (7 < 1) and in the
Rayleigh-Jeans regime, 8 = @ — 2, where 8 < 1 indicates dust growth to >mm-sized particles
(Draine2006). For IRS 48 the 680 GHz is not optically thin and these assumptions can not be
made. Therefore, the dust opacity index thus has to be derived from the optical depth 7, itself.

Using 7, o« 2, B can be calculated as a function of position by calculating 7, at both
frequencies at different positions, assuming 7,5=60 K and the flux filling the beam. We find
B ~ 0.7+0.1 in the center and 8 ~ 1.3 = 0.3 in the outer parts for a uniform temperature. As
the continuum peak is likely more optically thick in the center, the emission there traces higher
vertical layers where the temperature is higher, implying an even lower 3: for T4,5=200 K in
the center, 8 = 0.6 = 0.1 according to the same calculation. The azimuthal trend in S is thus
consistent with increased dust growth (increase of apmax) or an increase of larger particles in
the center (increase of ani,). On the other hand, if the temperature is in fact as low as 31 K,
B would increase in the center. In order to get a uniform S along the entire azimuthal shape
(which implies no change in dust growth or size segregation), T gus needs to be as low as 24 K
at the center, which is more than a factor of 2 lower than the derived midplane dust temperature
(Bruderer et al/[2014), while the optically thick emission likely originates from higher vertical
layers with even higher temperatures. Thus, within reasonable azimuthal variations of the
temperature, the results hint at variation in 3, although some uncertainties remain.

In summary, the centimeter emission provides further support for the dust trapping mech-
anism in the Oph IRS 48 disk: within the assumptions of the 680 GHz optical depth and the
temperature field, the centimeter-sized grains appear to be more concentrated in azimuth than
the millimeter-sized grains as predicted in analytical dust models of azimuthal pressure max-
ima (Birnstiel et al.[2013; [Lyra & Lin 2013). Inside the dust trap, grains may have reached
centimeter sizes (and perhaps even larger), the first step towards planetesimal and planet for-
mation.
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Abstract

Some protoplanetary disks show evidence of inner dust cavities. Recent observations of gas
and dust of these so-called transition disks have given major support to the hypothesis that the
origin of such cavities is trapping in pressure bumps. We present new Atacama Large Millime-
ter/submillimeter Array (ALMA) continuum observations at 336 GHz of two transition disks,
SR21 and HD 135344B. In combination with previous ALMA observations from Cycle 0 at
689 GHz, we compare the visibility profiles at the two frequencies and calculate the spectral
index (@mm). The observations of SR 21 show a clear shift in the visibility nulls, indicating
radial variations of the inner edge of the cavity at the two wavelengths. Notable radial varia-
tions of the spectral index are also detected for SR 21 with values of @y, ~ 3.8 — 4.2 in the
inner region (r < 35 AU) and aymm ~ 2.6 — 3.0 outside. An axisymmetric ring ( “ring model”)
or a ring with the addition of an azimuthal Gaussian profile, for mimicking a vortex structure
(“vortex model”), is assumed for fitting the disk morphology. For SR 21, the ring model better
fits the emission at 336 GHz, conversely the vortex model better fits the 689 GHz emission.
For HD 135344B, neither a significant shift in the null of the visibilities nor radial variations
of @y are detected. Furthermore, for HD 135344B, the vortex model fits both frequencies
better than the ring model. However, the azimuthal extent of the vortex increases with wave-
length, contrary to model predictions for particle trapping by anticyclonic vortices. For both
disks, the azimuthal variations of @y, remain uncertain to confirm azimuthal trapping. The
comparison of the current data with a generic model of dust evolution that includes planet-disk
interaction suggests that particles in the outer disk of SR 21 have grown to millimetre sizes
and have accumulated in a radial pressure bump, whereas with the current resolution there is
not clear evidence of radial trapping in HD 135344B, although it cannot be excluded either.
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4.1 Introduction

Recent observations of transition disks (disks with inner dust cavities) suggest that their struc-
tures may originate from particle trapping in pressure bumps (e.g.lvan der Marel et al.[2013;
Zhang et all[2014). Particle accumulation in pressure maxima has been suggested to solve
the problem of rapid inward drift of particles (e.g.'Weidenschilling|1977; [Brauer et al. 2008),
implying that planetary embryos may form in localised environments (e.g. [Klahr & Henning
1997; Johansen et al![2007). Pressure bumps may occur due to the presence of one or mul-
tiple planets in the disk (e.g. [Dodson-Robinson & Salyk 2011; [Pinilla et all[2012a, [2015a;
Zhu et al.[2012), but other phenomena such as dead zones may also create pressure traps and
explain their structures (e.g. Regdly et all[2012;|[Flock et al![2015). Observations of transition
disks reveal that dust cavities appear to be smaller at shorter wavelengths (e.g. [Dong et all
2012;|Garufi et al|[2013). This spatial segregation of small and mm-sized grains is a natural
consequence of particle trapping in the planet-disk interaction scenario (e.g. Rice et all[2006;
de Juan Ovelar et alll2013).

The spectral index oy, (F, o< v*™m) provides information on the particle size in proto-
planetary disks (see [Testi et al! 2014, for a review). For (sub-)micron sized dust, as found in
the interstellar medium, ampy is expected to have values of > 3.5 — 4.0 (e.g. [Finkbeiner et al.
1999). When dust grows to millimetre sizes, amm is expected to decrease (Draine2006; Ricci
et al. 2010b). Radial increases in amm (on 100 AU scales) have been found for individual
disks without cavities (e.g. |Guilloteau et al. 2011; [Pérez et al! 2012), consistent with radial
drift. In contrast, the inner region of transition disks is depleted of large grains, so that amm
would decrease with radius from the central star (Pinilla et al. 2014). However, such radial
variations for @, in transition disk have not been spatially resolved to date.

In this paper, we combine observations from ALMA Cycle 0 at 689 GHz (~450 pum) and
Cycle 1 at 336 GHz (~ 870um) of SR 21 and HD 135344B (also known as SAO 206462) to
compare the morphological structures at the two frequencies and calculate @y throughout
the disk. In addition, we compare the results with a generic model of particle trapping and
dust growth in a pressure bump induced by an embedded planet, and place the results in the
context of other transition disks.

4.2 Targets and observations

SR 21 is a G3 star located in the Ophiuchus star-forming region at a distance of d = 120 pc
(Loinard et al.l2008). The disk was identified as a transition disk by its mid-infrared SED, with
a cavity radius of ~ 18 AU (Brown et al.[2007). Observations with the Submillimeter Array
(SMA) at 850 um confirmed a ~ 35 AU cavity and suggested an azimuthal disk asymmetry
(Brown et al.[2009; |Andrews et al|2011)), which was much more clearly seen with ALMA
observations in Cycle 0 (Pérez et al.[2014). While 450 um imaging with ALMA shows strong
depletion of large mm-sized grains, by a factor of 103 or more in the inner region (van der
Marel et al. [2015d), H-band scattered light imaging indicates that the small grains are much
less depleted, perhaps by as little as a factor of 10 (Follette et al/[2013).

HD 135344B is an F4 star located in the Sco OB2-3 star-forming region at a distance of
d = 140 pc (van Boekel et al/[2005). A cavity radius of ~ 45 AU was also identified by its
SED (Brown et all2007) and confirmed by SMA observations (Brown et al.[2009). One of the
most intriguing characteristics of this disk is its spiral arms observed in scattered light images
(Muto et al|[2012;|Garufi et al/[2013). The observations with VLT/NACO did not show signs
of a gap in small dust grains down to 28 AU radius (Garufi et al. 2013).
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Figure 4.1: ALMA observations of dust continuum emission for SR 21 (top panels) and
HD 135344B (bottom panels). The left columns show the Band 9 (689 GHz) and Band 7 (336
GHz) continuum, with the contour overlaid at 10,20,...,90% of the peak. The third column
shows the overlay of the contours with a step of 20% of the peak (black is Band 9, red is Band
7). The right column shows the resolved oy, in colour contours. The beam size is indicated
in each plot.

Table 4.1: Observation properties

Target Band| v Av | Fpeak | Froral| o Date
(GHz)| (GHz)| (mJy)| (mJy)| (mJy)

SR 21 7 336 | 3.2 | 424 | 349 | 0.08 | 26/07/2014

9 689 | 7.5 | 500 | 2877 | 2.0 |18/07/2012

HD 135344B|| 7 336 | 3.2 | 69.1 | 636 | 0.13 | 27/07/2014
9 689 | 7.5 | 438 | 3360 | 2.5 |05/07/2012
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The observations used in this letter are from ALMA Cycle 0 program 2011.0.00724.S
(PI. Pérez) and Cycle 1 program 2012.1.00158.S (P.I. van Dishoeck), taken in Band 9 and
Band 7, respectively. The details of the calibration are described inPérez et al| (2014) and van
der Marel et al. (2015b). For both observation sets, the images were obtained using Briggs
weighting with a robust parameter of 0.5 and and the beam is set to be the same at both Bands
by the post-processing of the images, which is the best possible beam size corresponding to
both the Band 7 and Band 9 observations (0.27”). The details of the images are given in Table
4.1l

As the data are taken almost two years apart, the centre of the 2014 data was shifted before
overlaying the images to compensate for the proper motion of the stars. The proper motion is
-12,-24 mas yr~! for SR 21 (Makarov2007) and -20,-24 mas yr~! for HD 135344B (Hag et al.
2000). Figure[£.T]shows the continuum maps and their overlay. The shape and contrast of the
asymmetry look similar between Band 7 and 9 for HD 135344B. In contrast, SR 21 looks
more symmetric in Band 7. There is an azimuthal shift in the continuum overlay for both
sources. The position of the gain calibrator (the same for both observations) shifts <0.1 mas,
meaning that the azimuthal shift is not due to calibration. With respect to the SMA images in
2006/2007 (Brown et al. 2009), the asymmetries are also shifted.

4.3 Data analysis

4.3.1 Visibilities and disk morphology

The real part of the visibilities at both frequencies is shown in Figure[4.2] These are extracted
from the continuum data and deprojected using i = 15° and position angle P.A.=14° for
SR 21, and i = 20° and P.A.=63°, as derived in |[Pontoppidan et al! (2008) and van der Marel
et al. (2015¢). The data are binned by taking the mean of the available data points in bins of
20 kA, with a minimum of 5 data points per bin. In Figure[£.2] we show the real part of the
visibilities for the two bands. The length of the projected baseline where the visibilities cross
zero (the null) indicates the location inner edge of the cavity in a given bandpass (smaller
values for the null mean that the cavity inner edge is further out for the same disk properties).
The nulls for SR 21 are ~220 kA at Band 9 and ~250 kA at Band 7. For HD 135344B the
null is almost at the same position at both wavelengths (~190 kA). The imaginary part of the
visibilities are presented in Appendix 4Bl

To fit the visibility profiles and constrain the structure of both disks, we used the same
morphological models described in [Pérez et al| (2014)). One model is a ring-like emission de-
scribed by F(r,0) = Fg (=) /20 being rg the location of the peak of the ring emission,
Fg the flux density at rg, and o the ring width (“ring model"). The other model assumes

a ring together with an azimuthal Gaussian profile to mimic a vortex structure (Lyra & Lin
2 2 2 2
2013). The vortex is described by F(r,0) = Fy ¢ (1) 2y = (6-6v) 2%y | with ry and

By being the radius and P.A. at the peak of the vortex, Fy the flux density at (ry,8y), and
oo,v, oy is the width of the vortex in the radial and azimuthal direction respectively ( “vortex
model"). The parameters of the best fit model are found by minimising x> using the same
Markov Chain Monte Carlo (MCMC) approach implemented by [Pérez et al. (2014). The re-
sults are summarised in Table 4.2l The errors from the MCMC calculations are much smaller
than the spatial uncertainty from the observations, which is typically ~ 10% of the beam size
(i.e. ~3 AU for SR 21 and ~ 4 for HD 135344B) for the high signal to noise of the data (Ta-
ble[d.T)). For the MCMC calculations, the inclination and P.A. are fixed to the values found by
Pérez et all (2014) for both disks. The model including a vortex did not converge to a physical
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Table 4.2: Best fit parameters the disk morphology models of ring or ring+vortex.

(2) Ring model

Target v )(2 Fgr R OR
(GHz) (um)  (AU)  (AU)

336 2.07 071 41 12

SR 21 689 1.39 591 36 15

336 375 0.84 61 19

HD 1353448 689 1.18 5.72 60 18

(b) Ring+Vortex model

Target v Xz Fr R OR Fy ry Oy ORYV o A%
(GHz) (pm)  (AU) (AU) (um) (AU) () (AU) (AU)
SR 21 689 1.06 4.72 35 14 4.0 46 178 14 40
336 1.52  0.70 70 14 0.88 43 172 16 53
HD 1353448 689 1.05 5.24 65 16 7.0 42 194 7.0 47

Notes. All data of Band 9 are identical than [Pérez et all (2014). The parameters for SR 21 in Band 7
of the ring+vortex model are omitted because of the unphysical results. The errors from the MCMC
calculations are much smaller than the spatial uncertainty from the observations (and therefore omitted),
which is ~ 10% of the beam size (i.e. ~3 AU for SR 21 and ~4 AU for HD 135344B).

solution for SR 21 in Band 7, because the azimuthal extension of the vortex covers more than
2n. In summary, the SR 21 data are best fit with a ring model, while the HD 135344B data are
best fit with a vortex model (see Figure4.2)). The residuals obtained by subtracting the best fit
model from the data in Band 7 are shown for both targets in Appendix £.C

In the case of SR 21, the best-fit model indicates that larger grains, as traced at longer
wavelengths by Band 7, are more spatially confined than the smaller grains traced at shorter
wavelengths by Band 9 (og ~ 12 AU at 870 um vs. o ~ 15 AU at 450 um). Furthermore, the
peak of emission in the ring is at larger radii in Band 7 than in Band 9 (rg ~ 41 AU at 870 um
vs. rg ~ 36 AU at 450 um). The location of the inner edge of the cavity at the two frequencies
varies from ~ 29 AU in Band 9 to ~ 35 AU in Band 7, which together with the wider ring, is
consistent with the shift of the null of the visibilities (Figure[d.2)). For HD 135344B, the vortex
model is consistently the best-fit model for both wavelengths. The inner edge of the cavity is
almost constant in the two bands, as shown in the visibility nulls (Figure d.2). However, the
width of the vortex in both the radial and azimuthal directions is significantly larger in Band
7, and its aspect ratio (og,v /07,v) decreases from 7.1 in Band 9 to 3.3 in Band 7.

4.3.2 Spectral index

The position-dependent spectral index (right panels of Figure [A.T) is calculated using both

bands as ¢y, = In g—z /In % All data with FF < 50 are excluded. The dust emission
within the cavity is detected at a high level of significance (S/N~ 3200 and ~ 2500 in
Band 7, and ~ 1200 and ~ 800 in Band 9, for SR 21 and HD 135344B, respectively), so
amm can be accurately computed in the cavity separately from the dust ring. The uncertainty
of amm is calculated by error propagation from the observational uncertainty, which includes
the calibration uncertainties (~20% and ~10% in Band 9 and 7 respectively) and the noise
level or rms (o) of the observations. With the high signal-to-noise of the data, the uncertainty
on the spectral index o,,,, at a given position is dominated by the calibration uncertainties
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Figure 4.2: Real part of the visibilities at 689 GHz (~450 um, Band 9) and at 336 Gz
(~870 um, Band 7) for SR 21 (top panel) and HD 135344B (bottom panel). Note that the
plot includes error bars which are of the size of the plotting points. At both wavelengths, the

models with the best fit parameters are over-plotted (solid line), which is the ring model in the
case of SR 21, and the vortex model for HD 135344B.
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Figure 4.3: Left. Dust density distribution when 1 Myp is embedded at 20 AU after 1 and
5 Myr of evolution (top and bottom panel respectively). The lines represent particle sizes with
different Stokes numbers (St:[10‘3, 1072,107L, 1}), which are proportional to the gas surface
density profile. Right. Top panel: Intensity radial profiles at 450 and 870 um, obtained from
the dust density distributions after 1 and 5 Myr of evolution. Bottom panel: radial profile of
amm calculated from the intensity profiles at 450 and 870 um, which is convolved a with 35
AU Gaussian beam.

and approximates to ~ (Invy/v2)~! {/(0.22 +0.12) ~ 0.3, in both cases. However, for the
relative spatial changes in amm, the systematic calibration uncertainty does not contribute
since it is constant across the field, and changes in @y, inside and outside the dust cavity
have high significance with maximum values of o, of * 0.01. SR 21 shows significant
radial variations of @mm, with values of aym ~ 3.8 — 4.2 within ~0.3” radius (~35 AU) and
amm ~ 2.6 — 3.0 outside (A@mm 2 12007,,,,). This implies a lack of mm-grains in the inner
region (r < 35 AU), and is consistent with accumulation of mm grains in a localised region in
the outer disk. For HD 135344B, no significant radial variations for @y, are found, and the
values remain within a range of 2.6 — 3.2. Although Figure [£.1] shows azimuthal variations of
amm for both sources, these depend considerably on how the two images are overlaid in the

calculation of amm (see Appendix[d.Al), and therefore any azimuthal variation within a range
of amm =~ 2.6 — 3.2 remains uncertain.
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4.4 Theoretical predictions of particle trapping

Dust trapping, in radial and azimuthal pressure bumps, depends on the coupling of the particles
to the gas, the pressure gradient, and the disk turbulence. The dimensionless stopping time,
Stokes number, quantifies the coupling of the particles and it is defined as St= apyn/2%,
(with py being the volume density of a grain, with typical values of ~ 1gcm™, Blum &
Wurm 2008, and X, the gas surface density). Particles with St ~ 1 preferentially move to the
regions of pressure maxima (e.g.|Birnstiel et al![2010; Pinilla et al.20124d). However, because
the gas is turbulent, it is expected that the dust is turbulently mixed by the gas. The dust
diffusion prevents the concentration of all the particles with St ~ 1 inside pressure traps. The
drift of particles (and hence the trapping) is efficient for particles with St > ffy s, where ayisc
is a dimensionless number that quantifies the disk viscosity (Shakura & Sunyaev|1973). From
the combination of radial drift and dust diffusion, it is expected that particles with St ~ 1 are
more concentrated at the pressure maximum than St < 1. For example, the models of dust
trapping by a vortex predict that larger grains would be more azimuthally concentrated in the
centre of the vortex (Birnstiel et al![2013; [Lvra & Lin [2013), as observed in IRS 48 (van der
Marel et al.[2015a) and HD 142527 (Casassus et al.[2015).

The left panels of Figure[d.3]show the model predictions for particle trapping triggered by
planet-disk interaction. The gas surface density is obtained from hydrodynamical simulations
of a 1 My, planet embedded in the disk at 20 AU distance from the star as in [Pinilla et al.
(20124). The initial gas surface density and temperature are assumed to be a power law, and
the disk viscosity is taken to be ayisc = 1073, The dust density distributions are obtained
from dust evolution models that include the dynamics and coagulation of dust particles Birn-
stiel et al. (2010). When a planet opens a gap in the disk, a pressure bump is formed at the
outer edge of the gap, and large particles drift to the pressure maximum located in this case
at ~ 30 AU. The particle sizes with different Stokes number (St=[1073,1072, 107, 1]) are
shown to illustrate how the radial concentration becomes narrower for particles with higher
St. The right panels of Figure[4.3]show the intensity profile at 450 and 870 um. The emission
profile is only slightly narrower at 870 um since the range of particles sizes that are traced is
comparable. Both the dust density distributions and the intensity profiles become narrower at
longer times of evolution.

Due to particle trapping, the region close to the planet is empty of mm/cm particles, and
therefore amy is expected to increase close to the location of the gap carved by the planet.
Figure.[d.3]also shows the expected radial profiles of amm calculated from the models at 450
and 870 um and convolved with a 2D Gaussian profile of 35 AU diameter. In the inner part
(r s 10 AU), amm drops because of the presence of the mm-particles. Because there is no
total filtration of particles at the outer edge of the gap, small-grains still flow through the gap
and grow again to mm-sizes in the inner region (» < 10 AU). One way to prevent the presence
of mm-grains is to increase the mass of the planet, to completely filter all particle sizes (Zhu
et al.|2012; Pinilla et al/[2012a,[2015a).

At early times of dust evolution (~ 1 Myr), mm/cm-grains are still distributed in the entire
outer disk (r > 30 AU) and radial variations of aym are detected after convolution. This is
not the case at 5 Myr, since the concentration of mm/cm particles becomes much narrower
compared to the spatial resolution and hence the potential radial variation of @y, is smeared
out and is not detected.
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4.5 Discussion

With the new ALMA observations of SR 21 and HD 135344B, it is possible to test if ra-
dial/azimuthal trapping is the cause of the disk structures (cavities and asymmetries). Obser-
vationally, radial trapping can be tested by analysing the location of the null in the real part
of the visibilities at different wavelengths, because in the case of trapping, the mm-emission
is expected to show a wider ring at shorter wavelengths. Thus, the inner edge of the ring
(or dust cavity) should be located closer to the star at shorter wavelengths (Section [£.4). Ad-
ditional insights can be gained by analysing the wavelength-dependent morphology and the
position-dependent spectral index.

SR 21: The current observations of SR 21 at 336 and 689 GHz suggest that the disk mor-
phology at longer wavelengths is better described by a ring than by a vortex. From obser-
vations of 12CO, the disk mass of SR 21 has been inferred to be ~ 12 Myyp, and the average
value of the gas surface density close to the cavity is ~ 80 g cm™2 (van der Marel et al.[2015¢).
Analysis of recent observations of '3CO and C'®0 of this disk confirmed the disk mass (van
der Marel et al. 2015b). Assuming that at each wavelength, particles with a maximum size
of < 34 are traced (e.g. Draine 2006), the observations at Band 7 and 9 traced particles with
St ~ 2.5x 1073 = 5.0 x 1073 close to the location of the cavity. These particles are expected
to be still affected by radial drift and to move toward pressure maxima.

The fact that at a longer wavelength the morphology is better described by a ring than a
vortex is in contradiction with model predictions of trapping by a vortex. Thus, the observed
azimuthal structure is likely not caused by a vortex. Moreover, to sustain a long-lived vortex,
the radial width of the vortex cannot be much higher than the disk scale-height (< 2h, Barranco
& Marcus 2005) and the fact that the radial width of the vortex in SR 21 is much larger than
the disk scale height (~ X5 h, lvan der Marel et al. 2015d), as found from the morphology
fitting of the Band 9 data (Table[4.2), also disfavours the vortex scenario.

In the radial direction, larger grains traced at 870 ym are more narrowly concentrated
than smaller grains traced at 450 ym in SR 21, as demonstrated in the shift of the nulls of
the visibilities (see Figure and Table [£2). The narrower concentration of larger grains is
in agreement with particle trapping by a radial pressure bump. Further evidence that radial
trapping occurs in SR 21 is given by the radial changes of the spectral index @mym, which
increase outwards, as expected from radial trapping models (Figure [£.3b). The detection of
radial variation of @y, with the current resolution suggests that particle trapping in SR 21
have occurred in < 1 Myr, because at longer times, variations of amm would not be detected
(Figure [4.3b). The discrepancy between the model predictions and the observations for the
values of any in the inner part of the disk come from the fact that we do not have total filtration
of particles in the outer edge of the gap in our model.

Another potential explanation for variations of amm is high optical depth, in which case
the physical temperature is expected to be close to the brightness temperature. To reproduce
the observed differences in @y only by optical depth effects the emission must originate from
a small surface area. Assuming that the emission is distributed in a homogeneous ring whose
temperature is equal to the highest brightness temperature at the peak of emission obtained at
the two frequencies (7p ~#32 K in Band 9 and ~13 K in Band 7), the ring must be very narrow
(<3 AU in width), which contradicts the observed spatial extent of the emission in both bands
(30-40AU for SR 21 and 60-70AU for HD 135344B, see Table[4.2)). Thus, the radial variations
of amm cannot be due to optically thick emission alone. [Pérez et al! (2014) demonstrated that
the emission at Band 9 is marginally optically thick at the peak of emission, so it can only
trace some of the mass surface density, and hence high angular resolution observations at



4. Testing particle trapping in transition disks 63
longer wavelength are necessary to confirm our predictions at the location of the peak.

HD 135344B: In this case, the model with the best fit parameters for the disk morphology at
the two wavelength is the vortex model (Table[4.2). The disk mass inferred from 12¢o, 3¢o,
and C'80 is ~ 20 My (van der Marel et al.2015¢)b), and the average value of the gas surface
density at the location of the dust cavity is similar to that in SR 21 (~ 80 g cm~2). Therefore,
the current observations trace particles with similar Stokes numbers as SR 21.

From the morphological models, the azimuthal width of the vortex increases at longer
wavelengths in contradiction with predictions of particle trapping by vortices. Similar as in
SR 21 the radial width of the vortex is too large compared to the scale-height of the disk.
The origin of the azimuthal asymmetry is inconsistent with a vortex and may be related to the
spiral arms observed at scattered light as also suggested by [Pérez et al. (2014). In particular
the bright spiral in the south coincides with the location of the asymmetry in the millimetre
(Garufi et al![2013; |Quanz 2015, see also Appendix [.(). Indeed, the azimuthal shift of the
peak (Figure [4.1] also observed for SR 21) may be related with physical rotation of spiral
arms, but higher angular resolution observations are needed to confirm this prediction.

In contrast with SR 21, neither a shift of the null of the visibilities nor radial variations of
amm are detected for HD 135344B, but this does not exclude radial particle trapping. From
the model predictions (Section [.4)), the dust density distribution of mm-grains is narrower
concentrated at the pressure maximum after 5 Myr than at 1 Myr, and radial variatons in @,y
would not be detected with the current resolution (Figure [4.3b). Hence, the fact that radial
changes in amm are not detected for HD 135344B can be related with the fact that any insta-
bility (e.g., planet) responsible for the trapping formed earlier (~5 Myr ago) in HD 135344B
than in SR 21 (~1 Myr ago). Another possibility is that trapping happens in more refined
structures such as spiral arms in gravitationally unstable disks, in which case any variations of
a@mm remains unresolved (Dipierro et al. 2015).

Besides longer evolution times, other disk and planet parameters, such as planet mass,
turbulence, or disk temperature, can also affect the gap shape and thus the radial concentra-
tion of mm/cm-sized particles in pressure bumps, leading to a different spatial distribution
of small and large grains. High contrast asymmetries have been observed in other transition
disks and interpreted as vortices (e.g. Oph IRS 48, lvan der Marel et al/[2013). Detection of
vortices in transition disks may be atypical because several parameters can prevent a vortex
from being long-lived, such as strong turbulence or feedback from dust to the gas (e.g. Ataiee
et al.|2013;/Zhu & Stone[2014;Raettig et al|2015). Even in the case where a planet originally
triggered the formation of the vortex, an eccentric orbit or the presence of addition planets can
also lead to its rapid destruction (Ataiee & Pinilld|2015). The current ALMA observations of
SR 21 and HD 135344B suggest that anti-cyclonic vortices are not the origin of their low con-
trast azimuthal asymmetries. Observations at high angular resolution at longer, optically thin,
wavelengths, which provide information about the distribution of larger grains, will further
constrain the origin of the observed dust structures in transition disks.

4.A Uncertainties of azimuthal variations of spectral index
The calculation of the spectral index (@mm) from the observations depends considerably on

how the two images are overlapped. To demonstrate that the apparent azimuthal variations
remain uncertain, we shifted the alignment of the Band 7 and Band 9 images of SR21 and
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HD135344B by the positional uncertainty. Figure [£.4] shows amm by shifting 20 mas in both
vertical and horizontal direction. The only reliable variation of amn, is in the radial direction
for SR 21, which remains significant independent of the alignment. In HD 135344B, there is a
hint of high values of any opposite to the azimuthal asymmetry, that also remains independent
of the alignment.

[+20, +20]lmas [+20, -20]lmas

. . SR 21

[-20, +20]mas [-20, -20lmas
”~

-

™10 05 0.0 -05 1.0 05 00 -05 -1.0
Relative RA (arc) Relative RA (arc)

o
[t

Relative Dec (arc)
o
o

o
[0)]

o
t]

Relative Dec (arc)
L o
n o

2.1 2.4 2.7 3.0 33 3.6 3.9 4.2
spectral index (a,,,,)

[+20, +20]lmas [+20, -20]lmas

Oy 7

. . HD 135344B
[-20, +20]mas [-20, -20lmas

. ‘ L Y
° °o-

™10 05 0.0 -05 1.0 05 00 -05 -1.0
Relative RA (arc) Relative RA (arc)

o
[t

Relative Dec (arc)
o o
[6)] o

Relative Dec (arc)
o °
=) )

|
o
t,]

2.1 2.4 2.7 3.0 33 3.6 3.9 4.2
spectral index (a,,,,)

Figure 4.4: Calculated spectral index (amm) assuming different alignments of the images for
SR 21 (upper panel) and HD 135344B (lower panel).
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4.B Imaginary part of the visibilities

Figure shows the imaginary part of the visibilities at 689 GHz (~450 um, Band 9) and
at 336 Gz (~870 um, Band7) for SR 21 and HD 135344B. Non-zero imaginary visibilities
indicate the presence of an azimuthal asymmetry (e.g. [[sella et al![2013). For HD 135344B,
there are significant variations from zero at both frequencies. For SR 21, the non-zero values
are marginal in Band 7, but significant in Band 9 data.
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Figure 4.5: Imaginary part of the visibilities at 689 GHz (~450 um, Band 9) and at 336 GHz
(~870 um, Band?7) for SR 21 (upper panel) and HD 135344B (lower panel).

4.C Residual maps

Figure [.6lillustrates the residual maps for both sources after subtracting the best fit models
(Tabled.2)) to the Band 7 data (336 GHz). For SR 21 the best fit is described by a ring model,
whereas for HD 135344B it is a vortex model. The residuals for HD 135344B show a spiral
structure as also suggested by [Pérez et al! (2014) in Band 9 (689 GHz).
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Figure 4.6: Residual maps after subtracting the best fit models from Table[d.2] contours start
at +30 and space by 30 steps.
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Abstract

Transition disks are recognized by the absence of emission of small dust grains inside a radius
of up to several 10s of AUs. Due to the lack of angular resolution and sensitivity, the gas
content of such dust holes has not yet been determined, but is of importance to constrain
the mechanism leading to the dust holes. Transition disks are thought to currently undergo
the process of dispersal, setting an end to the giant planet formation process. We present
new high-resolution observations with the Atacama Large Millimeter/submillimeter Array
(ALMA) of gas lines towards the transition disk Oph IRS 48 previously shown to host a
large dust trap. ALMA has detected the / = 6 — 5 line of '>CO and C!7O around 690
GHz (434 um) at a resolution of ~0.25”” corresponding to ~30 AU (FWHM). The observed
gas lines are used to set constraints on the gas surface density profile. New models of the
physical-chemical structure of gas and dust in Oph IRS 48 are developed to reproduce the
CO line emission together with the spectral energy distribution (SED) and the VLT-VISIR
18.7 um dust continuum images. Integrated intensity cuts and the total spectrum from models
having different trial gas surface density profiles are compared to observations. The main
parameters varied are the drop of gas surface density inside the dust free cavity with a radius
of 60 AU and inside the gas depleted innermost 20 AU. Using the derived surface density
profiles, predictions for other CO isotopologues are made, which can be tested by future
ALMA observations of the object. From the ALMA data we find a total gas mass of the
disk of 1.4 x 10™* Mo. This gas mass yields a gas-to-dust ratio of ~10, but with considerable
uncertainty. Inside 60 AU, the gas surface density drops by a factor of ~12 for an assumed
surface density slope of y = 1 (X o« r77). Inside 20 AU, the gas surface density drops by
a factor of at least 110. The drops are measured relative to the extrapolation to small radii
of the surface density law at radii >60 AU. The inner radius of the gas disk at 20 AU can be
constrained to better than +5 AU. The derived gas surface density profile points to the clearing
of the cavity by one or more massive planet/companion rather than just photoevaporation or
grain-growth.
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5.1 Introduction

Protoplanetary disks are the cradle for young planets. As the disk evolves from a gas-rich T
Tauri disk to a gas-poor debris disk, the disk mass steadily decreases (see|Armitage 2011 for a
review). The dispersal of the disk sets an end to giant planet formation and thus determines the
time-scale of the planet formation process. Detailed understanding of the disk evolution and
in particular of the disk dispersal is thus crucial for our understanding how, where, and when
planets form. A particular class of protoplanetary disks, called transition disks, is thought to
be currently in the stage of dispersal. The dust distribution in transition disks has been studied
thoroughly through the spectral energy distribution (SED) from ultraviolet (UV) to millime-
ter wavelength and in continuum imaging, but still very little is known about the presence
and characteristics of the gas in these disks. Here, we use spatially resolved high signal-to-
noise gas line observations towards a transition disk to derive the gas structure, and implicitly,
determine the origin of the dust holes in this disk.

Transition disks are commonly identified through their SED showing a strong excess over
the stellar photosphere at wavelengths >20um, but little excess at shorter wavelengths. The
deficit of near infrared excess arises from the absence of hot small dust close to the star, sug-
gesting the presence of an inner dust cavity (Strom et all|1989; |Calvet et al. [2002; Brown
et al.2007). Several of these dust holes have been imaged directly in (sub)millimeter interfer-
ometric imaging (Piétu et al/l2006; Brown et al/2009; /Andrews et al. 201 1}; Isella et al. 2012,
2013). Recently, candidates for young planets have been found in cavities of the transition
disks T Cha by Huélamo et al. (2011)), LkCa 15 by |Kraus & Ireland (2012), and HD 100546
by|Quanz et al. (2013).

The gas component studied in this work is key to distinguish the different mechanisms
proposed for the formation of the dust cavity: grain growth, photo-evaporation and clearing
by a planet or substellar companion. Grain growth does not affect the gas density, while
photo-evaporation removes gas and dust simultaneously. Clearing by a planet or substellar
companion reduces the amount of gas in the cavity depending on the mass of the companion
and other parameters (e.g. viscosity, e.g. [Zhu et al/[2011); IDodson-Robinson & Salyk [2011;
Pinilla et all/[2012a; Mulders et al.[2013; [Fung et al/[2014). The planet/companion-disk inter-
action can also induce perturbations in the gas structure leading to local gas pressure maxima.
These pressure maxima can prevent large (> mm-sized) dust grains from quickly drifting to-
wards the star before planet formation through dust coagulation and core accretion can take
place (e.g. Whipplel1972;Rice et al!2006; Alexander & Armitage 2007;|Garaud 2007; Kretke
& Lin 2007; IDzyurkevich et al. [2010; [Pinilla et all[2012a; Birnstiel et al/[2013; [Lyra & Lin
2013). Thus, the gas structure in transition disks is of direct importance for planet formation.
Moreover, the magnitude of any drop in surface density profile is directly related to the mass
of the companion.

Gas line observations towards transition disks have been carried out at near infrared and
submillimeter wavelengths. The CO rovibrational emission line at 4.7 um tracing the several
100 K warm gas from the inner regions of the disk has been detected for several transition disks
(Goto et al.2006; [Pontoppidan et al.2008; van der Plas et al/[2009;[Salvk et al. 2009; Brown
et al. [2012a, 2013). In contrast, submillimeter observations of the rotational gas lines trace
the bulk of the colder gas and are more suitable for constraining the gas mass and distribution
inside the cavity (Bruderer 2013). So far, submillimeter observations have suffered from the
low angular resolution and sensitivity, barely detected the gas in the outer disk, and did not
allow the study of properties of the gas inside the cavity (Dutrey et al/[2008;[Lyo et al. 2011)).
With the Atacama Large Millimeter/submillimeter Array (ALM) the cold gas in the inner

Thttp://www.almaobservatory.org
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regions of transition disks can be imaged for the first time. In this paper, we present a detailed
analysis of the gas distribution in the transition disk around the young Herbig star Oph IRS
48, using spatially resolved submillimeter ALMA Band 9 (690 GHz) observations.

Oph IRS 48 (a2000 =16"27M37318, 62000 =-24°3035.3") is an AO star located in the p
Ophiuchi star formation region at a distance of 120 parsec (Loinard et al![2008; [Brown et al.
20124). The star shows weak accretion signatures (Salyk et al.[2013). A ring-like structure
peaking at ~60 AU radius was found by spatially resolved 18.7 um imaging of the dust con-
tinuum (Geers et al![2007). IRS 48 shows very bright polycyclic aromatic hydrocarbon (PAH)
emission centered on the star within this hole. VLT-CRIRES spectra of the 4.7 um CO line
reveal a gas ring with a radius of ~25-35 AU (Brown et al![2012a). The submillimeter con-
tinuum (685 GHz or 0.43 mm) of our ALMA observations was presented in van der Marel
et al. (2013). In contrast to the gas and small dust grains, the millimeter dust is concentrated
on one side of the disk, with a high azimuthal contrast of >130 compared to the other side.
This asymmetric dust distribution was interpreted as a dust trap, triggered by the presence of
a substellar companion inside ~20 AU.

In this work we analyze the gas distribution of IRS 48 in detail, using the ALMA obser-
vations of >’CO J = 6 -5 and C!'70 J = 6 - 5 taken simultaneously with the continuum
observations. Using the combined physical-chemical model by Bruderer et all (2012) and
Bruderer (2013), we derive constraints on the drop of the gas surface density profile at a ra-
dius of 60 AU, which is the outer radius of the dust cavity, and at ~20 AU, where van der
Marel et al. (2013) have identified a gas hole possibly related to a companion situated inside.
With the detailed modeling of IRS 48, we also introduce a framework to analyze upcoming
ALMA observations of transition disks.

The paper is structured as follows: In Section[3.2]we discuss the observations and data re-
duction. Section[5.3]presents spectra, integrated intensity maps and channel maps. In Section
[5.4] we present detailed models of IRS 48. We first discuss the dust structure derived from
the spectral energy distribution and VISIR images and then compare models with different
gas surface density profiles to the ALMA observations. Implications of the derived gas mass
and gas surface density structure are given in Section[3.3] The paper ends with a conclusions
section.

5.2 Observations and data reduction

Band 9 ALMA Cycle 0 observations of IRS 48 were carried out in the extended configuration
on June 6th and July 17th 2012 in three execution blocks of 1.7 hours each (one on June
6th and two on July 17th). In these blocks, 18 to 21 antennas were used with baselines up
to 390 meter. The average precipitable water vapor (PWYV) levels were 0.50, 0.34 and 0.17
mm, respectively. The spectral setup consisted of four spectral windows, centered at 674.00 ,
678.84, 691.47 and 693.88 GHz, to target the C'’O J = 6 —=5,CN J = 6,1/, — 512, 12CO
J = 6-5,and H3CO™' J = 8 — 7 transitions. The CN and H!3CO™ lines have however
not been detected and are discussed in [van der Marel et al. (2014) together with a detection
of HpCO 913 — 817. The spectral windows consist of 3840 channels each with a channel
separation of 488 kHz and thus a bandwidth of 1875 MHz. The final velocity resolution is
0.21 km s~ using a reference of 690 GHz and the rms noise level is 40 mJy beam ™! channel~!.
The synthetic beam has a size of 0.32"” x 0.21”” (38 x 25 AU) and a position angle of 96° (east-
of-north).

Reduction and calibration of the data was performed using the Common Astronomy Soft-
ware Application (CASA) v3.4 and is further described invan der Marel et all (2013).
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5.3 Results
5.3.1 Integrated intensity maps

a.) Integrated intensity b.) Deprojected integrated intensity
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Figure 5.1: a) Continuum subtracted integrated intensity of >?CO J = 6 — 5 in color. The
black contour lines show 5o, 100, 200, . . . detections of the line (1o = 73 mJy beam™! km
s‘l), white contour lines represent 50, 100, 10007, 2000, 3000 detections of the continuum
(1o = 0.82 mJy beam™"). The ALMA beam (FWHM) is indicated in the left lower corner. b)
Deprojected continuum subtracted integrated intensity maps of >CO J = 6 — 5 in color and
the continuum with contours (5o, 1007, 1000, 2000, 3000 detections). The (x, y)-coordinates
are along the major/minor axis of the observed disk. Thick white lines indicated radii of 20
and 60 AU and deprojected isovelocity contours of regions with velocity +1,+2, ... km s~!
relative to vis towards us. The yellow shaded region indicates positions affected by foreground
absorption.

Figure 5.1k shows the continuum subtracted integrated intensity of the >CO J = 6 — 5
observation. The continuum emission at the same wavelength (430 um) is indicated in white
contour lines. The strongly lopsided shape of the continuum is interpreted by van der Marel
etal. (2013) as large >mm-size dust being trapped by a local pressure maximum due to a long-
lived vortex in the gas, induced by a companion situated at a radius <20 AU. The integrated
intensity of CO is elongated in the east-west direction and shows a drop at the stellar position.
The stellar position (Table 3.1) is determined from the fastest velocity channels where CO
emission has been detected. The elongation is due to the inclination of i = 50°. At the
position of the continuum peak, CO emission is detected, but not particularly strong. This is
however not inconsistent with a pressure maximum at this position, because '>CO is likely
optically thick and a weak increase of density by less than a factor of 2 is sufficient to trigger
dust trapping (Birnstiel et all2013; see further discussion in Section[5.5.2).

In Figure [5.1b, the continuum subtracted integrated intensity deprojected for inclination,
position angle, and distance is shown. After deprojection, the disk is shown as seen face-
on with coordinates (x,y) in AU along the major/minor axis of the observed disk. For the
deprojection, the parameters given in Table 3.1] are used. The inclination is determined by

dZDQZb from 18.7 ym dust continuum images to be i = 48 + 8°. This inclination
is confirmed by Brown et al (]ZQlld) from CO ro-vibrational lines. We use i = 50°, which
was found to agree best with the channel maps of '>CO (Figure 5.2). Geers et al. (2007) find
a position angle of 98 + 3° (east-of-north) from the 18.7 um dust continuum images. This
is consistent with PA = 100.3° determined from the position of the highest velocity chan-
nels where '2CO is detected (Figure [5.2). We overlay deprojected isovelocity contour lines
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providing lines with the same velocity towards us. The contour lines are derived assuming a
geometrically thin disk in Keplerian rotation around a 2 Mg, star (Table[3.1). The deprojected
map shows weaker emission in the north-east compared to the north-west. The reason for this
is absorption by a foreground cloud. The p Ophiuchus region has several foreground layers
and clouds with a high enough shielding to be abundant in CO (Loren/ 1989;

2002; lvan Kempen et all2009). Such cold foreground CO can shield the disk emission. The
foreground towards IRS 48 (Ay = 11.5,Brown et all2012d) can provide enough line opacity
(r > few) in 12CO J = 6 — 5 for a cloud with temperatures around 30 K and densities around
3 x 10* cm™3. Foreground absorption usually affects only a narrow velocity range, since they
are cold and have small intrinsic line widths. Towards IRS 48, velocities v ~2.0 to ~4.5 km
s~! are affected indicated by the yellow shaded region (van Kempen et al/2009).
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Figure 5.2: 1200 J = 6 -5 channel map around Vgoyrce = 4.55 km s~'. Channels are binned
to 1 km s~'. Black lines show isovelocity contours of the border velocity of each velocity
bin assuming Keplerian rotation with parameters in Table[5.1l Channels between 2.55 and
4.55 km 57! are affected by foreground absorption. Black arrows indicate regions with clear
deviations from the Keplerian pattern (see Section[3.3.2)). Circles indicated radii of 20 and 60
AU. Red contours give the continuum (50, 100, 1000, 2000, 3000 detections).
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Asymmetries in the east-west direction in the north of the disk (y > 50 AU in the de-
projected map) can thus be explained by foreground absorption. Between y = —50 AU and
y = 50 AU, the disk is less extended in the eastern direction, which cannot be explained by
the foreground. An additional foreground layer at v, = 1.5 km s~! found towards Oph VLA
1623 by Murillo et al. (2013) would help to explain this asymmetry, but it is unclear if this
previously unknown layer also extends to IRS 48. The projected distance of IRS 48 to VLA
1623 is ~19” or 0.7 pc. At x < —20 AU, an asymmetry in north-south direction is outside the
region affected by foreground by more than the size of the beam of 20 — 30 AU. For example at
x = —20 AU, the emission at y = —60 AU is about a factor of 3 weaker compared to y = 60
AU. At these positions the peak intensities are 1.7 Jy beam™" and 0.7 Jy beam™!, which is
stronger than the continuum peak of 0.3 Jy beam™!. Thus, a pure line-to-continuum effect can
also not explain this asymmetry. Since also the peak integrated intensity is slightly shifted to
the north with respect to the major axis of the disk (y = 0 AU), a north-south temperature
gradient could be the reason for this asymmetry (see further discussion in Section[3.3.2)).

We conclude that some, but not all, of the asymmetries seen in the integrated intensity
maps can be attributed to foreground absorption. Least affected by the foreground are regions
close to the major axis of the disk.

Table 5.1: Basic data of Oph IRS 48

Parameter Value Reference
Stellar position @000 =16"27M37518 B13
02000 =-24°30'35.3"

Distance 120 pc LO8
Inclination i = 50° G07,B13
Systemic velocity  vig = 4.55 km s~! vdM13
Position angle PA = 100.3° (east-of-north) GO7, B13
Stellar type A0t B12
Stellar mass M. =2 Mgy B12
Stellar luminosity 14.3 Lg B12
Accretion rate 4x107° Mg yr~! S13

Notes. B13=this work, LO8=Loinard et al! (2008), GO7=Geers et al. (2007), B12=Brown et al.
(20124), S13=Salyk et al! (2013), vdM13=van der Marel et al! (2013)

5.3.2 Channel maps

Channel maps of '2CO 6 — 5, binned to 1 km s~!, are presented in Figure Overlayed
on the spectrum are isovelocity contours for the velocity bin, derived in the same way as for
Figure[5.Ib (Section[5.3.1)). The blue part at vig; < Vsource = 4.55 km s~! shows in the fastest
channels with CO detected the expected Keplerian pattern, derived using the parameters in
Table[3.1]l At slower channels (vis, = 1.55—-2.55km s~1) some emission along the major axis
of the disk at distances smaller than expected from the Keplerian pattern is found (indicated
by black arrows in Figure[5.2)). The reason for this slow gas is not clear, but could be related to
gas streaming inwards. In our data, this component is only clearly seen at distances >60 AU
and it is thus uncertain if it is related to gas streaming towards the star as found by Casassus
et al. (2013) for the case of HD 142527. Between vi, = 2.55 and 4.55 km s~!, the emission
is completely absorbed by foreground. The red-shifted channels with respect to Vsource Show
a Keplerian pattern for channels between vi;; = 4.55 — 6.55 km s~! and the fastest channels
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(Vier > 8.55 km s~1). In between, some emission along the major axis at smaller distances
than expected from the Keplerian pattern is found, as for the blue shifted side.

We conclude that the disk for higher velocities and thus for regions closer to the star,
follows the expected Keplerian rotation. Deviations from the Keplerian rotation are found at
velocities slower than 4 km s~! relative to Vsouree at regions outside ~60 AU.

5.3.3 Total spectrum and C'’0

The total spectrum extracted from regions with >50 detections in '2CO is shown in Figure
[3.3] together with the spectrum mirrored at Vsouree. Original and mirrored spectrum overlay
for velocities faster than ~4 km s~! relative to Vsource, indicating a symmetric disk close to the
protostar. Assuming Keplerian rotation, a velocity shift of 4 km s™! corresponds to radius of
r= sin(i)zGM* /v? ~ 65 AU. CO is detected out to velocity shifts of ~7 km gL, correspond-
ing to a radius of ~20 AU. Between vig; = 0 and 2 km s71, the blue shifted side is weaker
than the red shifted side. This could be due to an additional foreground layer (Section[5.3.1)).

The emission of C!70, observed in parallel with 12C0, is too weak to be detected in a
single beam. When integrated over a larger region and binned to 1 km s~! velocity-resolution,
it has been detected at a ~40- level. Only channels with velocity of 3.5 and 4.5 km s™! relative
to Vsource are detected. Only the channel at 4.5 km s~! is detected on both the blue and red side.
The largest contribution to this channel is from radii of 60 to 110 AU, assuming Keplerian
rotation. The lower panels in Figure show spectra extracted from regions where '2CO is
detected at a >5¢ level in the blue and red part of the spectrum. Indeed, the C!7O emission
is also only detected on the corresponding side of the spectrum, providing some evidence that
the C!70 detection is real.

We conclude from the total spectrum that the disk does not show clear signs of asymme-
tries inside 60 AU. Observations at higher angular resolution or better sensitivity may however
reveal asymmetries also in this region. We further conclude that C'”O is detected at >60 AU,
although at a very weak level.

5.3.4 A cut through the major axis of the disk

The previous sections have shown that a cut through the major axis of the disk is least affected
by foreground absorption. In Figure 5.4} the integrated intensity of '2CO along this cut is
presented together with the 18.7 um dust continuum emission observed with VLT-VISIR.

Both the '2CO integrated intensity and 18.7 um dust continuum emission profiles are
double-peaked, with the peaks located symmetrically with respect to the star. The strengths of
the peaks are slightly asymmetric with the dust emission ~15 % stronger in the east, while the
line emission is about ~10 % stronger in the west. The '>CO emission peaks at a distance of
~35 AU to the star, while the dust emission peaks at ~55 AU. At the positions where the dust
emission peaks, no clear break or change in the '>CO emission can be seen. The depletion in
the center of the '2CO emission has about the width of one beam.

5.4 Analysis

In order to constrain changes of the gas surface density profile in particular the drop of the gas
surface density inside the dust cavity and the inner gas hole, we use the combined physical-
chemical model DALI (Dust And LInes) by Bruderer (2013), based on Bruderer et all (2012).
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Figure 5.3: Continuum subtracted spectra of 2CO J = 6 -5 (red lines) and ''CO J = 6 — 5
(blue lines). The spectra are extracted from regions with > 50~ detections in '>CO. The yellow
shaded region indicated velocities affected by foreground absorption. The vertical dashed line
at 4.55 km s~ gives Vsource- Dotted horizontal lines show the 30~ detection level. Top panel:
Total spectrum. The spectrum of 12CO mirrored on Vsource is given in black line. Center
panel: Spectrum extracted from the east/blue part of the disk. Bottom panel: Spectrum
extracted from the west/red part of the disk.

The models solve for the dust radiative transfer, the chemical abundance, the molecular ex-
citation and the thermal balance to obtain the gas temperature in a self-consistent way. Such
a model is also needed to determine the abundance of CO inside and outside the dust cavity
since it is not a priori obvious that CO can survive in the dust-free gas exposed to intense
UV radiation from the star. The CO abundance distribution in the disk, together with the
gas temperature distribution, determines the intensity and profile of the CO line emission.
Spectral image cubes of the line emission are derived from the models and compared to the
observations.

The main focus of our modeling are the regions inside the 60 AU radius dust cavity. As
discussed in Section[5.3] this region does not show strong signs of asymmetries and we will
restrict our analysis to 2d axisymmetric models. Fully 3d models might ultimately be needed
to explain e.g. the structure of the outer disk, but they are computationally very demand-
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Figure 5.4: Integrated intensity of '>CO J = 6 — 5 (black line) extracted from a cut through
the major axis of the disk (y = 0 AU in Figure[5.Ib). The 18.7 um dust emission observed by
VLT-VISIR (blue line) has been scaled to the 2CO peak.

ing. Also, a more detailed analysis will require the additional constraints from optically thin
isotopologue emission (Bruderer2013) which are not yet available.

In this section, we will first discuss the adopted disk structure for our modeling, and then
show the physical and chemical structure derived from the models and a comparison of the
line emission to the observations.
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Figure 5.5: Observed, dereddened SED of IRS 48 (red crosses/lines) compared to models
with different extent (outer radius) of the warm dust inner disk (Ripper.dust = 1,3 or 10 AU in
black, green and blue lines). The stellar SED is shown by a grey line. Wavelengths with PAH
emission not used in the SED fitting are indicated by a grey shaded region.
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5.4.1 Disk structure

The dust structure of IRS 48 is derived from the SED and 18.7 um VLT-VISIR dust contin-
uum image by |Geers et al! (2007). The SED is given in Figure (Table 3.2). It has been
dereddened using alWeingartner & Draine (2001) extinction curve for Ry = 5.5 assuming Ay
= 11.5 (Brown et all2012a). The stellar SED is derived from the [Pickles (1998)-library spec-
trum for an AO star with bolometric luminosity 14.3 Ls. At wavelengths shorter than 1150
A, this spectrum is extended by FUSE observations towards a star of the same spectral type,
scaled for the bolometric luminosity. The dust SED shows excess emission over the stellar
emission at near infrared wavelengths (1-5 um), indicative of warm dust close to the star (<1
AU). The spatial location of this warm dust is not known, but is here attributed to the optically
thick inner wall of a dusty inner disk. Other SED fits of IRS 48 (Maaskant et al|[2013) have
assigned the near infrared excess to a dust halo around the star. A peculiar feature of the SED
are the strong PAH features at 5-12 um, discussed by |Geers et all[2007. The mid-infrared ex-
cess has been spatially resolved by VLT-VISIR at 18.7 um and comes from a ring located at a
radial distance of ~60 AU to the star. The (sub)millimeter continuum is strongly lopsided, but
remains marginally optically thin at 450 um (van der Marel et al.[2013). The peak emission
of the submillimeter continuum is located slightly outside 60 AU (Figure [5.J] van der Marel
et al.2013) and in the following we will assume that both the mid-infrared and (sub)millimeter
continuum emission come from an outer disk located at a radius >60 AU. The FIR continuum
(60-180 um), observed by Herschel (Fedele et all[2013), is not spatially resolved and it is
unknown whether it is ring-like or lopsided.

For our modeling, we adopt the physical structure suggested by [Andrews et all (2011]),
as implemented by Bruderer (2013). The surface density profile is assumed to be a power-
law and the vertical structure follows a Gaussian distribution (vertically isothermal structure).
Given that our data do not constrain the vertical structure and disk models assuming hydro-
static equilibrium overestimate the scale-height (Thi et all[2013), we feel that such a simple
approach is warranted. The outer radius of the disk is not the focus of our work, and we here
employ a sharp cut-off in the surface density profile rather than an exponential decrease as in
Andrews et al! (2011)) and [Bruderer (2013).

The parameters of the structure are shown in Table[3.3land Figure[5.6l The surface density
profile follows

-y
2(r) = XeoAu - (—60’;\U) (5.1)

and is defined by the power-law index y and a surface density Xgg oy at 60 AU. The surface
density profile of the outer disk at 60-160 AU is scaled by different factors within the warm
dust inner disk inside Ripper,dust = 1 AU (Oqust), the gas depleted hole inside 20 AU and the
gap between 20-60 AU (620 au and dgp au)- In the radial direction, these regions are defined by
the dust sublimation temperature (0.4 AU), the line wings of the 12CO emission (20 AU), and
the size of the dust cavity seen in the 18.7 um dust continuum images and the (sub)millimeter
continuum (60 AU). The critical parameter to be studied in this work are the drop of the gas
surface density profile at 20 AU (020 au) and at 60 AU (dgp AU)-

The vertical distribution is defined by a scale-height angle sgy oy at 60 AU, such that the
scale-height angle follows h(r) = hgoay - (r/60 AU)Y. We use the same dust opacities as
Andrews et all (2011) consisting of a small (0.005 — 1 um) and large (0.005 um - 1 mm)
population of dust with a (mass) fraction f in large grains and the scale-height of the large
grains reduced by a factor y. We fix f and y to the values adopted by |Andrews et all (2011)) for
other transition disks. A considerably lower value of f is unlikely given the evidence found
for grain-growth towards IRS 48 (van der Marel et al![2013). Since most of the UV opacity,
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Table 5.2: Observed continuum fluxes

Instrument ~ Wavelength Flux  Reference

(pm) dy)

Photometry
NOMAD 0.43 1.60(-5) Zacharias et al. (2005)
NOMAD 0.64 3.26(-4)  Zacharias et al. (2005)
2MASS 1.24 9.46(-2)  Cutri et al. (2003)
2MASS 1.66 3.05(-1) Cutri et al. (2003)
2MASS 2.16 6.18(-1)  Cutri et al. (2003)
WISE 34 1.29  Wright et al. (2010)
IRAC 3.6 1.41  van Kempen et al. (2009)
IRAC 4.5 1.60  van Kempen et al. (2009)
WISE 4.6 2.45  Wright et al. (2010)
IRAC 5.8 4.06 van Kempen et al. (2009)
IRAC 8.0 6.00 van Kempen et al. (2009)
IRAS 12.0 7.81 Helou & Walker (1988)
WISE 12.0 6.26  Wright et al. (2010)
AKARI 18.7 21.0  Yamamura et al. (2010)
VISIR 18.7 31.8 Geers et al. (2007)
WISE 22.0 36.5 Wright et al. (2010)
IRAS 25.0 46.5 Helou & Walker (1988)
IRAS 60.0 <65.5 Helou & Walker (1988)
MIPS 70.0 17.0  van Kempen et al. (2009)
PACS 70.0 31.0 Fedele et al. (2013)
IRAS 100.0 <225.0 Helou & Walker (1988)
ALMA 450.0 9.50(-1)  van der Marel et al. (2013)
SCUBA 450.0 <1.57 Andrews & Williams (2007a)
SCUBA 850.0 1.80(-1)  Andrews & Williams (2007a)
SMA 880.0 1.60(-1)  Andrews & Williams (2007a)
SMA 1300.0 6.00(-2)  Andrews & Williams (2007a)
Spectroscopy

IRS 5.9 — 36.89 McClure et al. (2010)
PACS 60.0 — 73.3 (B1) Fedele et al. (2013)

69.8 — 95.0 (B1) Fedele et al. (2013)

105.0 — 146.6 (R1) Fedele et al. (2013)

139.6 — 180.9 (R2) Fedele et al. (2013)

Notes. a(b) means a x 10°

which controls the gas temperature, is due to the small grain population, the scale height factor
x of the larger grains does not affect the line emission much.

In order to constrain the dust structure of IRS 48, we have explored the dependence of the
model SED on various parameters (e.g. surface density profile, scale-height function). Here,
we disregard wavelengths affected by PAH emission (5-12 ym) and do not attempt to fit the
PAH abundance. For the combined physical-chemical model we adopt a PAH abundance of
~10 % of the ISM abundance (5 % PAH-to-dust mass ratio, [Draine & Li 2007) derived by
comparing the feature-to-continuum ratio provided by Figure 7 in |Geers et al. (2006) to the
observed strength of the features.

Exploring the model parameters, we find that reproducing the near infrared excess requires
an optically thick dusty inner disk. The amount of excess is determined by the surface of
optically thick hot dust at the inner edge of this inner disk. This optically thick layer however
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Table 5.3: Parameters of the representative model. The parameters are explained in Section
[3.4.1land shown in Figure[3.6

Parameter
Surface density profile!  y 1.0
Z60AU,gas 3.2x1072 g cm™2
260 AU.dust 4.0x107% gem™
Radial sizes Inner warm dust 04-1AU
Gas depleted hole 0.4 — 20 AU
Dust free cavity 1-60 AU
Outer disk 60 — 160 AU
Scaling of X(R) Dust, 0.4-1 AU Sdust = 9x 1074
Gas, 0420 AU 0y < 9x 1073
Gas, 20-60 AU S60AU = 8% 1072
Vertical structure heo AU 0.14 radians
v 0.22
Dust settling f 0.85
X 0.2

Notes. (1) See Eq. 511
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Figure 5.6: Surface density profile of the representative model. Gas and dust surface density
are given in blue and red lines, respectively. The black dashed lines show the gas/dust surface
density if there were no cavities (Eq. [3.1). Green dashed lines indicate the outer radii of the
inner warm disk, the gas depleted hole, and the dust free cavity (Table[3.3) In the gas depleted
hole, only upper limits on the gas surface density profile can be derived from the observations.

shields the wall of the outer disk at 60 AU and decreases the mid-infrared emission. In order
to simultaneously fit the near- and mid-infrared emission, the scale-height of the outer disk
needs to be high enough (scale-height angle hgg ou = 0.14 radians) to intercept direct stellar
irradiation. The disk mass is mostly constrained through the optically thin submillimeter
emission. Assuming that the submillimeter emitting dust was originally spread out over the
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entire disk, the resulting total dust mass is 1.6 X 1075 Mo (kas0 um = 7.1 cm? g~ 1). The inner
disk mass is with a dust mass of 8 x 10! My much less massive. The dust mass of the inner
disk is not well determined because the near infrared emission traces the optically thick inner
wall of the inner disk. The 18.7 um emission of the inner disk is not optically thick and a
larger inner disk with a radius of 10 AU and a mass of 1 x 10~ My, would overproduce the
18.7 um emission at the stellar position. The submillimeter emission, mapped by ALMA, is
not axisymmetric. However, since the dust temperature in the mid-plane remains >50 K out to
radii of ~120 AU and the submillimeter emission is optically thin, the submillimeter opacities
are not important in determining the dust temperature. Thus, our axisymmetric approach does
not alter the derived dust mass much.

Figure [3.7] compares the VLT-VISIR 18.7 um observations to model images. The obser-
vations show a ring-like feature with a depletion at the stellar position and gradients both in
east-west and north-south direction. The gradient in north-south direction is also seen in the
models and is the result of the disk’s scale-height in combination with the inclination. The
dust emission at 18.7 um in the outer disk is optically thick and traces the surface of the disk.
Thus, while both near- and far-side of the northern part of the ring is visible to us, only the
near-side is visible to us in the south (Dullemond & Monnier2010) resulting in a north-south
asymmetry. Since the inner dusty disk at radii <10 AU is warm enough to emit at 18.7 um,
some constraints on the size of this inner dusty disk can be obtained from the image. If the
inner disk has an size of 3 or 10 AU, the emission at the position of the star is too strong.
Hence we choose Ripper,dust = 1 AU. Varying the radius of the inner disk has only a small
effect on the SED (Figure [3.3)), since the total emission at this wavelength is dominated by
the ring at ~60 AU. The reason for the east-west asymmetry is unclear, but could be due to
azimuthal changes of the scale-height at the inner disk (Espaillat et al. [2011; [Flaherty et al|
2012).

a.) Observations b.) Model c.) Cut (A6 = 0)
T T T T

0.5
0.5

A8 (")
86 ()
Q.5

inner,dust= 19 AU

=1 AU

R

Relative intensity
Relative intensity
Relative intensity

inner,dust’
Observed

-1 =05 0
-1 =05 0

1 1 1 1 1
1 05 0 -05 —1 1 05 0 -05 -1 1 05 0 -05 -1

Ao (M) Ao (M) Ao (M)

Figure 5.7: Left/center panel: Observed and modeled VLT-VISIR 18.7 um image. Contour
lines show 10,20, ... % of the peak emission. Right panel: Cut through the observed and
modeled images (A6 = 0). Red line: observed intensity. Black, green, and blue lines: mod-
eled intensities for different outer radii of the warm dust inner disk (Ripper,dust = 1,3 or 10
AU).

5.4.2 Physical-chemical modeling

Based on the dust structure derived in the previous section, we run the physical-chemical
models for different gas surface density profiles. In the following sections we refer to the
representative model as that with the gas surface density following the values given in Figure
and Table 331

Figure [5.8] shows the gas density, CO fractional abundance, gas-temperature (7gas) and
dust-temperature (7q,5) of the representative model. In this section we focus on the main fea-
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tures of the IRS 48 model, general trends of transition disk models are discussed in M
(2013).
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Figure 5.8: Density structure, gas- and dust-temperature, and CO fractional abundance of
the representative model (Table[3.3)). Only regions with gas density larger than 10° cm™ are
shown. The dust temperature is not defined in the dust free cavity. The z-axis is stretched by
a factor of two compared to the r-axis.

Inside the dust cavity at radii <60 AU, the gas density in the mid-plane reaches 2 x 103
cm™3. This is far higher than the critical density of CO 6 — 5 of ~10°> cm™ and the observed
molecular emission of CO J = 6 — 5 is close to local thermal equilibrium (LTE). Temperatures
in the dust cavity are several 1000 K in the upper atmosphere but still above 100 K in the mid-
plane and thus high enough to excite CO 6 — 5 with an upper level energy of 115 K. CO is
photodissociated in the the upper atmosphere by the intense FUV radiation of the star. Below
a narrow CT/CO transition, carbon is fully bound in CO closer to the mid-plane.

In the outer disk, the gas- and dust temperature close to the mid-plane are well coupled
and of order 50 K. At larger heights, the gas temperature decouples from the dust temperature
and can reach temperatures of several 1000 K (Bruderer et all[2012). This hot layer leads to a
“warm finger” of CO, where CO formation is initiated by the reaction of C* with vibrationally

excited Hy (e.g. Jonkheid et all 2007).

5.4.3 Comparison to observations

To compare model results with observations and to determine the drop in gas surface density
at 20 AU (020 au) and at 60 AU (d¢0 au), Figure [5.10l shows the 2coJ=6-5 integrated
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intensity cuts along the major axis of the disk for various trial gas distributions. The major
parameters that are varied are Xgo AU,gas» 060 AU and d20 au- The integrated intensity cut is
chosen along the major axis, because this direction is least affected by foreground absorption
(Section [5.3.4). In addition to the integrated intensity cut, the total spectrum is presented.
The synthetic spectral image cubes from the models are convolved to the ALMA beam. To
verify this approach, the result of the representative model convolved to the ALMA beam is
compared to the result of simulated ALMA observations. The ALMA observations have been
simulated using the CASA software by converting the model image to u, v-data according to
the observed u, v-coverage and then reduced in the same way as the observations. Due to the
good u, v-coverage of our observations, the two approaches do not differ measurably in the
intensity cut and the total spectrum at velocities > 4 km s~! from the source velocity, which
is the focus of this work.

The line center opacity of '2CO is of order 20 in the center of the dust free cavity (40
AU) and of order 100 in the outer disk at 60 AU for the representative model (Table[3.3)). It
is thus clear that the current observations cannot directly constrain the surface density profile
(Bruderer [2013). However, due to temperature changes in the vertical structure and the fact
that parts of the lines remain optically thin due to the Keplerian rotation, optically thick lines
still show some dependence on the gas surface density profile and in particular on changes
like drops inside the dust free cavity. The absolute scaling of the derived surface density
profile can be checked with the optically thin emission of C'70. We do not expect that derived
surface density profiles are more accurate than a factor of a few. To test our proposed surface
density profile with future observations, we will discuss the derived emission of the optically
thin isotopologues in Section [3.4.3]

The disk exhibits asymmetries at radii larger than 60 AU (Section[3.3)). Most of the emis-
sion from these regions of the disk emerge at low velocities in the spectrum (<4 km s~! relative
to Vsource)- We ignore these asymmetries here and focus the model-observation comparison to
the inner part of the disk and higher velocities.
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Figure 5.9: Total flux of C'7O for models with L6 aU,gas = 3.2 % 1071,3.2x 1072 and

3.2x 1073 g em™ as a function of the gas surface density at 20-60 AU (5o au). The dashed
vertical line shows the observed total flux. The red line indicates the representative model.
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The outer disk (Xg0AU,gas)

Figure shows the '2CO integrated intensity cut and total spectrum of the representative
model (Figure 5.6l and Table [5.3) and two models with a factor of 10 increased or decreased
gas surface density profile in the outer disk (varied Xgoau,gas). The gas mass is likely dom-
inated by the outer disk, and the outer disk surface density profile thus constrains the total
gas mass. The representative model with Zoau,gas = 3.2 X 107> g cm™2 (red lines in Figure
yields an integrated intensity along the major axis between the observed east/west inte-
grated intensity. The total spectrum derived from this model also agrees relatively well to the
observed spectrum at high velocities (>4 km s~! from the source velocity), corresponding to
the inner disk. Slower velocity channels, mostly corresponding to the outer disk, show some
deviations. The model emission is too strong at 0.5 — 2 km s~!, possibly due to an additional
foreground layer and at 5 — 8 km s~! due to azimuthal variations of the outer disk (Section
5.3).

Models with a factor of 10 higher column density overproduce both the integrated intensity
cut and the total spectrum by more than a factor of two. The model with a factor of 10 lower
column density on the other hand, underproduces the integrated intensity at offsets between
0.5 and 0.8” (60-100 AU). While the total spectrum of this model better reproduces the wings
ataround 0.5 and 8.5 km s~!, it underproduces the line center.

The C!70 total flux yields another, independent constraint on the total mass of the disk
and thus the surface density profile of the outer disk. Figure[5.9]compares the modeled C!70
total flux of the three models discussed before with the observed 1.3 Jy km s™!. We show
the C170 flux for three values of Z¢ AU,gas» varying the amount of gas inside 60 AU (00 AU)-
The total gas mass is dominated by the gas mass outside 60 AU for dgpau < 0.1 and rises
by only ~50 % for dgoauy = 0.1 — 1. It is seen that the representative model reproduces
the observed flux to within ~20 %, while the models with increased/reduced surface density
over/underproduce the emission. As C'7O remains optically thin and thus directly traces the
gas mass, its emission scales with the gas mass.

We conclude that the representative model reproduces relatively well the '2CO integrated
intensity cut and total spectrum together with the optically thin C!7O emission. Some devia-
tions in the '2CO total spectrum are due to azimuthal asymmetries of the disk, not included
in our model. The gas mas{] of the representative model is 1.4 x 107* My. This gas mass
is low, only ~15 % of the mass of Jupiter. Combined with the dust mass of 1.6 x 107> Mg
(Section[3.4.1), this gives a gas-to-dust mass ratio of about 10. Both gas and dust mass have
an uncertainty at a level of a factor of a few.

Inside the gap (560 AU)

Figure shows the model-observation comparison for models with the surface density
profile between 20 and 60 AU varied (69 ou changed). The representative model is compared
to a model with a factor of 10 more/less gas in this region. While the representative model
reproduces the integrated intensity cut at offsets <0.5” well, the models with a factor of 10
higher/lower surface density at 20 — 60 AU over/underproduce the integrated intensity. The
integrated intensity cut depends on the surface density inside 60 AU out to a radius of ~90
AU (0.75”), due to the width of the beam. The total spectrum of the model with a factor of
10 higher surface density is too broad in the wings and the spectrum with a factor of 10 lower
surface density is too narrow.

2This gas mass is much lower than that derived by lvan der Marel et al! (2013). In that work, we have mistakenly
multiplied the number of H, molecules derived from the C17O observations with the mass of C!7O instead of the Hy
mass.
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We conclude that a drop in surface density at 60 AU by about a factor of ~12 is required
to fit the integrated intensity profile and reproduce the line width of the total spectrum.

The inner 20 AU (620 Au)

The innermost 20 AU have been suggested by ivan der Marel et al! (2013) to be gas depleted,
based on the drop in integrated intensity and the '>CO line wings. They speculated that this
drop is related to the presence of an undetected planet or substellar companion. Since the size
of this hole is comparable to the beam size (Figures[5.11[3.2] and[5.4)) and a beam centered on
the star will receive some of the much stronger emission from outside 20 AU, the current data
can only set limits on the gas mass inside 20 AU.

Figure[3. 10k shows the representative model with different drops of the gas surface density
profile inside 20 AU (varied 620 ou). In absence of any drop of the gas surface density profile at
20 AU, the dip in integrated intensity at the stellar position is not seen. For this amount of gas,
the region outside 20 AU is slightly shielded from stellar radiation and the integrated intensity
out to an offset of 0.5 decreases. Only models with a drop of surface density dx0au <
2 x 1072 (factor of >50) yield a dip in integrated intensity at the stellar position. A model
with a drop dr0au < 9 X 1073 (factor of >110) reproduces the observed dip at the center
position. This model and a model with a two orders of magnitude larger drop show very
similar integrated intensity cuts and total spectra. Thus, no additional constraints on the gas
inside 20 AU can be drawn from the total spectrum.

We conclude that the current data allows us to constrain a drop of a factor of >110 in gas
surface density profile at 20 AU. This corresponds to a factor of >10 drop in surface density
profile at 20 AU compared to the surface density at 20 to 60 AU. Better constraints will require
higher angular resolution observations.

5.4.4 How well is the 20 AU radius determined?

How well can the inner radius of the gas disk at 20 AU be determined? To answer this
question, we run models with an inner radius of 15, 20, or 25 AU. Models with the surface
density profile of the representative and with the surface density profile adjusted such that
the emission at the stellar position is approximately reproduced are calculated. The model-
observation comparison of these models is shown in Figure 5.11]in the same way as Figure
.10l

We find that models with an inner cavity of 15 or 25 AU instead of 20 AU are unable to
reproduce the observed integrated intensity cuts. Models with the gas surface density profile
from the representative model fail to reproduce the integrated intensity at the stellar position,
while models with a surface density profile adjusted for the emission at the stellar position
over or underproduce the emission at offsets of 0.2” - 0.5”. We conclude that the drop of the
surface density at 20 AU is constrained to better than ~5 AU.

5.4.5 Prediction for the CO isotopologue lines

Figure[5.12] presents the integrated intensity cuts of the CO isotopologues '2CO, 13CO, C!80
and C'70 J = 3-2and J = 6 —5 transitions convolved to a beam size (FWHM) of
0.25”,0.1” and 0.05” for the representative model. The beam sizes have been chosen to
represent the current observations, and ALMA in future Cycles. The detection limit of the full
ALMA combining all 50 12 m antennas for a 5o detection with 1 hour on-source observation
is 46 mJy km s™! (J = 6 —5) and 7.7 mJy km s~! (J = 3 —2). For 18-21 antennas (current
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Figure 5.10: Comparison of modeled and observed '>CO J = 6 — 5 intensity profiles and
spectra. Left panel: Adopted surface density profiles with variations of the representative
model. The red line is the representative model. Center panel: Intensity profile extracted
along the major axis of the disk. The dashed vertical line indicates the radius of the dust free
cavity. Right panel: Total spectrum. The yellow region indicates regions affected by the
foreground. Vertical dashed lines show the source velocity vy = 4.55 km s™! and velocities
vs + 4 km s™! representing velocity ranges corresponding to the inner disk (radii < 60 AU)
a) Different surface density profiles in the outer disk (>60 AU). b) Different surface density
profiles inside the dust gap (20 — 60 AU). ¢) Different surface density profiles inside 20 AU.

observations), the detection limit is a factor of 2.5 higher. The limits have been calculated
with the ALMA sensitivity calculatmﬁ, using a channel width of 0.2 km s~!, and an intrinsic
line width of 1 km s™'. For J = 6 — 5, we have assumed good weather conditions (average
precipitable water vapor levels PWV<0.47 mm) and for J = 3 — 2 average weather conditions
(PWV<0.91 mm).

The Figure shows that for beam sizes of 0.25”, 13C0 and C'80 can be easily detected even
in this low-mass disk. At the high frequency of the J = 6 — 5 transitions, C'”O is only strong
enough for detection when integrated over a larger region as done in Section [5.3.3] For lower

3https://almascience.nrao.edu/proposing/sensitivity-calculator
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Figure 5.11: Comparison of modeled and observed '>CO J = 6 — 5 intensity profiles and
spectra, showing the effect of changing the inner radius of the gas disk at around 20 AU.
Left panels: Adopted surface density profiles with variations of the representative model.
The red line is the representative model. Center panel: Intensity profile extracted along the
major axis of the disk. The dashed vertical line indicates the radius of the dust free cavity.
Right panel: Total spectrum. The yellow region indicates regions affected by the foreground.
Vertical dashed lines show the source velocity vy = 4.55 km s~! and velocities vg + 4 km s~}
representing velocity ranges corresponding to the inner disk (radii < 60 AU). a) Using the gas
surface density profile of the representative model. b) By varying the surface density such that
the emission at the stellar position is approximately reproduced.

frequency (J = 3 —2), the C!70 is predicted to be detectable, although only at a 5 o level.
For smaller beam sizes than 0.25”, the detection of the isotopologues is challenging, both
for J = 3 -2 and J = 6 — 5. The steep drop in integrated intensity at the stellar position for
smaller beams shows that high angular resolution is indeed crucial to provide better constraints
on the amount of gas inside 20 AU (Section[3.4.3). In more typical disks with a higher gas
mass, the rare isotopologues can be readily detected by ALMA (Bruderer2013).

5.5 Discussion

5.5.1 The gas mass and surface density profile

The low total gas mass of IRS 48 with ~1.4 x10™* My, compared to the dust mass of ~1.6
%1075 My, yields a gas-to-dust ratio of only ~10. Since the dust temperature in this disk around
an A-type star is too warm for CO freeze-out (Figure[5.8)) it is not possible that additional gas
is missed due to CO being frozen out. In comparison to HD 142527, another disk around
a young Herbig star showing a strongly lopsided continuum emission (Casassus et al|[2013;
Fukagawa et al/[2013), the dust mass of IRS 48 is a factor of 2.7 lower, but this disk also shows
indications of a gas-to-dust ratio lower than the ISM value of 100 (Fukagawa et al![2013).
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Figure 5.12: Beam convolved integrated emission of the CO isotopologues for the ] = 3 -2
and J = 6 — 5 transition shown along the cut through the major axis of the disk. The cuts are
given for beam sizes of 0.25”, 0.1” and 0.05”. The 5o detection limit within 1 h of the full
ALMA using 50 12 m antennas is indicated by the grey horizontal line. Models with a surface
density profile slope of v = 0 (dashed line), y = 1 (solid line), and y = 2 (dotted line) are
shown.

What does the low gas-to-dust ratid] observed towards IRS 48 imply? Since van der
Marel et al. (2013) found evidence for grain growth, a gas-to-dust ratio larger than 100 would
be expected if some of the dust has grown beyond the size of a few millimeters. Such larger
grains are not traced by the dust continuum observations. The low gas mass derived in this
work thus suggests that some of the gas is removed from the disk.

One possible mechanism for gas removal is a wind, as driven by photoevaporation. Pho-
toevaporation has a short processing time-scale and would quickly remove all gas inside the
dust cavity (e.g. Clarke et al.2001). In IRS 48, however, we find a decrease in the gas surface
density at 60 AU of only a factor of ~10, thus making photoevaporation as the only mech-
anism forming the 60 AU cavity very unlikely, given the short processing time-scale. The
drop at 20 AU may not be constrained by our observations and could be deep. However, at
least X-ray driven photoevaporation models (Owen et al! 2011; [Rosotti et al! 2013) fail to
explain hole sizes of 20 AU for an accretion rate of 4 X 10~ My, yr~! measured towards IRS
48 (Salyk et ali|2013). This accretion rate is also higher than typical EUV photoevaporation
rates (Alexander et al.[2006a.b) ruling out EUV driven evaporation. We thus conclude that in
IRS 48 photoevaporation is unlikely the reason for the gap formation at 20 and 60 AU.

Another mechanism leading to a lower gas-to-dust ratio is, that gas is bound into one or
several giant planets or companions in the dust depleted region inside 60 AU. The dust trap
found towards IRS 48, preventing the dust to drift inwards, could filter the gas from the dust

“4To calculate the gas-to-dust ratio only the observable dust grains with size below a few millimeters are accounted
for.
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(Zhu_et al. 2012). Assuming an initial gas-to-dust ratio of 100, the amount of gas that has
been removed corresponds to ~1.5 Mypiter, Which can easily be bound into one companion or
giant planet. The companion or giant planet is however not limited to this mass if the initial
gas-to-dust mass ratio was 100, because some of the dust could currently be bound in grains
too large to be observed by continuum emission. It is interesting to note that our proposed
surface density profile combined with the calculated temperature structure leads to a positive
pressure gradient (dp/dr > 0) at 60 AU as required to trap the dust radially. This positive
pressure gradient is found independent of the assumed surface density slope 7.

5.5.2 The gas surface density at the dust trap

The current observational data do not allow us to directly determine the surface density at the
position of the dust trap (van der Marel et al/[2013), since the '2CO emission is optically thick
and the C'7O emission too weak for mapping. The difference of the '>CO integrated intensity
at the dust trap compared to the same position in the north by a factor of ~3 is quite large
(Section[5.3.T)). One option to explain this would be a gas temperature difference.

The comparison of a model with gas temperature fixed to the dust temperature to that with
calculated gas temperature shows that the '>?CO J = 6 — 5 emission in the outer disk (>60 AU)
emerges from a layer where gas and dust temperature are coupled (T'gas = Tqus)- Thus, in
order to decrease the '2CO emission at the dust trap by a factor of 3, the dust temperature needs
to be lower by a factor of 3, which in turn implies a factor of about 3* = 81 less (continuum)
radiation should be intercept by the dust, possibly due to shielding by an asymmetric inner
disk. The UV pumped CO rovibrational lines observed by Brown et al. (20124) show indeed
a strong north/south gradient in intensity, but the VLT-VISIR image by |Geers et al. (2007)
(Figure [5.7) indicates that stellar light is received by the south part of the disk. It is thus
unclear how a factor of 3 lower dust temperature in the south can be explained. Since the
interpretation of the dust trap requires an overdensity of a factor of 2 — 3 at the position of
the continuum emission, the temperature decrease should actually be even larger. The time-
scale to smooth-out dust asymmetries is of the order of Myrs (Birnstiel et all2013), and it
could also be that the gas asymmetry which created the dust trap has already disappeared. We
conclude that unless the layer where gas and dust temperatures decouple is substantially larger
than determined by our models, a temperature difference of a factor of 3 is difficult to explain.
Other scenarios for the observed asymmetry based on future observations of optically thin line
emission need to be explored. Multiple transition observations in order to determine the gas
temperature directly will facilitate this exploration.

5.5.3 Consequences of the gas mass for a companion

Assuming that the 20 AU cavity is carved out by a companion or a giant planet, can we derive
constraints on the mass of the companion from the proposed gas surface density profile? For
a detailed analysis, hydrodynamical models need to be run in which the depth of the gap in
the model is compared to that observed, which is beyond the scope of the study. We only
note here that a one Jupiter mass planet is already able to carve out a gap with a depth of a
factor of 10 to 1000, depending on the viscosity parameter (Pinilla et all[20124d). For higher
masses, the gravitational torque is more important than the viscous torque and the depth of
the gap carved out by a 9 Myypiter mass is about a factor of 1000, independent of viscosity.
Relating the drop in surface density to the planet mass thus requires additional constraints on
the viscosity, which are observationally difficult to obtain. In order not to stir up the gas too
much and allow dust to be azimuthally trapped, lvan der Marel et al. (2013) propose a low
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viscosity parameter a; = 10*. With such a low a, already a giant planet with 1 Jupiter mass
could carve out the upper limit on the gap depth at 20 AU in IRS 48.

Hydrodynamical models of planets embedded in disks predict a gap opening as far out as
~2 times the orbital radius of the planet (e.g. [Pinilla et al/2012a). A companion situated at 20
AU is thus unlikely to create the observed drop in surface density of a factor >10 at 60 AU.
Possibly, IRS 48 harbors a multiple system as proposed for other transitional disks (Dodson-
Robinson & Salyk 2011, Zhu et al![2011) with a more massive planet inside 20 AU and one
or several less massive planets between 20 and 60 AU. More generally, the drops in the gas
density structure such as derived here are potentially the best indicators of just formed planets
that are too faint to detect directly.

5.6 Conclusions

In this work, we have analyzed high-resolution ALMA submillimeter observations of >CO
and C!'70 J = 6 - 5 rotational emission from a transition disk using a chemical-physical
model. With the model we can set constraints on the surface density profile and the total gas
mass of the disk. We can furthermore set constraints on the gas inside a 20 AU cavity and in
the 20-60 AU gap, which are thought to be carved out by a companion or one or more giant
planets. The main conclusions of our work are:

e The IRS 48 disk has a much lower gas mass than previously derived (~1.4x107* Mo).
Together with the dust mass of ~1.6x107> M, the gas mass leads to a gas-to-dust ratio
of only 10. Given the uncertainties in determining the gas and dust mass of both a factor
of a few, this gas-to-dust ratio is however only marginally below the ISM value of 100.
The low gas-to-dust ratio is possibly related to gas filtered from dust at the position of
the dust trap, combined with gas inside the dust trap bound into a companion or giant
planet.

e Inside a radius of 60 AU, where small dust is thought to be absent, we find that a
decrease of the gas surface density profile of a factor of ~12 is required to reproduce
observations. Inside a radius of 20 AU, where no CO rotational emission is detected,
a drop of at least an additional factor of >10 is derived, in total a drop of a factor of
>110. To set more stringent constraints, higher resolution observations are required.
Observations with beam size of order 0.1”” are predicted to be sufficient to constrain the
drop considerably better. The drops at 20 AU and 60 AU are derived assuming a slope
v = 1 of the surface density profile (X oc 7).

o The inner radius of gas depletion at 20 AU can be constrained to better than +£5 AU.

o Fitting the SED and the 18.7 um dust continuum image taken by VLT-VISIR requires
a small (<1 AU) dusty disk close to the star and a large scale height of the outer disk
(scale-height angle hgy oy = 0.14 radians).

e Despite of the low gas-mass of IRS 48, the full ALMA combining all 50 antennas is
predicted to readily detect >CO J = 6 —5 and C'80 J = 6 — 5. These optically thin
isotopologue lines will help to better constrain the gas surface density profile of the disk
and to study different scenarios of azimuthal asymmetries.

o The derived gas surface density profile points to the clearing of the cavity by one or sev-
eral massive planets or companions rather than just photoevaporation or grain-growth.
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Abstract

Transitional disks with large dust cavities are important laboratories in which to study planet
formation and disk evolution. Cold gas may still be present inside these cavities, but quantying
this gas is challenging. The gas content is important for constraining the origin of the dust
cavity. We use Atacama Large Millimeter/submillimeter Array (ALMA) observations of '2CO
6-5 and 690 GHz (Band 9) continuum of five well-studied transitional disks. In addition, we
analyze previously published Band 7 observations of a disk in the '2CO 32 line and 345 GHz
continuum. The observations are used to set constraints on the gas and dust surface density
profiles, in particular, the drop dgas of the gas density inside the dust cavity. The physical-
chemical modeling code DALI was used to simultaneously analyze the gas and dust images.
We modeled SR21, HD135344B, LkCal5, SR24S, and RXJ1615-3255 (Band 9) and J1604-
2130 (Band 7). The spectral energy distribution and continuum visibility curve constrain the
dust surface density. Then we used the same model to calculate the '>CO emission, which we
compared with the observations through spectra and intensity cuts. The amount of gas inside
the cavity was quantified by varying the dga5 parameter. Model fits to the dust and gas indicate
that gas is still present inside the dust cavity for all disks, but at a reduced level. The gas
surface density drops inside the cavity by at least a factor 10, while the dust density drops by
at least a factor 1000. Disk masses are comparable with previous estimates from the literature,
cavity radii are found to be smaller than in the data obtained with the 345 GHz SubMillimeter
Array. The derived gas surface density profiles suggest that the cavity was cleared by one
or more companions in all cases, which trapped the millimeter-sized dust at the edge of the
cavity.



6. Gas density drops inside dust cavities of transitional disks 93

6.1 Introduction

Planets are formed in disks of dust and gas that surround young stars (e.g.,[Williams & Cieza
2011). Of particular interest are the so-called transitional disks with cleared-out cavities in the
inner part of the dust disk. These disks are expected to be in the middle of active evolution
and possibly planet formation. Transitional disks were originally identified through a dip
in the mid-infrared part of the spectral energy distribution (SED), indicating a lack of small
micron-sized dust grains close to the star. They were modeled as axisymmetric dust disks
with inner cavities (e.g., |Strom et all[1989; Brown et all2007; [Espaillat et al. [2014)), which
was subsequently confirmed by millimeter interferometry (e.g., [Dutrev et al! [2008; Brown
et al. 2009; |Andrews et al.[2011); Isella et al.[2012). In recent years it has become clear that
the gas and dust do not necessarily follow the same radial distribution in transition disks (e.g.,
Pontoppidan et al. 2008). High accretion rates (~ 10~8 My, yr™!, e.g..|Calvet et al.[2003; Najita
et al. 2007) indicate that the dust cavities are not empty, but gas is still flowing through the
gap. Near-infrared observations of CO rovibrational lines indicate the presence of warm gas
inside the dust cavity (Salvk et all|2007; Pontoppidan et al/|2008; Salvk et al/[2009; Brittain
et al. 2009; Brown et al!|2012a). However, these data do not trace the bulk of the molecular
gas. ALMA CO pure rotational line observations directly reveal the presence of gas inside the
dust cavity (van der Marel et all[2013; Bruderer et all[2014; Pérez et al.2014;|Casassus et al|
2013;Zhang et al!2014). In addition, the size distribution of the dust is possibly not uniform
throughout the disk: micron- and millimeter-sized grains may have different distributions
(Garufi et al!2013; lvan der Marel et al.[2013) and millimeter- and centimeter-sized grains can
show radial variations (Pérez et al.[2012).

Quantifying the density structure of the gas inside the dust hole is essential for distinguish-
ing between the possible clearing mechanisms of the dust in the inner part of disk: photoe-
vaporation (Clarke et al. [2001)), grain growth (Dullemond & Dominik [2005), or clearing by
(sub)stellar or planetary companions (e.g., Lin & Papaloizou1979). Instabilities at the edges
of dead zones have also been suggested to explain millimeter-dust rings and asymmetries (e.g.,
Regdly et all[2012). Planet candidates have been found in cavities of the transition disks T
Cha (Huélamo et al!2011), LkCa 15 (Kraus & Ireland 2012), and HD 100546 (Quanz et al.
2015), indicating planet clearing as a possible scenario.

Because detecting planets in disks is challenging, an indicator of the clearing by a (plan-
etary) companion can be inferred from the difference in the structure of the gas compared to
the dust in several of the observed disks, as shown by planet-disk interaction models in com-
bination with dust evolution models (e.g., Pinilla et all/[2012a). Companion clearing changes
the gas surface density profile from that of a full disk: the density at and around the orbital
radius of the planet is decreased, while at the outer edge of this gas gap the density slightly
increases. As a result of the induced pressure gradients along the sides of this pressure bump,
dust particles will drift toward the edge of the gap, become trapped, and grow efficiently to
larger sizes. This results in a dust ring of millimeter-sized dust, or radial dust trap (Pinilla et al.
2012a). The decrease in gas density due to companion clearing depends on the mass of the
companion and other parameters such as the viscosity (Zhu et al. 2011; Dodson-Robinson &
Salyk2011;/Pinilla et al|2012a;[Mulders et al|2013;[Fung et al.[2014). Other effects that play
a role in dynamic clearing are for example migration and planet accretion luminosity (e.g.,
Kley & Nelson 2012). Therefore, the amount of gas inside a cavity can help to constrain the
mass of the companion in the planet disk-clearing and dust-trapping scenario if the viscosity
is known. In comparison, the surface density of the millimeter-sized dust drops significantly
deeper inside the cavity than the drop in gas surface density, due to the trapping of millimeter-
sized dust (Pinilla et all[2012a). Therefore, the quantification of gas and dust inside the cavity
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indicates whether the trapping mechanism is due to a planet. Dust trapping at the edges of
dead zones will also result in millimeter-sized dust rings, but in that scenario the gas surface
density remains the same as for a full disk, apart from a minor density increase (lower than
50%) at the edge (Lyra et all2015).

The rovibrational lines used in previous work of transitional disks can indicate the pres-
ence of CO inside the dust cavity and the inner radius, but are unsuitable for quantifying the
total gas density. The emission is very sensitive to the gas temperature, which is high but
uncertain in the models in this regime. The dust opacity of the inner disk, which provides
shielding, is likewise uncertain. The pure rotational CO lines provide better constraints on
the gas surface density inside the cavity. The brightest molecular lines in the submillimeter
regime are the rotational '>CO lines. Before ALMA, interferometric data generally did not
have the sensitivity and spatial resolution to detect rotational >CO emission inside the cavity.
However, even if CO line emission is detected, this emission cannot be directly translated into
densities, especially inside the dust cavity: the CO abundance is not constant throughout the
disk with respect to molecular hydrogen because of the photodissociation by the UV radia-
tion from the star and freeze-out onto dust grains in colder regions close to the midplane (van
Zadelhoff et al. 2001; [Aikawa et all2002). Furthermore, the gas temperature is decoupled
from the dust temperature in the surface of the disk, particularly at the cavity wall that is di-
rectly heated and inside the dust-depleted cavity (e.g., Kamp & Dullemond [2004; Jonkheid
et al. 2004; Gorti & Hollenbach2008).

To determine the amount of gas that is present inside a dust cavity, the physical and chem-
ical structure of the gas needs to be modeled. For this we make use of the physical-chemical
modeling tool DALI (Bruderer et al|[2012; Bruderer2013), which solves the heating-cooling
balance of the gas and chemistry simultaneously to determine the gas temperature, molecular
abundances, and molecular excitation for a given density structure. As a result of the disk
Keplerian rotation and gas thermal and turbulent motions, the '>CO emission along any line
of sight that intercepts the disk is a spectral line comprising an optically thick central part and
potentially optically thin wings. With spatially resolved CO observations it is possible to infer
emission from different lines of sight, which was not possible with previous single-dish spec-
tral analysis. Bruderer et al/ (2014) demonstrated for '>CO 6-5 lines in Oph IRS 48 that the
emission in the optically thin wings can be used to constrain the gas density. In this case, the
observations are found to be consistent with a physical disk model with two gas density drops
inside the millimeter dust cavity. However, Oph IRS 48 has a very low disk mass (constrained
by C'70 observations), which means that even the '>CO line is close to optically thin. For
more massive disks, the bulk of the '>CO emission may remain optically thick even if the gas
density inside the dust-depleted cavities drops by one or two orders of magnitude. In that case,
the '2CO emission originates from deeper in the disk (closer to the disk midplane) where the
gas is colder than in the surface, causing a drop in the optically thick line intensity (Bruderer
2013).

To date, a total of nine transitional disks with large resolved millimeter dust cavities has
been observed in ALMA Cycle 0 in dust continuum and '>CO. In this paper, we present
observations of the disks SR21, HD135344B, RXJ1615-3255, LkCal5, and SR24S through
12CO 6-5 observations (Pérez et all[2014) and J1604-2130 through '2CO 3-2 observations
(Carpenter et all2014;Zhang et all2014) . With DALI we determine the density structure of
the gas and dust that is consistent with the SED, dust continuum interferometry, and the 12¢co
observations. If available, information on the hot gas and dust from the literature is included.
The goals of this study are to determine the amount of the gas and dust inside the dust hole
and the implications for potentially embedded planets, assuming that the millimeter dust rings
are indeed dust traps. The derived physical models in this study can be used as a starting
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Table 6.1: Stellar properties

Target SpT L. M, R. Tef M d Ay Ref.
(Lo) (Mo) (Ro) (K)  (Mos™)  (po) (mag)
SR21 G3 10 1.0 32 5830 <1-107 120 6.3 1,2,3
HD135344B F4 78 16 22 6590 6-107° 140 03 45,6
LkCal5 K3 12 10 1.7 4730 2-107° 140 1.5 6,78
RXJ1615-3255 K5 1.3 1.1 20 4400 4-10710 185 04 5,9
SR24S K2 25 07 27 4170 7-1078 120 7.0 5,10,11
J1604-2130 K2 076 1.0 14 4550 1-107M1 145  0.66 12-14

T)[Dunkin et all (1997), 2)[Pontoppidan et all (2008), 3)|Grady et all (2009), 4)[Prato et all (2003), 5)[Andrews et al
(2011), 6) Espaillat et al! (2010), 7) [Piétu et all (2007), 8)lIngleby et all (2009), 9)Wichmann et all (1997), 10) Natta
et al. (2006), 11)[Luhman & Rieke (1999), 12)|Dahm (2008), 13)Mathews et al| (2012), 14) (Carpenter et al|2014).

point for future ALMA observations of CO isotopologs, whose emission is optically thin and
which therefore directly trace the density structure. Our analysis of the gas density structure
is similar to that used for Oph IRS 48 through '2CO 6-5 and C'70O 6-5 line observations as
presented in [Bruderer et al| (2014). The analysis of HD142527, which has been observed in
120, 13CO and C!80 6-5, 3-2 and 2-1, is left for future studies. [Perez et al. (2015) have
modeled the /J=2-1 CO isotopologs and determined the gas mass remaining inside the cavity
of that disk. Other transition disks that have been observed in ALMA Cycle 0 are HD 100546
(Walsh et all[2014), TW Hya (Rosenfeld et al|2014)), Sz 91 (Canovas et al.2015), and MWC
758 (not yet published), but since their dust holes remain unresolved in the current data, they
are not considered in this study.

The paper is structured as follows. In Section 6.2.1 we describe the details of the ALMA
observations. In Section 6.2.2 we present moment maps of the '2CO observations and the
derived stellar position and orientation. The modeling approach and constraints from the
literature are presented in Section 6.3. Section 6.4 presents the modeling results. Section 6.5
discusses the implications for embedded planets in the disk.

6.2 Data

The continuum and '>CO line observations were obtained during ALMA Cycle 0 between
June 2012 and January 2013, with baselines ranging from 20 to 500 m, probing scales from
0.2 to 4 arcseconds. The sources and their properties are summarized in Table

6.2.1 Observational details

Five transitional disks were observed in ALMA program 2011.0.00724.S (PI Pérez), two of
these disks were presented in [Pérez et all (2014). The disks were observed in Band 9 (690
GHz, 440 um), with four adjacent spectral windows of 1875 MHz, each with 3840 channels of
488 kHz (0.2 km s~!) width, for a total continuum bandwidth of 7.5 GHz. One spectral win-
dow was centered on the '>CO 6-5 line (691.47308 GHz). The bandpass was calibrated using
3C279, Titan was used as flux calibrator, and the phase and amplitude were calibrated using
J1427-4206 (HD135344B), J1625-2527 (SR21, SR24S and RXJ1615-3255) and JO510+180
(LkCal5). Each target was observed for ~25 minutes on source. Given the high signal-to-
noise ratio (S /N) of the continuum, amplitude and phase self-calibration were performed on
all data and applied afterward to the '>CO data as well.
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Table 6.2: Properties of the ALMA observations

Target Position? Beam rmsg >¢ Peak;” rmsc® Peakc PA i Usre
(J2000) Size (") PA(®) (mly) (mly) (mly) (mly) () () (km/s)

SR21 16:27:10.27  0.28x0.19 -85 65 1660 1 409 14 15 275
-24:19:13.0

HD135344B 15:15:48.43  0.26x0.19 49 114 2010 1.8 318 63 20 7.05
-37:09:16.4

LkCal5 04:39:17.80  0.30x0.23  -33 120 1202 1.8 118 60 55 6.1
+22:21:03.2

RXJ1615-3255 16:15:20.23  0.29x0.20 -74 102 960 1.7 123 153 45 46
-32:55:05.4

SR24S 16:26:58.51  0.40x0.20 -75 96 2196 1.9 278 20 45 4.5
-24:45:37.1

11604-2130¢ 16:04:21.65 0.69x0.44 -78 100 1500  0.20 38 80 10 4.7
-21:30:28.9

Notes. (@) Derived from the CO channel maps. (b) Measured in 0.5 km s™! bins. (¢) L=line,
C=continuum (@) 12CO 3-2 transition, the other targets are the '2CO 6-5 transition.

Disk J1604-2130 was observed as part of ALMA program 2011.0.00526.S (PI Carpenter)
in Band 7 (345 GHz, 880 um), with one spectral window centered on the '2CO 3-2 line
(345.79599 GHz) with 488 kHz (0.42 km s~!) channel width. The data and observational
details are presented in [Zhang et all (2014). Because of the longer wavelength, the beam size
of these data is considerably larger than that of the Band 9 data.

The data were imaged using CASA v4.2, adopting the Briggs weighting scheme with a
robust parameter of 0.5. The resulting rms and beam sizes of the line data are given in Table
During the cleaning process of the SR24S data, it became clear that there is extended
emission that could not be recovered by the shortest baselines of these ALMA observations
(50 kA, or 4” scales).

6.2.2 Continuum and line maps

Figure [6.1]shows the ALMA continuum image, zero-moment '>CO map, and '>CO spectrum
of each of our targets. The spectrum was extracted from the region of the zero-moment map
size. The contours indicate the 30~ detection limit in each image. The continuum images
reveal ring-like structures for all targets except RXJ1615-3255, even though its SED and the
345 GHz visibility curve show signs of a dust cavity (Andrews et all[2011)). The rings clearly
show azimuthal asymmetries, which have been confirmed to be real intensity asymmetries for
SR21 and HD135344B (Pérez et al.2014)). For SR24S and LkCal5 the asymmetries are most
likely caused by the geometry of the disk (i ~ 45°) and the dust continuum becoming optically
thick at this wavelength (0.45 mm). The S /N on the continuum varies between ~65 and 400,
which is much higher than previous SubMillimeter Array (SMA) observations.

The zero-moment '2CO maps and intensity cuts (Figure[6.2lreveal gas inside the dust hole
for all targets, demonstrating different distributions of gas and dust. This does not mean that
there can be no decrease in the gas density compared to a full disk density profile, because the
12CO emission is expected to be optically thick. The maps of HD135344B and J1604-2130
show a decrement of emission around the stellar position, directly indicating a strong decrease
of gas density. The size of this gas hole is much smaller than the dust hole and similar to the
beam size. For LkCal5 there appears to be a slight offset between the continuum and inte-
grated CO emission peaks; the maps are currently aligned to the same central position. This
may be related to the proposed eccentric inner disk (Thalmann et al.[2014), which casts a more
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Figure 6.1: ALMA observations of the continuum and '2CO line. The first five disks show the
690 GHz (440 um) continuum and the '>CO J=6-5 line, the sixth is the 345 GHz (880 um)
continuum and '?CO J=3-2 line. Left: Continuum image. The stellar position is indicated by
a white star, the white bar in the upper right corner indicates the 30 AU scale, and the yellow
contour gives the 30~ detection limit. The colorbar units are given in Jy beam™'. Center:
zero-moment '>CO map. The colorbar units are given in Jy beam™' km s~ . Right: '2CO
spectrum integrated over the entire disk. The dashed line indicates the zero flux level, and the
gray areas indicate the parts of the spectrum affected by foreground absorption (seen in SR21
and SR24S). The beam is indicated in each map by a white ellipse in the lower left corner.
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Figure 6.2: Normalized intensity cuts through the major axis of each disk of the '>CO emis-
sion (red) and the dust continuum emission (blue). The cuts clearly reveal gas being present
inside the dust cavities.

pronounced shadow on one side of the disk. However, considering the limited significance of
this shift, modeling this asymmetry is beyond the scope of this paper.

All '2CO spectra are consistent with a rotating disk at an inclination >15°, revealing a
double-peaked velocity profile, except for J1604-2130, which is known to be viewed almost
face-on (Mathews et al.[2012;|Zhang et al/[2014). The spectra of SR21 and SR24S are prob-
ably affected by foreground absorption, which is commonly observed in the Ophiuchus star-
forming region (e.g. van Kempen et al.[2009), although no single-dish spectra of these targets
are available to confirm this. The SR21 spectrum is somewhat asymmetric: the red side is nar-
rower than the blue side. Furthermore, the data of SR24S are affected by extended emission
outside the field of view of the ALMA observations. This may be related to the suggested cir-
cumbinary disk around SR24N, which is located 5" north, and SR24S (Mayama et al.2010),
but this cannot be confirmed with the available data. The apparent double peak in the spec-
trum is caused by foreground absorption: the bulk of this emission does not originate from
the disk. Therefore, we did not aim to model the gas surface density of this target and only
modeled the dust continuum structure.

The '2CO channel maps (binned to 1 km s~!) and first moment maps are presented in
the Appendix. We derive the stellar position, inclination, position angle, and source velocity
from the channel maps and first-moment map and overlay the corresponding Keplerian ve-
locity pattern in white contours. The derived parameters are consistent within 5° with values
from the literature for resolved gas and dust, where available (e.g., Pontoppidan et al. 2008
Andrews et al![2011)). For the stellar mass, we used values from the literature (see Table[6.1).
The derived parameters are given in Table[6.2] The peak S /N of the channel maps is at least
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10.

Table 6.3: Velocity range within the cavity radius

Target Velocity (km s~T)
SR21 <1.25 and >4.0
HD135344B <5.0 and >9.0
LkCal5 <2.2 and >10
SR24S <1.25 and >8.25

RXJ1615-3255 <-0.3 and >9.5
J1604-2130 <4.1 and >5.3

The channel maps confirm the presence of gas inside the dust cavities. The velocity range
that falls within the derived dust cavity radius r¢,y is given in Table The velocity is

calculated using vy = ,IG{VI* sini with G the gravitational constant. The channel maps
also reveal that the detected CO emission is more extended in the outer disk than the dust
continuum for all sources except SR21, although the S /N and image quality are low in the
outer parts of the disks. The emission is probably not affected by spatial filtering, as shown
in the visibilities (Figure[6.3): the emission is well covered down to ~40kA, corresponding to
5” (>600 AU) diameter scales. Whether or not the difference in extent is significant needs to
be quantified with a physical model, because the dust emission may simply be too weak in
the outer disk to be detected, while !2CO remains detectable because it is optically thick. The
redshifted side of both SR21 and HD135344B is somewhat weaker than the blueshifted side,
as also seen in the spectrum (Figure [6.I). The location of the decrease is cospatial with the
peak of the asymmetry in the continuum map. This is possibly related to a higher continuum
optical depth or lower temperature at the location of the asymmetry, as was also seen for
H,CO emission of Oph IRS 48 (van der Marel et al/[2014).

6.3 Method

6.3.1 Modeling

Our aim is to constrain a physical disk model that describes both the dust and gas structure of
each disk. The main goal is to determine the drop in gas surface density g, inside the dust
hole, within the constraints of a model that fits the gas and dust in the outer disk (Figure[6.3).
Therefore the other disk parameters need to be constrained first, as they have a significant
influence on the strength of the CO emission inside the cavity: the disk mass relates to the op-
tical depth of the >CO lines; the vertical structure affects the temperature by shadowing and
the amount of exposed disk surface atmosphere by stellar light; the amount of dust inside the
cavity, including the inner disk, shields the CO from photodissociation but also provides cool-
ing; and the location of the cavity wall determines the temperature of the wall, where the bulk
of the '2CO emission is expected to originate. To this end, information was combined from
the SED, the ALMA continuum and integrated CO visibilities, and the CO disk-integrated
spectrum and zero-moment map.

Although the model is not expected to be unique, it sets a structure for the disk that can be
tested with future ALMA observations of CO isotopologs. The main goal of this study is to
compare the strongest possible decrease of the gas surface density with the minimum required
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decrease of the dust density inside the cavity. If the drop in gas density is less deep than for
the millimeter-sized dust, this is direct evidence for the trapping scenario.

The axisymmetric physical-chemical model DALI was used for the analysis (Bruderer
2013, details next section), thus any azimuthal asymmetries were ignored. The most promi-
nent asymmetries are seen in the millimeter-sized dust continuum in SR21 and HD135344B
(Pérez et all2014), but the influence of the millimeter dust on the gas temperature and UV
shielding is negligible, therefore axisymmetry can be safely assumed. The small dust grains
are the main heating agents of the gas. In the visibilities we therefore used the amplitude
(+Real?> + Imag?), because the asymmetries and thus the variations in the imaginary part are
small. The visibilities constrain the radial structure of the emission. Because of the limited
u, v-coverage in these Cycle 0 data, the visibilities provide better constraints on the structure
than the images alone, especially on the cavity radius through the location of the first null.

6.3.2 DALI

The determination of the gas disk from the '2CO emission requires a thermo-chemical disk
model, in which the heating—cooling balance of the gas and chemistry are solved simultane-
ously to determine the gas temperature and molecular abundances at each position in the disk.
Moreover, even though the densities in disks are high, the excitation of the rotational levels
may not be in local thermodynamic equilibrium (LTE), and the gas and dust temperature are
decoupled, especially inside and at the cavity edge. The DALI model (Bruderer et al.[2012;
Bruderer 2013) uses a combination of a stellar radiation field with a disk density distribution
as input. DALI solves for the dust temperatures through continuum radiative transfer from
UV to millimeter wavelengths and calculates the chemical abundances, the molecular exci-
tation, and the thermal balance of the gas. It was developed for the analysis of gas emission
structures in protoplanetary disks including transitional disks with varying gas-to-dust ratios
(GDR) (Bruderer2013).

DALI uses a reaction network described in detail in [Bruderer et al| (2012) and [Bruderer
(2013). It is based on a subset of the UMIST 2006 gas-phase network (Woodall et al!2007).
About 110 species and 1500 reactions are included. In addition to the gas-phase reactions,
some basic grain-surface reactions (freeze-out, thermal and nonthermal sublimation and hy-
drogenation such as g:0 — g:OH — g:H,0 and Hp/CH™" formation on PAHs (Jonkheid et al.
20060) are included. The g:X notation refers to atoms and molecules on the grain surface.
The photodissociation rates are obtained from the wavelength-dependent cross-sections by
van Dishoeck et al. (2006). The adopted cosmic-ray ionization rate is (g, = 5 X 10717 ¢~ 1,
X-ray ionization (X-ray luminosity of 10°° erg s™!) and the effect of vibrationally exited H,
are also included in the network. Elemental abundances are taken fromJonkheid et all (2006).

6.3.3 Approach
Physical model

As a starting point for our models we adopted the physical structure suggested by Andrews
et al. (2011), as implemented by [Bruderer (2013) and applied for a similar analysis of Oph
IRS 48 (Bruderer et al. 2014). The gas surface density was assumed to be an exponential
power-law following the time-dependent viscosity disk model v ~ r¥ (Lynden-Bell & Pringle
1974; Hartmann et al.|1998)

2(r) = %, (r—rc)_y exp[— (r—rc)z_y] 6.1)
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Figure 6.3: Generic surface density profile for the gas and dust.

and is defined by surface density X at critical radius .. The power-law index y was taken as 1,
in line with the results for normal disks with continuous dust distributions and other transition
disk studies (Andrews et al| 2011). The previous gas study of '2CO observations in IRS 48
(Bruderer et all2014) demonstrated that the slope of the surface density profile could not be
determined with their data; the data in this new study have an even lower S /N, therefore we
did not vary y . The outer radius is set to roy. The dust density was taken to be X(r)/GDR,
with the GDR set to 100 initially. The inner dust disk was defined by the X(r) profile, starting
from the sublimation radius rep, = 0.07(L./Lo)"'/? (assuming Tyup=1500 K) out to Feap=1
AU, scaled down by a factor 6y to fit the near-infrared part of the SED. The size of the inner
disk is arbitrary as it does not have a significant effect on the near infrared excess. Between
Yeap and 7cay, the cavity radius, the dust density was scaled down by a factor dqusicay (the drop
in dust density inside the cavity), while the gas density ¥.(r) was scaled down by a factor gas.
Figure[6.3] shows the generic density structure, and Table [6.4]explains each parameter.

For the stellar photosphere we generated a blackbody with the luminosity and temperature
as in Table Additional UV excess from accretion was added through a T,..=10 000 K
blackbody for the Ly corresponding to the measured accretion rate (Table[6.1)), using

GM, . 1

Lacc(V) = ﬂBv(Tacc’V) R—M P
* 0L yec

6.2)

with By (Tacc, v) the Planck blackbody function, G the gravitational constant, M, and R, the
mass and radius of the star, M the mass accretion rate, and o the Stefan-Boltzmann constant.
For SR21, no accretion luminosity was added since only an upper limit for the accretion is
measured. Note that observed values of M are uncertain up to an order of magnitude and are
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Table 6.4: Parameter-fitting procedure

Category Parameter  Value Description
Surface e free Critical radius
density profile (X(r)) X, free Gas density at 7.
0% 1 Surface density gradient
GDR 100 Gas-to-dust ratio
Radial structure Tsub fixed by formula  Sublimation radius
Tgap free Size of the inner disk
Teav free Cavity radius
Tout free Outer radius
Scaling %.(r) Odust free Dust density drop in the inner disk (rsup—7gap)
Odustcay free Dust density drop inside the cavity (rgap—cav)
Ogas free Gas density drop inside the cavity (rgup—7cav)
Vertical he free Scale height angle at r,
structure (h(r)) W free Flaring angle
Dust properties sg-pop 0.005-1 um Small dust grain population
lg-pop 0.005 um—1 mm  Large dust grain population
fis free Fraction of large grains
X 0.2 Scale height of the large grain fraction
PAH 0.1% PAH fraction w.r.t. ISM abundance
Ionization {H, 5%107 17571 Cosmic-ray ionization rate
X-ray 10%0 erg 57! X-ray ionization rate

often variable with time (e.g., [Salyk et al![2013). The interstellar radiation field incident on
the disk surface was also included, but it does not affect the results presented here.
The vertical structure follows a Gaussian distribution, defined by a scale height angle 7 =

he ( ) A disk in hydrostatic equilibrium will have =0.25, while a flat (4 /r = constant) disk
will have ¥ = 0. The near- and far-infrared excess in the SED relate directly to the resulting
scale height i(r) at rgyp and reay, respectively. Our vertical structure is a simplification and
does not account for hydrostatic equilibrium of gas or dust temperature. One of the main
effects of the hydrostatic equilibrium is a puffed-up inner rim. Previous studies (e.g., Andrews
et al. 2011)) often used a parametrized puffed-up inner rim to fit the near- and far-infrared
excess by adding a narrow scale height peak, but during our fitting procedure it became clear
that a parametrized optically thick inner disk rim blocks a large amount of the UV irradiation
and lowers the gas temperature significantly, as was also demonstrated inWoitke et al. (2009).

For the dust opacities we used the same approach as|Andrews et al) (2011)): a small (0.005-
1 um) and large (0.005 um — 1 mm) population of dust with a mass fraction fis in large grains.
Settling was parametrized by defining the scale-height of the large grains as yh, that is, & is
reduced by a factor y (see|Andrews et all (2011) for definitions). We initially fixed fi; and y
to 0.85 and 0.2, respectively, as adopted by |Andrews et all (2011)). We included PAHs since
many of our observed sources show PAH features (Brown et al.2007; |Geers et al/[2006), but
at a low abundance of 0.1% of the ISM abundance. The turbulent width was set to 0.2 km s™!.
Stellar parameters taken from the literature are given in Table[6.11

Model-fitting approach

In the fitting procedure, we used an approach of manual fitting by eye and varied the pa-
rameters in a logical order so that they converged to a model that fits the data, similar to
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the approach in [Bruderer et al. (2014). We did not use a y?> or Markov chain Monte Carlo
(MCMC) method because the computational time of the models is too long and the number of
parameters too large. Although this approach reduces computational time, it means that it is
not possible to derive uncertainties of model parameters, verify the uniqueness of the fit, and
estimate the correlation between parameters. The fitting parameters are defined in Table

1. Fit £, and 64y roughly through the SED and continuum image, using the r,y value
from|Andrews et all (2011).

2. Adjust rgyp, Feap and dgug if necessary for the NIR excess.

3. Vary the scale-height angle to fit the NIR and/or FIR excess in the SED by changing &,
and .

4. Vary rcay and 7, to match the null and slope of the submillimeter-dust visibility curve.
5. If the MIR/FIR excess is too high, adjust the size distribution by increasing fis and y.

6. Find the highest possible value for d4ysicay (drop of dust density inside the cavity) that
is still consistent with the dust continuum.

7. Check the fit to the CO intensity map, spectrum, and visibilities assuming the GDR to
be 100 in the outer disk. If necessary, truncate the outer radius to fit the spectrum.

8. Explore small variations in the vertical parameters to change the temperature structure;
this is required to fit the optically thick '>CO emission.

9. Finally, keep all other parameters constant while varying dgy to find the lowest possible
value for 0y that is still consistent with the CO data.

We stress that this approach does not result in a unique model because of the degeneracies
in parameter choices and because '>CO is optically thick. However, this approach seemed rea-
sonable considering the different data sets taken into account, of which ALMA is the crucial
one. (Carmona et al. (2014) also demonstrated a modeling procedure that combines differ-
ent datasets. The submillimeter continuum sets firm constraints on the total flux, the cavity
size (the null in the visibility) and the dust extent (through r.) of the disk, as also shown in
Andrews et al/ (2011). The mid-infrared part of the SED and the '2CO are both sensitive to
the combination of temperature and density structure of the disk, not only to the density, as
both of these emission regimes are mostly optically thick. The temperature is controlled by
the adopted vertical structure in the disk, as this determines the direct irradiation by the star,
especially at the cavity wall. Therefore, several iterations were required to find a compromise
for a decent fit of both the SED and '>CO.

CO emission inside the cavity

As the CO emission inside the cavity only partly depends on density, the derived dgas param-
eter is merely a constraint within the derived physical model. As discussed above, there are
several effects that influence the strength of the emission: most important are gas tempera-
ture and CO abundance, which are very sensitive to the small dust grains inside the cavity.
Different effects can play a role, as discussed extensively in|Bruderer (2013).

e Although the bulk of the '>CO emission is optically thick, the drop in gas surface den-
sity can still be constrained to within an order of magnitude with spatially resolved
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Table 6.5: Results of the fitting procedure for the gas density profile of each transition disk.

Parameter SR21 HDI35344B LkCal5 RXIJ1615-3255 SR24S  J1604-2130
Surface | r. (AU) 15 25 85 115 15 60
density | Z.(gcm™2) 400 200 34 60 1200 12
Mgy (103Mg) — 0.12  0.17 0.95 35 0.35 0.095
Mg 1073Me) 12 24 103 470 - 20
Radial Feay (AU) 25 40 45 20 25 70
structure | Squstcay 1073 <10 <10 <107 <10* <107
Sgas 1072 107! 107! > 107 - 10734
Fout 100 150 400 200 - 400
Inner Feub (AU) 0.18  0.18 0.08 0.08 0.14 0.04
disk Faap 1 0.25 1 1 1 0.06
Squst (AU) 1076 1072 1073 1076 1074 107!
Vertical | he (rad) 0.07 0.15 0.06 0.04 0.12 0.065
structure | ¥ (AU) 0.15  0.05 0.04 0.2 0.01 0.68
fis 085  0.95 0.98 0.85 0.98 0.98

Notes. (@) This value refers to the drop inside the inner cavity of 30 AU (Jgas2 in the text).

observations. Optically thick emission will slightly drop with decreasing dg,s because
the T = 1 surface moves deeper into the disk, so the emission traces colder regions in
the disk, as demonstrated in Section 5.2 and Figures 9-10 in |Bruderer (2013).

An inner disk will cast a shadow on the gas inside the cavity, depending on the amount
of dust and scale height. This will lower the gas temperature inside the cavity. On the
other hand, the inner disk shields the stellar UV radiation that would photodissociate
CO, so the CO abundance is increased. The structure of the inner disk is only poorly
constrained from the available data, while it may have significant effects on the heating
of the outer disk.

The presence of small dust grains and PAHs inside the cavity shields stellar UV radia-
tion and decreases the photodissociation, thus increasing the CO abundance. The dust
contributes to the heating and cooling of the gas, depending on the density. For high
gas density, the gas temperature decreases when dust is added as a result of cooling by
gas-grain collisions. For low gas density, the gas temperature decouples and becomes
higher than the dust temperature as a result of photoelectric heating on grains and PAHs.

The increase of the gas temperature (increase of small dust grains) or an increase of the
UV radiation (decrease of small dust grains) will also lead to an increase of vibrationally
pumped Hj, again increasing the formation of CO.

The presence of small dust grains and PAHs increases the formation of CH' on the
grain surfaces, which leads to increased formation of CO.

The consequences for the CO emission of adding small dust, either inside the entire cavity
or just in the inner disk, strongly depends on the details of the structure of the disk. This
is the reason why the SED and submillimeter visibilities are also included in the modeling
procedure, and why a full physical-chemical model is required to analyze the CO emission.

6.4 Results

Our best-fitting results for the dust and gas density structure are presented in Figures[6.4]to[6.6]
and Table[6.5] In Figure[6.4]the output of the physical model is compared to the SED, the 690
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Figure 6.4: Modeling results and observations of the dust surface density, comparing Squstcay ranging
between 107> and 1078 as indicated in the right panel. The observations are plotted in black. Left:
Spectral energy distribution. Middle left: Amplitude of the 690 GHz continuum visibility for the depro-
Jjected baselines. The null line is indicated with a dashed line. Middle right: Normalized intensity cuts
through the major (bottom) and minor (top) axis of the 690 GHz continuum image. The model images
are convolved with the same beam as the ALMA observations. Right: Dust surface density profile.
Indicated are the 64y, the drop in density to fit the inner disk through the near-infrared emission, and
Odustcavs the minimum drop in dust density inside the cavity to fit the observations. In SR21 (top panel)
the region inside 7 AU is assumed to be empty because of additional constraints (see main text). In all
other disks Squsicay is found to be at most 10~*. All other disk parameters are as listed in Table[6.3]
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Figure 6.5: Modeling results and observations of the '> CO emission for the best-fitting physical model
derived from the dust (see Figure[6.4 and Table[6.3), with 64a5=1 (no drop in gas surface density inside
the cavity). The observations are plotted in black, the models in red. Left: '>CO spectrum integrated
over the entire disk. Center: Intensity cuts through the major (bottom) and minor (top) axis of the '2CO
zero moment map. The noise level is indicated by the gray zone. The model images are convolved with
the same beam as the ALMA observations. Right: Amplitude of the integrated '>CO visibility for the
deprojected baselines. The null line is indicated with a dashed line, and error bars indicate the noise.
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GHz continuum visibility curve, and the normalized major/minor axis cuts of the 690 GHz
continuum image (left panel of Figure [6.1). Data points of the SED were dereddened using
the extinction law by [Weingartner & Draine (2001) with Ry=5.5. The SED constrains the
vertical structure of the disk, while the visibility curve determines the cavity size and extent
through the location of the null. The image cuts show the direct comparison of the image with
model. Within each figure, the d4usicav Value (drop of dust density inside the cavity) is varied
with values between 1072 and 107°, to constrain the minimum drop in dust density inside the
cavity. In the rightmost panel we present the density structure of the model.

Reasonable fits are found for the continuum visibilities and SED within the constraints of
our physical model for all targets. The inferred disk masses are similar to previous findings
within a factor of a few, for instance, to those of |Andrews et al. (2011). The models with
Sdustcay=1072 overproduce the emission inside the cavity in all cases, as seen both in the mid-
infrared part of the SED and in the dust continuum image. Therefore, dqystcay 1S constrained to
be at most a factor of 10‘4, and even as low as 107° for J1604-2130. In the modeling of the gas,
we set dqustcav tO Zero, except for SR21, where dgysicay 1S constrained by the visibilities. For
the gas modeling of HD135344B and J1604-2130, we included some additional dust between
reav and 30 AU as shown in the dust density profile in Figure[6.6]

To analyze the gas density, we compared the result of the adopted disk model to the '2CO
spectrum, the intensity cuts through the zero moment map, and the '>CO visibility curve in
Figure[6.3] SR24S was not included in this part of the analysis because the CO emission is too
heavily confused by large-scale emission (Figure[6.9). The models were calculated assuming
0gas=1, that is, no drop in the gas surface density inside the dust cavity, except for J1604-2130,
which shows a resolved drop in the CO emission inside 30 AU, which is adopted already.
Because the CO visibilities do not show a clear null and the disks are not fully symmetric in
the gas, the visibility curve was not used to fit our data exactly: it is merely included here to
show that the emission from the moment map is well retrieved from the visibilities.

The models reproduce the CO emission well in the outer part of the disk (r > rcay).
There was no need to change the GDR of 100 in any of the cases in the outer disk. This
conclusion needs to be confirmed by optically thin CO isotopolog observations. The images
and visibilities show that the outer extent of the dust and CO emission can indeed be fit with
the same physical model, although observations with a better S /N are required to confirm
this.

For SR21, HD135344B, and LkCalS5, the initial model overproduces the central part of
the intensity cut by a factor 1.5-2, suggesting a decrease of gas surface density inside the
dust cavity. In Figure we present the same physical model with 6g,5 varying from 10°
to 107 in steps of 10 to compare with the observations. The emission drops by less than
a factor of 2 in each of these steps, which is due to the optical depth of the '>CO line, but
within the noise level of the moment map this is sufficient to constrain dg,s to within an order
of magnitude because of the different gas temperatures at the 7 = 1 surface in the disk. This
result is different from Oph IRS 48, where the '>CO line wings were found to be optically
thin (Bruderer et all[2014)). Only the emission in J1604-2130 inside 30 AU radius becomes
optically thin. The range of 6y is indicated in the right panel of Figure[6.6land in Table[6.5]

In the following section we discuss the properties of each disk in more detail.

6.4.1 Results of individual targets

SR21
It is possible to fit the SED and amplitudes of the continuum visibilities simultaneously at
least up to baselines of 600 kA. The small inconsistency at longer baselines is possibly related



108 6. Gas density drops inside dust cavities of transitional disks

to the dust asymmetry (Pérez et al.[2014}), which is not taken into account. To fit the SED, we
used for this disk an alternative dust opacity table for the small grains, without small silicates,
because the normal dust table results in a strong silicate feature that is not seen in the data.
We find a cavity size of at most 25 AU, which is significantly lower than the value of 36
AU previously found in the SMA data at 345 GHz (Brown et al![2009; |Andrews et al|[2011)).
It remains unclear whether this is due to differences in the modeling approach or a physical
effect, since the 345 GHz emission traces somewhat larger dust grains (see also Section 5.2).
Similar to |Andrews et al! (2011)), we find that this disk has a remarkably small radius: r, is
only 15 AU, resulting in no detectable emission outside a radius of 75 AU.

Both hot CO line emission (Pontoppidan et al! [2008) and mid-infrared interferometry
(Benisty, private comm.) suggest a hot ring at 7 AU and no material inside. Scattered light
also shows that there is small dust down to <14 AU (Follette et all2013). Therefore, we as-
sume that there is no gas between the star and 7 AU for SR21 (but still an inner dust disk due
to the NIR excess), and dust with only a small grain population between 7 AU and r¢ay. The
dust between 7 AU and the dust hole cavity of 25 AU is partly constrained by the visibility
curve: without the additional dust, the second null is much further out, although this may also
be due to the asymmetry. In constraining dqystcay, this drop is assumed to start from 7 AU
rather than from rg,p (taken as 1 AU).

The central '2CO emission in the intensity cut is overproduced by about a factor of 2 in
the initial model, especially inside the cavity region (Figure[6.5). Only a deep drop in g, of
2 orders of magnitude can match the peak of the zero-moment map, although the intensity cut
is somewhat wider than the data.

HD135344B

The continuum visibility is reasonably well fit with a model with a cavity of 40 AU, slightly
smaller than the 45 AU cavity found in previous work with 345 GHz SMA data (Brown et al|
2009; |Andrews et all[2011);/Carmona et al![2014). An increase of the large-grain fraction and
large-grain scale height (v = 0.8) is needed to fit the peak of the far-infrared part of the SED.

We find a smaller critical radius of only 25 AU and thus smaller extent of the disk than was
reported by|Andrews et al. (2011)) (who found r.=55 AU), but the ALMA data quality is much
better than the quality of the SMA data. Another main difference in the modeling procedure
is the different vertical structure of this disk in our parametrization (no puffed-up inner rims),
although this is not expected to change the emission in the outer disk. Scattered-light images
show that there is small dust inside the millimeter-dust cavity down to 30 AU for HD135344B
(millimeter-dust cavity is ~46 AU) (Garufi et all[2013). Therefore we assume a finite drop
in dust density between 7,y and 30 AU. The scattered-light images, SED, and visibilities do
not constrain the amount of dust: we chose a drop of 1073, |Garufi et al. (2013) and Muto
et al. (2012) show signatures of spiral arms in the scattered-light images. The ALMA data
resolution is too low to detect these arms if they were visible at millimeter wavelengths.

The initial model for this disk overproduces the CO emission inside the cavity. A Ogas
of 107! — 1072 is sufficient to fit the peak in the moment map. A decrease in gas density
inside the cavity was previously inferred from SMA CO line observations (Lyo et al.[2011)).
Carmona et al. (2014) required a surface density that increases with radius inside the cavity to
fit the rovibrational CO lines in this disk. Fitting these lines is beyond the scope of this paper,
but the drop in surface density may be similar to this increasing density profile, as discussed
in Section 5.1. Motivated by the dust structure, we also tried to fit a gas model with a cavity
size of 30 AU instead of 40 AU. There is no significant difference in the outcome for a gas
cavity radius of 30 AU or 40 AU, however. As Figure shows, dgas = 1071 = 1072 also
fits best for a gap of 30 AU.
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Figure 6.6: Modeling results and observations of the 12 CO emission for the best-fitting physical model
for gas and dust (Figure[6.3) comparing Ogas (gas density drop inside the dust cavity). dgas is varied as
100, 107", ... , 107* with the best fit in red and the other models in blue, while the observational data
are plotted in black. Left: The '2CO spectrum integrated over the disk area. Middle: The intensity cuts
through the major (bottom) and minor (top) axis of the 1200 zero-moment map for different §gas. The
noise level is indicated by the gray area. The model images are convolved with the same beam as the
ALMA observations. Right: The best-fitting result for possible values of §gas and ddustcay in red and
blue.
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Figure 6.7: a) Modeling results and observations of the '>CO emission for the best-fitting
physical model for HD135344B for a cavity of 30 AU instead of 40 AU for gas and dust
(Figurel6.3) for different values of Ogas (gas density drop inside the dust cavity). Ogas is varied
as 10°, 1071, ... , 10~* with the best fit in red and the other models in blue. The observations
are plotted in black. The panel shows the intensity cuts through the major (bottom) and minor
(top) axis of the '2CO zero-moment map. b) Modeling results and observations of the 690
GHz continuum of RXJ1615-3255. The panel shows the intensity cuts through the major
(bottom) and minor (top) axis of the continuum image, zoomed in on the lowest flux levels
(< 200°). The observations are plotted in black with the 1o errors in gray. In red and blue
we present the models with and without a dust gap between 110 and 130 AU. The dotted and
dashed lines indicate the zero flux and 3o limits, respectively.
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Figure 6.8: Left: Modeling results and observations of the '>CO emission for the best-fitting
physical gas model for J1604-2130 for the inner 30 AU cavity comparing dgas2 (gas density
drop inside the 30 AU dust cavity). 0, is varied as 10°, 107!, ..., 107° with the best fit in red
and the other models in blue (0,5 is taken as 1). The observations are plotted in black. The
panel shows the intensity cuts through the major (bottom) and minor (top) axis of the '>2CO
zero-moment map. Right: Comparison between the density profile derived in this study and
the profile used in|Zhang et all (2014).
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LkCal5

LkCal5 is a well-studied transition disk with a large cavity of 50 AU (Isella et al. [2012).
We modeled LkCal5 with a rather flat but massive disk structure. Our derived disk dust mass
is three times higher than typically found in the literature, and the 690 GHz continuum is
indeed optically thick, which explains the apparent asymmetry in the continuum image: the
northwest side of the disk is brighter than the southeast side because of the geometry.

Just like HD135344B, the initial model for this disk overproduces the CO emission inside

the cavity, indicating a dgas of at least 1071,

RXJ1615-3255

RXJ1615-3255 does not reveal a cavity in the continuum image, and the visibilities only
show a hint of a null at the longer baselines (>500 kA). Our best-fitting model has a cavity of
20 AU, somewhat smaller than the best-fit cavity in|Andrews et al. (2011)) of 30 AU. A model
without cavity cannot fit the SED, which clearly indicates a deficit of dust close to the star.
This indicates that the Band 9 continuum might be optically thick. An interesting aspect of
this target is the outer part of the disk: a narrow radial dip is seen in the image at 0.6” from the
center (corresponding to 110 AU at the distance of this disk). Figure[6.7b shows a zoomed-in
image of the intensity cut from Figure[6.4l This hints at the presence of a dust gap in the outer
part of the disk between 110 and 130 AU, or an additional outer ring of dust, as seen in recent
ALMA data of HD100546 (Walsh et al!2014).

The model with dgas=1 does not reproduce the high velocity emission seen in the CO
spectrum, but the § /N is low, which means that the significance of this remains debatable.
The intensity cuts show that the gas density inside the dust hole can be up to four orders of
magnitude lower before the CO becomes optically thin.

SR24S

SR248S is an inclined disk with a barely resolved cavity of about 30 AU. The long-wavelength
part of the Spitzer IRS spectrum and the MIPS-24 flux are known to be confused by emission
from its nearby companion SR24N (see, e.g.,/Andrews et al!201 1)), thus these points were only
used as upper limits in our fit. The visibility curve becomes inconsistent with our model for
baselines >350 kA, hinting at substructure inside the cavity. As we do not have any additional
information on dust inside the cavity of this disk, we did not explore this further.

J1604
J1604-2130 is a transition disk at 345 GHz that was frequently studied with both SMA
(Mathews et all2012) and ALMA (Zhang et all2014). Mathews and Zhang and collaborators
both provided physical models for the dust and the gas. [Zhang et all (2014) used the same
ALMA dataset as discussed here, but did not use a full physical-chemical model for the gas
analysis. In neither of the two studies the near infrared excess was taken into account. The
problem is the apparent variability: whereas the Spitzer IRAC photometry (taken in 2006
and used by Mathews) shows no near-infrared excess, the Spitzer IRS and WISE photometry
(taken in 2007 and 2012, respectively) do reveal the excess. Zhang et al. noted this discrep-
ancy and stated that the near-infrared excess can be fit with an optically thick inner disk ring,
but did not include this in their model. Since the inner disk has a strong influence on the
CO emission inside the cavity (and on the shadowing of the dust cavity wall), we chose to
include the more recent photometry with near-infrared excess in our SED and fit the models
accordingly.
Mathews et al. (2012) introduced a two-drop dust density model to fit their SMA data,
which was also adopted by [Zhang et al/ (2014) in the analysis of the ALMA data: one drop
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at 75 and one at 20 AU. We found that such a two-step decrease is indeed required to fit the
continuum visibilities and adopted the same structure, although we set the inner drop radius
at 30 AU to be consistent with the gas cavity. On the other hand, we required a much larger
critical radius of 60 AU instead of the 10-20 AU used by Mathews and Zhang. This is most
likely the result of shadowing by an inner disk. Our disk dust mass of 0.1 My, is similar to
their estimates.

In the gas a clear signature for a drop at 30 AU is seen in the CO moment map, which
was modeled by Zhang et all (2014)) in a parametrized gas model of a power-law temperature
profile with an empty gap. Their result is consistent with that of our full physical-chemical
model, and the derived surface density profile is similar (right panel of Figure [6.8). We can
constrain the inner density drop to dgas2 = 1075 (see left panel of Figure[6.8)), although this
depends on the inner cavity size: a smaller cavity size would require an even deeper drop, a
larger size a less deep drop. On the other hand, g, (the drop inside the dust cavity radius) is
1, there is no visible drop in density between 30 and 70 AU.

6.5 Discussion

6.5.1 Implications of gas density drop

The key parameter in our analysis is dgas, the drop in gas density inside the dust hole, in
comparison with dgusicav- FOr each target, the minimum required drop in dust density dgustcav
is significantly lower than the possible values of §gas. Figure[6.6land Table[6.5]show the range
of possible values for these parameters for each target.

The significantly larger drop in dust density compared with the gas is consistent with the
dust-trapping scenario by a companion, with gas present inside the millimeter-sized dust cav-
ity (Pinilla et al/|2012a). For the sources studied here, photoevaporation by itself is unlikely
based on just the large cavity sizes and high accretion rates (Owen et al.[2011; Rosotti et al.
2013), and our results further strengthen this hypothesis. Especially SR21, HD135344B, and
LkCal5 require a minimum drop of a factor 10-100 within the gap in the gas surface density
and are thus promising candidates for disks with embedded planets. The drop is deep enough
to rule out the dead-zone scenario, which has a drop that is much smaller than an order of
magnitude (Lyra et al![2015). On the other hand, one has to be careful to avoid an overin-
terpretation at this point: the CO emission inside the gap is sensitive to the amount of small
dust inside the cavity due to its shielding effect, which can also explain the apparent drop in
CO emission. We have explored this within the constraints of our physical model, but any
addition of dust or PAHs inside the cavity that is sufficient to lower the CO emission at the
same time increases the mid-infared continuum emission in the SED to levels that are incon-
sistent with the data. The combination of SED modeling and spatially resolved '2CO emission
thus provides unique constraints on the temperature and small dust grain composition. On the
other hand, the vertical structure also influences the temperature structure and thus the '2CO
emission and mid-infrared continuum emission, and this degeneracy remains uncertain.

The depth of the gas density drops at the cavity radius is still modest, only a factor dgas ~
107! = 1072, Comparison with the planet-disk interaction models of Jupiter-mass planets in
Figure 1 in|Pinilla et al. (2012a) indicates that any embedded planets responsible for this drop
are unlikely to be more massive than 1-2 Jupiter masses, and even then only with high viscosity
(@ ~ 107%). A high viscosity is inconsistent with the presence of long-lived vortices (e.g.,
Ataiee et all[2013). [Pérez et al! (2014) interpreted the asymmetries of SR21 and HD135344B
as possible vortices by comparing their analytic solution for the asymmetric dust structures
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with the vortex prescription of [Lyra & Lin (2013). The lack of a deep gap in the CO argues
against this interpretation. [Pinilla et al! (2015a) also concluded that for SR 21 the vortex
scenario is unlikely by analyzing the observed dust distribution at different wavelengths with
hydrodynamic and dust evolution models. However, a smaller gas cavity size with a deeper
density drop would also fit our observations and be consistent with low viscosities. More high
spatial resolution observations of CO isotopologs are needed to clearly distinguish cavity size
and gas density drop.

The planet-disk interaction models predict rounded-off gradients rather than steep vertical
drops such as parametrized in our model. A rounded-off dust wall was indeed inferred from
mid-infrared interferometry data of HD 100546 (Mulders et al![2013) by fitting the visibility
curve, but the S /N of our data is insufficient to test this. One important conclusion of Pinilla
et al. (2012a) is that the gas cavity radius (location of the planet) is expected to be up to a
factor of 2 smaller than the dust cavity radius (location of the radial pressure bump where the
dust is trapped). This was indeed observed for J1604-2130 (Zhang et al. 2014, this study),
Oph IRS 48 (Bruderer et al/[2014), and HD 142527 (Perez et all[2015). As stated above,
our estimates of the drop in gas density inside the cavity would probably increase if we were
to assume a smaller gas cavity size, but the spatial resolution of our data is insufficient to
constrain this. For HD135344B we show the outcome for a gas cavity of 30 instead of 40
AU (Figure[6.7h), but for this radius the Ogas 1s still limited to 1071 = 1072. For J1604-2130,
we find clear evidence for an inner drop at 30 AU and no additional drop between 30 and
70 AU of 107!, as found for Oph IRS 48 (Bruderer et al. 2014). A structure with a double
drop or smaller gas cavity size hints at the possibility that there is more than one companion,
or alternatively a shallow increasing slope such as seen in [Pinilla et al/ (2012a,2015a). This
possibility cannot be excluded for any of the other sources in this study with the available
observations. [Carmona et al! (2014) suggested a gas surface profile that increases with radius
inside the cavity to match the gas and dust density distribution of HD135344B, although this
is only constrained by observations for the inner few AU. Modeling the shape of the gap is
beyond the scope of this paper. Spatially resolved observations of CO isotopologs will provide
better constraints on the density profile.

6.5.2 Cavity size and dust distribution

Another interesting aspect of our results is that all disks have significantly smaller cavity sizes
(by 5-10 AU) in the 690 GHz continuum data than those derived by |Andrews et al! (2011}
based on the 345 GHz continuum observations taken with the SMA. The cavity size as derived
with the ALMA continuum visibilities (location of the null) is constrained to better than +5
AU. The S /N of the SMA data is much lower, so the cavity size is less precisely constrained,
but the systematic trend is significant. For comparison, we list the location of the first null for
both the 690 GHz and 345 GHz continuum of our adopted model in Table and compare
them with the null in|Andrews et al. (2011)).

Note that the null as derived from the models can shift slightly for the two frequencies as
aresult of the difference in dust opacity at the observed wavelengths. The null in the observed
345 GHz continuum is significantly smaller for SR21, HD135344B, and RXJ1615-3255 than
that at 690 GHz, indicating a larger cavity size at this longer wavelength. This indicates a
radial variation of the dust size distribution, as the continuum emission is sensitive to larger
grains at longer wavelengths. A more concentrated dust ring (i.e., a narrower ring and thus a
larger dust cavity size) is consistent with the dust-trapping scenario, because larger dust grains
are further decoupled from the gas and thus more affected by radial drift and trapping (Brauer
et al. 2008). Higher S /N ALMA Band 7 observations are required to confirm this.
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Table 6.6: Location of the null in the visibilities of models and SMA observations at various
frequencies (Andrews et alll2011).

6.6

Target Model-690  Model-345  Observed-345

null (kA4) null (kA4) null (k4)
SR21 252 247 200-220
HD135344B 196 204 160-180
LkCal5 171 155 140-160
RXJ1615-3255 484 349 250-300
SR24S 255 260 240-260

Conclusions

We have analyzed high spatial resolution ALMA submillimeter observations of '2CO line
emission from six transitional disks using a physical-chemical model. By comparing the
SED, the 690 GHz continuum visibilities and the '2CO emission simultaneously, we derived
a physical model of the gas and dust. With the model we set constraints on the surface density
profile of the dust and gas and specifically, the amount of dust and gas in the cavity.

1.
2.

All disks show clear evidence for gas inside the dust cavity.

The gas and dust observations can be fit with a surface density profile with a steep
density drop at the cavity radius, taking a gas-to-dust ratio of 100 in the outer disk.

The combination of SED and spatially resolved '2CO intensity fitting sets constraints
on the vertical and thus on the temperature structure of each disk.

All disks except SR24S have a potential drop of 1 or 2 orders of magnitude in the gas
surface density inside the mm-sized dust cavity, while the minimum required drop in
dust surface density inside the cavity is at least 3 orders of magnitude.

. J1604-2130 has a deep resolved gas cavity that is smaller than the dust cavity. For the

other disks it is possible that the gas cavity radius is smaller than the dust cavity radius,
in which case the density drop will be deeper, but this cannot be constrained with the
available data.

. The derived density profiles suggest the clearing of the cavity by one or more compan-

ions, as a result of which, the millimeter dust is trapped at the edge of the cavity.

. Our model for J1604-2130 is mostly consistent with the proposed physical structure by

Zhang et al. (2014), derived using a parametrized temperature model.
The continuum of RXJ1615-3255 shows an additional dust ring around 120 AU.

The derived cavity sizes of the millimeter dust (and location of the null in the visibilities)
are consistently smaller for the 690 GHz/0.44 mm continuum than for the 345 GHz/0.88
mm continuum. This is consistent with the dust-trapping scenario, because trapping is
more efficient for larger dust grains probed at longer wavelengths.

The derived physical model can be used as a start for the analysis of CO isotopolog obser-
vations, placing better constraints on the gas density inside and outside the cavity. We have
recently obtained CO isotopolog ALMA observations for two disks of the sample in this study
(van der Marel et al. 2015H).
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Figure 6.9: '>CO channel maps for each observed target. Overlaid in white contours are
the Keplerian velocity profiles for the derived inclination and given stellar mass. The yellow

contours indicate the dust hole radius and the 50 outer radius of the dust continuum.
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Figure 6.9: '2CO channel maps for each observed target (continued)
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Figure 6.10: '2CO velocity maps for each observed target.
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Abstract

Transitional disks around young stars with large dust cavities are promising candidates to look
for recently formed, embedded planets. Planet-disk interaction models predict that young
planets clear a gap in the gas while trapping dust at larger radii. Previous observations have
revealed that gas is still present inside these cavities, but the spatial distribution of this gas
remains uncertain. We present high spatial resolution observations with the Atacama Large
Millimeter/submillimeter Array (ALMA) of '3CO and C'80 3-2 or 6-5 lines of four well-
studied transitional disks around pre-main sequence stars with large dust cavities. The line
and continuum observations are used to set constraints on the the gas surface density, specif-
ically cavity size and density drop inside the cavity. The physical-chemical model DALI is
used to analyze the gas images of SR21, HD135344B (also known as SAO 206462), DoAr44
and IRS 48. The main parameters of interest are the size, depth and shape of the gas cavity
in each of the disks. CO isotope-selective photodissociation is included to properly constrain
the surface density in the outer disk from C'80 emission. The gas cavities are up to 3 times
smaller than those of the dust in all four disks. Model fits indicate that the surface density in-
side the gas cavities decreases by a factor of 100 to 10000 compared with the surface density
profile derived from the outer disk. The data can be fit by either introducing one or two drops
in the gas surface density or a surface density profile increasing with radius inside the cavity.
A comparison with an analytical model of gap depths by planet-disk interaction shows that
the disk viscosities are likely low, between between 1073 and 10~* for reasonable estimates
of planet masses up to 10 Jupiter masses. The resolved measurements of the gas and dust in
transition disk cavities support the predictions of models that describe how planet-disk inter-
actions sculpt gas disk structures and influence the evolution of dust grains. These observed
structures suggest the presence of giant planetary companions in transition disk cavities, al-
though at smaller orbital radii than is typically indicated from the dust cavity radii alone.
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7.1 Introduction

Protoplanetary disks around young stars are the birth cradles of planets (e.g.[Williams & Cieza
2011)). Disks with inner dust cavities, also called transition disks, are good candidates to
search for young planets that have recently been formed and cleared out their orbit. Dust
cavities have been inferred from modeling of Spectral Energy Distributions (SEDs) (Espaillat
et al. 2014, and references therein) and millimeter interferometry (e.g. [Brown et al. [2009;
Andrews et al/[2011). Planet candidates have been found in cavities of several transition disks
(Kraus & Ireland 2012; Quanz et all2013,12015). However, planet-disk interaction models
indicate that dust cavities are only an indirect consequence of planet clearing: a planet will
lower the gas surface density along its orbit, creating a gas gap with a pressure bump at its outer
edge where the millimeter-sized dust gets trapped (e.g.|Zhu et al. 201 1; Dodson-Robinson &
Salyk[2011); Pinilla et al![2012a). The result is a millimeter-dust ring (or in particular cases an
azimuthal asymmetry, due to a Rossby-wave instability of the pressure bump, van der Marel
et al. 2013; [Fukagawa et al.|2013; |Casassus et all[2013) and a gas cavity that can be up to
two times smaller than the radius of the dust ring. Other mechanisms that could cause a dust
cavity or dust ring are photoevaporation (Clarke et al!2001)) and instabilities at the edges of
dead zones (e.g.[Regdly et all2012). Measuring the gas density inside the cavity is essential
to distinguish between these mechanisms: photoevaporation clears the dust and gas from the
inside out; dead zones do not change the gas density inside the cavity; planetary clearing
creates a gas cavity. Furthermore, the decrease of gas surface density inside the gas cavity
radius depends on the mass of the companion and the disk viscosity. More generally, the
fundamental property of a disk is its gas surface density profile, rather than that of the dust,
which does not necessarily follow the gas.

The presence of gas inside the dust cavities was discovered through accretion (e.g. Valenti
et al.[1993;|Najita et al.[2007) and H, emission (Bergin et all2003;Ingleby et al.[2009). Other
first indicators of warm molecular gas inside the cavities were near infrared observations of
CO rovibrational lines, in several cases revealing a gas cavity that was indeed smaller than
the dust cavity (Pontoppidan et al.[2008; Brittain et all[2009; |Salyk et al.[2009; Brown et al|
20124d). Due to a combination of high critical densities and non-LTE excitation, rovibrational
CO data can be difficult to interpret and derived gas masses are highly model-dependent.

For a proper derivation of the molecular gas densities, CO pure rotational line observations
are required. Spatially resolved ALMA observations of '>CO emission confirm the presence
of gas inside the dust cavity (van der Marel et al. [2013; [Casassus et al. 2013; [Pérez et all
2014};Zhang et al.2014;/Canovas et all2015). Using a disk model based on the dust structure
derived from the SED and millimeter imaging, the '>CO data suggest a gas density decrease
of 1 or 2 orders of magnitude inside the dust cavity compared to the density profile of the outer
disk (van der Marel et al![2015d). On the other hand, the dust density decreased by at least 3
orders of magnitude inside the cavity. In cases of IRS 48 and J1604-2130, the gas cavities are
sufficiently empty so that '>CO becomes optically thin inside the dust cavity, and it was found
that the gas cavity radius is indeed smaller than the dust cavity (Bruderer et al.[2014; Zhang
et al. 2014;lvan der Marel et al.|2015¢), consistent with the planet-disk interaction predictions.
The same result was found for HD 142527 using CO isotopologue observations (Perez et al.
2015).

Since detection of planets in disks is challenging, quantifying the gas density structure of
the disk inside the cavity can provide important clues on the properties of embedded unseen
planets. The depth and shape of the gap depend primarily on the planet mass and the disk
viscosity (Zhu et all2011); [Pinilla et all/2012a; |[Fung et al.[2014). These models show that a
planet does not create a steep gas gap, but a gradual decrease over several AUs. While spatially
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resolved '>CO can provide some information on the gas density profile, as demonstrated in
Bruderer et al! (2014) and ivan der Marel et all (20150), the emission remains optically thick
throughout most of the disk and is thus not a very good absolute density tracer. Spatially
resolved CO isotopologue observations are required to constrain the outer disk mass and the
gas cavity radius, as well as the depth and potentially the shape of the gas surface density
profile.

Before ALMA, interferometric data did not have the sensitivity and spatial resolution to
detect rotational CO emission inside the cavity. Moreover, converting CO emission into den-
sity is not trivial: the CO abundance with respect to H» is not constant throughout the disk
due to photodissociation by the stellar UV radiation and freeze out onto dust grains in the cold
regions in the midplane and outer disk (van Zadelhoff et al.[2001; |Aikawa et all2002). CO
photodissociation is subject to self-shielding. As CO isotopologues have lower abundances,
they are not self-shielded until deeper into the disk. Therefore, models that do not include
isotope-selective photodissociation predict higher CO abundances than when this effect is
included, as recently demonstrated by Miotello et al! (2014). Also, the gas temperature is
decoupled from the dust temperature in the upper layers in the disk and at the directly heated
cavity wall (e.g. [ Kamp & Dullemond 2004; Jonkheid et al/|2004; |Gorti & Hollenbach[2008).
For a proper interpretation of CO emission, the physical and chemical structure of gas and
dust needs to be modeled. We make use of physical-chemical modeling with DALI (Brud-
erer et al.|2012; Bruderer2013), which simultaneously solves the heating-cooling balance of
the gas and chemistry to determine the gas temperature, molecular abundances and molecular
excitation for a given density structure.

Table 7.1: Stellar properties

Target SpT L. M. R, Tefr M d Ay Ref.
Lo) Mo) (Ro) (K) (Mo yr™")  (pc)  (mag)
HD135344B F4 7.8 1.6 2.2 6590 6-107° 140 0.3 1,23

SR21 G3 10 1.0 32 5830 <1-107° 120 63 4,5,6
DoAr44 K3 14 1.3 1.75 4730 9.107° 120 22 5,6
IRS48 A0 143 2.0 1.3 10000  4-107° 120 11.5 7,8

1) [Prato et al! (2003), 2) |Andrews et all (2011)), 3) [Espaillat et al| (2010), 4)[Dunkin et al! (1997), 5) Pontoppidan
et al. (2008), 6)|Grady et al. (2009), 7)Brown et all (2012a), 8)|Salyk et al! (2013)

Table 7.2: Properties of the ALMA observations

Target Position? Beam rmsi 3cob rmsci sol’ rmsc PA i“ ULSR
(J2000) Size (") PA(°)  (mly) (mly) (mly) () ()  (km/s)

HD135344B 15:15:48.42  0.26x0.21 46 9.8 14 0.26 63 16 7.25
-37:09:16.4

SR21 16:27:10.27  0.25%x0.19  -65 6.4 8.9 0.12 14 16 3.0
-24:19:13.0

DoAr44 16:31:33.46  0.25x0.19  -65 6.8 8.9 0.14 30 20 435
-24:27:37.5

1RS48 16:27:37.18  0.19x0.15 87 23 25 0.59 100 50 4.55
-24:30:35.4

Notes. (4) Derived from the '>CO channel maps. (b)) Measured in 0.5 km s~! bins
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Figure 7.1: ALMA observations of the continuum, BCO and C80 3-2 lines of the first
two targets. Top left: zero-moment '>CO map. Top middle: Continuum map; Top right:
130 spectrum integrated over the entire disk; Bottom left: zero-moment C'® O map; Bottom
middle: first moment '>*CO map (velocity map); Bottom right: C'30 spectrum integrated
over the entire disk. The beam is indicated in each map by a white ellipse in the lower left
corner. The dotted white ellipse indicates the dust cavity radius.

To date, only one transitional disk has been observed and analyzed in rotational CO iso-
topologue transitions (Perez et al/2015). In this paper, we present ALMA Cycle 1 and 2
observations of CO isotopologues '3CO and C'30 at ~ 0.2 — 0.25” resolution of 4 additional
well-studied transitional disks: SR 21, HD135344B, DoAr44 and IRS 48. For IRS 48, the 6-5
transitions are observed, for the other disks the lower 3-2 transitions. Apart from DoAr44,
these disks were previously analyzed with DALI using '>CO ALMA observations (Bruderer
et al. 2014; lvan der Marel et al![2015¢). The derived models will be used as a starting point
for analysis of the isotopologues. With DALI we determine a gas density structure that is con-
sistent with the CO observations, SED and continuum dust interferometry. Information on the
hot gas and dust from the literature is included. The goals of this study are to determine the
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Figure 7.2: ALMA observations of the continuum, the 13C0 and C'®0 6-5 lines of the third
and fourth target. Top left: zero-moment '3CO map. Top middle: Continuum map; Top
right: 13CO spectrum integrated over the entire disk; Bottom left: zero-moment C'8 O map;
Bottom middle: first moment '>CO map (velocity map); Bottom right: C'80 spectrum
integrated over the entire disk. The beam is indicated in each map by a white ellipse in the
lower left corner. The dotted white ellipse indicates the dust cavity radius.

gas surface density profile, specificially the size, depth and shape of the gas density structure
inside the dust cavity in order to constrain the properties of the embedded planets.

The paper is structured as follows. In Section 7.2.1 we describe the details of the ALMA
observations. In Section 7.2.2 we present moment maps of the '3CO and '8CO observations.
The modeling approach is presented in Section 7.3. Section 7.4 presents the modeling results.
Section 7.5 discusses the implications for embedded planets in the disk.
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7.2 Data

The observations were obtained during ALMA Cycle 1 and 2 in June and July 2014, with
baselines ranging from 20 to 1100 m, probing scales from 0.15 to 8 arcseconds. The sources
and their properties are summarized in Table[7.2

7.2.1 Observational details

The disks SR 21, HD 135344B and DoAr 44 were observed in ALMA Cycle 1 program
2012.1.00158.S (PI van Dishoeck) in Band 7 (~335 GHz or 896 um) in the C32-5 configu-
ration. The observations were taken in four spectral windows of 3840 channels: three win-
dows have a bandwidth of 469 MHz (channel width 122 kHz, equivalent to 0.1 km s_l), cen-
tered on the 13CO 3-2, C180 3-2 and CN 3-2 transitions with rest frequencies of 330.58796,
329.33056 and 340.24778 GHz, respectively. The fourth spectral window was centered on
342.15000 GHz with a bandwidth of 1875 MHz (channel width 488 kHz, equivalent to 0.5
km s~!) aimed at higher continuum sensitivity. The total continuum bandwidth was ~3.2
GHz. For HD135344B, the flux was calibrated using Ceres, and J1427-4206 was used for
calibration of both bandpass and gain. SR 21 and DoAr 44 were observed in one scheduling
block, with Titan as flux calibrator, J1517-2422 as bandpass calibrator and J1625-2527 as gain
calibrator. In both objects, the flux calibrator (Ceres resp. Titan) is highly resolved on long
baselines. The gain calibration on the flux calibrator was thus performed using a subset of the
antennas. The total on-source integration time was 30 minutes each for SR 21 and DoAr 44,
and 54 minutes for HD 135344B.

IRS 48 was observed in ALMA Cycle 2 program 2013.1.00100.S (PI van der Marel) in
Band 9 (~680 GHz or 440 um) in the C34-3 configuration. The observations were taken
in four spectral windows of 1920 channels: three windows with a bandwidth of 937.5 MHz
(channel width 488 kHz or 0.3 km s™!), centered on the '3CO 6-5, C!30 6-5 and H,CO
9-8 transitions with rest frequencies of 661.067276, 658.553278 and 674.80978 GHz, respec-
tively. The fourth spectral window was centered on 672 GHz with a bandwidth of 1875 MHz
(channel width 977 kHz or 0.5 km s™!) aimed at higher continuum sensitivity. The total con-
tinuum bandwidth was ~4.7 GHz. The flux was calibrated using J1517-243, the bandpass with
J1427-4206 and the gain with J1626-2951. J1700-2610 was set as secondary gain calibrator,
but not used in the final calibration. The total on-source integration time was 52 minutes.

The data were calibrated and imaged in CASA version 4.2.1. Given the high signal-to-
noise ratio of these observations amplitude and phase self-calibration was performed after
standard phase referencing. The data were cleaned using Briggs weighting with a robust of
0.5, resulting in a beam size of ~ 0.25” x 0.20” (Cycle 1 data) and ~ 0.19” x 0.15” (Cycle 2
data). Table[Z2llists the observational properties of the continuum and spectral line maps of
the imaging results.

7.2.2 Continuum and line maps

Figures[Z Tland[Z.2]show the zero-moment '3CO and C'80 maps and spectra, the velocity map
(first moment) of the 1>CO and the continuum. The spectrum was extracted from the region
of the zero-moment map size. Channel maps of the '3CO emission are given in the Appendix.
Three of the four sources, HD135344B, DoAr44 and IRS48, show a clear hole in the 13CO
and C'80 images (Figure[Z.1land[7.2)), that was not seen in 12CO (van der Marel et al/[20150).
IRS48 shows a full gas ring in '3CO, which does not suffer from foreground absorption found
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in the '2CO (Bruderer et all2014). On the other hand, the foreground absorption absorption
seen in the 12CO emission of SR 21 (van der Marel et al.[2015d) also affects the 13CO spectra.

All CO data reveal rotating gas disks with inclination >15°, with a double-peaked velocity
profile. The gas rings for HD135344B, DoAr44 and IRS 48 are in all cases smaller than the
continuum cavities, as shown directly in the '*CO panels in Figure [Z1] and and in the
radial cuts in Figure [Z3] The emission inside the gas cavities is at least a factor of 2 lower
than in the surrounding rings. In contrast, SR 21 does not appear to have a cavity in the gas at
this spatial resolution. The peak S /N in the integrated maps is 12-30 for the '3CO and 5-20
for C'%0.

The '3CO channel maps and velocity maps are used to derive the stellar position, the
position angle, inclination and source velocity, which are within errors consistent with the
values derived from the '2CO data (van der Marel et al|[2015¢). The derived parameters are
given in Table

The continuum images show ring-like structures for SR21, HD135344B and DoAr44, and
a highly asymmetric structure for IRS 48, as seen in previous Cycle 0 data (van der Marel et al.
2013). The S /N on the continuum ranges between 130 and 500 for the different disks. The
Band 7 continuum data of SR21 and HD135344B show minor azimuthal asymmetries with a
contrast of less than a factor 2, similar to the Band 9 continuum (Pérez et al. [2014; van der
Marel et al. [20150), although the asymmetry in SR21 appears to be less pronounced in Band
7 than in Band 9. The Band 9 and Band 7 continuum images are compared and analyzed in
Pinilla et al| (2015b). The continuum emission in IRS 48 is discussed invan der Marel et al.
(20154). The DoAr44 continuum emission is azimuthally symmetric.

7.3 Modeling

7.3.1 Physical model

As a starting point for our models we adopt the physical structure suggested by Andrews
et al. (2011)), as implemented by Bruderer (2013) and fully described in lvan der Marel et al.
(2015d). The surface density () is assumed to be a radial power-law with an exponential
cut-off following the time-dependent viscosity disk model v ~ r¥ with ¥ = 1 (Lynden-Bell &
Pringle1974}; Hartmann et all[1998)

2(r) = %, (r—rc)_y exp[— (F—VC)H] (7.1)

The gas and dust follow the same density profile, but the gas-to-dust ratio is varied throughout
the disk, as shown in Figure[Z4] Inside the cavity, the dust density is zero, apart from the inner
disk, which is set by dgust. The gas density inside the cavity is varied with drops dg,s. In the
outer disk, the gas-to-dust ratio is set by a constant number. The vertical structure is defined
by the scale height &, and the flaring angle ¥, following h(r) = h.(r/r.)?. The fraction
of large grains fi; and the scale height of the large grains y are used to describe the settling.
More details on the star, the adopted stellar UV radiation, the dust composition and vertical
structure are described in|van der Marel et al! (2015¢).

7.3.2 Model fitting approach

The best fit models from |van der Marel et al. (2015¢) are used as initial model for the vertical
structure and dust density structure for SR21 and HD135344B, based on a combination of
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Figure 7.3: Normalized intensity cuts through the major axis of each disk of the '*CO 3-2
emission (red) and the dust continuum emission (blue). In case of IRS48, the deprojected
intensity cut of the minor axis is taken, to cover the (asymmetric) continuum profile. The cuts
clearly reveal that the gas cavity radii are smaller than the dust cavity radii.

SED, dust 690 GHz continuum visibility and '>CO 6-5 modeling. The dust density inside
the cavity (between rgup and reaydust) 1S set to be entirely empty of dust grains. SR21 is an
exception: a small amount of dust is included between 7 and 25 AU, following van der Marel
et al. (2015¢). The dust structure of DoAr44 was analyzed in a similar way in Appendix [Z.Al
through SED and dust 345 GHz continuum visiblity modeling. For IRS48, we use the model
derived by|Bruderer et al! (2014}, although we choose to use an exponential power-law density
profile instead of a normal power-law, to be consistent with the other three disks in this study.

The outer disk CO emission and submillimeter continuum flux are fit simultaneously by
varying Y. and the gas-to-dust-ratio GDR. The outer radius roy is set by fitting the CO spec-
trum (the maxima in the spectra or double peaks, arising from the Keplerian motion) and
provides outer boundaries for computing the gas masses. Using this surface density profile,
the emission inside the cavity is constrained by the § parameters (Figure [Z4). The near in-
frared excess determines the dust density in the inner disk through d4,. The gas cavity radius
Feavgas and drop Ogas2 are fit to the CO emission. In some cases, an additional drop in gas
surface density is required between rcayeas and the dust cavity radius 7cayguse. This drop is
indicated by dgas.

The main parameters that are varied are the gas cavity radius rcaygas and the drop in gas
density 0gas2 between rgyp and reavgas. The CO isotopologues provide better constraints on
the density than the '>CO because they are less optically thick ('*CO) or even optically thin
(C'80). The effects of isotope-selective photodissociation are properly considered in the mod-
eling and discussed in Section[7.4.3]
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Figure 7.4: Generic surface density profile for the gas and dust.

7.4 Results

Data and models are compared through the spectra and the zero moment maps (intensity maps)
of both 3CO and C'30. For each target we show the direct comparison of the images of the
intensity map of the best fit model, and the constraint on both rcaygas and dgas2 through spectra
and intensity cuts through the major and minor axis of the zero-moment map.

In three of the four targets an inner gas cavity (smaller than the dust cavity) was required
to fit the data. In SR21 the 7 AU cavity previously derived from rovibrational emission was
adopted, but no gas cavity is resolved at the spatial resolution of ~ 0.2 in our observations.
The depth is constrained to within an order of magnitude and the cavity size to within +5
AU, mainly through the comparison of the spatially resolved emission, but further confirmed
by the line wings in the spectra. In the intensity cuts in Figure the 0gqs2 parameter is
varied. The comparison shows that the uncertainty on the density drop is less than an order
of magnitude. In Appendix [Z.C] we show the intensity cuts for larger and smaller gas cavity
radii, respectively. These plots show that the uncertainty on the gas cavity radius is typicall
<5 AU. Furthermore, in both SR21 and DoAr44 an additional drop dg,s between reaygas and
Teavdust 1S required to fit the data.

The models of the '2CO fits of van der Marel et al. (20150) fit remarkably well the isotopo-
logue data in the outer disk. Only minor corrections in surface density and gas-to-dust-ratio
were required to fit the new data. However, inside the cavity the previously derived results for
the gas surface density were found to be inconsistent. A modest drop in the gas density inside
the dust cavity radius re,y was sufficient to explain the '>CO data but no gas cavity was seen.
Since the gas cavity becomes visible in the isotopologue data and turns out to be smaller than
the dust cavity radius, the gas cavity radius 7cavgas could be fit independently of the depth.

7.4.1 Results of individual targets

HD135344B
HD135344B shows a clear gas cavity, both in 1>CO and C'80 images, which is significantly
smaller than the dust cavity (see top two panels of Figure[ZI)). The modeling constrains the gas
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Table 7.3: Results for the gas density profile of each transition disk.

Parameter HD135344B SR21 DoAr44  IRS48
Surface  r. (AU) 25 15 25 60
density . (gcm™2) 120 400 60 0.5
GDR 80 100 100 12
M\ (103Me)  0.13 0075 005 0015
Mzg‘z (103Mg) 15 7.7 25 0.55
Radial Teaveas (AU) 30 7 16 25
structure  Ggas 21074 100200 <10* <1073
Feavdust (AU) 40 25 32 60
Sgas 1 5-102 1072 1
rout (AU) 125 60 60 90
Inner Fsub (AU) 0.18 0.18 0.08 0.4
disk Feap (AU) 0.25 1.0 1.0 1.0
Saust (AU) 2.1074 1-107° 1-1072 1.1073
Vertical he (rad) 0.15 0.07 0.1 0.14
structure Y 0.05 0.15 0.1 0.22
fis 0.95 0.85 0.85 0.85
X 0.8 0.2 0.2 0.2

Notes. a) The masses are only constrained within 7oy for the detected surface brightness. b) The drop
inside 7 AU could not be constrained by the ALMA data, we adopt the value from CO rovibrational
spectroastrometry by [Pontoppidan et al! (2008).

cavity radius to 30 AU (dust cavity radius is 40 AU) and the drop is 2 - 107 (top right panels
in Figure [Z3). Previously, the model based on the '2CO data required Ogas Of 107" — 1072
for a cavity radius of 40 AU. A 30 AU gas cavity was also derived in [van der Marel et al.
(2015¢) considering the inner radius of the small dust grains derived from the scattered light
emission (Garufi et al| 2013), but a dgas value as low as ~ 10~ underproduces the 12co
emission inside the cavity. As the '2CO is optically thick and mainly traces the temperature at
the 7 = 1 surface, this new result suggests that the temperature structure is somewhat higher
than in our model, perhaps due to some residual dust in the cavity or the vertical structure
(Bruderer 2013).

The residual of the '3CO emission (image panels in Figure shows that the model
overpredicts the emission in the outer disk (>0.5"). On the other hand, the C'80 residual has
an underprediction of the emission in the outer disk. The residuals are spatially insignificant,
but integrated over the whole disk they are likely related to real structure. Because the 3CO
emission is optically thick and therefore more sensitive to the temperature (and thus vertical)
structure, this can be related to the same change in density structure. The radius of ~ 100 AU
coincides with that of one of the spiral arms observed in scattered light observations, which
have been suggested to be launched by a planet in the outer disk (Muto et al. 2012). If there is
indeed a planet at this large orbit, it is expected to clear a gap in the gas, which could possibly
explain the structure in the outer disk. As the focus of this study is only on the emission inside
the dust cavity, this is not investigated further.

SR21
Unlike the other disks, the CO emission in SR21 does not appear to have a cavity. Rovi-
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Figure 7.5: Modeling results and observations of the '3CO and C'® O emission for the best fit-
ting models in derotated images and spectra. These panels show the direct image comparison
of the zero-moment map: derotated observations, model, convolved model and residual. In
the residual map the overlaid contours indicate the 30 levels, where dashed lines are negative.
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Figure 7.5: Modeling results and observations of the 1>CO and C'80O emission for the best
fitting models in derotated images and spectra. The left panels show the gas density profiles
with different 64,52 drops in solid lines and the dust density profile in dashed lines. The right
panels show the resulting intensity cuts for major and minor axis for both '>CO and C'30.
The best-fitting model is indicated in red, other 6ga52 values in blue. The drop in density can
be constrained to within an order of magnitude.
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Figure 7.5: Continued.

brational CO emission suggests a gas cavity of 7 AU radius d&mtgpmd_an_e_t_aLJM), which
remains unresolved at the ALMA spatial resolution (14 AU diameter~0.12"). The physical
model includes this 7 AU cavity. The '2CO emission already indicated a drop in density be-
tween 7 AU and the dust cavity radius of 25 AU. The intensity cuts of the CO isotopologues
also suggest a drop in density considering the strength of the emission (right panels in Figure
[Z.3). According to the model fitting, this drop is about two orders of magnitudes.

DoAr44

DoAr44 is the only disk in this study with a symmetric dust ring. The dust cavity radius was
found to be 32 AU (see Section [7.Al), using the same modeling approach as in van der Marel
et al. (M). The cavity size and disk mass are similar to previous studies of SMA 345 GHz
continuum data (Andrews et all2011). The drop in dust density inside the cavity (Odustcay) 1S
at least a factor 1000. The CO isotopologue intensity maps have low signal to noise compared
to the other disks, likely due to the lower disk mass, but still show a gas cavity that is only half
the size of the dust cavity: 16 AU. The dga5> inside 16 AU is at most 107*. An additional drop
in gas density between 16 and 32 AU of 1072 is required to fit the emission.

IRS48

The CO isotopologue emission in IRS48 confirms the presence of a gas cavity with a con-
siderably smaller radius than that of the peak of the dust asymmetry (60 AU), as found by
Bruderer et al! (2014), consistent with the 30 AU gas ring found in rovibration CO emission
(Brown et al/20124d). In order to be consistent with the models of the other disks, we assume
a radial power-law with exponential cut-off rather than a simple power-law as done by Brud-
erer et al. (]ZQIAI), but a similar vertical structure, density structure and mass are found as in
their study. Because DALI considers only axisymmetric models, the millimeter continuum
asymmetry is not fit: the total submillimeter flux, the VISIR 18um image and the SED are
again used to constrain the dust density and dust cavity radius. The gas cavity radius is found
to be 25 rather than 20 AU found by Bruderer et all (2014), and no additional drop in density




7. Resolved gas cavities in transitional disks inferred from CO isotopologues 133

T

. 3co

I
LY
1

m N
1 0.3

R (AU) v (km s™) cut (")

Figure 7.5: Continued.

is required to fit the emission (right panels in Figure [7.3).

13CO shows a full ring of emission. However, the emission is weaker at the location of
the dust trap, as seen in the residual image (image panels in Figure [Z.3). The '3CO emission
is barely optically thick at the dust trap radius of 60 AU (the T = 1 surface is at the midplane)
and the drop in emission is likely due to continuum optical depth or a drop in temperature due
to the local increase of dust density. The S /N of the C'80 emission is too low to show the
gas ring or this local drop in emission, but the data have been used to set constraints on the
gas density.

7.4.2 A gradual drop

The structure with two gas density drops inside the cavity found in DoAr44 and SR21 (and
previously IRS 48, Bruderer et al/2014) has been interpreted as implication of multiple planets
at different orbits. An alternative explanation is a gradual drop or increasing surface density
profile inside the cavity. In order to investigate this, we have run additional models where the
exponential power-law X(r) is replaced by an increasing exponential law between reaygus; and
Feavgas, motivated by planet-disk interaction models, following:

2(r) = (rcay) - T2 /W (7.2)

where the width w is given by

Tcav — T'cav2

B In(Z(reav) /6g3322(rcav2)

w (7.3)

The width is just chosen to connect X(r) at reayqust and Feavgas, NiNG Ogas2, and no new
parameters are introduced. This ‘straight connection’ is further motivated by the shape of the
gaps in Figure 7 in|de Juan Ovelar et all (2013) of planet-disk interaction models. Using the
above relation and the derived cavity radii, the drop in density is derived again for the best
fitting model (see Figure [Z6). The best fitting values are within a factor of 2 of the Ogas2
values in the vertical drop model (Tabel [Z.3): we find 21074, 1073, 2:10~* and 51072 for
HD135344B, SR21, DoAr44 and IRS48 respectively, although IRS48 is a poor fit compared
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Figure 7.7: Comparison of the spectra of the C'80 emission with (red, ISO) and without
(blue, NOISO) implementing isotope-selective photodissociation. For HD135344B, DoAr44
and IRS48 there is a difference up to a factor of 2, while no difference is seen for SR21.
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to the double drop model. However, the outer radius of the slope (rc,y) of 60 AU has been
constrained from the SED and VISIR image rather than from the millimeter continuum as in
the other disks, due to the asymmetric structure, making this approach rather uncertain.

7.4.3 Isotopologue selective photodissociation

The main process regulating the survival of CO in disks, photodissociation, does not equally
affect different CO isotopologues (van Dishoeck & Black [1988). '2CO becomes optically
thick at low column densities and shield itself throughout the disk from the photodissociating
flux. On the other hand, less abundant isotopologues, like C!30, are not self-shielded until
much deeper into the disk and continue being photodissociated. This results in regions where
C!30 is less abundant than predicted by a constant [160/180] ratio found in the ISM. Accord-
ingly, this leads to reduced C'80 line intensities. The importance of isotope selective effects
varies depending disk parameters, dust properties and the stellar FUV field (Miotello et al
2014).

For this reason, isotope-selective photodissociation has been implemented in the modeling
of all disks in our sample. Isotope-selective effects are substantial only for C'30 line emission
and in the outer disk regions, where the bulk of the gas phase CO is located (Figure[Z7)). The
effect on the outer disk emission is not detectable for SR21. On the other hand, IRS48 has
an even lower disk mass but shows a significant difference. This may be related to the low
gas-to-dust ratio in this disk. This shows how isotope-selective photodissociation depends on
the combination of disk and stellar parameters and not only on the total disk gas mass.

Interestingly, isotope-selective photodissociation does not significantly affect the CO iso-
topologues emission from inside the cavity, likely because of the higher temperatures in that
region. However, this is only true for conditions in these four disks. Possible effects in more
extreme scenarios can not be excluded.

7.5 Discussion

The main outcome of Figure and the modeling is that all four transition disks have gas
inside the cavity, with a gas cavity that is smaller than the dust cavity (for SR21 adopted from
Pontoppidan et al/ (2008)). The CO isotopologues confirm the main result from the '2CO
data: gas is present inside the dust cavities and has a smaller decrease in density than the
millimeter-dust. With the new optically thin isotopologue data, the density profiles are now
much better constrained than based on just 12CO data (van der Marel et al.[20150).

Two other transition disks have been sufficiently spatially resolved in CO and continuum
to also confirm a gas cavity smaller than the dust cavity: HD142527 (Fukagawa et al/[2013;
Perez et all2015) and J1604-2130 (Zhang et all2014;van der Marel et all2015¢). To date, no
counterexample has been found for which the gas follows the same distribution as the dust.
This hints at the exciting possibility that the origin of transition disks indeed lies in embedded
planets that have cleared their orbit in the gas and trapped the millimeter-dust at the edge.

An upper limit on any embedded companions has been derived for HD135344B using
direct imaging in [Vicente et al. (2011)): less than 1 brown dwarf mass at >37 AU radius. For
SR21, companions with ¢ > 0.01 or > 10Mjyy; are ruled out for 11-21 AU orbital radius
according to near-infrared aperture masking interferometry (Andrews et all2011)). For the
other two disks no limits on companions are known. Unfortunately the derived limits are
outside the orbital range suggested by our gas cavity radii, assuming the companion orbital
radius is close to the gas cavity radius.
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The difference between gas cavity radius and dust cavity radius can be compared with
modeling results of planet-disk interaction by |de Juan Ovelar et al! (2013). They show a
relation between the observed dust cavity wall in the near infrared (SPHERE-ZIMPOL pre-
dictions), tracing the small dust grains, and the millimeter-dust cavity wall as observed by
ALMA. Simulations were run for different planet masses at different radii (Figure 8 and
Equation 1 in the mentioned paper). The simulations were performed assuming a viscos-
ity of @ ~ 1073 for a disk of 0.05 M. The ratio between the two radii f(M,) is found to

fOllOW
Alp )
fuJup

f(Mp)=c~( (7.4)
with ¢ ~ 0.85, and y ~ [-0.22,-0.18,-0.16] for planet orbital radius = [20, 40, 60] AU,
respectively. Assuming that the small dust grains follow the gas, this relation can be applied
directly to our cavity radii. The gas/dust cavity radii ratios for our targets are 0.75, 0.28, 0.5
and 0.42 for HD135344B, SR21, DoAr44 and IRS48, respectively, with gas cavity radii of
30, 7, 16 and 25 AU. Using the y = —0.22 relation (closest to our gas cavity radii), planet
masses are predicted to be 2, 11 and 25 My, for HD135344B, DoAr44 and IRS48. For SR21,
we extrapolate y for the 7 AU gas cavity radius to be -0.26, resulting in a planet mass of 71
Jupiter masses. The derived masses remain uncertain due to the fixed viscosity in the models:
a lower viscosity would result in lower masses.

Another way to compare the observations with planet-disk interactions models is using
the dga52 drop value. The outcome of the gradual drop model is particularly interesting as
it is a better resemblance to the shape of the gap carved by a planet as seen in planet-disk
interaction simulations (Crida et al.|2006; Zhu et al.2011);|de Juan Ovelar et al/[2013; Fung
et al. 2014). Fung et al. have derived an analytical prescription based on the outcome of
numerical simulations of the depth of the gap, which can set constraints on the mass of the
planet in combination with the viscosity in their Equation 14:

Teup/Z0 = 47x107 (2 )_1( a )1'26(}’”)6'12 (7.5)

5x1073 102 0.05

with g the mass ratio between planet and star, « the viscosity parameter, 4/ r the scale height
and Ygap /2o the drop in density, or dgas2. The equation is only valid for g = 1074 -1072.
A similar relation was recently derived by [Kanagawa et all (2015). The derived parameters
can thus provide an estimate for the planet mass, assuming a certain viscosity value. The
relation has a very strong dependence on %/, due to the strong dependencies of the torque
on the disk angular frequency. Note that the disks of these simulations are isothermal to
make &/ r constant as a function of radius. Since the gas temperature has in reality a strong
vertical gradient due to the UV heating, especially at the cavity wall, this makes Equation
5 uncertain. On the other hand, these processes are happening close to the midplane and the
isothermal approximation is not entirely incorrect. In applying the relation to our findings, i/ r
is only marginally constrained by our models due to the degeneracies in SED modeling. As
h/r = cgs/vg, with the sound speed c; o« VT and vy, the Keplerian velocity, it can be computed
also directly from the derived midplane temperatures. We find 4/ r in our models using the
midplane temperature at the gas cavity radius of 0.077,0.063,0.048 and 0.11 for HD135344B,
SR21, DoAr44 and IRS48, respectively, which is generally not too far off from the 4/ r derived
from our radiative transfer modeling. Using these values for /2/r in combination with the §gas>
values derived for the gradual drop models for our disks, planet masses can be derived for «
between 1072 and 1074,

For @ = 1072, the g-values are > 0.01 (except for DoAr44), which is outside the range
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for which the analytical relation was derived. Higher g-values, implying substellar mass com-
panions, would result in eccentric gaps and/or entire disruption of the disk, which is why the
relation is no longer valid. For reasonable planet masses (up to 10 Jupiter masses) that are
consistent with the upper limits for companions mentioned above, this implies low viscosity
values between @ ~ 1073 and 104, much lower than found in the TW Hya and HD163296
disks based on turbulent broadening (Hughes et al/[2011).

The estimates derived here remain highly uncertain, due to the uncertainties in our model-
ing and the assumptions in the numerical models: the relation was empirically derived based
on the outcome of numerical simulations with several important limitations: the vertical struc-
ture is isothermal, accretion onto the planet is ignored and the dust and gas are coupled, which
is not true for a realistic physical disk. However, the §ga5 01 Xgap /X0, has been measured for
the first time with an accuracy of better than an order of magnitude with these new observa-
tions. This parameter is inversely linear with ¢ or planet mass and sets a constraint on the
properties of these potential embedded planets.

7.6 Conclusions

In this work, we have analyzed high spatial resolution ALMA submillimeter observations of
13CO and C'30 line emission from 4 transition disks using full physical-chemical modeling.
Using a previously derived surface density model of the dust, based on the SED and millimeter
continuum visibilities, a physical model of the gas and dust was derived for each of the disks.
The structure and amount of gas inside the cavity is the main point of interest as it gives direct
information about potential embedded planets.

1. All four disks show a gas cavity that is up to two times smaller in radius than the dust
cavity. Two other examples are known from the literature.

2. All disks can be fit to a gas density model with one or two drops in the gas density
inside the cavity.

3. The gas density drop inside the cavity is at least a factor of 1000 compared to the gas
surface density profile of the outer disk.

4. An alternative model with an gradual increase of surface density with radius inside the
cavity fits the data equally well for three of the four disks.

5. The derived values of the gas mass from the CO isotopologues are within a factor of a
few compared to previously derived values from spatially resolved '>CO observations,
submillimeter continuum and a gas to dust ratio of 100. The isotopologues are however
crucial for the gas density profile inside the cavity.

6. The depth of the gas density drop indicates that the viscosities in these disks are low for
reasonable companion masses.
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7.A Dust model DoAr44

Unlike the other disks, the dust surface density profile of DoAr44 was not yet constrained
by ALMA data from previous papers. Using the same approach as in (van der Marel et al.
2015¢), a model was found by fitting the SED, the 345 GHz continuum visibility curve and
the 345 GHz continuum intensity cuts. The cavity size is 32 AU, similar to the previous result
by |[Andrews et al. (2011). The depth of the dust density inside the cavity was constrained by
varying the dqusicay between rgap and reayqust- It was found that the dust density drops by at
least a factor 103, similar to the other disks.
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Figure 7.8: Modeling results and observations of DoAr44 of the dust surface density, compar-
ing ddustcav ranging between 1072 and 10~ as indicated in the right panel. The observations
are plotted in black. Left: Spectral Energy Distribution; middle left: Amplitude of the 345
GHz continuum visibility for the deprojected baselines. The null line is indicated with a
dashed line; middle right: Normalized intensity cuts through the major (bottom) and minor
(top) axis of the 345 GHz continuum image. The model images are convolved with the same
beam as the ALMA observations; right: The dust surface density profile. Indicated are the
Odust » the drop in density to fit the inner disk through the near infrared emission, and Jdustcay »
the minimum drop in dust density inside the cavity to fit the observations.
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7.B Channel maps

In this section we present the '3CO channel maps for each observed target.
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Figure 7.9: '3CO channel maps for each observed target. Overlaid in white contours are the
Keplerian velocity profiles for the derived inclination and given stellar mass.
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Figure 7.9: Continued.

7.C Additional models

Figure[Z10lshows the modeling results for '3CO for the baseline model (Table[Z3)) for differ-
ent gas cavity sizes. The plots demonstrate that the gas cavity radius is determined to within
5 AU uncertainty.
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Figure 7.10: Modeling results for different cavity sizes. The plots show the '3CO intensity
cuts of the data (black) and the models (colors) for different density drops 6gas2. The central
panel uses the gas cavity Size reaygas 0f the final model (see Table[Z3), the left panel the results
for a5 AU smaller gas cavity and the right panel the results for a 5 AU larger cavity. For SR21
the 7 AU radius remains unresolved in the ALMA data so the radius is not explored. The plots
reveal that the gas cavity radius is determined to within 5 AU uncertainty.
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Figure 7.10: Continued.
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Abstract

Simple molecules such as HyCO and CH3OH in protoplanetary disks are the starting point for
the production of more complex organic molecules. So far, the observed chemical complexity
in disks has been limited because of freeze-out of molecules onto grains in the bulk of the
cold outer disk. Complex molecules can be studied more directly in transitional disks with
large inner holes because these have a higher potential of detection through the UV heating
of the outer disk and the directly exposed midplane at the wall.We used Atacama Large Mil-
limeter/submillimeter Array (ALMA) Band 9 (~680 GHz) line data of the transitional disk
Oph IRS 48, which was previously shown to have a large dust trap, to search for complex
molecules in regions where planetesimals are forming.We report the detection of the HoCO
9(1,8)-8(1,7) line at 674 GHz, which is spatially resolved as a semi-ring at ~ 60 AU radius
centered south from the star. The inferred H,CO abundance is ~ 1078 , derived by combin-
ing a physical disk model of the source with a non-LTE excitation calculation. Upper limits
for CH3OH lines in the same disk give an abundance ratio HyCO/CH3OH >0.3, which indi-
cates that both ice formation and gas-phase routes play a role in the H,CO production. Upper
limits on the abundances of H!3CO™, CN and several other molecules in the disk were also
derived and found to be consistent with full chemical models.The detection of the HyCO line
demonstrates the start of complex organic molecules in a planet-forming disk. Future ALMA
observations are expected to reduce the abundance detection limits of other molecules by 1-2
orders of magnitude and test chemical models of organic molecules in (transitional) disks.
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8.1 Introduction

Planets are formed in disks of dust and gas that surround young stars. Although the chemical
nature of the gas is simple, with only small molecules such as H, CO, HCO, or H,CO
detected so far, the study of molecules in protoplanetary disks has resulted in a much better
understanding of the origin of planetary systems (e.g. [Williams & Cieza 2011; Henning &
Semenov|2013). Molecular line emission serves as a probe of disk properties, such as density,
temperature, and ionization. Furthermore, simple species are the start of the growth of more
complex organic and possibly prebiotic molecules (Ehrenfreund & Charnlev 2000; Mumma
& Charnley 2011]). Molecules in disks are incorporated into icy planetesimals that eventually
grow to comets and asteroids that may have delivered water and organic material to Earth.
Therefore, a better understanding of the chemical composition of protoplanetary disks where
these icy bodies are formed provides insight into the building blocks of comets and Earth-like
planets elsewhere in the Universe.

Protoplanetary disks have sizes of up to a few 100 AU, which makes them similar to or
larger than our own solar system (~50 AU radius). However, at the distance of the nearest
star-forming regions these disks subtend less than a few arcsec on the sky, so that telescopes
with high angular resolution and high sensitivity are needed to study their chemical composi-
tion. Most of the disks observed so far show no high chemical complexity (e.g. Dutrey et al.
1997;Thi et all[2004}; Kastner et all[2008;|Oberg et al.[2010). In the surface layers of the disk,
molecules are destroyed by photodissociation by ultraviolet (UV) radiation from the central
protostar. In the outer disk and close to the disk midplane, temperatures quickly drop to 100
K and lower, where all detectable molecules, including CO, freeze out onto dust grains at
temperatures determined by their binding energies (Bergin et al.2007). The chemical compo-
sition thus remains hidden in ices. Only a very small part of the ice molecules is brought back
into the gas phase by nonthermal processes such as photodesorption.

Transition disks have a hole in their dust distribution and thus form a special class of
protoplanetary disks (Williams & Ciezal2011). The hole allows a view into the usually hidden
midplane composition because the ices at the edge of this hole are directly UV irradiated by the
star, which results in increased photodesorption and thermal heating of the ices (Cleeves et al.
2011). The hole is also an indicator that the disk may be at the stage of forming planets. So
far, the chemical composition of the outer regions of transitional disks appears to be similar to
that of full disks, with detections of simple molecules including H,CO (Thi et all/2004; Oberg
et al. 2010,12011)). However, these data were taken with a typical resolution of >2”.

The study of the chemistry in protoplanetary disks has recently gained much more per-
spective due to the impending completion of the Atacama Large Millimeter/submillimeter
Array (ALMA). ALMA allows us to study astrochemistry within protoplanetary disks at an
unprecedented level of complexity and at very small scales. It has the sensitivity to detect not
only the dust, but also the gas inside dust gaps in transitional disks (van der Marel et all[2013;
Casassus et al.[2013; [Fukagawa et al.[2013; Bruderer et al. 2014).

The disk around Oph IRS 48 forms a unique laboratory for testing basic chemical pro-
cesses in planet-forming zones. IRS 48 is a massive young star (M, = 2Mg, T ~10 000 K)
in the Ophiuchus molecular cloud (distance 120 pc) with a transition disk with a large inner
dust hole, as revealed by mid-infrared imaging, which traces the hot small dust grains (Geers
et al.[2007). The submillimeter continuum data (685 GHz or 0.43 mm) from thermal emission
from cold dust obtained with ALMA show that the millimeter-sized dust is concentrated on
one side of the disk, in contrast to the gas and small dust grains. Gas was detected inside the
dust gap down to 20 AU radius with ALMA data (Bruderer et al/2014), and strong PAH emis-
sion is also observed from within the cavity (Geers et all[2007). The continuum asymmetry
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has been modeled as a major dust trap (van der Marel et al![2013), triggered by the presence
of a substellar companion at ~20 AU. The dust trap provides a region where dust grains con-
centrate and grow rapidly to pebbles and then planetesimal sizes, producing eventually what
may be the analog of our Kuiper Belt.

Bruderer et al. (2014)) presented and modeled the ALMA CO and continuum data, together
with complementary data at other wavelengths, to derive a three-dimensional axisymmetric
physical model of the IRS 48 disk. One important conclusion is that the dust in the disk is
warm, even out to large radii, because the UV radiation can pass nearly unhindered through
the central hole. This implies that the dust temperature is higher than 20 K throughout the
disk so that CO does not freeze out close to the midplane of the disk (Collings et all[2004;
Bisschop et all[2006). The lack of a freeze-out zone of CO is important, since much of the
chemical complexity in a protoplanetary disks is thought to start with the hydrogenation of
the CO ice (Herbst & van Dishoeck [2009). In the absence of CO ice, gas-phase chemistry
is the current main contributor to complex molecule formation. Alternatively, the disk may
have been colder in the past before the hole was created, with the ices produced at that time
now evaporating. One of the simplest complex organic molecules, H,CO, can form both
through hydrogenation of CO-ice (Tielens & Hagen [1982; [Hidaka et al. 2004; [Fuchs et al.
2009; |Cuppen et al.2009) and through gas-phase reactions. HyCO has been detected in sev-
eral astrophysical environments, such as the warm inner envelopes of low- and high-mass
protostars and protoplanetary disks including transitional disks (Dutrey et all|1997; Ceccarelli
et al. 2000;|Aikawa et al.[2003; Thi et all2004; Bisschop et all[2007; Oberg et al.2010,2011;
Qi et al.2013a). In contrast with HoCO, CH3OH can only be formed through ice chemistry
(Geppert et al! 2006; IGarrod et al! 2006), which means that the HoCO/CH3OH ratio gives
information on the H,CO formation mechanism. Furthermore, HyCO is a very interesting
molecule for comparing the chemical composition of disks, comets, and our solar system, be-
cause H,CO- and CN-bearing molecules such as HCN and CN are precursors of amino acids.
Synthesis of amino acids occurs in large asteroids in the presence of liquid water, for instance,
through the Strecker synthesis route (Ehrenfreund & Charnley 2000).

In this work we present the detection of the HyCO 9(1,8)-8(1,7) line in IRS 48 down to
scales of ~30 AU, a high-excitation line originating from a level at 174 K above ground. We
model its abundance and discuss the implications of the origin of this molecule in combination
with the nondetection of other molecular lines. We were only able to detect this line thanks to
the tremendous increase in sensitivity at these high frequencies (~ 670 GHz) using ALMA.

8.2 Observations

Oph IRS 48 (a2000 =16"27M37518, 62000 =-24°30"35.3"") was observed using the Atacama
Large Millimeter/submillimeter Array (ALMA) in Band 9 in the extended configuration in
Early Science Cycle 0. The observations were taken in three observation execution blocks
of 1.7 hours each in June and July 2012. During these executions, 18 to 21 antennas with
baselines of up to 390 meters were used. The spectral setup contained four spectral windows,
centered on 674.00 , 678.84, 691.47, and 693.88 GHz. The target lines of this setup were the
12C0 J=6-5, C'70 J=6-5, CN N=611 /-511 /2, and H'*CO* J=8-7 transitions and the 690
GHz continuum. Each spectral window consists of 3840 channels, a channel separation of 488
kHz, and thus a bandwidth of 1875 MHz, which allows for serendipitous detection of other
lines. The resulting velocity resolution is 0.21 km s~! (for a reference of 690 GHz). Table[§1]
summarizes the observed lines and frequencies. For CH3OH, another transition was covered
in our spectral setup at 678 GHz (4(2,3)-3(1,2)) but with the same Einstein coefficient and Ey



8. Warm formaldehyde in Oph IRS 48 147

as the 674 GHz transition. For CN, the 61, /,—511/, component covered in our observations
has a rather low Einstein A coefficient (averaged over the unresolved hyperfine components).
The CN lines at 680 GHz with Einstein A values stronger by two orders of magnitude were
just outside the correlator setting, which was optimized for '>CO and C'70 6-5.

We reduced and calibrated the data using the Common Astronomy Software Application
(CASA) v3.4. The bandpass was calibrated using quasar 3¢279, and fluxes were calibrated
against Titan. For Titan, the flux was calibrated with a model that was fit to the shortest one-
third of the baselines, since Titan was resolved out at longer baselines and the fit to the model
would not be improved. The absolute flux calibration uncertainty in ALMA Band 9 is ~20%.

The resulting images have a synthesized beam of 0.32” x 0.21” or 38x25 AU (1.87-10712
sr) and a position angle of 96° after applying natural weighting and cleaning. After extracting
the continuum data and the line data of '>CO J=6-5 and C!70 J=6-5, we performed a search
for lines of other simple and complex molecules within our spectral setup, but apart from
H,CO, no other convincing features were found. A rectangular cleaning mask centered on
the detected emission peaks was used during the cleaning process of the '2CO line and was
adapted to the detected emission of each channel. The final channel-dependent mask was then
applied to the frequencies of the targeted weaker lines, given in Table[8.Il The final rms level
was 20-30 mJy beam™! per 1 km s™! channel, depending on the exact frequency.

For more details on the data reduction seelvan der Marel et al. (2013).

Table 8.1: Molecular lines in addition to CO observed toward IRS48 (parameters taken from
the Cologne Database for Molecular Spectroscopy (Miiller et al.|2001,|2005))

Molecule  Transition Rest frequency E, O10g(Aue)
(GHz) (K)
H,CO 9(1,8)-8(1,7) 674.80978 174 -2.04
CH3;0H  4(2,2)-3(1,3) 678.78546 61 -2.87
H3cot 8§-7 693.87633 150  -1.56
CN 611/2-511,2 678.84488 114 -5.35
3450, 13(5,9)-12(4,8)  691.99178 143 -2.67
c3s 14-13 674.47362 180 -2.27
HNCO 9(1,9)-10(0,10)  678.23827 91 -2.80
c-C3H, 10(10,1)-9(9,0)  693.68725 182 -1.77
N,DT 9-8 693.80616 167 -1.42
D,0 4(2,2)-4(1,3) 692.24358 236 -1.80

8.3 Results

The H,CO 9(1,8)-8(1,7) line was detected at 3—8c levels in the channels between vy sr =
-0.5 and +9.5 km s~! (the source velocity is 4.55 km s~1, lvan der Marel et all 2013). The
integrated flux between -0.5 and +9.5 km s~! shows a flattened structure centered just south
of the star (Figure[8.1)). The stellar position was determined from the fastest velocity channels
where the 2CO emission from the same data set was detected. The emission is extended
across the spatial region, corresponding to a rectangle [-1.0” to +1.0”, -0.3” to +0.2”] having
an area of 2.1-107!! sr. Across this area, the integrated flux is found to be ~3.1 + 0.6 Jy km
g1 (see Figure 8.1l and [8.2). The emission is, where detected, cospatial with the 12c0 6-5
emission at the same velocity channels, although the northern half of the emission is missing
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(see Figure 8.3). Gas orbiting a star in principle follows Kepler’s laws, with the velocity v
depending on the orbital radius r according to v = VGM /r, with G the gravitational con-
stant and M the stellar mass. The CO 6-5 emission is found to follow Keplerian motion in
an axisymmetric disk (Bruderer et all2014). The emission in the high-velocity channels is
significantly stronger than the velocities closer to the source velocity, which can be partly
explained by limb brightening due to the 50° inclination of the disk. Some H,CO and CO
emission is found in various channels in the southeast corner (at velocities of +1-2 km s~1)
and not follow the Keplerian motion pattern (Bruderer et all[2014), but because of the low
S /N itis not possible to distinguish whether this emission is real or a cleaning artifact for the
case of H,CO.

A striking aspect of these images is that H,CO is only detected south of the star, as is also
found for the submillimeter continuum, which shows a north-south asymmetry of the disk
with a contrast factor of >100. The north-south contrast of HyCO can only be constrained to
be a factor >2 because of the low S /N of this detection. Moreover, the H,CO does not follow
the submillimeter continuum exactly: at the continuum peak no HyCO emission is detected
at all. The velocity channels in '>CO between 2.5 and 4.5 km s~! suffer from absorption
by foreground clouds, but the HyCO abundance and excitation in these clouds is too low to
absorb the H,CO disk emission in this highly excited line. Thus, the absence of H,CO at the
peak millimeter continuum is significant.

The other targeted molecules remain undetected, but the non-detection provides 30~ upper
limits that can be used in the models. For the 25 mJy beam~! km s~! rms level, we estimated
the upper limit on the total flux of CH30H as follows: for the HCO detected emission, the
total surface area dQ) with emission > 30 is ~ 1.3 - 107! sr or ~7 beams, and the detectable
emission lies between -0.5 and +9.5 km s~! (11 channels). The 30 upper limit on the total

flux is thus
Fupp = VdQ/ Opeam - 30ms - 1.2V11-1 =079 Jy km s~ (8.1)

where the factor 1.2 is introduced to compensate for small-scale noise variations and calibra-
tion uncertainties at this high frequency of the observations. Note that this is a conservative
limit because the H,CO emission is most likely narrower in the radial direction than the spatial
resolution. For the CN, H'3CO™ and other molecules in Table 8.1 we expect the emission to
be cospatial with the CO emission, which covers ~ 4.8 - 107! sr or ~ 26 beams and integrated
between -3 and +12 km s~!. The upper limit is thus

Fupp = VdQ/ Qpeam - 30 ms - 1.2V15-1 = 1.8 Jy km s~ (8.2)

8.4 Model

8.4.1 Physical structure

Analysis of the abundance and spatial distribution of the HyCO in the disk requires a physical
model of the temperature and gas density as a function of radius and height in the disk. We
used the best-fitting model of the gas structure from Bruderer et al, (2014) based on the '2CO
and C!70 6-5 lines from the same ALMA data set and the dust continuum. The proper inter-
pretation of the gas disk seen in 2CO 6-5 emission requires a thermo-chemical disk model,
in which the heating—cooling balance of the gas and chemistry are solved simultaneously to
determine the gas temperature and molecular abundances at each position in the disk. More-
over, even though the densities in disks are high, the excitation of the rotational levels may
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Figure 8.1: Integrated intensity map of the H CO 9(1,8)-8(1,7) emission. The color bar gives
the flux scale in mJy beam™' km s~!. The white contours indicate the 690 GHz continuum at
3, 30, and 300 o from the thermal emission of the millimeter-sized dust grains. The position
of the star IRS 48 is indicated by the star and the 60 AU radius (the dust trap radius) by a
white dashed ellipse.

Figure 8.2: Spectrum of HyCO 9(1,8)-8(1,7) toward IRS 48 spatially integrated over the
rectangle [-1.0” to +1.0”, -0.3” to +0.2”]. The dotted line indicates the zero-emission line and
the dashed line the source velocity of 4.55 km s~
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Figure 8.3: Comparison of channel maps H, CO 9(1,8)-8(1,7) (top row) with 12C0 6-5 (bot-
tom row), data taken from |Bruderer et all (2014). The color bar indicates the fluxes in mJy
beam™!. The number in the upper right corner of each map is the velocity range of that map.
In the H, CO maps, the white contours indicate the 20%, 40%, 60%, 80%, and 100% of the
peak intensity of all channels (the peak intensity is 195 mJy beam™'). The dashed ellipse
indicates the 60 AU radius ring. The CO +4—-6 km s~! channels are affected by foreground
absorption.

not be in thermodynamic equilibrium, and there are steep temperature gradients in both radial
and vertical directions in the disk. The DALI model (Bruderer et all2012; [Bruderer 2013)
uses a combination of a stellar photosphere with a disk density distribution as input. For IRS
48, the stellar photosphere is represented by a blackbody of 10 000 K. It solves for the dust
temperatures through continuum radiative transfer from UV to millimeter wavelengths and
calculates the chemical abundances, the molecular excitation, and the thermal balance of the
gas. It was developed for the analysis of the gas emission structures such as are found for
transitional disks (Bruderer2013).

DALI uses a reaction network described in detail in [Bruderer et al| (2012) and [Bruderer
(2013). It is based on a subset of the UMIST 2006 gas-phase network (Woodall et al!2007).
About 110 species and 1500 reactions are included. In addition to the gas-phase reactions,
some basic grain-surface reactions (freeze-out, thermal and nonthermal evaporation and hy-
drogenation like g:0 — g:OH — g:H,O and H,/CH™ formation on PAHs) are included. The
g:X notation refers to atoms and molecules on the grain surface. The photodissociation rates
are obtained from the wavelength-dependent cross-sections by van Dishoeck et all (2006).
The adopted cosmic-ray ionization rate is £ = 5 x 10717 s~!. X-ray ionization and the effect
of vibrationally exited H, are also included in the network. The model chemistry output will
be used to compare with the HCO™' and CN data. However, since no extensive grain-surface
chemistry is included, it is not suitable to model the HyCO and CH30H chemistry.

The surface density profile for the best-fitting model for IRS 48 (Bruderer et al![2014)
including the gap is shown in Figure [84l Tt is found that the gas disk around IRS 48 has a
very low mass (1 41074 Mg = 0.15 Myyp) compared with the mean disk mass of ~5 My, for
normal disks (Williams & Cieza2011;|Andrews et al![2013). Furthermore, the disk has a large
scale-height, allowing a large portion of the inner walls to be irradiated by the star. The radial
gas structure has two density drops: a drop 829 of < 1072 in the inner 20 AU (probably caused
by a planetary or substellar companion) and an additional drop 8¢ of 10~! at 60 AU radius.

The resulting densities, temperatures and CO abundances of the model are given in Figure
The gas density is 10°~® molecules cm™ in the upper layers of the disk, increasing to 103
cm™3 close to the midplane near 60 AU. The gas temperature is typically a few 100 K, except
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Figure 8.4: Adopted radial density structure of the IRS 48 disk, taken from|Bruderet (2013).
The blue lines indicate the gas surface density, the red lines the dust surface density. The
dotted black lines show the undisturbed surface density profiles if it continued from outside
inwards without depletion. The green dashed lines indicate the radii at which the depletions
start.
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Figure 8.5: Physical-chemical model of IRS 48 from |Bruderer et all (2014). The panels

show gas density (cm™3), gas temperature (K), CO abundance with respect to Hy, dust density
(cm™3), dust temperature (K), and UV field in Gy (Go = 1 refers to the standard interstellar
radiation field). The given numbers are in '°log scale.

in the upper layers where the temperature reaches several thousand K. The UV radiation field
is enhanced by factors of up to 10% in the disk, indicated by Gy (panel 6 in Figure[8.3). Go = 1
refers to the interstellar radiation field defined as inm ), ~2.7 X 1073 erg sl em™2
with photon-energies in the far UV range between 6 eV and 13.6 eV. The CO abundance is
~ 10™* compared with H; throughout the bulk of the outer disk and is not frozen out.

The H,CO emission was modeled using the LIne Modeling Engine (LIME), a non-LTE

excitation spectral line radiation transfer code dB_un_ch_&_Hgge:h@_u_d_clelﬂ) The physical

structure described above is used as input. The first step in the analysis is to empirically
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constrain the H,CO abundance by using three different trial abundance profiles guided by as-
trochemical considerations. The inferred abundances were then a posteriori compared with
those found in the full chemical models. In Model 1, the abundance was assumed to be con-
stant throughout the disk, testing abundances between 107> and 10~!'! with respect to Hy. In
Model 2, the abundance was taken to follow the CO abundance calculated by the DALI model,
taking a fractional abundance ranging between 1073 and 1078 with respect to CO. Model 3
was inspired by|Cleeves et all (2011)) by setting the HyCO to zero except for a ring between 60
and 70 AU. This model assumes that the UV irradiated inner rim has an increased chemical
complexity that can be observed directly, as material from the midplane has been liberated
from the ices. The abundance profile is additionally constrained by the photodissociation and
freeze out. HCO can only exist below the photodissociation height, which was taken as the
height (z direction) where a hydrogen column density of N(H,) = 4 - 10?0 cm~2 is reached. At
this column, the CO photodissociation rate drops significantly due to shielding by dust as well
as self-shielding and mutual shielding by Hj for low gas-to-dust ratios (Visser et all2009).
Therefore, at each radius this value was calculated and the abundance was set to zero above
it. For radii <60 AU, H,CO is photodissociated almost entirely down to the midplane because
of the lower total column density. Furthermore, HyCO is expected to be frozen out on the
grains at temperatures <60 K since it has a higher binding energy (Ioppolo et all[2011)) than
CO, therefore the abundance in regions below this temperature were also set to zero. All three
abundance profiles are shown in Figure

(a) Model 1 (b) Model 2 (c) Model 3
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Figure 8.6: Trial abundance models 1, 2 and 3 for H,CO. The H, CO abundance is limited by
photodissociation in the upper layer and freeze out below 60 K. Model 1 assumes a constant
abundance, Model 2 assumes a fractional abundance with respect to CO, Model 3 assumes a
constant abundance in between 60 and 70 AU radius and zero abundance at other radii.

The LIME grid was built using linear sampling, with the highest grid density starting at
60 AU, using 30 000 grid points and 12 000 surface grid points, using an outer radius of 200
AU. The image cubes were calculated for 60 velocity channels of width 0.5 km s~! spectral
resolution, in 5”X5” maps with 0.025” pixels. Collisional rate coefficients were taken from
the Leiden Atomic and Molecular Database (LAMDA) (Schdéier et all[2005) with references
to the original collisional rate coefficients as follows: H,CO (Troscompt et al.[2009), CH;OH
(Rabli & Flower 2010), H3CO* (Flower 1999), and CN (Lique et al|[2010). For the other
molecules the emission was only calculated in LTE, using the parameters from CDMS (Miiller
et al.[2001,12005).

For CH;30H, H13CO+, CN and the other molecules we ran models to constrain the upper
limits. For CH3OH, the same abundance profiles as for HyCO were taken because CH3OH is
expected to be cospatial with HoCO when they are both formed through solid-state chemistry.
For the H'3CO™ abundance the initial CO abundance was taken and multiplied with factors
1072-107""1, as the HCO™ is known to form via CO through the HY + CO proton donation
reaction and is indeed observed to be strongly correlated with CO (J a;rgensen et al![2004). For
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the other molecules the same approach for the abundance as for H'3CO™ was used.

8.4.2 Results
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Figure 8.7: Results of H, CO abundance models: Left: Total flux integrated over the emission
rectangle of the observations for different abundances for Model 1 (purple), Model 2 (blue),
and Model 3 (red). The fractional abundances with respect to CO for Model 2 have been
multiplied with 10~* for easier comparison as the CO/H, abundance is typically 10~*. The
dotted line indicates the measured observed flux, and the gray bar indicates the error on this
value based on the flux calibration uncertainty. Right: Spectra integrated over the emission
rectangle of the observations for different abundances for Model 1 (purple), Model 2 (green),
and Model 3 (red) for abundances 107 (dashed), 1078 (solid), and 1 0° (dotted). The black
spectrum represents the observational data. Abundances for Model 2 are multiplied with 10~*
to translate the abundance w.r.t. CO to H,. The top figure shows the original models. The
bottom figure shows the model spectra scaled to match the total flux of the observations.

The model results for H;CO are presented in Figure[8.7] Integrated fluxes were computed
by summing the model fluxes over the same rectangular region as the HyCO observations,
after subtracting the continuum. Figure [8.7] presents the model fluxes as a function of H,CO
abundance for the three trial abundance structures. Model 1 with constant HyCO abundance
~1078#0-15 with respect to H, or Model 2 with abundance ~10~* with respect to CO reproduce
the total observed flux well within the error bar. There is little difference between Model 1
and Model 2 except for a factor of 10* that has been taken into account in Figure[8.7} This is
expected because most of the CO abundance in the defined region is 10™* with respect to H.
Model 3 requires an abundance of 1078 higher by a factor 3 in the 60-70 AU ring to give the
same integrated flux. Note that the LIME model fluxes obtained with non-LTE calculations
are only about 25% lower than the LIME models in LTE due to the high densities in the disk.
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Figure 8.8: Column density profiles of Hy CO for the best abundance fits for models 1 (black),
2 (blue), and 3 (red). Abundances are 108 for Model 1, 10~* w.r.t. CO for Model 2 and 10~
for Model 3.

The spectra (Figure [8.7) confirm that the best match for the flux for Model 1 is for an
abundance of ~1078, although the peaks at the highest velocities are up to twice as high as
the data. The slight asymmetry in these model spectra is caused by the spatial integration
over a rectangle, whereas the disk has a position angle of 100°. The line wings in models 1
and 2 originate from the emission from radii <60 AU, which is missing in Model 3, but the
S /N of the data is too low to detect the difference. In the bottom panel of Figure [8.7] the
spectra have been scaled so that the total flux exactly matches that from the observations.The
current models underproduce the emission close to the central velocity ratios, suggesting that
the abundance may be even more enhanced in the central southern part of the disk at these
velocities and is not constant along the azimuthal direction of the semi-ring. It is also possible
that there is enhanced HyCO at larger radii than assumed here when the freeze-out zone is
taken out, although this does not add a significant amount of emission at the central velocities.
Calculation of an abundance model where the freeze-out zone is removed shows that this
indeed increases the emission at central velocities, but the S /N of the data is insufficient to
confirm or exclude emission at larger radii. Overall, it is concluded that the abundance is
~ 1078 compared with Hy within factors of a few.

The final comparison between models and data is made by comparing images. To pro-
duce images from the model output cubes the images were convolved with the ALMA beam
of the observations (0.317x0.21”, PA 96°). Similar as in Bruderer et al. (2014), the result of
the model images convolved to the ALMA beam was compared with the result of simulated
ALMA observations. An alternative method is to convert the model images to u, v-data ac-
cording to the observed u, v-spacing using the CASA software and reduce them in the same
way as the observations. Because of the good u, v-coverage of our observations, the two ap-
proaches do not differ measurably within the uncertainty errors. Figures[8.9]and B.T0lindicate
that the three models have a similar ring-like structure as the observations, apart from the
emission in the north that is lacking in the data. The differences between the models are best
seen in the velocity channel maps: models 1 and 2 still show some emission within the ring
at 30-60 AU, which is higher for Model 1 than for Model 2 because the CO abundance is
somewhat lower between 40 and 60 AU. Model 3 does not show any emission within the ring
by design.
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Figure 8.9: Results of H,CO abundance modeling: channelmap convolved with the ALMA
beam of the observations for Model 1 at 10~8 abundance. The color bar gives the flux scale in
mlJy beam™!. The 60 AU radius is indicated with a dashed ellipse and the stellar position with
a star. The white contours indicate the 20%, 40%, 60%, 80% and 100% of the peak (peak is
212 mJy beam™).

A possible explanation for the missing HyCO emission at the peak of the dust continuum
is that the dust is not entirely optically thin. The optical depth 74 was calculated as 74 ~ 0.43
(van der Marel et alll2013) averaged over the continuum region. If we assume all the H,CO
emission Jjj,e to originate from behind the dust, the resulting intensity is

I, = By(Tqust) - (1 —€7™) + e " jjpe. (8.3)

The first term is the measured dust intensity, which is subtracted from the HyCO data. The
second term indicates a reduction of the line intensity by continuum extinction. This extinction
was calculated by multiplying the model output with the exponent of a 2D 74 profile, where 74
is following the continuum emission profile of the observed dust trap area. The maximum 74
was taken as 0.86, recovering the averaged opacity over this area. This correction represents
an upper limit of the continuum extinction effect. The result is shown in the bottom panels
of Figure The continuum extinction decreases the HyCO emission in the south by more
than a factor 2, while some emission between the star and the dust continuum remains (for
models 1 and 2). Although the strength of this emission compared with the peaks at the
edges is still lower than in the observations, the model image is now more consistent with the
observations. The total integrated flux is only 10% lower because the rectangle used for the
spatial integration did not cover most of the dust continuum. Both the S /N of the line data
and the unknown mixing of the gas and dust prevent a more detailed analysis of this problem,
but it is clear that the continuum extinction cannot be neglected. The observations show a
decrease of a factor 4 between the east and west limbs compared with the emission at the
location of the dust peak (see Figure [8.)), which requires a 74 of at least 1.4. Submillimeter
imaging at longer wavelengths is required to measure the dust optical depth more accurately.

Overall, the conclusion is that the current data can constrain the HoCO abundance in the
warm gas where HyCO is thought to reside to ~ 1078, but the current S /N is too low to
distinguish the different assumptions on the radial distribution of HoCO. However, the three
models make different predictions for the distribution, which we expect to see more clearly in
future higher S /N ALMA data.
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Figure 8.10: Results of H, CO abundance models: Integrated intensity maps convolved with
the ALMA beam for Model 1 at 10~® abundance (left), Model 2 at 10~* fractional abundance
of CO (center) and Model 3 at 108 abundance (right). The color bar gives the flux scale in
mly beam™!. The white contours indicate the 20%, 40%, 60%, 80% and 100% of the peak.
The top panel gives the result for the non-altered model image, the bottom panel gives the
result with a correction for the continuum extinction.

The total model fluxes for the CH3OH, H'3CO* and CN are compared with the derived
upper limits in Figure 811l where all abundances have been multiplied with 10~ to translate
the abundance w.r.t. CO to H,. The other targeted molecules with upper limits were compared
in the same way (plots not displayed here). For the CH3OH lines, the upper limit on the inte-
grated flux is consistent with an abundance limit in Model 1 of < 3 - 1078, thus H,CO/CH30H
> 0.3. For H3CO™, the upper limit sets the abundance at < 107 with respect to CO. This
indicates an HCOT/CO abundance ratio of < 107%, or an absolute abundance HCO1/H, of
< 1078, The CN emission is poorly constrained: the upper limit sets the CN/CO abundance at
<5-107% or CN/H, < 5-1078. The reason is the low Einstein A coefficient of this particular
transition, which is almost three orders of magnitude lower than that of the other transitions
in this study.

All derived absolute abundance limits are given in Table 82l For 3*SO, and C3*S we
found absolute abundances of < 1078 and < 1072 respectively, corresponding to abundances
of <2-1077 and < 2- 10~® for the main isotopes, assuming an elemental abundance ratio of
sulfur of 328/34S of 24 (Wilson & Rood|1994). For the deuterated molecules N,D* and D,O
the isotope ratio D/H in these molecules is not known, therefore no upper limits on NpH™ or
H5O can be obtained.
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Figure 8.11: Model results for the integrated fluxes found for CH3z OH, HB3COt and CN
in the empirical models. The dashed line indicates the upper limit of the integrated inten-
sity, assuming the molecule is cospatial with the HyCO (CH3OH) or CO (H3CO* and CN).
Abundances were calculated with respect to the CO abundance, but in these plots are multi-
plied with 10~ to translate the abundance w.r.t. CO to Ha.

Table 8.2: Derived abundance limits w.r.t. H.

Molecule  Abundance
H,CO 1-1078
CH;O0OH <3-1078
HBCcOt <1-10710

CN <5-10°8
3450, <1-1078
c*s <1-107°

HNCO <3-107°
c-C3H, <3.107°
N,D+ <1-10710
D,0 <1-107°

8.5 Discussion

8.5.1 Origin of the H,CO emission

H,CO can be formed efficiently in the ice phase by hydrogenation of solid CO, as shown in
laboratory experiments, which can be followed by the formation of CH3OH (Hiraoka et al.
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2002; Watanabe & Kouchi2002; Watanabe et al![2004; Hidaka et al.[2004; [Fuchs et al.[2009):
CO — HCO — H,CO — H,COH — CH30H. (8.4)

Because CO ice is highly abundant in the cold dusty regions in clouds and disks, this formation
route is commonly assumed as the origin of gas-phase HyCO, following thermal or nonthermal
desorption. In that case, CH3OH is expected to have a similar or higher abundance than H,CO
because they are formed along the same sequence (Tielens & Hagen [1982;Ivan der Tak et al.
2000; (Cuppen et al.[2009). If all ices are thermally desorbed, gas-phase abundances can be as
high as ~ 1070 — 107>,

There is no known efficient gas-phase chemistry for the formation of CH3OH (Geppert
et al.[2006}; \Garrod et al.[2006), whereas H,CO can also be formed rather efficiently in the gas
phase. At low temperatures, the reaction

CH; + O —» H,CO + H (8.5)

dominates its formation, whereas it is mainly destroyed through reactions with ions such as
HCO™Tand H;O". These reactions lead to H;CO™, which cycles back to H,CO through
dissociative recombination

H3CO' + ¢~ - H,CO + H. (8.6)

However, since the branching ratio to H,CO is only 0.3, the ion reactions lead to a net de-
struction of H,CO. Typical dark-cloud gas-phase model abundances are a fewx 1078 relative
to Hy (McElroy et al/[2013). At low dust temperatures (< 60 K), HyCO can freeze out after
formation.

At higher temperatures in the presence of abundant HyO (7' > 100 K), formaldehyde
can also form through gas-phase reactions such as CH2+ +H,0 — H3CO™ + H followed by
dissociative recombination. Above a few 100 K, formaldehyde is destroyed efficiently through
H + H,CO + 1380 K —» HCO + H,.

H,CO has been detected in warm protostellar cores together with CH3OH. Typical H,CO
abundances in the warm gas are 3~ 10~ with respect to hydrogen, whereas CH;OH has an
abundance higher by a factor of 5 (H,CO/CH3OH=0.2) (Bisschop et all2007), suggesting
a main formation route through solid-state chemistry followed by sublimation. Recent ob-
servations of these molecules in the Horsehead PDR and core show a higher abundance ratio
H,CO/CH3OH of 1-2, which cannot be produced by pure gas-phase chemistry (Guzmaén et al.
2013). H,CO has been detected in several protoplanetary disks (Dutrey et al!|1997; Aikawa
et al.[2003; Thi et all[2004; Oberg et all[2010,12011}; Qi et al/[2013a), which has usually been
interpreted through the solid state chemical path, even though gas-phase CH3OH has not been
detected in any of these disks due to sensitivity limitations. For high enough sensitivity the
combination of HyCO and CH3OH observations would clearly distinguish between the ice-
phase and gas-phase chemistry. For the disk around HD163296, the rotational temperature of
H,CO was measured to be <30 K by fitting the emission of several transitions, and its abun-
dance was found to be enhanced outside the CO ‘snowline’ at 20 K, suggesting a solid-state
route (Qi et al![20134a).

The measured HyCO/CH3OH ratio limit for Oph IRS 48 of >0.3 is similar to the limit
found for LkCa 15 (Thi et all2004)) and only slightly higher than that found in warm protostars.
This low limit therefore does not exclude the solid-state chemistry formation route but is also
consistent with a gas-phase chemistry contribution to H;CO. However, the H,CO abundance
of 1078 is much higher than the detections and upper limits of the disk-averaged abundances in
Thi et al! (2004), which are typically < 107!, Most of this difference stems from the fact that
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the disks in|Thi et al| (2004) are two orders of magnitude more massive and also colder, with a
large portion of the CO and related molecules frozen out. This cold zone is lacking in the IRS
48 disk, and our analysis has already removed the zones in which H,CO is photodissociated
or frozen out. Nevertheless, as shown below, the HyCO emission is unusually strong in IRS
48 for its disk mass, hinting at an increased richness of chemistry in transitional disks due to
the directly irradiated inner rim at the edge of the gas gap, as predicted (Cleeves et all[2011)).

Another interesting aspect of the HyCO emission is the azimuthal asymmetry in IRS 48,
which happens to be similar although not exactly cospatial to the dust continuum asymmetry.
The dust asymmetry was modeled (van der Marel et al![2013) as a dust trap caused by a vortex
in the gas distribution with an overdensity of a factor 3, and it is possible that the increased
emission of HoCO at this location is in fact tracing this overdensity in the gas. The image
quality and S /N of the observations is insufficient to confirm this claim, however, and no
overdensity was observed in the 12CO 6-5 emission (Bruderer et all2014). Moreover, the
H,CO emission does not peak exactly at the peak of the dust continuum emission: in fact, the
H,CO emission is decreased at the continuum peak, as discussed in Section[8.4.2] (see Figure
[B.1). It is possible that this decrease is caused by the high optical depth of the millimeter dust,
which absorbs the line emission of the optically thin gas all the way from the midplane (see
Figure and Eq. 3). This cannot be confirmed because of the unknown vertical mixing
of the gas and dust. Finally, a nondetection of an overdensity in the gas is consistent with the
dust-trapping scenario: a vortex in the gas may already have disappeared while the created
dust asymmetry remains because the time scale of smoothing out a dust asymmetry is on the
order of several Myr (Birnstiel et al|2013).

Another possibility for the increased HyCO emission in the south is a local decrease in
the temperature compared with the north. In that case HyCO is destroyed efficiently in the
north through the H + H,CO + 1380 K — HCO + Hj reaction, but not in the south. This
possibility is consistent with the reduced CO emission in the south in both the rovibrational
lines_(Brown et all 20124) and the '>CO 6-5 lines (Bruderer et al!2014), where Bruderer
et al. (2014) suggested the temperature decrease to be of a factor 3. This temperature decrease
might be caused by UV shielding in the inner disk. Note that the millimeter dust that is
concentrated in the south does not provide sufficient cooling to change the gas temperature
significantly through gas-grain collisions: the small dust grains have most the surface and
gas-grain temperature exchange. If the temperature drops locally to between 20 and 30 K, the
H>CO might even be an ice-phase product, but this is very unlikely. A final possibility is that
the increase of H,CO is caused by the increased dust density and dust collisions in this region.
If the grain-grain collisions are at high enough speed (which depends on the turbulence in the
disk), the ice molecules may become separated from the grains. However, the dust grains
have reached temperatures above the sublimation temperature of 60 K long before reaching
the dust trap, therefore this is not very likely within reasonable time scales.

8.5.2 Comparison with chemical models

The column density of HyCO for the best-fitting model with abundance 1078 is ~ 10'4 cm™2
for radii>60 AU (Figure B.8)), which is within an order of magnitude of the predictions of
chemical models (Semenov & Wiebe 201 1);/Walsh et al![2012,12013) for protoplanetary disks.
For the 1077 abundance upper limit for CH30H we found a column density limit of ~ 2 —
4-10 ¢cm2 for radii>60 AU, which is well above the numbers derived in chemical models
(Walsh et al|[2012; Vasyunin et al/2011), which are typically 10'© cm=2.

The DALI-model (Bruderer et all [2014) produces predictions for HCO' and CN: the
HCO™ abundance peaks at 5-107°, but only in a very thin upper layer of the disk where the
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CO + H; reaction operates. The disk-averaged abundance is much lower. The predicted
integrated model intensity for H'*CO™ is 0.02 Jy km s~!, far below our detection limit of 1.8
Jy km s™!. The peak abundance for CN is 3-10~7 with an integrated intensity of 1.1 Jy km
s~!, which is close to our upper limit. The other CN 6-5 lines at 680 GHz (outside the range
of the spectral window of our observations) have an Einstein coefficient that is 2 orders of
magnitude higher and should be readily detectable with an integrated flux of 15 Jy km s~

8.5.3 Comparison of upper limits with other observations

The HCO™/CO ratio of < 107* (or HCO™/H, < 1078) for IRS 48 is consistent with values
found in disks, protostellar regions and dark clouds. The ratio is often found to be > 107>,
where the lower limit is due to the unknown optical depth of the observed HCO™ line (Thi
et al. 2004). Our H!3CO™ line does not suffer from this problem, but our inferred HCO™
abundance is not more stringent because of the very low gas mass of IRS 48. For similar
abundances, all measured fluxes would be a factor of 10-100 lower than for other full disks.

HCO™ is produced by the gas-phase reaction Hi +CO — HCO™ + Hy, which relates the
abundance directly to ionization, because the parent molecule Hi is formed efficiently through
cosmic-ray ionization. Our abundance cannot set a strong limit on the ionization fraction in the
disk. The ionization fraction in disks is important because the magneto-rotational instability
(MRI), believed to drive viscous accretion, requires ionization to couple the magnetic field to
the gas (Gammie [1996). Insufficient ionization may suppress the MRI and create a so-called
dead zone that can create dust traps at its edge where the dust grains will gather (Regdly et al.
2012). However, the ionization needs to be lower than about 10~'2 to induce a dead zone
(Ilgner & Nelson 2006). On the other hand, recent models suggest that cosmic rays may
be excluded altogether from disks around slightly lower-mass stars (Cleeves et al![2013). A
detection of HCO™ at the level suggested by our models would provide direct proof of the
presence of cosmic rays that ionize Hj at a rate of ~ 5 x 10717 571,

The CN upper limit is difficult to compare with literature values because our upper limit
is very high due to the low Einstein A coefficient. Literature values give derived abundances
(Thi_et al![2004) of ~ 10719, three orders of magnitude lower than our upper limit, which is
again caused by the low gas mass of our disk. As noted above, the full chemical model by
Bruderer (2013) suggests abundances very close to our inferred upper limits. The CN/HCN
ratio is a related tracer for photodissociation in the upper layers and at the rim of the outer
disk: a high ratio indicates a strong UV field, since CN is produced by radical reactions with
atomic C and N (in the upper layers) and by photodissociation of HCN, whereas CN cannot
easily be photodissociated itself (Bergin et al|2003;van Dishoeck et al![2006). The CN/HCN
ratio is generally found to be higher in disks around the hotter Herbig stars. HCN observations
are required to measure this ratio for IRS 48.

Several of the other targeted molecules have been detected towards cores and protostars,
such as 3*SO, (Persson et al.2012), N»D* (Emprechtinger et al.2009) and HNCO (Bisschop
et al.[2007). NoD can be used as a deuteration tracer in combination with NoH™, and there-
fore a tracer of temperature evolution, but this line was not within our spectral setup. The
H,CO/HNCO abundance limit of >0.3 as derived for IRS 48 is rather conservative compared
with values in cores of ~10 (Bisschop et al![2007), but the N-bearing molecules are weak in
IRS 48. The c-C3H; molecule was recently detected for the first time in the HD163296 disk
(Qi et all[20131), and their derived column density of ~ 10'2 cm~2 is well below our observed
limit for IRS 48 of 10! cm™2.
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8.5.4 Predictions of line strengths of other transitions
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Figure 8.12: Model predictions for the integrated fluxes for H, CO (both ortho and para lines,
assuming an ortho/para ratio of 3), and upper limits for A-CH;OH, H3CO*, HCO" (tri-
angles and diamonds, respectively), and CN based on our best-fit models for detections and
upper limits. The boxes show the 30~ upper limit of the ALMA sensitivity for Band 6 (230
GHz), Band 7 (345 GHz), and Band 9 (690 GHz), integrated over the line profile for one hour
integration in the full array. The targeted lines in observations are indicated in red (this study),
blue (Oberg et al. 2010,2011), and purple (Thi et al. 2004). The lines that have the best
potential for observation compared with the ALMA sensitivity are encircled.

Most observations of molecules in disks present only intensities, but do not derive abun-
dances, since a physical disk model is generally not available. To compare our observations
with these data, we calculated the expected disk-integrated fluxes for other transitions, using
our physical model and derived abundances or upper limits. These results are presented in
Figure[8.121 The ALMA sensitivity limits for Band 6, Band 7, and Band 9 (230, 345 and 690
GHz) for the ALMA full array of 54 antennas for 1 hour integration are included to investigate
which lines provide the best constraints for future observations.

Figure[8.12]shows the potential for future observations of IRS 48, indicating that with full
ALMA much better upper limits or detections can be reached for all of these species in just
one hour of integration by choosing the correct lines. The H,CO flux can be measured with
much better S /N and there is a wide range of abundances that can be tested. Lines in Band 7
(345 GHz) generally have the highest potential.

For H,CO, lines that have been targeted most often are the para H,CO 3(0,3)-2(0,2) and
3(2,2)-2(2,1) transitions at 218.22 and 218.47 GHz, as well as the ortho-H,CO 4(1,4)-3(1,3)
line at 281.53 GHz de_e_rg_e_t_alJ 2010, 2011). Comparing the observed fluxes with our pre-
dictions for these lines (~ 0.3 Jy km s~!) shows that the HCO emission of IRS 48 is quite
similar to that found in other disks. This is remarkable because of the low disk mass of IRS
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48.

CH3OH has not been detected in other disks to date. Upper limits derived for a few disks
(Thi_et all 2004) give abundances < 107!, below our limits for IRS 48. The fact that our
observed HyCO fluxes are similar to those of other disks in spite of the low disk mass bodes
well for future studies. Targeted ALMA observations of the strongest lines will allow much
better sensitivity and are expected to easily reduce the abundance limits by 1-2 orders of
magnitude. Together with searches for other complex organic molecules made preferentially
in the ice, this will allow direct tests of the mechanism of sublimation of mid-plane ices in
transitional disks proposed by |Cleeves et al| (2011)).

8.6 Conclusions

We observed the Oph IRS 48 protoplanetary disk with ALMA Early Science at the highest
frequencies, around 690 GHz, allowing the detection of warm H,CO and upper limits on the
abundances of several other molecules including CH3;OH, H13CO+, and CN lines at unprece-
dented angular resolution.

1. We detected and spatially resolved the warm H,CO 9(1,8)-8(1,7) line, which reveals a
semi-ring of emission at ~60 AU radius centered south from the star. No emission is
detected in the north. This demonstrates that H,CO, an ingredient for building more
complex organic molecules, is present in a location of the disk where planetesimals and
comets are currently being formed.

2. The H>,CO emission was modeled using a physical disk model based on the dust con-
tinuum and CO emission (Bruderer et al. 2014), using three different trial abundance
profiles. None of the profiles were able to match the observed data exactly, but the
absolute flux indicates an abundance with respect to Hy of ~ 1078,

3. The combination of the HyCO abundance in combination with upper limits for the
CH3OH emission indicates a HyCO/CH3OH ratio >0.3. This limit together with the
overall abundance suggests that both solid-state and gas-phase processes occur in the
disk.

4. Although the HCO emission is located only on the southern side of the disk, just like
the millimeter dust continuum, the offset with the continuum peak and the low S /N do
not allow a firm claim on a relation with the dust-trapping mechanism.

5. The upper limit for H3CO™ indicates an HCO™ abundance of < 1073, consistent with
our model. The upper limit for CN of 1077 relative to Hj is directly at the level of that
predicted by our model. Upper limits on the abundances of the other targeted molecules
are consistent with earlier observations.

6. Future ALMA observations of intrinsically stronger lines will allow abundances to be
measured that are one or more orders of magnitude below the upper limits derived here.
This will allow full tests of the chemistry of simple and more complex molecules in
transitional disks.
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Abstract

Understanding disk evolution and dissipation is essential for studies of planet formation. Tran-
sition disks, i.e., disks with large dust cavities, are promising candidates of active evolution.
About two dozen SED-selected candidates have been confirmed to have dust cavities through
millimeter interferometric imaging, but this sample is biased towards the brightest disks. We
aim to find a large unbiased sample of transition disk candidates in nearby star-forming re-
gions for studying their global properties as well as their origin. The Spitzer surveys of nearby
low-mass star forming regions have resulted in more than 4000 Young Stellar Objects (YSOs).
Using color criteria we have selected a sample of ~150 candidates, and an additional 40 can-
didates and known transition disks from the literature. The Spitzer data were complemented
by new observations at longer wavelengths, including new JCMT and APEX submillimeter
photometry, and WISE and Herschel-PACS mid and far-infrared photometry. Furthermore,
optical and near infrared spectroscopy was obtained and stellar types were derived for 85%
of the sample, including the information from the literature. The SEDs were fit to a grid
of RADMC-3D disk models with a limited number of parameters: disk mass, inner disk
mass, scale height and flaring, and disk cavity radius, where the latter is the main parameter
of interest. A large fraction of the targets turn out to have dust cavities based on the SED.
The derived cavity sizes are consistent with imaging/modeling results in the literature, where
available. Trends are found with Lgisk/ L, and stellar mass and a possible connection with
exoplanet orbital radii. A comparison with a previous study where color observables are used
(Cieza et al|[2010) reveals large overlap between their category of planet-forming disks and
our transition disks with cavities. The color criteria are a proper tool to select transition disk
candidates. In this work we present a large number of transition disks that are suitable for
follow-up observations with ALMA.
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9.1 Introduction

A central question in planet formation is how the optically thick protoplanetary disks around
classical T Tauri stars evolve into the optically thin debris disks around older systems (Williams
& Cieza 2011)). An important part of the evolution occurs in the transitional phase between
these two regimes. Transitional disks, disks with inner dust cavities, are considered to form
the evolutionary link, although it remains uncertain whether all disks go through this phase
at some point during their lifetime (e.g.|Cieza et al.2007; ICurrie & Kenyon 2009). The tran-
sition disk fraction is thought to be 5%-25% depending on the definition, implying that the
evolutionary path through a transition disk is either rapid or uncommon. Transitional disk
candidates are traditionally identified through a deficit of infrared flux in the mid-IR spectral
energy distribution (SED) (e.g. Strom et all|1989; |Calvet et al|[2002; Espaillat et al. 2014, for
review). The deficit arises from the absence of hot small dust particles close to the star, which
can be caused by either grain growth, photoevaporative clearing or interaction with a stellar
companion or recently formed planet, all processes closely linked to disk evolution. Thanks
to Spitzer mid-infrared spectroscopy surveys, a large number of transitional disks has been
discovered through the dip in their SED (e.g.Brown et alll2007; [Najita et al.[2007; [Kim et al
2009; Merin et al/2010). Submillimeter observations of about two dozen of the brightest disks
have directly resolved large holes with pioneering interferometers, confirming their transition
disk status (e.g.Piétu et al.2005;Brown et al.|2008,12009; [Isella et al.[2010aJb;|Andrews et al
2011). The hole sizes generally match well with estimates from SED modeling, suggesting
that the current interpretation and modeling of SEDs can correctly infer this parameter pro-
vided that the mid-infrared part of the SED is well covered observationally. The Atacama
Large Millimeter/submillimeter Array (ALMA) has produced even sharper dust images of a
small sample of transition disks with evidence for dust trapping (van der Marel et al!|2013;
Casassus et all[2013; [Pérez et al.[2014;[Zhang et al![2014). ALMA has also revealed the gas
distribution through CO observations, showing that substantial amounts of gas are present in-
side the dust cavities (Bruderer et al. 2014; [van der Marel et al/|2015¢; |Perez et al!|2013; van
der Marel et al. 2015b). However, ALMA has so far focused on the most well-studied and
brightest transition disks. For a better understanding of the role of transition disks in the disk
evolution and planet formation process, a large unbiased sample of transition disks with large
holes is required to study the general picture.

One of the most exciting explanations for transition disks is the presence of a young planet
that has cleared out its orbit (Lin & Papaloizou [1979). This scenario has been confirmed
through the tentative detection of planets embedded in transition disks through direct imaging
for a handful of disks (Huélamo et al/2011); Kraus & Ireland[2012;/Quanz et al.2013; Reggiani
et al. [2014;Quanz2015). As it remains unclear how and at what stage planets are formed in
a disk, finding them at the earliest stage and study of their environment can provide important
clues on the planet formation process.

Transition disk candidates have been identified through a range of different criteria (Brown
et al. 2007; Muzerolle et all2010; Oliveira et all2010; Merin et all2010;|Cieza et al! 2010,
2012b; Romero et all[2012), usually involving the Spitzer colors in the (mid) infrared. The
availability of Spitzer IRS spectra between 5-35 um was crucial for classification and deter-
mination of the hole size in these studies especially in covering the 8-20 micron region where
the SEDs reach their minimum but which is not well covered by the 8 and 24 micron photom-
etry points. In recent years, far infrared Herschel PACS and SPIRE photometry has been used
to identify and characterize (transition) disks (e.g Ribas et al.|2013; [Bustamante et al/[2015;
Rebollido et al![2015). Other studies identified candidates by comparing the infrared part of
their SEDs with the *median’ T Tauri disk SED (e.g.|[Harvey et all[2007; Merin et al. 2008).
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These studies define a separate class of transition disks as ‘anemic’ disks: disks with homol-
ogous depletion of dust due to grain growth or settling at all radii, exhibiting a low infrared
excess at all wavelengths. Furthermore, some studies distinguish between pre-transitional and
transitional disks: disks with a gap (inner disk present inside the cavity) and disks with a hole
(Espaillat et al. 2007) although there is no obvious evolutionary connection. A ’cold disk’
(Brown et al![2007) refers to a transition disk with a strong deficit in the mid infrared, im-
plying a cavity with a steep inner wall. Note that a few transition disks have been found in
millimeter imaging without evidence for mid infrared dip in their SED, e.g. MWC 758 (Isella
et al.2010Db)

Selection of candidates is sometimes followed up by radiative transfer modeling of the
radial disk structure, to constrain the dust cavity size and disk mass (Kim et al.2009; Merin
et al.2010) to determine the origin of the cavity besides clearing by a companion. Increased
grain growth in the inner part of disk would result in the appearance of a dust deficit in the
SED (Dullemond & Dominik 2005), although this would not be visible in millimeter imaging
(Birnstiel et al/[2010). Furthermore, multiplicity studies can define the origin of the cavity as
circumbinary disk whereas measuring the accretion through optical Ha can determine photo-
evaporative clearing (Najita et all[2007; [Espaillat et al. 2007; |Cieza et al.[2010). Theoretical
work has also shown that photoevaporative clearing cannot explain the largest observed cavi-
ties and a combination of processes may be responsible (Owen & Clarke 2012;Rosotti et al.
2013).

Overall, the definition of a transition disk candidate remains loose and has been used in
various contexts in different studies. Due to lack of a large sample of transition disks, general
properties remain uncertain and it is still unclear whether the origin for all transition disk
cavities is the same, or whether disks follow different evolutionary paths (Cieza et al.[2007).
Also, the distribution of cavity radii is not known, while this could constrain the birth sites
of giant planets before migration. The analysis of a large unbiased sample of transition disks
and candidates will provide firm constraints on their general properties. Spitzer surveys in all
nearby (<500 pc) star-forming regions (Cores to Disks (c2d), Gould-Belt (GB) and Taurus)
have provided identification and SEDs of several thousands of Young Stellar Objects (YSOs)
(e.g.Evans et all2009; Rebull et al|[2010; Dunham et al![2013, and references therein), out
of which many transition disk candidates. In addition, in recent years the AIIWISE catalog
with mid infrared targets has become available (Wright et al/2010), and the Herschel telescope
(Pilbratt et al/2010) has observed large parts of nearby star forming regions in the far infrared.
Due to the availability of Spitzer data combined with WISE and Herschel data, the timing is
perfect for a large transition disk SED survey.

In this work, we analyze transition disk candidates selected from the Spizzer catalogs us-
ing robust color criteria developed by [Merin et all (2010). These criteria were developed after
deep analysis of the SEDs including IRS spectra. Our sample is complemented by additional
candidates and known transition disks from the literature. The SEDs are complemented with
optical, new archival far infrared Herschel, Spitzer IRS spectra (where available) and new
submillimeter observations and modeled using the dust radiative transfer code RADMC-3D
with a generic disk structure with a cavity. The main parameter of interest is the cavity size
reav. In Section 0.2l we discuss the selection criteria of the sample and the additional observa-
tions, Section [0.3] presents the results of the observations, Section[9.4]discusses the modeling
procedure and limitations and the resulting disk parameters and in Section [0.3] we discuss the
robustness of the sample and comparison with previous studies. One of the aims of this study
is to define an unbiased sample of transition disks with dust cavities that are large enough to
be imaged in the future by ALMA (>10 AU or ~0.03", for the largest distances). The resolved
images of gas and dust will provide more clues on the origin of the dust cavities and the place
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of transition disks in disk evolution.

9.2 Observations

9.2.1 Target selection

The c2d, GB and Taurus Spitzer Legacy programs completed full infrared surveys using the
Infrared Array Camera (IRAC; 3.6-8.0 um) and Multiband Imaging Photometer (MIPS; 24-
160 um) in the nearby star-forming regions (<450 pc), resulting in more than 4000 identified
YSOs (see Table[0.T]for an overview of papers presenting the data). Several bright YSOs from
the c2d survey were targeted for additional observation with the Spitzer InfraRed Spectrograph
(IRS; 5-35 um). Merin et all (2010, hereafter M10) analyzed 35 possible transition disk
candidates for which IRS spectra were available in detail through SED modeling, and defined
two sets of color criteria:

[A]: 0.0 < [3.6] - [8.0] < 1.1

3.2 < [8.0] - [24.0] < 5.3; ©.1)
[B] : 1.1 < [3.6] - [8.0] < 1.8;
3.2 < [8.0] - [24.0] < 5.3; 9.2)

where the bracketed numbers refer to the magnitudes at the Spitzer wavelengths. The Region
A criteria select clean’ inner holes (disks for which there is no substantial excess in any IRAC
band and there is a clear signature of an inner dust hole) and the Region B criteria select disks
with a clear signature of an inner dust hole, but some excess in the IRAC bands, possibly
resulting from an inner disk. The latter criterion includes several of the confirmed imaged
transition disks (Brown et all2009; |IAndrews et all2009), but may also include some disks
without holes (M10).

M10 finds one transition disk with a particularly large hole (Sz 84, object 17), which falls
outside of the color criteria mentioned above. Inspection of its SED reveals a steep slope
between the 24 um and 70 um flux. Therefore we set an additional color criterium:

[L]: 0.0 < [3.6] - [8.0] < L.1;
10.0 > [24.0] - [70.0] > 3.8; 9.3)

In this case the MIPS-2 flux at 70 um has to be detected rather than an upper limit. Due to
the large beam size of Spitzer at 70 um (18", see Table 0.3), this flux can be confused with
nearby sources. The long wavelength flux thus has to be taken with extra care for the Region
L criteria. The Region L targets are not mutually exclusive with the Region A criteria: some
targets follow in both.

The color criteria were applied to the three main Spitzer catalogs, resulting in 153 can-
didates. In addition to the catalogs, we searched the literature for additional transition disk
candidates, by using the color criteria on Spitzer targets that were not included in the catalogs
(row ’Other’ in Table [0.2)), finding an additional 12 disks. Targets in Orion, Cepheus (Kirk
et al. 2009) and IC 5146 (Harvey et all2008) are not included due to their large distances
(450, 500 and 950 pc respectively). Finally, we added 7 confirmed transition disks known
from resolved millimeter imaging and 21 targets that were marked as transition disk candidate
by various authors, but were not yet included by the color criteria. The number of targets
from various selections are listed in Table with corresponding references. All targets in
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the sample are listed in Table[0.12] Several of the color-selected targets have been identified as
transition disk candidates or confirmed by millimeter imaging, as indicated in the last column
of Table

The distance to Serpens has been uncertain for a long time, with values between 250 and
400 pc (discussion in e.g. [Oliveira et al/[2009). However, VLBA observations have demon-
strated a distance of 415 pc for the Main Cloud (Dzib et al. [2010), which has been used in
more recent work (Erickson et al/2015;|0rtiz-Ledn et al![2015), and has also been used in this
study.

Table 9.1: Overview Spitzer papers of YSOs in star forming regions

Cores to Disks (c2d) d (pc) Paper
Ophiuchus (MIPS) Padgett et al. (2008) 120 VII
Serpens Harvey et al. (2007) 250-400¢ IX
Cham II Alcald et al. (2008) 180 X
Lupus LIILIV Merin et al. (2008) 150-200  XI
Perseus Young et al. (2015) 250 XII
WTTS (c2d) Padgett et al. (2006); Cieza et al. (2007) -
Disks with holes (c2d) Merin et al. (2010) -
Gould Belt (GB)
IC5146 Harvey et al. (2008) 950 I
Cepheus Kirk et al. (2009) 300 11
CrA Peterson et al. (2011) 150 III
Lupus V & VI (full) Spezzi et al. (2011) 150 v
Ophiuchus North Hatchell et al. (2012) 120 A"
Auriga Broekhoven-Fiene et al. (2014) 450 VI
Others
1 Cham (IRAC) Megeath et al. (2005) 97
1 Cham (MIPS) Sicilia-Aguilar et al. (2009) 97
Cham I Luhman et al. (2008) 160
Taurus Rebull et al. (2010); Luhman et al. (2010) 140
A Orionis Hernéndez et al. (2010) 450
Orion Megeath et al. (2012) 450
Wahhaj et al. (2010)
FEPS Carpenter et al. (2008) -

Notes. (@) The distance to Serpens has been uncertain for a long time, but with recent VLBA observa-
tions it has been set to 415 pc (Dzib et al![2011/), which has been used in this study.

9.2.2 Additional photometry

For each target, an SED was constructed using the Spitzer IRAC and MIPS photometry, com-
plemented with optical B, V and R data from the NOMAD catalog (Zacharias et al. 2005)
and near infrared J, H and K photometry from 2MASS (Cutri et al![2003). Reduced Spitzer
IRS low-res spectra of 5-35 um were taken from the Cornell Atlas of Spitzer/IRS Sources
(CASSIS) (Lebouteiller et al![2011) when available. For ID63 (DoAr28), the IRS spectrum
in CASSIS included extended emission, a properly reduced spectrum was kindly provided by
Melissa McClure (McClure et al.[2010). Unfortunately IRS spectra are not available for the
entire sample, while colors only provide limited constraints on the derived cavity size. Bright
isolated targets could be complemented with /RAS photometry, especially when Spitzer data
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Table 9.2: Target selection in each catalog

Catalog/Criterion [A] [B] [L]
c2d (Evans et al. 2009) 30 34 9
GB (Dunham et al. 2015) | 25 15 31
Taurus (Rebull et al. 2010) | 7 12 6

Other samples® 7 4 1
Additional targets? 7 imaging
21 SED

Notes. (@) Targets were selected using our color criteria in the following papers, for targets not included
in the c2d/GB/Taurus catalogs: [Padgett et al. (2006); ISilverstone et al! (2006); ICarpenter et al! (2008);
Luhman et al! (2008); [Kim et al! (2009); ISicilia-Aguilar et all (2009); [Cieza et al. (2010); Luhman et al.
2010) ®) Some targets were added from the literature that did not follow the color criteria. Imaging
targets were taken from [Piétu et all (2006); |Ohashi (2008); Brown et al! (2009); [Isella et all (20104);
Andrews et al! (2010, 2011)); [Rosenfeld et al! (2013); ivan der Marel et all (2013). The other targets
were identified as transition disk candidate by [Megeath et all (2003); [Herndndez et al. (2007); Merin
et al. (2008); Monnier et all (2008); [Hughes et al! (2008); |Sicilia-Aguilar et al! (2008); Ireland & Kraus
(2008); [Kim et al! (2009); McClure et al| (2010); [Najita et al! (2010); [Espaillat et al! (2011)); [Furlan et al.
2011)

were saturated. The Wide-field Infrared Survey Explorer (WISE) performed an all sky survey
in four wavelength bands: 3.4, 4.6, 12.0 and 22 um leading to the AIIWISE Source catalog
(Wright et all 2010). The coordinates of the targets in our sample were matched with the
WISE targets (within 2") and the fluxes were added to the SEDs. Although 3 of the 4 bands
overlap with Spitzer, the 12 um flux provides an important data point in between IRAC and
MIPS wavelengths when no IRS spectra are available. Furthermore, the diffraction limited
beam size of the WISE satellite is twice as large as the Spitzer beam (see Table 0.3). The
comparison between the WISE 22 ym flux with the MIPS-1 24 ym flux gives an independent
check of confusion at longer wavelengths: if the 22 ym flux is much larger, there is likely a
nearby source that will confuse 70 yum MIPS-2 flux as well. Although the Spitzer c2d and
GB catalogs provide a quality flag on the MIPS-2 flux (MP2_Q_det_c) for possible confu-
sion, this independent alternative check showed more directly which targets were confused at
longer wavelengths. A difference between the 22 and 24 um flux could also originate from
infrared variability, for example due to a scale height changes in the inner disk (e.g. Flaherty
& Muzerolle 2010; [Espaillat et al/[2011). However, such variability is typically on the order
of 20-40%. Therefore, we only consider confusion if the difference in flux is more than 50%.
The fluxes of different telescopes are taken with years in between, so without infrared moni-
toring there is no possibility to quantify this effect for the targets in our sample, but the effect
on our SED modeling is expected to be minor. The following targets were removed from the
sample due to possible confusion and their SEDs were not further analyzed: IDs 30, 32, 82,
85, 86, 88, 90, 92, 93, 95,97, 98, 116, 123, 126, 202, 346 and 347.

At longer wavelengths, the SEDs were complemented with (sub)millimeter data from the
literature where available (see refs in Table[0.14). A subsample of the remaining targets were
observed with the James Clerk Maxwell Telescope (JCMT) and the Atacama Pathfinder

IThe James Clerk Maxwell Telescope has historically been operated by the Joint Astronomy Centre on behalf
of the Science and Technology Facilities Council of the United Kingdom, the National Research Council of Canada
and the Netherlands Organisation for Scientific Research. Additional funds for the construction of SCUBA-2 were
provided by the Canada Foundation for Innovation.
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Table 9.3: Beam sizes and apertures for photometry

Telescope | Instrument Wavelength Beam size/
range (um) Aperture(")

Spitzer IRAC 3.6,45,58,80 1.7-1.9
MIPS 24.0,70.0 6.0,18

WISE 344.6,12,22  6.1,6.4,6.5,12

Herschel | PACS 70,100,160 5.5,6.5,11

APEX SABOCA 350 7.8
LABOCA 870 19

JCMT SCUBA-2 850 15

Experiment (APEX) B. Targets were selected on their expected submillimeter brightness con-

sidering their 70 um flux. The details of these observations are discussed in Section[9.2.3]
The SEDs were further complemented with far infrared fluxes from the Herschel Space

Observatory (Pilbratt et al/2010). The data reduction is discussed in Section[0.2.4]

9.2.3 Submillimeter observations

Observations of 32 of our targets were taken with the SABOCA and/or LABOCA instruments
at the APEX telescope at the Chajnantor plateau in Chile. Observations were taken in ser-
vice mode in 2012 and 2013 in ESO programs 089.C-0940, 090.C-0820 and 091.C-0822 and
Max Planck programs M0010_88 and M0003_90. SABOCA is a 39-channel bolometer ar-
ray operating at 350 um (Siringo et al![2010), LABOCA is a 295-channel bolometer array at
870 um (Siringo et all2009). Imaging was performed in wobbler on-off mode. For a few
sources, imaging was also performed in mapping mode (map size 1.5’) to check the pointing
and to check for extended emission. One source (MP Mus, ID 20) was observed with the new
ArTeMiS camera in mapping during its commissioning phase, operating at 350 um (Revéret
et al.[2014). Integration times were 5-40 minutes on source. The data were reduced using the
CRUSH software (Kovécd 2008) and (for the wobbler observations) verified using the BoA
software (Schuller [2012). The results from both reduction techniques were found to agree
within error bars and the CRUSH results are reported in Table[9.8] Flux calibration uncertain-
ties (not included in Table[9.8)) are typically 10% for LABOCA and 25-30% for SABOCA.

Observations of 41 of our targets were taken with the SCUBA-2 instrument at the JCMT
telescope at Mauna Kea, Hawaii. Observations were taken in service mode in 2012 and 2013
in programs M12AN07, M12BN13 and M13ANQO1. SCUBA-2 is a 10,000 pixel bolometer
camera operating simultaneously at 450 and 850 um (Holland et al/[2013). Imaging was per-
formed in the smallest possible map size (Daisy 3’ pattern). Observations were taken in grade
3-5 weather, which is generally insufficient for observing at 450 um, so only the 850 um data
are considered. Integration times were 5-50 minutes on source. The data were reduced using
the default online pipeline. The resulting FITS images were inspected by eye for extended
emission and fluxes and noise levels were derived. The noise levels were estimated by mea-
suring the standard deviation in the map, after subtraction of point sources. The results are
reported in Table The flux calibration uncertainty (not included in Table is typically
10% for SCUBA-2.

2This publication is based on data acquired with the Atacama Pathfinder Experiment (APEX). APEX is a collab-
oration between the Max-Planck-Institut fur Radioastronomie, the European Southern Observatory, and the Onsala
Space Observatory.
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9.2.4 Herschel observations

We have searched the Herschel Science Archive for observations with the PACS broadband
photometer (Poglitsch et all2010) at the coordinates of all targets in the sample. In photometry
mode, PACS observes simultaneously at either 70 (PACS blue) and 160 um (PACS red) or
100 (PACS green) and 160 um. Therefore, targets are recovered in either two or three of these
wavelength bands. Only data products of reduction level higher than 2.0 were used, using the
high pass filter.

Photometry of the PACS data was performed using the annularSkyAperturePhotometry-
task in the Herschel Interactive Processing Environment (HIPE), version 12.1.0. This task
derives background-corrected fluxes from point sources by comparing the flux inside a region
centered on the point source and an annulus around it. We used the values for the aperture
and annulus radii as used by Ribas et al! (2013). The background was estimated using the
DAOPhot algorithm. Errors were estimated manually at several positions near the source
position, to avoid including nearby extended emission originating from clouds. The presence
of nearby clouds is indicated in Table The flux calibration uncertainty (not included in
Table[9.13)) is typically 5% for PACS photometry.

9.2.5 Spectroscopy

Stellar properties such as the spectral type must be determined to correct for the extinction and
deredden the SED flux points. The stellar luminosity is required to understand and interpret
the SEDs properly. For about half of the targets in the sample, spectral types are available
from the literature. The targets without known spectral type were observed with optical or
near-infrared spectroscopy (the latter for targets that are optically faint due to high extinction).

Optical

Optical spectra were taken for 90 targets, including reobservation of 24 targets for which the
literature spectral type was still uncertain (see Table[9.4). These observations were taken dur-
ing 5 nights in visitor mode in August 2012 at the 4.2m William Herschel Telescope (WHT)
at La Palma, using the Intermediate dispersion Spectrograph and Imaging System (ISIS) spec-
trograph. We used the double arm to obtain spectra between 3200—-10000 A with resolving
power of ~ 1000, using the R316R and R600B gratings. R magnitudes ranged between 9 and
19 mags, requiring integration times between 1 and 60 minutes. The slit width was set each
night depending on the seeing.

The images were reduced and spectra extracted using standard methods with custom codes
in IDL. All spectra were flux-calibrated using spectrophotometric standards (Oke [1990) and
corrected for a telluric extinction, calculated independently each night. The spectra span from
3200-10000 A with resolution of ~ 1000.

Spectral types were determined by comparing spectra to template spectra of young stars,
following Herczeg & Hillenbrand (2014)). Veiling estimates were included in the spectral fits.
The Ha line equivalent width was calculated by fitting a Gaussian profile to the line.

Near-infrared spectroscopy

28 optically faint targets were observed during 6 nights in visitor mode in August 2013 at the
4.2 William Herschel Telescope using the Long-slit Intermediate Resolution Infrared Spectro-
graph (LIRIS) instrument. We used the hr_k grism to obtain K-band spectra with a resolving
power of R=3000 between 2 and 2.4 um. K-band magnitudes ranged between 9 and 14 mags,
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Table 9.4: Optical/near infrared spectroscopy observations

Date Telescope Instrument Coverage Resolving power
August 2012 WHT ISIS 3500-9000 A R=1000
August 2013 WHT LIRIS 2-2.4 ym R=3000
June - August 2014 VLT X-shooter  0.3-3.7 um R=8000

requiring integration times between 10 and 60 minutes. Telluric standards were observed once
per hour. The LIRIS data are not yet reduced and therefore not included in this Chapter.

20 optically faint targets were observed in service mode in Summer 2014 at the Very Large
Telescope using the X-shooter instrument as part of program 093.C-0757. X-shooter covers
the entire optical and near infrared wavelength range between 0.3 and 3.7 um with a resolving
power of R=8000. The X-shooter data are not yet reduced and therefore not included in this
Chapter.

9.3 Results

Table 9.5: Comparison PACS photometry with previous estimates

ID Froum Jy) Fi1ooum Jy) Fie0um y) Ref
This study Previous This study  Previous This study  Previous
4 < 0.1 < 0.08 < 0.07 <0.14 <041 < 1.10 1
5 0.18 +£0.05 0.15+0.02 0.17+0.03 0.17+0.04 <033 < 1.07 1
6 3.11+0.31 3.08 £0.46 290+0.29 2.82+042 2.15+025 2.32+0.35 1
7 0.21 £0.04 <0.28 0.21+£0.03 0.21+0.01 <0.31 <0.32 2
9 < 0.65 0.60 + 0.09 <0.71 0.77+0.12 < 1.06 0.98 +£0.15 1
11 3.86 £0.39 3.88+0.58 3.80+0.38 3.63+0.54 3.65+0.37 3.86+0.58 1
12 0.44 +0.05 0.38 +0.06 0.40+0.05 0.36+0.06 <0.39 0.20 +0.03 1
13 < 0.11 < 0.04 0.14+£0.03 <0.07 <0.55 <0.85 1
14 0.69 +0.08 0.68 +0.10 0.55+0.06 0.57+0.09 041+0.07 <030+0.05 1
15 1.58 £0.16 1.61 +0.24 231+£023 2.19+0.33 2.80+028 2.74+0.41 1
16 26.06+£2.92 2591+3.88 36.06+39 3232+485 3845+6.0 27.3+4.10 1
17 0.21 £0.05 <0.25 0.25+0.03 0.23+0.01 0.30+0.09 0.28+0.05 2
24 0.17+0.04  0.07+0.02 0.11+£0.03 0.10+0.02 <0.09 <0.13 3
25 <0.34 0.11+0.03 <0.32 0.16 £0.04 <0.38 <0.23 3
26 <0.26 0.10 £ 0.02 <0.12 0.18 £0.04 <0.02 <0.19 3
27 0.61 £0.07 0.51+0.13 0.80+0.08 0.68+0.17 096+0.17 0.72+0.18 3
179 1.23+0.13 1.04 £0.26 1.41+0.14 1.26+0.31 1.69+0.19 1.57+0.39 3
185 0.21+0.06  0.17+0.04 0.24+0.05 0.23+0.06 <091 0.29 +0.07 3
200 0.48+0.06  0.36+0.09 0.37+0.05 0.37+0.09 047 +0.15 0.26 +0.07 3

Refs. 1)[Ribas et al. (2013), 2) IOlofsson et al! (2013)), 3) Bustamante et al! (2015)

9.3.1 Stellar parameters

Spectral types as derived from our observations and taken from the literature are given in Table
The observations of previously characterized stars resulted generally in the same spectral



9. The (w)hole survey: transition disk candidates from the Spitzer catalogs 175

types as derived before. Some of the WHT-ISIS targets did not show any lines and no spectral
type could be determined: ID 32, 47, 101, 112, 114, 124, 125, 131, 164, 202 and 204, these
SEDs were fit assuming a K7 star. ID 68, 80, 84, 104, 110, 119, 122 and 129 turned out to be
giants, these SEDs were not further analyzed. For a handful of targets, the spectral type could
not be determined to subtype accuracy. This paper presents new spectral types for 85 targets.
For our final sample, spectral types are known for ~85% of our targets.

Spectral types are converted to the effective temperature T using the scales in Kenyon
& Hartmann (1995). The extinction Ay and stellar luminosity L. (or stellar radius R., as
L. = 4nR?0T*) are fit simultaneously to the SEDs, assuming the distances listed at the
bottom of Table Kurucz models of stellar photospheres (Castelli & Kurucz |2004) are
used as templates for the broadband emission. The 2MASS J-band and optical V and R band
fluxes are taken as reference to constrain the fit, assuming no excess in these bands. When
both V and R were missing, the extinction was estimated adopting A; = 1.53XE(J - K),
where E(J — K) is the observed color excess with respected to the expected photospheric
color (Kenyon & Hartmann [1995), depending on its spectral type. The extinction law is
parametrized as a function of wavelength assuming Ry=5.5 (Indebetouw et all 2005) and
scaled to the visual extinction Ay. The resulting values are listed in Table[0.6] Stellar masses
are derived by interpolation of evolutionary models of [Baraffe et al! (1998) in the position of
the target on the HR diagram. For targets that could not be fit by the Baraffe models (which
only include stars up to 1 Mg), masses were derived using the evolutionary models by Siess
et al. (2000). Since uncertainties in stellar age are large, they are not tabulated here. We
note that for the Serpens targets an alternative distance of 250 pc as used in previous work
would often result in very high age estimates (>10 Myr), confirming that the 415 pc used here
is likely more accurate (also demonstrated in [Oliveira et al. 2009, 2013). For 10 targets no
stellar mass could be derived, suggesting that their derived stellar properties are uncertain.
Most of these are targets without known spectral type or late M stars.

The presence or absence of accretion can be assessed from the strength and shape of emis-
sion of the Ha and other optical lines (e.g. 'White & Basri[2003; Natta et al/2006). Although
a proper treatment of the accretion requires simultaneous fitting of extinction, luminosity and
accretion through broadband spectroscopy (e.g. with X-shooter, Manara et all[2014), as ac-
cretion also results in broadband UV/blue excess, the analysis in this study is limited to a
simple designation of accretion by the width of the Ha line and we do not aim to quantify the
accretion in terms of Mo yr~! due to the large uncertainties when deriving accretion from the
line width only. Both the equivalent width EW[Ha] and the Ha 10% width have been used to
distinguish between accretors and non-accretors, where the EW[Hea] cut-off depends on the
spectral type (White & Basri[2003). Typically, a star is classified as an accretor if the He 10%
width is >300 km s~! (Natta et al!2004), or if EW[He] > 3A for an early-K star, > 10A for
a late-K star and > 20A for an M star. Since other studies often only list the EW[Ha] values,
our accretion designation is largely based on that. In recent years, several YSOs have been
analyzed with broadband high resolution spectroscopy, including some of the targets in our
sample (e.g.|Alcald et al/|2014; Manara et al|[2014). This accretion information is preferred
above the derivation from the equivalent width as this method is more reliable, and those tar-
gets have been marked explicitly in Table[0.6] Accretion properties are known for 84% of our
sample: about 64% of these targets are accreting, the remaining targets show little or no signs
of accretion
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Table 9.6: Stellar parameters

ID SpT Te Ay L. M. EW[Ha] FWI10%[Hal® Accretion?  Ref
(K) (mag)  (Lo) M) (A (km s~! (Y/N)
1 KO 5250 2.0 134 1.1 - 400 Y 1.2
2 K5 4350 04 073 12 4.4 330 Y 3
3 M4 3370 24 014 03 35 330 Y 3
4 M35 3370 49 026 04 - - U 4
5 M4 3370 30 017 03 b - N 5
6 K2 4780 1.3 1.88 1.5 b - Y 6
7 M3.25 3470 57 016 04 200 - Y 7
9 KO 5250 0.0 247 14 b - N 5
10 G5 5770 30 1519 23 - - U 4
11 K2 4780 0.7 136 14 b - Y 6
12 K7 4060 34 041 1.0 b - Y 6
13 MO 3850 43 057 10 1 249 N 8
14 MO5 3720 03 034 08 b - Y 6
15 KO 5250 24 499 20 b - Y 5
16 K5 4350 34 441 09 65 - Y 9,4
17 M6 3050 69 017 0.1 43.6 - Y 10
18 M25 3470 23 033 05 b - Y 6
20 Kl 5080 0.9 135 12 47 - Y 11
21 F6 6360 14 2358 23 ¢ - Y 12
22 M35 3370 4.1 020 03 0.4 - N 13
23 MIL5 3580 0.1 038 06 - 375 Y 14
24 M4.5 3240 26 022 03 12.9 - N 13
25 M4 3370 37 047 05 - 426 Y 14
26 M5 3240 1.0 019 03 - 201 Y 14
27 MO0.5 3720 08 029 07 - 374 Y 14
28 M6 3050 0.0 022 0.1 - 189 Y 14
29 M5 3240 27 032 03 b - Y 6
30 K5 4350 08 005 1.0 0.1 - N 13
31 M55 3050 49 151 - - - U 13
32 - 4060 140 079 1.0 0.3 - N 13
33 F4 6590 0.8 1148 18 ¢ - Y 12
34 M2 3580 57 012 05 -14.5 - N 15
35 Ml 3720 13 021 07 10.3 227 N 16
36 M6 3050 84 049 0. 174.5 - Y 13
38 K7 4060 0.0 1.08 12 b - Y 6
39 K5 4350 05 073 12 26.7 - Y 13
40 K7 4060 46 088 12 - 470 Y 13,17
41 M2 3580 29 012 05 - 567 Y 17
43 M3 3470 42 038 05 88.7 - Y 13
4 M2 3580 39 038 06 - 365 Y 17
Refs. (2004 (2007), 5) Manara

et al. (2019), 6)Im1 7)M) S)W) 9)[Luhman (2004), 10)
[Comerén et all (2004), 11)— (2006), 12)Garcia Lopez et all (2006), 13) This work, 14)[Alcald et all

(2014). 15)[Sicilia-Aguilar et all (2008). 16)Wahhaj etall 2010). 17)@1@) 18)@1) 19)
[Brown et all (20124), 20) Wilking et all (2003), 21)[Oliveira et all (2009), 22) White & GheZ 2001), 23)Rebull et all

2010). 24)[Salvk et all (2013), 25)Neuven et all (2012), 26) [Furlan et all (2006). 27)@1 2004). 28) Furlan
et al. 2011)), 29) Mooley et al! (2013), 30) Merin et al! (2010), 31)[Cieza et all (2007), 32)[Cieza et all (20128), 33)
(2017), 34) Rigliaco et all (2015), 35)Kraus & Hillenbrand (2009), 36) Herczeg & Hillenbrand (2014),
37)[Carpenter et all (2008)

Notes. (¢) We have reversed the signs of the width of the Ha line taken from Rebull et all (201C ) and
[Winston et all (2009), as they list a negative value for emission and positive for absorption. () The
accretion properties have been derived using a full X-shooter spectrum rather than only fitting the Ha
line. (¢) The accretion properties have been derived using other lines (e.g. Bry). (@) *Y* means accreting,
’N’ means non-accreting’, U’ means unknown.
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Table 9.6: Stellar parameters
D  SpT Tefr Ay L. M. EW[Ha] FWI0%[Ha]®  Accretion  Ref
X) (mag)  (Lo) (Mo) (A) (kms™! (Y/N)
45 K2 4780 5.8 207 1.5 ¢ - Y 18
46 MO 3850 33 044 09 - 301 Y 13,17
47 - 4060 15.0 041 1.0 -0.6 - N 13
48 MS5.5 3050 5.8 0.38 0.1 b - Y 6
49 K5 4350 1.9 253 09 - 450 Y 13,17
50 M2 3580 29 0.38 0.6 b - Y 6
51 A0 9520 10.6 1450 1.9 ¢ - Y 19
52 K3 4730 29 146 14 b - Y 6
53 M4 3370 6.7 0.12 0.3 60.2 - Y 13
54 G3 5830 5.5 6.50 1.7 b - Y 6
55 G 5830 6.0 1.76 1.2 8.4 - Y 13
56 - 4060 11.2 0.04 - - - U
58 K8 3960 33 043 1.0 28.4 - Y 13,20
59 M4 3370 5.2 0.20 0.3 - 159 N 13,17
60 MO 3850 3.7 028 09 b - Y 6
61 M2.5 3470 1.5 0.19 04 74 - N 13
62 K5 4350 1.8 0.83 1.3 - 493 Y 13,17
63 K5 4350 2.6 073 1.2 44.5 - Y 13
64 K5 4350 0.0 0.55 1.1 53 - Y 13
65 F3 6740 0.8 1071 1.7 -4.3 - N 13
66 M5 3240 6.6 345 - 32 - Y 13
67 - 4060 6.7 392 0.6 - - U
68  M-GIANT - - - - - - N 13
69 B9 10500 44 3952 24 9.8 - N 13
70 G5 5770 5.2 323 14 5.8 - Y 13
71 FG 6030 7.4 305 1.3 1.2 - N 13
73 - 4060 14.4 7.14 0.7 - - U
74 - 4060 10.6 1.53 1.2 - - U
75 - 4060 13.2 392 0.6 - - U
76 A0 9520 34 2959 22 9.2 - N 13
77 F5 6440 4.5 448 14 -3.2 - N 13
78 MS5.5 3050 7.0 1.25 - 21.6 - Y 13
79 A0 9520 1.8 2397 22 -10.3 - N 13
80  M-GIANT - - - - - - N 13
81 FG 6030 10.8 430 14 -15.8 - N 13
82 - 4060 9.3 0.02 1.0 - - U
83 M4.5 3240 6.0 022 03 68.5 - Y 13
84  M-GIANT - - - - - - N 13
85 - 4060 14.0 0.12 1.0 - - U
86 - 4060 14.9 0.12 1.0 - - U
88 - 4060 11.0 283 1.0 - - U
89 A6 8350 57 2522 20 -5.7 - N 13
90 - 4060 10.6 020 1.0 - - U
91 - 4060 12.0 0.30 0.9 - - U
92 - 4060 14.9 0.12 1.0 - - U
93 A0 9520 124 32,63 1.0 - - N 13
94 - 4060 14.9 283 0.6 - - U
95 - 4060 8.7 0.71 1.0 - - U
96 - 4060 7.0 192 13 - - U
97 - 4060 9.3 0.06 1.0 - - U
98 - 4060 11.4 0.12 1.0 - - U
99 A2 8970 27 1685 1.9 -9.6 - N 13
100 A7 7850 8.8 1368 1.8 -6.6 - N 13
101 - 4060 7.2 0.79 1.1 0.3 - N 13
102 - 4060 19.8 035 1.0 - - U
103 - 4060 15.0 0.88 1.2 - - U
104 M-GIANT - - - - - - N 13
105 FG 6030 8.7 38 14 1.7 - N 13
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Table 9.6: Stellar parameters

ID SpT Tesr Ay L. M, EW[Ha] FWI10%[He]*  Accretion  Ref
X) (mag) Lo) Mo) (A) (kms™' Y/N)
106 A7 7850 1.9 46.82 2.5 -6.6 - N 13
107 M3 3470 3.4 038 05 4.8 - N 13
108 - 4060 7.0 852 - - - U
110 M-GIANT - - - - - - N 13
111 K2 4780 3.8 423 1.6 134 - Y 13,21
12 - 4060 4.0 1.53 12 17.5 - Y 13
113 FG 6030 52 0.19 - -1.3 - N 13
114 - 4060 7.1 852 - -5.1 - N 13
115 K7 4060 75 1.53 12 131.3 - Y 13,21
116 FG 6030 6.6 268 1.0 -1.5 - N 13
117  GK 5250 4.7 099 1.0 -5.3 - N 13
118 Ml 3720 1.0 021 07 9.3 - N 13
119 M-GIANT - - - - - - N 13
120 M2 3580 2.9 0.15 05 b - N 6
121 - 4060 3.8 012 1.0 - - 8]
122 M-GIANT - - - - - - N 13
123 B8 11900 4.0 5220 1.0 -9.1 - N 13
124 - 4060 11.0 063 1.1 - - U
125 F4 6590 8.9 550 14 42.7 - Y 13
126 M2 3580 1.0 021 1.0 88.6 - Y 13,21
127 Ml 3720 2.8 076 0.8 b - Y 6
128 K7 4060 3.8 141 12 10.9 273 Y 21
129  M-GIANT - - - - - - N 13
130 K7 4060 43 020 038 38.0 - Y 13
131 - 4060 5.1 063 1.1 9.8 - Y 13
132 A2 8970 5.6 3942 22 9.9 - Y 13,21
133 K5 4350 0.7 1.04 14 7.4 - Y 13,21
134 M2 3580 0.7 038 0.6 1.4 - N 13
135 Ml 3720 0.7 025 07 b - Y 6
136 K2 4780 0.8 1.88 1.5 9.5 - Y 22
137  M25 3470 2.0 003 04 28.0 - Y 13,23
138 M3 3470 5.6 029 05 4.2 - N 13,23
139 K5 4350 5.1 0.08 - 18.2 - Y 13,23
140 F2 6890 1.5 398 14 -5.5 - N 23
142 A8 7580 0.7 3437 23 ¢ - Y 24
144 Kl 5080 3.0 0.15 - -1.1 - N 13,23
145 Ml 3720 0.5 044 08 - 348 Y 23,25
146 K3 4730 2.6 354 15 -1.1 - N 23
147 M6 3050 3.0 0.02 0.1 17.3 - N 23
148 MO 3850 0.6 051 09 11 - Y 22
149 B8 11900 9.5 131.67 3.1 - - 8] 26
150 M4.5 3240 1.7 032 03 - 210 N 23
151 A0 9520 0.9 16.65 1.9 10 - Y 23
152 K7 4060 1.1 079 1.1 - 180 N 23
153 Gl 5945 2.8 17.11 23 ¢ - Y 27
154 MO 3850 17.0 1.05 1.0 - - 8] 23
155 MIL1.25 3720 2.8 034 08 2.3 - N 28
156 G5 5770 2.4 0.04 - -2.4 - N 13
157 M5 3240 3.7 044 02 21.8 - Y 13
158 KO 5250 1.0 175 12 -1.2 110 N 16
159 A0 9520 1.6 11253 3.1 ¢ - Y 29,24
160 K4 4560 5.7 0.19 038 205 - Y 13
161 K4 4560 5.7 0.19 038 17.6 - Y 13,30
162 MO 3850 2.5 020 038 4.8 - N 30
163 K6 4205 33 034 1.0 104.7 - Y 13
164 - 4060 7.0 030 09 64.7 - Y 13
165 K7 4060 7.1 035 1.0 4.3 - N 30
166 FG 6030 5.4 38 14 -1.2 - N 13
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Table 9.6: Stellar parameters
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ID SpT Tefr Ay L. M. EW[Ha] FWI10%[Ha]*  Accretion  Ref
X) (mag)  (Lo) Mo) (A) (kms™' (Y/N)
167 K 4730 9.3 037 0.8 -2.9 - N 13
168 M3 3470 3.1 0.16 04 130 504 Y 30
169 M4 3370 7.9 0.14 03 -5.7 - N 13,30
171 Ml 3720 2.6 0.69 0.8 11.5 - N 31
172 MO0.75 3720 0.7 0.17 0.7 - 280 N 32
173 G3 5830 3.0 1275 22 b - Y 6
174 MO 3850 2.1 033 0.9 - 370 Y 13,32
175 MO 3850 32 0.16 0.8 - 350 Y 13,32
176 M4 3370 4.1 0.02 03 10.3 - N 13
177 K7 4060 2.7 0.09 0.6 - 310 Y 32
178 - 4060 8.8 0.09 1.0 - - U
179 KO 5250 1.3 1.34 1.1 - 532 Y 33
180 MO0.75 3720 1.9 039 038 - 440 Y 33
181 KO 5250 4.8 222 13 - 360 Y 32
182 M2 3580 1.1 0.09 05 - 130 N 32
183 M2 3580 2.1 025 0.6 - 140 N 32
184 B9 10500 28 79.81 2.7 - - N 32
185 M5 3240 0.0 022 03 b - Y 14
186 Ml 3720 0.0 025 0.7 82.6 416 Y 16
187  MO.5 3720 L5 029 0.7 29.3 - Y 23,34
188 MO 3850 1.0 033 09 99 - Y 23
189 K5 4350 204 032 09 - - U 23
190 M2.25 3580 1.5 0.04 05 - - U 23
191 M6 3050 4.1 049 0.1 - - U 23
192 K6 4205 2.5 055 1.1 22 - Y 23,35
193 M4.5 3240 43 029 03 114.6 - Y 13
194 M5 3240 4.0 057 0.2 997.2 - Y 23
195 M35 3370 8.6 026 04 - - U 23
196 M35 3370 3.7 1.34 03 - - N 36
197 K7 4060 2.5 1.65 1.2 - 458 Y 23,25
198 Ml 3720 0.9 0.83 0.8 - 453 Y 25
200 MO 3850 0.5 0.57 1.0 24.2 - Y 13
201 M3 3470 1.7 052 05 51.3 - Y 13
202 - 4060 7.1 025 1.0 150.2 - Y 13
203 - 4060 5.4 317 06 - - U
204 - 4060 16.1 0.63 1.0 - - U
301 MO.5 3720 0.7 0.50 0.8 0.2 311 N 30
303 - 4060 12.8 0.04 - - 0 U
307 - 4060 0.0 220 1.3 - 0 U
309 K6 4205 1.3 034 1.0 b - Y 6
310 - 4060 0.5 0.02 - - 0 U
314 - 4060 4.6 025 09 - 0 U
316 - 4060 16.1 0.63 1.0 - 0 U
317 - 4060 22 235 1.0 - 0 U
318 Kl 5080 55 8.66 24 1.5 450 N 30
319 K7 4060 1.9 206 1.3 29.2 - Y 13
321 F6 6360 44 996 1.7 -23 - N 13,21
322 - 4060 2.3 071 1.1 - 0 U
325 K3 4730 1.2 1.01 1.2 b - Y 6
326 Ml 3720 0.1 029 0.7 - 185 N 23,25
329  KS 4350 0.3 0.83 1.3 b - Y 6
333 - 4060 0.0 235 13 - 0 U
334 - 4060 2.7 0.01 - - 0 U
335 K6 4205 4.0 1.02 13 71.4 - Y 13,30
348  G7 5630 0.6 327 14 - - U 37
349 K2 4780 0.7 092 1.2 b - Y 6
350 K2 4780 0.7 0.68 1.0 b - Y 6
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9.3.2 Photometry

Herschel PACS surveys cover 92% of our targets. The derived fluxes and upper limits are
listed in Table For 152 targets at least one of the three wavelengths result in a detection.
For 18 targets the emission is confused by cloud emission at all three wavelengths, for 27 only
at 100 and 160 um and for 62 targets only at 160 um. For 25 of the targets without cloud
confusion no flux is detected at any of the wavelengths.

The PACS 70 um fluxes and upper limits are consistent with the MIPS-2 fluxes and upper
limits. The PACS sensitivity is sometimes shallower than the MIPS-2, resulting in a higher
upper limit. For some targets, a more thorough data reduction of the PACS data was performed
in other work (Ribas et al.[2013; Olofsson et all[2013; [Bustamante et al.[2015). In Table[0.3]
the derived fluxes and upper limits are compared. Our values are similar within errors with
previous estimates, confirming the validity of our data reduction.

The submillimeter photometry resulted in a total of 34 detections and 39 upper limits,
listed in Table and In addition, we have taken (sub)millimeter photometry from the
literature (see Table[0.14). With 57 (sub)mm detections and 47 upper limits, about 50% of the
targets in our sample have constraints at longer wavelengths.

Table 9.7: JCMT photometry at 850 um for our sample

ID Flqu5oﬂm ID Flqusoﬂm

(mJy) (mJy)
22 <3l 124 <19
23 153 127 <29
26 <30 137 63+18
29 31+7 154 <56
32 <47 155 55+18

36 73 £ 18 156 <314
44 3811 161 <115

47 <50 163 <1174
56 <59 166 167 + 14
60 <24 171 17+6

63 95 £ 16 174 <27

70 32+11 178 222+ 16
82 <57 187 126 + 18
86 <1074 189 93 +16
88 <1374 192 <29

89 <35 193 32+9
92 <79 196 69 +19
100 <37 202 <56
107 <17¢ 333 <56
113 <18

120 <21

Notes. (4) The flux is contaminated by extended emission near the source position.

9.3.3 Disk parameters

Millimeter fluxes can be used to obtain a rough estimate of the disk mass assuming optically
thin dust emission and a gas-to-dust ratio of 100. Disk masses Mgjsk,mm 10 our sample are
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Table 9.8: APEX photometry at 350 and 870 um for our sample.

ID  F3s50um Fg70um ID  Fssoum Fg70um
dy) (mJy) dy) (mJy)

1 24+£0.2 210 +£20 | 40 < 0.7 <20

2 - <40 43 - <18

6 0.69 +0.18 46 08+02 164=+14

9 - <15 55 <0.9 92+6

10 - <20 58 - <18

11 24+05 62 <0.6 62+9

14 - 24+ 6 95 - 49 + 11

15 4+02 420 £ 50 | 98 - 63 +8

16 98+24 99 - 360 +30¢

18 - 20+ 6 132 - 109 114

20 - 390+ 10 | 200 - <40

22 <03 203 - 55+10¢

25 - <30 303 - 136 7

27 0.19 +£0.04 307 - 123 + 14

35 - 28 +44¢ 316 - 98 +13

36 022+006% <30 321 - <20

Notes. (@) The flux is contaminated by extended emission near the source position.

calculated following the relations presented in (Cieza et all (2008) with standard assumptions
and parameters:

d2

Mg = 0.17 (Fl,gmm(mJy) X TOP%‘)MJUP 9.4)
d2

Mgisk = 0.08 (Fo.ssmm(mJY) x T()pc) Myyp 9.5

with F, the flux at wavelength A and d the distance to the star. Using this relation, disk
masses of our sample range between <0.4 and 168 My, and an average disk mass of 14
Jupiter masses, similar to large millimeter studies of disks (e.g.|Andrews & Williamd[2007a).
However, these disk masses remain highly uncertain as the vertical structure, cavities and the
stellar radiation field are not taken into account and the dust opacities and gas-to-dust ratio are
uncertain.

Furthermore, we derive Lgisx for each target by integrating over all data points after sub-
traction of the fitted stellar photosphere. The ratio Lgisk /L« is a measure of disk processing,
as it traces the total amount of dust that is reprocessing stellar light. As disks become more
tenuous, settle and eventually disappear, Lgisx is expected to decline. The majority of the disks
have 0.001 < Lgi/L. < 0.4, as expected for flared disks. Disks with Lgis /L. < 1073 are
generally considered as debris disks (e.g.'Wahhaj et al![2010). On the other hand, targets with
Lgisk /L« >> 1 are either embedded Class I objects or edge-on disks which are more diffi-
cult to analyze (Merin et al. 2010). ID178 has Lgjsx /L« ~ 17 and is thus removed from the
analyzed sample.

Both Lgjsk / L+ and Misk mm are listed in Table[0.9] The final sample consists of 184 targets
for which the SEDs will be analyzed.
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9.4 Modeling

In order to determine the presence of a dust cavity and measure its size, the SEDs are modeled
using the dust radiative transfer code RADMC-3D [ (Dullemond & Dominik 2004). This
code performs a Monte Carlo continuum radiative transfer calculation based on the input dust
density profile and stellar photosphere, followed by raytracing of the SED. The model has a
large number of input parameters and we have fixed as many as possible that are not important
for our science goals. The model assumes a passive disk which reprocesses the stellar radiation
field.

The modeling procedure consists of two steps: first using a rough grid with a broad range
of parameters, followed by a finer grid for the specific stellar type. The modeling was per-
formed blindly, without taking any results from previous SED modeling or imaging studies,
for an uniform approach for each disk in this sample. In Section the derived parameters
are compared with previously found results.

9.4.1 Approach

T
100.0 ¢ AN E
T 10.0F 3
E 6dust N
o N
ap
~ 1.0¢ E
IN
0.1k cavity ]
inner outer
disk disk
0.0 L Lol Lol i |
rsub rgap rcav
r (AU)

Figure 9.1: Gas surface density profile used for the modeling, assuming a gas-to-dust ratio of
100.

The disks are modeled using a large grid of models, computed by RADMC-3D. The model
assumes an axisymmetric gas surface density profile, following a radial power-law

Te(r) = Ze (—)_1 (9.6)

with r. the characteristic radius and a gas-to-dust ratio of 100. The outer radius is set to 200
AU and the inner radius to the sublimation radius rgp, with rgyp = 0.07(L./ Lo) /2, assuming
a sublimation temperature of 1500 K (Dullemond et al| 2001)). The dust density inside the
cavity is parametrized by setting the density equal to zero between rgap and 7cay. The inner
disk (between rgyp and rgyp) is set by varying dqus to fit the near infrared excess (see Figure

3ht‘cp ://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
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[O.1). The rg,p is fixed to 1 AU as it can not be constrained well by the SED. A full disk without
a cavity is simulated by setting rcay = 7'gap-

The stellar photosphere in the model is described by its temperature and stellar luminosity,
which has been fit independently together with the extinction. The disk is assumed to be flared,
so that the vertical structure of the disk is described by

Y
h(r) = h, (—) 9.7
re

with A, the scale height at . and i the flaring angle, which are both varied to fit the near
and mid infrared part of the SED. As the scale height is degenerate with the cavity radius,
the flaring angle is taken as a conservative value of either 1/7 or 2/7, following Chiang &
Goldreich (1997). The derived cavity radius is thus likely a lower limit if the disk is flatter.
With the inclusion of the Herschel fluxes, the scale height is better constrained than in previous
SED modeling studies. Dust composition and settling is prescribed following |Andrews et all
(2011)), with a large and small dust grain population where the large grains have a lower scale
height than the small grains. The inclination of the disks is taken as a constant of 30° and
was not varied in the modeling, as only very high inclination angles (edge-on disks) result in
a significant difference in the near infrared emission (and in addition, obscuration of the star).
With our color criteria, edge-on disks are not expected to be included (Merin et all[2010) and
also the computation of the stellar masses from the stellar luminosities implies that most of
the targets are not edge-on (although higher inclinations than 30° are still possible).

The five free parameters are thus rcay, Oqust, ¢ Or disk mass, A, and ¥, where reyy is
the main parameter of interest. The fitting was performed in two steps. First, a large grid
of models with a broad range of disk parameters and a limited number of stellar parameters
was fit to each SED. Second, each SED was fine-tuned individually, using the exact stellar
photosphere and starting from the best fit from the broad grid. The disk grids per object have
a large range of cavity radii (our main parameter of interest), in combination with a small range
of scale heights and disk masses. In the fitting procedure, a y*> minimization was performed
between the dereddened SED data points and the model SEDs. In the grid fitting, the data
points were weighted by their excess above the stellar photosphere at each wavelength: fluxes
at longer wavelengths got a larger weight than those in the optical and near infrared since the
stellar photosphere is largely known from the extinction fitting. Uncertainties on the cavity
radii are given in Table[0.9] based on fits with up to 10% variation in 2.

9.4.2 Results

Each SED can be fit to a disk model with or without a cavity. Table presents the results
of the fitting procedure. Figure presents the distribution of hole sizes and disk masses
(assuming a gas-to-dust ratio of 100) of the full sample, showing a broad distribution of both
parameters. The disk masses obtained from the fit generally agree within a factor of 2-3 with
the mass estimate from the millimeter flux. During the fit procedure it became clear that
certain disks have really large cavities (>150 AU) but very low scale heights, which can not
be well reproduced by our flared models. These disks are likely debris disks, as also suggested
by their low Lgisk/ L+« values.



184 9. The (w)hole survey: transition disk candidates from the Spitzer catalogs

Table 9.9: Results of disk fitting procedure and classification

ID Teay e Mgk Odust he ¥ Maiskmm®  Laisk/Le  Classification”
(AU) (g Cm_z) (MJup) (MJup)

1 14070 7.0e-02 78  10e02 010 1/7 3.7 0467 ML
2 6')  3.0e-03 L1 1.0e-02 001 177 <15 0.067 LS
3 107 30004 0.1  1.0e04 001 1/7 - 0.038 LL
4 455 30004 0.1  1.0e06 001 27 - 0.178 LL
5 3000 3.0e-03 09  1.0e01 005 27 - 0.195 LL
6 601 8.0e-02 209 1.0e-06 005 1/7 20.6 0.105 ML
7 82 30003 L1 1.0e-02 015 177 - 0.685 LS
9 120323’ 3.0e-04 00  1.0e03 001 1/7 <16 0.008 DD
10 190  3.0e-04 00  1.0e02 001 1/7 <21 0.001 DD
11 3000 5.0e-02 158 1.0e-04 005 2/7 32.8 0329 ML
12 1572 3.0e-03 10 1.0e-03 005 177 <222 0.183 LL
13 1909 1.0e-02 02  1.0e04 001 1/7 - 0.007 DD
14 107} 3.0e-02 106 1.0e-04 005 1/7 25 0201 ML
15 i seor 556 1.0e+00  0.03  1/7 439 0.083  MS
16 5072 3.8e-01 106.1  1.0e01 020 1/7 - 0934 ML
17 1575 3.0e-03 L0 1.0e06 005 2/7 - 0172 LL
18 3077 3.0e03 09  1.0e06 005 1/7 2.1 0.139 LL
20 13 1.0e-01 371 1.0e+00  0.04  1/7 15.9 0.170  MS
21 110050 6.0e-01 1006 1.0e01 010 1/7 216.0 0366 ML
2 50t 5.0e-03 14 1.0e-06 005 17 - 0465 LL
23 607, 1.0e-01 261 1.0e-:06 005 2/7 25.0 0.152 ML
24 16:% 3.0e-03 10 1.0e-06 002 177 <38 0.151 LL
25 4t 3.0e-03 L1 10e-04 001 177 - 0.100 LS
26 22 30004 0.1  1.0e02 005 1/7 <50 0307 LS
27 12080 23e-02 34 1.0e-06 005 177 5.7 0170 LL
28 272 3.0e-04 0.1  1.0e02 0.10 1/7 <34 0434 LS
29 7070 6.0e-02 145  1.0e-08 0.02 1/7 2.8 0.136 ML
31 170513) 3.0e-04 00  1.0e02 001 1/7 - 0.193 DD
33 801, 1.5e-01 335 1.0e-01 005 1/7 49.6 0233 ML
34 107} 3.0e-04 0.1  1.0e02 020 1/7 - 0250 LL
35 22 90602 332 1.0e-02 002 1/7 <28 0.104 MS
36 1 1.5e-02 56 1.0e+00 005 1/7 6.7 0337 NH
38 101°  4.5e-01 1592 1.0e-06 003 1/7 60.1 0.094 ML
39 1678 1.0e-01 343 1.0e-04 003 1/7 16.8 0.117 ML
40 1 3.0e-03 L1 1.0e+00  0.10 177 <13 0434 NH
41 1 3.0e-04 0.1  1.0e+00 005 1/7 <13 0.107 NH
43 4515 1.0e-03 03  1.0e01 015 2/7 <1l 0257 LL
44 477 7.0e-03 26 1.0e-04 005 1/7 2.4 0.146 LS
45 50540% 6.0e-02 168 1.0e01 020 1/7 35.1 0.764 ML
46 20710 3.0e-02 10.1  1.0e-06 005 1/7 105 0.114 ML
47% 171 3.0e-03 L1 1.0e+00 005 17 - 0270 LS
48 850 3.0e-02 107 1.0e-02 005 1/7 - 0350 MS
49 2033020 3.0e-03 1.0 1.0e01 001 17 <0.8 0.048 LL
50 2*2 1.0e-03 04  10e04 001 1/7 <07 0.110 LS
51 120110 2.0e-02 3.0  1.0e04 0.10 1/7 11.5 0310 LL

100

Notes. (*) Fit results are uncertain due to unknown spectral type. (@) Disk masses refer to the full disk mass,
computed assuming a gas-to-dust ratio of 100. (6) NH = disks without holes, ML = massive disks with large holes,
MS = massive disks with small holes, LL = low-mass disks with large holes, LS = low-mass disks with small holes,
DD = low-mass disks with very low scale heights. See also definition in the text.
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Table 9.9: Results of disk fitting procedure and classification

ID Tcav Xe Mgk Odust he Y Maskmm®  Laisk/L.  Classification”
52 8070  2.5e-02 56 10e-02 010 /7 134 0345 ML
53 1 3.0e-02 1.1 1.0e+00 001  1/7 - 0054 NH
54 60770 3.0e-02 78 1.0e01 0.0 2/7 343 0356 ML
55+ 1 2.1e-02 78  1.0e+00 003 1/7 59 0227 NH
56+ 415 1.0e-02 36 1.0e-06 020 1/7 - 0842 LS
58 1 8.0e-04 03  1.0e+00 0.15 1/7 <1l 0418 NH
59 272 3.0e-04 0.1  1.0e-04 001 1/7 - 0.115 LS
60 2+2 3.0e-03 L1 1.0e06 001 2/7 <15 0.062 LS
61 55 3.0e-04 01  1.0e02 005 1/7 - 0.192 LS
62 1 1.2e-02 44 1.0e+00 005 1/7 4.0 0238 NH
63 2077 3.5e-02 117 1.0e-06 003 17 6.1 0.087 ML
64 70720 5.0e-02 121 1.0e-04 008 1/7 20.4 0359 ML
65 190 3.0e-04 00  1.0e06 001 1/7 - 0.001 DD
66 3000 3.0e-03 09  1.0e-03 005 /7 - 0276 LL
67+ 1101 3.0e-04 0.1  1.0e06 001 1/7 - 0.004 DD
69 19019 3.0e-04 00  1.0e06 001 1/7 - 0.001 DD
70 807%  6.0e-02 134 1.0e-04 003 1/7 8.3 0077 ML
71% 1800, 3.0e-04 00  1.0e-04 001 1/7 - 0.003 DD
73 190_j0  3.0e-02 06  1.0e-04 001 1/7 - 0011 DD
745 1407)0 3.0e-02 34 1.0e-04 001 1/7 - 0.025 DD
75% 1905  3.0e-02 06 10e-04 001 17 - 0013 DD
76 19019 3.0e-04 00  1.0e06 001 1/7 - 0.002 DD
77 190_5  3.0e-04 00  1.0e06 001 17 - 0.002 DD
79 190_5  3.0e-04 00  1.0e06 001 1/7 - 0.000 DD
81* 701 3.0e-03 07  1.0e02 005 1/7 - 0.129 LL
83 2716 3,003 L1 10e-04 001 2/7 - 0.053 LS
89 105 3.0e-05 00  1.0e06 010 1/7 <9.0 0.004 LL
91* 30550 3.0e-02 95  1.0e02 010 1/7 - 0272 ML
94%  190_y50  3.0e-04 00  1.0e-04 010 1/7 - 0010 LL
96+ 6073 3.0e-04 0.1  1.0e04 005 1/7 - 0039 LL
99 190_59  6.0e+00 117 1.0e-10 001 2/7 91.8 0.025 ML
100 190_p  6.0e-01 112 1.0e06 001 1/7 <94 0.016 ML
101% 5T 1.0e-01 363 1.0e-:06 001 1/7 - 0.045 MS
102¢ 45715 3.0e-02 87  10e-01 020 /7 - 0702 ML
103+ 4077 3.0e-02 89  1.0e01 0.10 1/7 - 0338 ML
105%  190_;p  3.0e-04 00  1.0e04 001 1/7 - 0.002 DD
106 1909  3.0e-04 00  1.0e-04 001 1/7 - 0.001 DD
107 70740 3.0e-04 0.1  1.0e06 0.10 1/7 <44 0.047 LL
108+ 180320 3.0e-04 00  1.0e02 005 1/7 - 0011 LL
111 1 3.0e01 1112 1.0e+00 005 1/7 - 0207 NH
112% 1 3.0e-03 L1 1.0e+00 010 1/7 - 0304 NH
113% 60120 3.0e-03 0.8  1.0e-06 005 2/7 - 0.167 LL
114% 180jf8 3.0e-03 0.1  1.0e06 001 1/7 - 0010 DD
115 sT3 50003 18 1.0e01 020 1/7 <124 0.889 LS
u7s 605 3.0e-04 0.1  1.0e06 001 1/7 - 0019 LL
118 272 3.0e-04 0.1  1.0e02 015 17 - 0397 LS
120 10%7 3.0e-03 L1 1.0e06 005 1/7 <54 0.170 LL
124% 1oj51% 3.0e-03 L1 1.0e-04 005 177 - 0.118 LL
125 5070 3.0e-02 84  1.0e-01 020 1/7 - 0.927 ML
127 soj?g 4.5¢-02 101 1.0e-05 003 2/7 <175 0.086 ML

128 25TH 30003 1.0 1.0e02 005 1/7 - 0.086 LL
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Table 9.9: Results of disk fitting procedure and classification

ID Tcav Ze Mgk Odust he ¥ Maiskmm®  Laisk/L.  Classification”
130 30,0 3.0e-04 0.1  1.0e06 010 1/7 - 0077 LL
131% 10%}0 1.0e-02 35 1.0e03 005 17 12 0257 LL
132 1807 5.0e-01 186  1.0e-04 005 17 27.8 0.146 ML
133 1 3.0e-02 1.1 1.0e+00 015 1/7 - 0582 NH
134 1905  3.0e-04 00  10e-04 001 1/7 - 0.006 DD
135 4% 9.0e-02 328 1.0e-06 005 1/7 16.8 0.121  MS
136 5010 2.5e-02 70 1.0e-04 005 17 12.0 0206 ML
137 4j% 4.0e-02 146 1.0e-01 020 2/7 5.1 1236 MS
138 180%,)  3.0e-03 0.1  1.0e06 001 17 - 0.100 DD
139 272 3.0e-03 L1 1.0e-03 010 177 - 0.603 LS
140 190_5p  3.0e-04 00  1.0e05 001 1/7 <22 0.001 DD
142 2571 3.0e-02 98  1.0e-01 005 1/7 29.4 0203 ML
144 1107 3.0e-03 05  1.0e06 001 1/7 - 0.037 DD
145 11 1.5e-02 56  1.0e+00  0.10 1/7 3.9 0328 MS
146 190_5p  3.0e-04 00  1.0e-04 001 1/7 - 0.001 DD
147 sjg 3.0e-02 108 1.0e-01 005 2/7 - 0426 MS
148 100j31% 1.2¢-02 22 1.0e01 010 1/7 2.7 0235 LL
149 107 3.0e-02 106 1.0e-06 003 1/7 51.0 0.153 ML
150 1572 3.0e-04 0.1  1.0e06 0.0 2/7 <06 0291 LL
151 1905  1.0e-04 00  1.0e06 005 1/7 - 0.001 LL
152 1501 3.0e-04 00  1.0e-04 001 17 <07 0.003 DD
153 272 3.0e-02 1.1 1.0e-02 010 1/7 448 0385 MS
154 6f% 6.0e-02 217 1.0e-04 002 1/7 - 0.082 MS
155 50700 1.2e-02 34 1.0e06 005 17 44 0.141 LL
156 10799 1.0e-02 35 1.0e06 001 2/7 <25 0.033 LL
157 174 3.0e-03 L1 1.0e+00 005 1/7 - 0325 LS
158 190_;9  3.0e-04 00  1.0e06 001 1/7 - 0.001 DD
159 15 2.2e-02 82 1.0e+00 005 1/7 28.7 0.152  MS
160 1 1.0e-01 371 1.0e+00 020  1/7 - 1191 NH
161 2+ 8.0e-03 29 1.0e03 020 17 <294 0.785 LS
162 272 1.5e-02 55 1.0e-06 005 2/7 3.4 0321  MS
163 1+ 3.0e-02 1.1 1.0e+00 020 1/7 <29.9 0978 MS
164* 143 1.0e-03 04  1.0e+00 020 1/7 - 0505 LS
165 8% 1.0e-03 04  10e-04 002 1/7 <038 0052 LS
166 14077 1.5e-01 168 1.0e-01 0.5 1/7 425 0424 ML
167+ sjjgz 3.0e-02 107 1.0e-04 005 17 - 0238 MS
168 5T 3.0e-03 L1 10e-04 005 177 <038 0.177 LL
169 272 3.0e-04 0.1  10e-04 002 1/7 - 0.194 LS
171 1 1.2e-02 44 10e+00 0.0 1/7 44 0343 NH
172 271 3.2e-02 118 1.0e-06 0.10 1/7 7.9 0384 MS
173 120%,0  3.0e-01 447 1.0e-04 005 17 53.6 0331 ML
174 18719 9.0e-02 305 1.0e-06 005 1/7 <222 0257 ML
175 45? 1.5¢-03 05  10e-04 015 2/7 0.8 0542 LS
176 22 3.0e-03 L1 10e-06 005 2/7 - 0.195 LS
177 zsjf(g 6.0e-03 20 1.0e06 001 17 <04 0019 LL
179 19 2,0e-02 74 1.0e+00 005 1/7 9.2 0.141  MS
180 1455‘ 3.0e-04 0.1  1.0e06 005 1/7 <18 0071 LL
181 614*  3.0e-03 L1 1.0e+00 001 177 <06 0.067 LS
182 273 1.0e-02 37 1.0e-04 001 177 - 0044 LS
183 4%) 3.0e-03 L1 10e-06 005 1/7 <038 0.119 LS

184 160?% 1.0e-04 0.0 1.0e-04  0.01 1/7 <l5 0.003 DD
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Table 9.9: Results of disk fitting procedure and classification

187

ID Teay Y Maiskfie” Sdust he Y Mgiskmm®  Lask/L.  Classification”
185 I 1.0e-02 37 1.0e+00 012 177 <94 0582 NH
186 1 3.0e-04 0.1 1.0e+00 0.10 2/7 - 0274 NH
187 42 2.7e-02 9.9  1.0e01 020 1/7 10.0 1076 MS
188 1 5.0e-03 19 1.0e+00 015 17 2.6 0452 NH
189 4078 3.0e-02 89  10e-01 007 177 - 0302 ML
190 272 1.5e-02 55 1.0e04 005 1/7 14 0.147 MS
191 2+2 1.0e-03 04  1.0e02 005 1/7 - 0449 LS
192 2570 3.0e-03 1.0 1.0e02 020 17 <23 0617 LL
193 103;% 8.0e-03 28 1.0e04 005 1/7 2.6 0.125 LL
194 1072 7.0e-02 248 1.0e05 002 1/7 23 0.157 ML
195 272 3.0e-04 0.1  1.0e02 005 1/7 - 0264 LS
196 22 1.le-02 41 1.0e-04 005 177 55 0219 LS
197 1 3.0e-02 1.1 1.0e+00  0.03 1/7 10.4 0.114 NH
198 9013 2.0e-02 41 1.0e-02 015 1/7 7.2 0314 LL
200 1 2.0e-02 74 1.0e+00  0.10 1/7 <6.5 0397 NH
201 13 7.0e-02 259 1.0e+00 005 1/7 - 0340 MS
203% 2% 4.0e-02 147 1.0e01 010 2/7 - 0.900 MS
301 2+2 3.0e-02 1.1 1.0e02 005 1/7 - 0242 MS
303* 475 7.0e-02 255 1.0e04 020 2/7 - 2820 MS
307* 160f21% 4.5¢-02 34 1.0e06 005 2/7 - 0.107 LL
309 1077 3.0e-02 106 1.0e-04 002 177 - 0.066 ML
310% 20f§3 6.0e-01 2011 1.0e-02 020 2/7 - 1477 ML
314 2000 1.0e-02 34 1.0e06 005 1/7 - 0.146 LL
318 700 3.0e-04 0.1  1.0e02 005 2/7 - 0.048 LL
319 17 30003 L1 1.0e+00 005 177 - 0.116 LS
321 190_j  3.0e-03 0.1  1.0e05 001 1/7 <s.1 0.018 DD
322¢ 70710 3.0e-01 726 1.0e-08 005 1/7 - 0225 ML
325 sofg‘g) 1.3¢-01 290 1.0e01 005 1/7 32.8 0.159 ML
326 677 3.0e-02 108 1.0e06 0.0 1/7 - 0460 MS
329 30f5'% 1.6e-01 506 1.0e-04 005 27 51.2 0211 ML
333« 507 1.0e-02 28  1.0e-05 010 177 - 0533 LL
334+ 8h) B 3 0e01 1073 1.0e-01 020 2/7 - 1.528  MS
335 2'8 3.0e-01 110.6  1.0e-01 005 2/7 - 0.280 MS
348 20700 30003 1.0 1.0e01 010 17 - 0328 LL
349 1607 3.0e-01 223 1.0e-04 005 1/7 8.9 0201 ML
350 103 60002 212 1.0e06 003  1/7 - 0228 ML

Figures[0.12]to[0.16] present the SEDs with the best fitting models overlaid.

grouped into 5 different classifications:

e NH: Disks without holes (r.ay=1 AU)

e ML: Massive disks with large holes

(rcav >10 AU, Myjsx > SMjyyp)

e MS: Massive disks with small holes

(rcav <10 AU, Mgisk > SMyup)

e DD: Low-mass disks with large holes and very low scale heights
(reav >100 AU, Myisk < 5Myyp, he ~ 0.01)

The SEDs are



Number

188 9. The (w)hole survey: transition disk candidates from the Spitzer catalogs

e LL: Low-mass disks with large holes
(rcav >10 AU, Mgigk < SMJup, he > 0.01)

e LS: Low-mass disks with small holes
(rcav <10 AU, Mgisk < SMyup)

For the disks classified as NH (no hole), we have excluded the targets that could be fit with
a cavity >1 AU within the 10% y? limit. A large fraction of the disks (~23%) falls in the ML
category of large holes in massive disks. It turns out that several of these disks are indeed the
famous, bright disks with large inner holes known from imaging surveys (Andrews et al.[2011;
Williams & Cieza 2011)), confirming the strength of our SED modeling, even if rather simple.
The new targets in the ML, MS and some in the LL groups are promising disks for follow
up observations with ALMA. Excluding the DD and NH disks, a total of 133 targets (72% of
our analyzed sample) can be labeled as disks with cavities, transition disks. More than half
of these (~ 70 targets) are new transition disks; about 40 had been imaged or modeled before
and another 20 had been recognized as a possible transition disk. Of the new transition disks,
two thirds have a known spectral type.

9.5 Discussion

Spectral types Stellar masses Cavity sizes Disk masses

RS ] 30 N 6o 80

201 1

51 120 1 40

107 110 120

5,

0 0 0
4 6 8 10 12 0.0 0.9 1.8 2.6 3.5 O 50 100 150 -3-2-101 2 3
Tt (103 K) M. (Mo) Teav (AU) log Mg (MJup)

Figure 9.2: Distribution of spectral types, stellar masses, cavity sizes and disk masses in this
study. The disk mass is calculated assuming a gas-to-dust ratio of 100.

The SED modeling has confirmed the presence of cavities in a large unbiased sample of
transition disks. At least 72% of the sample could be modeled as a disk with a cavity, including
about 110 new transition disks that had not been identified as transition disk before.

9.5.1 Comparison of cavity radii with literature values

In order to quantify the quality of our fitting, the fit results for the cavity size are compared
with values from the literature from both SED modeling and resolved millimeter imaging
in Table for the targets where this information is available. The values generally agree
well within a factor of two with previously derived parameters. Especially the similarity to the
imaging results is encouraging: this implies that a large number of our new targets are suitable
for resolved imaging. Exceptions for the imaging targets are T Cha, RY Tau and AB Aur. For
T Chathe overestimate of the cavity size could be caused by the assumed low inclination:
imaging has shown that the inclination is in reality ~ 67° so close to edge-on (Huélamo et al.
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Table 9.10: Comparison cavity radii with literature values.

ID Name rhere /M Type? Ref | ID  Name rhere i Type?  Ref
1 TCha 140710 19 1 1 [ 51 IRs48 12000 60 1 13
3 RECX5 1017 3 M 2 52 DoAr44 805106 30 I 10
4 CHXR2ZE 457 7 M 3 |54 SR2 60 36 1 8
6  CSCha 60y 38 M 4 60  oph62 2+2 3 M 6
T54 12009 37 M 3|64 Jl60421 700 80 1 14
10 T21 1900 146 M 3| 120 1182911 10%7 8 M 6
11 SZCha 3000 29 M 3| 127 Serpl27 80TW 25 M 6
12 T35 1572 15 M 3] 128 JI182935 25007 M 6
14 T56 107} 18 M 3 135 DMTau 477 18 I 10
15 CRCha 1! 10 M 4 | 136 UXTauA 5050 25 I 10
18 T25 3013 8 M 3 142 MWC758 25+ 73 I 10
21 HDI42527 110%,) 100 I 5 148 IPTau 10050 2 M 4
24 Lup60 1612 3 M 6 153  RYTau 212 260) 1 15
27 Sz91 1200997 1 7 | 159  ABAur 1+ 15 1 16
29 Sz84 703“0% 5 M 6 161  ASR118 2t 1 M 6
33 HDI35344 8070 46 I 8 | 165 1034227 8ty 5 M 6
35 Sz76 2+2 1M 9 | 168 1034434 530 3 M 6
38 RXJI615 100 30 I 10 | 169 IC348LRL190 22 5 M 6
39 V4046Sgr 167/ 29 1 11 | 173  LkH-alpha330 1207 68 I 10
45  SR24S 5050 30 I 10 | 309 TWHya 1077 4 M 17
46 RXJ1633 2070 27 1 12 | 325 LkCal5 807 50 I 10
48 WSB6O g*e 15 1 10 | 326 CoKuTaud 677 10 M 18
50 1162245 2+2 1 M 6 | 329 GMAur 300 20 1 10

Refs. 1)Huélamo et all (2015), 2)IBouwman et all (2010), 3)Kim et al/ (2009), 4)|[Espaillat et al! (2011), 5) Fukagawa
et al. (2013), 6) Merin et al! (2010), 7) [Canovas et all (2015), 8) Brown et all (2009), 9) [Padgett et all (2006), 10)
Andrews et all (2011), 11) |Rosenfeld et all (2013), 12) [Cieza et al! (20124d), 13) lvan_der Marel et al. (2013), 14)
Mathews et all (2012), 15)lIsella et al! (20104d), 16)|[Piétu et al! (2005), 17)|Andrews et al! (2012), 18)|D’ Alessio et al.
(2009)

Notes.(@ M = derived from SED modeling, I = derived from millimeter imaging. (%) This value is not a real cavity
size, but a transition radius: the disk was fit with a surface density profile that radially increases and decreases,
peaking at 26 AU.

2015), affecting the near infrared emission from the inner disk. Also their flaring angle is
lower than ours. For RY Tau, the cavity radius found by imaging is not defined in the same
way as here: it is the peak of the surface density, assuming a surface density that first increases
and then decreases with radius (Isella et al/[2010a). Therefore, the values can not be compared
directly. For AB Aur, only a very small hole of at most 2 AU can be fit with our models, while
millimeter imaging has revealed a large cavity of 115 AU at 1.4mm, with a complex, possibly
spiral-arm structure (Piétu et al|[2005; Tang et al/[2012). It remains unclear what the reason
is for this discrepancy between the SED and the millimeter image. For the comparison with
SED modeling there are large discrepancies for CHXR22E, T54, CR Chaand IP Tau. These
targets were not modeled with a full radiative transfer code but a parametrized temperature
profile and optically thin dust emission inside the cavity rather than an inner disk (Kim et al.
2009; Espaillat et al.[2011), so the results can not be compared directly.

9.5.2 Binaries

Some transition disks can be explained as circumbinary disks due to the dynamical interaction
between the disk and a stellar companion. The cavity size is expected to be ~2 times as large
as the binary separation (Artymowicz & Lubow [1996). The fraction of the transition disks in
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our sample for which binarity has been studied is limited, but for those targets where spatially
resolved information is available from the literature (either detections or upper limits), the
properties are listed in Table[9.11] together with the cavity sizes found in this study.

Table 9.11: Multiplicity properties

ID  Separation Separation  7cay Ref | ID Separation Separation  reay Ref
(arcsec) (AU) (AU) (arcsec) (AU) (AU)
1 0062 6.7 14070 1 [ 60 <01 <12 2+2 9
4 <01 <16 45t 2 e <ol <12 1 9
5 <0.1 <16 3000 2 63  <0.13 <16 20+ 10
6 - 4 60312) 3164 <001/>03 <15>50 7000 11
7 <075 <120 87 4 | 134 <013 <18 190 12
9 025 40 12013 2 135 >0.03 >4 4+2 13
10 0.14 22 1909 2 136 >0.03 >4 S0t 13
11 <007/5.122  <I11/800 307\ 2 | 140 <0. <14 1901 14
12 <007 <11 152 2 149 0.06/4.1 8/560 1019 15
14 <0.07 <11 107} 2 150  <0.1 <14 1512 14
15 <0.08 <13 1! 2 | 152 <01 <14 150730 14
16 <0.12 <19 s0°y 2 | 153 >0.03 >4 2+2 13
17 <0.75 <120 1575 4 162 <0.1 <25 2+2 14
18 <0.08 <13 3077 2 | 1712 <01 <25 2+! 14
21 0.088 13 105 5 | 174 <0.1 <45 18110 14
23 <07 <140 60T 6 175  0.83 116 48 14
24 <01 <20 167, 7 177 12 168 25710 14
25 <08 <160 4+ 6 179  <0.1 <15 1+ 7
27 <0.1 <20 120039 7 180 05 72 143; 7
28 <0.1 <20 2+2 7 181  <0.1 <25 6" 14
33 <01 <14 80y 8 | 182 <01 <25 2+ 14
40 <0.1 <12 1 9 | 183 <0.1 <25 44 14
41 <01 <12 1 9 | 184 <01 <25 160720 14
43 <0.13 <16 45> 10 | 191 022 30 2+2 16
4 <01 <12 442 9 200 <0.06 <12 1 6
46 <0.1 <12 200 9 309 <0.1 <5 1072 8
47 <013 <16 1! 10 | 318 - 1.5 700917
48 <0.1 <12 gto 8 | 319 0638 80 (R 10
49 033 41 2000 9 | 325 >0.03 >4 800 13
50 0.54 68 2+2 9 | 326 0053 8 617 18
58 <0.13 <16 1 10 | 329 >003 >4 3010 13
59 <0.1 <12 2+2 9 '

Refs. 1) Huélamo et al. (2011)), 2) [Lafreniére et all (2008), 3) |Guenther et al! (2007), 4) |Comerén (2012), 5) Biller
et al. (2012), 6)IGhez et al! (1997), 7)[Romero et all (2012), 8)Vicente et al! (2011), 9)ICieza et al! (2010), 10) Ratzka
et al. (2003), 11)|Kraus et all (2008), 12)Kohler & Leinert (1998), 13)Pott et all (2010), 14)|Cieza et al! (2012b), 15)
Leinert et all (1997), 16) Biller et all (2011), 17) Loinard et al! (2008), 18)|Ireland & Kraug (2008)

Although for a handful of targets the cavity can indeed be explained by a binary com-
panion, for the bulk of the disks the limits are not sufficient to exclude circumbinary disks.
Previous binary studies of transition disks already revealed that most of the sharp cavities are
not due to binary systems (Pott et all[2010;|Vicente et al/2011)).

9.5.3 Accretion

By combining the outcome of the SED modeling with our information on accretion, the pos-
sibility of photoevaporation as origin of the cavities can be checked. According to photoevap-
oration models (e.g. |Alexander et all[2006a), UV photons from the star heat and ionize the



9. The (w)hole survey: transition disk candidates from the Spitzer catalogs 191

gas in the disk; beyond a critical radius, the thermal velocity of the ionized gas exceeds its
escape velocity and the material is dissipated as a wind. During the lifetime of the disk, the
accretion rate is expected to gradually decrease: when the rate drops below the photoevapora-
tion rate, the outer disk can no longer resupply the inner disk with material and an inner hole
is formed. This process is called photoevaporative clearing, and transition disks created by
this mechanism are expected to have no or very low accretion. Clearing of a gap by a planet
and photoevaporation could also happen simultaneously (e.g.Rosotti et al. 2013), making the
distinction not purely measurable by accretion alone. Figure[9.3|shows the number of objects
in each class that are accreting/non-accreting. The accretors are dominated by disks without
holes and massive disks with large holes, which are likely transition disks with a cavity due to
clearing by a companion. The non-accretors are dominated by the low-scale height low-mass
disks (DD), confirming that they are likely debris disks. The non-accreting low-mass disks
are possibly disks where the hole is caused by photoevaporative clearing, but as there are sev-
eral low-mass accreting disks as well there is no general trend for the low-mass disks. The
non-accreting disk without a hole (ID171) is an outlier, but the equivalent width of this target
is on the edge of accreting/non-accreting, probably due to the ubiquitous variable accretion
(Mendigutia et al/[2012), and should thus have been classified as an accretor.
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Figure 9.3: Comparison of accretion properties from Table[9.6 with disk hole parameters: Y
means accreting, N means non-accreting, U means unknown.

9.5.4 Evaluation of color criteria

Considering the high success rate of new transition disks found in the sample in this study, it
is now possible to re-evaluate the criteria used to select the targets. Figure[0.4] presents the the
resulting classifications from our SED modeling for each of the four color selection criteria.
From Figure[0.4]it is clear that the disks without holes are most dominant in the B criteria,
but overall at a low fraction. The L criteria are particularly biased towards the low scale
height disks and low-mass disks with large holes. Massive disks with large holes are found
in all colors. Evaluating the M10 criteria directly in the color-color plot, the DD disks fall
outside the A and B range. A small amount of disks with holes falls outside the range of the
A, B criteria (these are targets from the literature), generally with a shallower 8-24 um slope.

9.5.5 Comparison with Cieza survey
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Figure 9.4: Evaluation of the color criteria (Region A, B and L colors) vs the outcome of the
SED modeling.
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Figure 9.5: Evaluation of the color criteria (A and B) vs the outcome of the SED modeling.
The filled symbols are the targets analyzed in this study, the dots are all YSOs in the c2d,
GB and Taurus catalogs. The dashed lines mark the Region B (top) and Region A (bottom)
criteria.
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Figure 9.6: Comparison of the categorization by the Cieza et al. studies with the color criteria
used in this study applied to the Cieza sample.

A previous large survey of transition disk L0 ‘C]‘le‘z?f ‘ (?o‘]lgr‘ ?UJ‘LG‘M}&‘

candidates was performed by [Cieza et al. , o
(2010, [20126) and Romero et all (2012), ’
who selected a sample of candidates us-
ing their own color criteria. Rather than
SED modeling, they apply criteria based
on a range of observables (disk mass,
Lgisk/L«, accretion, multiplicity, infrared
spectral slope @excess and the wavelength
where the disk emission starts to dominate,
Awrnoft) to determine the origin of the dust
deficit in their disks: circumbinary disk,
photoevaporative clearing, debris disk, grain
growth or planetary clearing.

Of particular interest are their planet-
forming disks, which are massive, accreting
disks with sharp cavities (@excess > 0). Their
final target list is compared with our sam-
ple, and the colors used for our color cri- ‘
teria have been derived for all their targets. 0.0 0.5 1.0 1.5
Note that 27 of their 92 targets were already
present in our sample, either selected by the

(3.61-24.0}

Figure 9.7: Evalu;non o} the initial color cri-

teria by the Cieza survey vs the outcome of

lc.(zlortcrlterlli or by nilclassﬁicatlt(l)ln n thte our SED modeling. The filled symbols are the
terature. - igure .07 shows how their cat- targets analyzed in our study, the dots are all

egorization overlaps with our color criteria  y§os in the c2d. GB and Taurus catalogs. The
.fo'f these 27 targets and FigUTGShOWS the  gashed lines mark the regions: the upper left
inital color selection of Cieza et al. ([3.6]- quartile are the transition disks according to
[4.5]<0.25, [3.6]-[24.0]>1.5) in comparison  Cieza, the lower left quartile are diskless stars.
with the outcome of our classification.
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Finally, Figure shows how the classification of Cieza et al. compares with our classi-
fication for our targets.

Our A and L color criteria are clearly favored in the planet forming disks, while many
of the less interesting disks from our perspective (grain growth, debris disks) fall in category,
’O’, outside our color criteria. Several of the photoevaporation disks also follow the A criteria.
This comparison confirms that our color criteria are good at selecting disks with sharp inner
cavities. Inspection of the initial color criteria that Cieza et al. used for selecting targets
shows only 50% of our disks with holes fall within these criteria. The DD targets fall in
the same quartile as the diskless stars, as expected. Looking at the comparison of the Cieza
classification with the outcome of our SED modeling in Figure[0.8] planet forming disks fall
mostly within the class of massive disks with large cavities, while photoevaporation and debris
disks are mostly consistent with low-mass disks. Neither of this is a surprise, considering the
categorization of (Cieza et al! (2010). Disks without holes all fall within the category of grain-
growth disks. On the other hand, several other disks in the grain-growth category could be fit
with a disk including a cavity. Note that circumbinary disks are not well-constrained for most
of our sample and therefore not included.
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Figure 9.8: Comparison of the categorization by the Cieza et al. studies with the classification
of this study.

9.5.6 Evolution

The Lgjsk /L« ratio is generally taken as a measure of disk evolution. For the targets in this
study, a clear trend is seen, with larger cavity radii and generally more non-accretors for lower
Laisk/ L« (Figure[@.9h). This implies a general growth of cavity sizes with time.
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A relation between disk mass and cavity radius has been noted in previous studies and
interpreted as a gravitational process, where larger disk masses produce more massive planets,
clearing larger cavities (Merin et al.[2010). This study shows no trend between disk mass and
cavity size and generally more massive disks for accretors than for non-accretors (Figure
©.9b).

Both trends are susceptible due to the uncertainties in 7.,y and could be biased due to the
presence of many low-mass disks with large cavities in our sample, which are more likely to
be debris disks than transition disks.
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Figure 9.9: The relation between cavity radius and Lg;sx /L. and disk mass. Blue triangles
indicate accretors, red squares non-accretors, black circles unknown.
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Figure 9.10: The relation between cavity radius and inner disk mass. Blue triangles indicate
accretors, red squares non-accretors, black circles unknown.
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9.5.7 Inner disk

Some transition disks are known to have an inner disk, while others have a completely empty
cavity (e.g.Brown et al.[2007;|Andrews et all[2011)). Some transition disk studies differentiate
between these two types of disks as pre-transitional (with inner disk) and transitional disks
(without inner disk), interpreting this as an evolutionary effect where the inner disk is expected
to disappear with time due to accretion onto the star (Espaillat et al! 2014). However, with
the measured accretion rates and inner disk masses the lifetime of the inner disk is very short
(Owen et al! 2011)), implying that for the inner disk to be detected it must be replenished
continuously by the outer disk. Therefore, we do not distinguish between these two types of
disks but use the 04yt value (a free parameter in our SED modeling) as a continuous parameter
to fit the near infrared excess in the SEDs. Plotting the inner disk mass versus the cavity radius
(Figure[0.10) reveals no significant trends (the disks with r.,y=1 are disks without inner holes
and there is no real inner disk) and the mass of the inner disk is spread over a large range for
all cavity sizes. Accretors appear to have a slightly higher inner disk mass than non-accretors.
This implies a possible division between transition disks with small cavities without inner disk
and transition disks with large cavities with inner disk, each with their own origin.

9.5.8 Cavity radii and exoplanets

10!l + %isks with holes]
I I (modeled]

0.1 1.0 10.0 100.0
JF]pﬁ Feav (AM)

Figure 9.11: Comparison of exoplanet orbital radii with transition disk cavity radii. Exoplanet
orbital radii are indicated as red crosses, disk cavities with circles in blue (SED-modeling of
this study) and green (millimeter imaging).

If the origin of the dust cavity radii lies in forming planets, a correlation should exist
between the orbital radii of exoplanets and disk cavity radii (Figure @.11). Although both
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samples are biased, a connection appears to exist, with the cavity radii several factors higher
than the orbital radii. According to planet-disk interaction models, planet are expected to clear
cavities up to twice their orbital radius (Pinilla et all2012a). A trend between cavity radius
and stellar mass (blue and green points in Figure[0.11)) as seen in previous work (M10) is seen
as well.

9.6

Summary

The main results of this work are summarized as follows.

1.

10.

A large sample of ~200 transition disk candidates is presented and analyzed. Candidates
are primarily selected from the Spitzer catalogs using the color criteria from[Merin et al.
(2010), with some additional targets from the literature.

. The Spitzer data of the targets have been complemented with new submillimeter fluxes,

Herschel-PACS archival data and optical/near infrared spectroscopy for spectral typing
and accretion properties.

. All targets are analyzed using RADMC-3D modeling with a limited number of param-

eters: disk mass, inner disk mass, scale height and flaring, and disk cavity radius, where
the latter is the main parameter of interest.

. The derived cavity sizes are consistent with imaging/modeling results in the literature.

. Using the derived properties, the disks are categorized in disks without holes, large/small

holes and massive/low-mass disks and very low scale height disks. The latter are likely
debris disks. A large fraction of the targets falls in the category of disks with large
holes, including several previously imaged disks.

. Based on this classification, 133 targets (72% of the sample) are disks with cavities,

including about 70 new transition disks that had not been identified before.

. The color criteria are evaluated and compared for the targets in the Cieza studies (Cieza

et al. 2010, 2012b; Romero et al. [2012). In general, our color criteria are a proper tool
to select transition disk candidates.

. The evolutionary parameter Lg;sk / L+ decreases with increasing cavity radius.

. The cavity radius increases with stellar mass, suggesting a connection with exoplanet

orbital radii.

The sample list provides a large number of transition disks that are suitable for follow-
up observations with ALMA.

9.A Sample
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Table 9.12: Sample of transition disk candidates

ID  Target RA Dec Reg? dP Color®  Origin  Prev.?  Ref
(pc) data

1 TCha 11571353 -792131.5 €Cha 108  [L] Other  Imag. 1,2

2 RECX11 084701.80 -7859352 nCha 97 - Other  TD 34

3 RECX5 084227.09 -7857479 nCha 97 [A] Other  PF 5.4

4 CHXR22E 11071330 -774349.9 Chal 160 - Other  TD 6,7

5 ISO52 11044258 -774157.1 Chal 160  [B] GB v 8

6 CSCha 11022511 -7733359  Chal 160 [L] c2d \% 8

7 11094742-7726290 11094727 -772629.5 Chal 160  [B] GB

9 T54 111242.69 -772223.1 Chal 160 [L] GB CB 9

10 T21 1106 1541 -772156.9 Chal 160 - Other  TD 6,7

11 SZCha 105816.77 -771717.1  Chal 160 - - TD 9

12 T35 110839.05 -771604.2 Chal 160 [A] GB TD/V 6,10

13 ISO-Chall29 125910.19  -771213.7  Chall 180  [L] c2d

14 T56 111737.01 -770438.1 Chal 160 - - TD/V 6,10

15 CRCha 105906.97 -770140.3  Chal 160 - - v 8

16 WWCha 111000.11  -763457.9  Chal 160  [B] - v 8

17 11062554-7633418 11062547 -7633422  Chal 160  [B] GB

18 T25 110719.15 -760304.9  Chal 160 [A][L] Other V 11,7

20  MPMus 13220755 -693812.2 Isol 100 [B] Other  TD 12,13

21 HD142527 155641.89 -4219233  Isol 140 - - Imag. 14

22 J16232807-4015368  162328.09 -4015369 LupVl 150 [A][L] GB

23 Sz111 1608 54.69  -393743.1 Luplll 200 [A][L] c2d LU 15

24 Lup60 161029.56  -392214.7 Luplll 200 [A] c2d GG 16

25 J160830.3-390611 160830.26 -390611.1 Luplll 200 [B] c2d L 15

26  Sz104 160830.80 -390548.8 Luplll 200 [B] c2d H 15

27  Sz91 1607 11.60  -390347.7 Luplll 200 [L] c2d PF 16

28 J160855.5-390234 16085552 -390233.9 Luplll 200 [A] c2d L/PE 17,18

29 Sz84 155802.50 -373602.8 Lupl 150 [L]* c2d TD 19

30 16182186-3730298 1618 21.88  -373029.9 LupV 150 [L] GB

31 16225309-3724373 162253.10 -3724374 LupV 150  [L] GB

32 J19002346-3712242 19002347 -3712242 CrA 150  [A] GB

33 HDI135344 15154844  -370916.0 Isol. 140  [B] - Imag. 20

34 CrA-466 19011895 -365828.3 CrA 150 - Other  TD 21

35 Sz76 15493080 -354952.0 Lupl 150 [B] Other 22
Refs. 1)[Wahhaj et all 2010), 2)[Huélamo et all (2013), 3) Megeath et all (2003), 4) Sicilia-Aguilar et all (2009), 5)
WM) 6)Kim et all (2009), 7)Luhman et al| (2008), 8) Espaillat et al! 2011), 9) [Kim et al (2009),

10)m ). 11)mm—ub 12)@1@) 13) Silverstone et all (2006), 14)/Ohashi
15)[Merfn et al| (2008), 16)[Romero et all erfn ¢ g _ 2012 i
et al. (2010), 20) [Brown et all (2009), 21) ) 22)@] (2006), 23)@]
(2011), 24)[Rosenfeld etall (2013), 25>_ -> 26>— 2010), 27)lvan der Marel et all (2013),
28) lvan Kempen et all (2009), 29) [Andrews et all (2009), 30) McClure et al! ,m), 31)[@1 m>, 32)
(2007), 33)[Furlan et all 2011)), 34)[Andrews et all (2011), 35)@! (2010), 36) Rebull et all
(2010), 37) [Cieza et all (2012H), 38) [sella_et all (2010H), 39) Monnier et all (2008), 40)@1@ ), 41)

_-> 42)|§_eﬂa_e_t_a_l dzmd) 43)|_ur_1an_¢_t_a_l -> 44)_ > 45)_ ->

Notes. (@) Full names of the regions: Cha = Chamaeleon, Lup = Lupus, CrA = Corona Australis, Oph = Ophiuchus,
UppS = Upper Sco, Oph = Ophiuchus, Tau = Taurus, Aur = Auriga, Per = Perseus, TWH = TW Hydrae, Isol. =
Isolated. () Distances were adopted from the literature as follows: 120 pc for Oph (Loinard et all 2008); 150 pc for
Lup I, IV, V and VI and 200 pc for LupIII (Comerdn 2008; [Comerdn et all 2009); 250 pc for Per
); 140 pc for Tau ); 450 pc for Aur (BrQQkthgn—Figng et all ); 145 pc for Upp Sco
m) 150 pc for Corona Australis (Sicilia-Aguilar et al. ) 109 pc for € Cham [2008):
160 pc for Chal m [2009); 180 pc for Chall _) 97 pe for  Cha(Mamajek et all [1999);
and 430 pc for Ser ( -) g)An asterix (*) indicates this target was part of the MlO sample (@) The
full explanation previous classiﬁcations is as follows, according to their recording papers. 1) [Cieza et all 2010):
"PE"=Planet-forming disk, "GG"=Grain-growth dominated disk, "PE"=Photoevaportive disk. 2) Merin et al! (2008);
): "L"=low infrared excess or anemic disk, "H"=high infrared excess, "T"=T Tauri-like infrared
excess. 3) Others: "PTD" = pre-transitional disk, "V" = sea-saw variability.
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ID  Target RA Dec Reg? dP Color®  Origin  Prev.?  Ref
(pc) data

36 J154508.9-341734 154508.88 -341733.7 Lupl 150 - Other LU 15

38  RXJ1615.3-3255 161520.23 -3255049 Lup 185 [B]* c2d Imag. 23

39 V4046Sgr 18141047 -3247345  Isol 73 - - Imag. 24

40  J163154.7-250324 16315473 -250324.0 Oph 125  [B] c2d GG 25

41 J163205.5-250236 16320552 -250236.2 Oph 125 [A] c2d PF 25

43 J163023.4-245416 16302339 -245416.1 Oph 125  [B] c2d

44 WSB63 1628 54.06 -2447443  Oph 125 [A] c2d PF 25

45  SR24S 1626 58.51 -244537.0 Oph 125 - c2d Imag. 26

46  RXJ1633.9-2442 163355.60 -244205.0 Oph 125 [A] c2d Imag. 25,50

47  ISO-Oph43 162627.53 -244153.6 Oph 125  [B] c2d

48  WSB60 1628 16.51 -243658.3 Oph 125  [B] c2d Imag. 23

49 J163115.7-243402 16311574 -243402.0 Oph 125 [B] c2d GG 25

50  J162245.4-243124 16224539 -243123.8 Oph 125 [A]* c2d PE 25

51 IRS48 162737.19 -243034.8 Oph 125 - Other  Imag. 27,28

52 DoAr44 16313346 -2427374  Oph 125  [B] c2d Imag. 29

53 J162435.2-242620 16243520 -242620.0 Oph 125 [A] c2d

54  SR21 16271028 -2419125 Oph 125 - - Imag. 20

55 J162309.2-241705 162309.22 -241704.6 Oph 125 [A] c2d PTD 30

56  J163136.8-240420 163136.77 -240419.8 Oph 125 [L] c2d

58  J162648.6-235634 1626 48.64 -235634.1 Oph 125  [B] c2d

59 J162802.6-235504 1628 02.60 -235504.0 Oph 125 [A] c2d PE 25

60  oph62 16250692 -235050.4 Oph 125 [A]* c2d PF 25

61  J162532.5-232626 16253250 -232626.0 Oph 125 [A] c2d

62  J162218.5-232148 16221852 -232148.1 Oph 125  [B] c2d GG 25

63 DoAr28 16264742 -231452.2 Oph 125 - HREL TD 30

64 J160421.7-213028 16042170 -2130284 UppS 145 [L] - Imag. 31

65  18015423-0437531 18015424 -043753.1 Ser 415  [L] GB

66  18044921-0436413 180449.20 -043641.5 Ser 415  [B] GB

67  18270980-0414297 182709.79 -041429.8 Ser 415  [L] GB

68  18272873-0406248 18272873 -040624.8  Ser 415 [L] GB

69  18273408-0403247 182734.08 -040324.8 Ser 415  [L] GB

70 18273858-0402289 18273857 -0402289  Ser 415 [A][L] GB

71 18255765-0357040 182557.66 -035704.0 Ser 415  [L] GB

73 18291383-0342355 1829 13.84 -0342355  Ser 415 [L] GB

74 18284156-0341507 182841.56 -034150.7 Ser 415 [L] GB

75 18283439-0339371 182834.40 -033937.2  Ser 415 [L] GB

76  18272161-0314158 182721.62 -0314159  Ser 415 [L] GB

77 18222604-0304383 182226.04 -0304383 Ser 415 [L] GB

78 18330328-0244021 18330330 -024402.2  Ser 415  [B] GB

79 18324685-0243273 183246.86 -0243274  Ser 415  [L] GB

80  18304127-0242335 183041.26  -024233.7  Ser 415 [L] GB

81  18324783-0239401 18324783 -023940.1  Ser 415  [B] GB

82  J18321275-0222377 18321275 -022237.8 Ser 415 [A][L] GB

83  18292883-0221157 18292884 -022115.7 Ser 415 [A][L] GB

84  18291450-0220575 18291450 -022057.5 Ser 415 [L] GB

85  18304121-0220189 183041.20 -022019.1  Ser 415  [B] GB

86  J18314556-0218408 18314557 -021840.9  Ser 415 [A] GB

88  18311986-0208161 183119.86 -020816.1  Ser 415 [A] GB

89  18323005-0204130 183230.06 -020413.0 Ser 415 [A][L] GB

90  18292804-0204042 182928.07 -020404.7 Ser 415 [A] GB

91  18293961-0202414 182939.60 -0202414  Ser 415  [B] GB

92 J18303289-0200514  183032.89 -020051.3  Ser 415 [A][L] GB

93 18311732-0200461 18311732 -020046.1  Ser 415 [A] GB

94 18312875-0159125 18312875 -0159125 Ser 415  [A] GB

95  18315497-0157330 18315498 -015733.1 Ser 415 [L] GB

96  18313657-0157320 183136.57 -015732.0 Ser 415 [A] GB
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97 18313343-0155182 18313343 -0155182  Ser 415  [A] GB

98 18315077-0153393 183150.77 -015339.3 Ser 415  [B] GB

99 J18303321-0152563 183033.22 -0152562  Ser 415  [A][L] GB

100 18295741-0151541 18295741 -015154.1 Ser 415  [A][L] GB

101 18294721-0148301 18294721 -014830.2  Ser 415 [A][L] GB

102 18293368-0145103 182933.69 -014510.3 Ser 415  [B] GB

103 18290819-0139215 182908.19 -013921.5 Ser 415  [B] GB

104 18314110-0128035 183141.10 -012803.6  Ser 415  [L] GB

105 18290391-0115357 18290392 -011535.8 Ser 415  [L] GB

106 18371575-0026561 1837 15.75  -00 26 56.1 Ser 415  [L] GB

107 18381010-0023452 183810.10 -0023452  Ser 415  [L] GB

108 18371444-0023261 18371445 -002326.2  Ser 415 [L] GB

110 18385989-0008097 183859.90  -00 08 09.9 Ser 415 [L] GB

111 J182813.5+000-249 1828 13.51  -00 02 49.1 Ser 415  [B] c2d TT 32

112 J182821.6+000016 182821.58 +0000 164  Ser 415  [B] c2d L 32

113 18384257+0001324 18384259 +000132.5 Ser 415 [A][L] GB

114 18392594+0006382 18392596  +00 06384  Ser 415 [A] GB

115 J182850.2+000950 182850.21  +000949.7  Ser 415  [B] c2d F 32

116 183549.4+001002 183549.38  +00 1001.7  Ser 415  [L] GB

117 18385571+0014431 18385572  +00 1443.1  Ser 415  [A][L] GB

118 18394048+0014497 183940.50 +001449.7  Ser 415  [B] GB

119 18374209+0016519 183742.09 +001652.0 Ser 415  [L] GB

120 J182911.5+002039 18291149 +002038.8 Ser 415 [A]* c2d

121 18375663-0023253 183756.63  -002325.3 Ser 415 [A] GB

122 18381580+0024218 18381581 +002421.9  Ser 415 [L] GB

123 J18295130+0027477 18295130 +002747.9  Ser 415  [L] c2d LU 32

124 serp22 182829.06  +002756.0 Ser 415 [A]* c2d

125 18401205+0029276 184012.06 +002927.7 Ser 415  [B] GB

126 J182901.2+002933 182901.22  +002933.0 Ser 415  [B] c2d L 32

127 Serpl27 182944.10 +003356.0 Ser 415 [A]L]* c2d LU 32

128 J182935.6+003504 18293562 +003503.9  Ser 415 [A]* c2d LU 32

129 18381447+0035099 18381448 +003509.8  Ser 415  [L] GB

130 18401486+0037042 1840 14.88  +003704.2  Ser 415 [A][L] GB

131 Serplll 182936.19 +004216.7 Ser 415 [A]* c2d LU 32

132 J182955.3+004939 18295532  +004939.3  Ser 415 [A] c2d TT 32

133 J183008.6+005847 183008.62  +005846.7  Ser 415  [B] c2d TT 32

134 RXJ0432.8+1735 04325324 +173533.7 Tau 140 - Tau TD 33

135  DMTau 04334873 +181010.0 Tau 140 - Tau Imag./V 34,10

136 UXTauA 043004.00 +181349.3 Tau 140 [A] Other  Imag. 34,35

137 043339.0+222720 043339.00 +222720.0 Tau 140 [A] Tau 33

138 043326.2+224529 04332620 +224529.0 Tau 140 [L] Tau 36

139 J04390525+2337450  043905.25 +233745.0 Tau 140  [B] GB PTD 33

140 043649.1+241258 043649.10 +241258.0 Tau 140 [L] Tau DD 37

142 MWCT758 05302753 42519569 Isol 200 - Tau Imag. 38

144 044555.7+261858 04455570 +261858.0 Tau 140 [L] Tau

145 DHTauAB 04294150 +263258.0 Tau 140 [A] Tau

146 043044.7+263308 04304470 +263308.0 Tau 140 [L] Tau

147 J04214631+2659296 04214632 +265929.6 Tau 140 [A] Tau

148  IPTau 042457.08 +271156.5 Tau 140 - Tau v 8

149 V892Tau 041840.62 +281915.5 Tau 140 - Tau CB-disk 39

150  V410X-ray6 041901.10 +281942.0 Tau 140  [A] Tau PF/TD 40,41

151 042254.6+282354 04225460 +2823540 Tau 140 [L] Tau

152 V819Tau 04192626 +282614.3 Tau 140 - Tau TD 33

153 RYTau 04215741 +282635.6 Tau 140 - Tau Imag/V 42,10

154 V410X-ray2 04183440 +283030.0 Tau 140 [A] Tau TD 33
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155 041542.7+290959 04154278 +290959.0 Tau 140  [A]J[L] Tau TD 33

156  041332.3+291726 04133230 +291726.0 Tau 140 [A] Tau

157 J032800.1+300847 032800.09 +300847.0 Per 250  [B] c2d

158  LkCal9 04553696 +3017552 Tau 140 - Other TD 43,35

159  ABAur 04554585 43033043 Tau 140 - - Imag. 44

160 J033341.3+311341 03334129 +311341.0 Per 250 [B] c2d

161  ASRI118 03285697 +311622.3  Per 250  [B]* c2d

162 MBO22 032929.27 +311834.7 Per 250  [A]* c2d PF 25

163 J032856.6+311836 032856.65 +311835.5 Per 250  [B] c2d

164 J034219.3+314327 034219.27 +314327.0 Per 250 [B] c2d

165  J034227.1+314433 034227.12  +3144329  Per 250  [A]* c2d

166 J034109.1+314438 034109.13 +3144379  Per 250  [B] c2d

167 J034355.2+315532 03435520 +315532.0 Per 250  [A] c2d

168 J034434.8+315655 03443481 43156552  Per 250  [A]* c2d

169  IC348LRL190 03442923 +320115.7 Per 250  [A]* c2d

171 J034520.5+320634 03452046 +320634.5 Per 250  [B] c2d

172 IC348-67 034344.63 +320817.8  Per 250  [A] c2d PF 37

173 LkH-alpha330 03454829 +322411.8 Per 250  [B] c2d Imag. 20

174 J04300424+3522238 04300425 +352223.8 Aur 450 [A][L] GB PF 37

175 J04303235+3536133 04303235 43536134 Tau 140 [L] GB PF 37

176 04300980+3540355 043009.80 +354035.6 Tau 140  [B] GB

177 J04304004+3542101 043040.05 +3542103 Tau 140 [L] GB GG 37

178 J04303831+3549591 04303827 +354959.3  Aur 450  [L] GB

179 J160044.5-415531 160044.53 -415531.2  LuplV 150 [B] c2d PF 16

180  J190058.1-364505 190058.05 -364505.0  UppS 145 [A] GB PF 16

181  03445614+3209152 0344 56.14  +320915.1  Per 250  [A] c2d PF 37

182 03442156+3215098 03442158 +321509.7 Per 250  [A] c2d PE 37

183 03442257+3201536 03442258 +320153.8 Per 250  [A] c2d PE 37

184 04330422+2921499 04330422 +292150.0 Per 250  [A] Tau DD 37

185 J160825.76-390601.1 16082576 -390601.1 Luplll 200 [B] c2d TT 15

186  RXJ1556.1-3655 155602.10 -3655282  Luplll 150 [B] Other 22

187  043150.5+242418 04315050 +242418.0 Tau 140  [B] Tau

188 041413.5+281249 04141350 +281249.0 Tau 140  [B] Tau

189  041841.3+282725 04184130 +282725.0 Tau 140  [B] Tau

190  042025.5+270035 04202550 +270035.0 Tau 140  [B] Tau

191  042921.6+270125 042921.60 +270125.0 Tau 140  [B] Tau

192 043249.1+225302 043249.10 +225302.0 Tau 140  [B] Tau

193 044221.0+252034 044221.00 +252034.0 Tau 140  [B] Tau

194 041539.1+281858 041539.10 +281858.0 Tau 140  [B] Tau

195  042318.2+264115 04231820 +2641150 Tau 140  [B] Tau

196  041414.5+282758 0414 1450 +282758.0 Tau 140  [B] Tau

197 041915.8+290626 04191580 +290626.0 Tau 140  [B] Tau

198 042155.6+275506 04215560 +275506.0 Tau 140  [B] Tau

200  J160710.08-391103.5 1607 10.08  -391103.5 Luplll 200 [B] c2d L 15

201  J032741.47+302016.8 03274147 +302016.8 Per 250 [B] c2d

202 J034345.17+320358.6  034345.17 +320358.6 Per 250  [A] c2d

203 J182815.26-000243.3 18281526  -000243.3 Ser 415  [B] c2d

204 J162715.89-243843.2 16271589 -2438432  Oph 125  [B] c2d 30

301 J130455.7-773949 13045574 7739495 Chall 180 [B]* c2d

303 J160115.5-415235 16 01 15.55 -415235.3 LuplV 150 [B] c2d F 15

307  16083070-3828268 1608 30.70  -382826.8 Luplll 200 [B] HREL L 15

309 TWHya 11015191 -344217.0 TWH 50 - - TD 45

310  15395742-3414567 15395742  -341456.7 Lupl 150 - HREL

314 16281385-2456113 1628 13.85 -245611.3 Oph 125  [B] HREL

316 16271587-2438433 1627 1587 -243843.3 Oph 125  [B] HREL

317  16312019-2430009 163120.19 -243843.3 Oph 125  [B] HREL
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Table 9.12: Sample of transition disk candidates

D Target RA Dec Reg? dP Color®  Origin  Prev.d Ref
(pc) data

318 DoAr2l 162603.03 -242336.4  Oph 125  [A]* c2d

319 J162740.3-242204 16274027 -242204.0 Oph 125 [A] c2d CB 25

321  Serp48 182858.08 +001724.5 Ser 415 [LL]1* c2d

322 18302986+0035004 183029.86  +0035004  Ser 415  [B] HREL

325 LkCal5s 04391778 +222103.5 Tau 140  [A] Tau Imag./V 46,10

326  CoKu-Tau-4 04411679 +284000.5 Tau 140 - - CB-disk 47

329  GMAur 04551098 43021594 Tau 140  [A] - Imag./V 48,10

333 03370363+3039291 033703.63 +303929.1 Per 250 - HREL

334 03401579+3055047 03401579 +305547.0 Per 250  [B] HREL

335 J033234.0+310056 033234.00 +310056.0 Per 250 [B]* c2d

348  UScoJ155837.1-225724 15583691 -225715.3 UppS 145 [B] Other 49

349  RXJ1842.9-3532 18425795 -3532427 UppS 145 [A] Other 49

350 RXJ1852.3-3700 18521730 -370011.9 UppS 145 [A] Other 49
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dicates the stellar spectrum. Open circles denote observed fluxes before extinction correction,
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9.B Flux tables

This section presents the flux tables.

Table 9.13: Herschel photometry

ID PACS 70 PACS 100 PACS 160 1D PACS 70 PACS 100  PACS 160
(mJy) (mJy) (mly) (mJy) (mJy) (mJy)
1 4.98+0.5 3.74+0.37 3.17+0.32 65 <0.10 - <0.27
2 0.22+0.03 0.20+0.04 <0.27 66 0.32+0.05  0.34+0.04  <0.70¢
3 0.11+0.03 0.14+0.03 <0.26 67 <0.12 <0.07 <0.30
4 <0.10 <0.07¢ <0.41¢ 68 <0.13 <0.08 <0.34
5 0.18+0.05 0.17+0.03 <0.334 69 <0.19 <0.22 <0.49
6 3.11+0.31 2.90+0.29 2.15+0.25 70 0.63+0.07  0.60+0.06  <0.42
7 0.21+0.04 0.21+0.03 <0.31 71 <0.14 <0.11 <0.44
9 <0.65¢ <0.71¢ <1.06“ 73 <0.16 <0.30 <0.54¢
10 <1.20¢ <1.34¢ <4.21¢ 74 <0.14 <0.08 <-0.02¢
11 3.86+0.39 3.80+0.38 3.65+0.37 75 <0.11 <0.08 <0.52
12 0.44+0.05 0.40+0.05 <0.39 76 0.23+0.04  0.18+0.04  <0.42
13 <0.11 0.14+0.03 <0.55¢ 71 <0.10 - <0.30¢
14 0.69+0.08 0.55+0.06 0.41+0.07 78 <0.14 <0.10 <0.88
15 1.58+0.16 2.31+0.23 2.80+0.28 79 <0.13 <0.11 <-0.08¢
16 26.06+2.92 36.06+3.9 38.45+6.0 80 <0.18 <0.24 <0.59
17 0.21+0.05 0.25+0.03 0.30+0.09 81 0.44+0.06  0.52+0.06 <0.64
18 0.56+0.07 - 0.45+0.1 82 <0.334 <0.10¢ <2.61¢
21 117.78+11.78  100.65+10.06  67.82+6.78 | 83 <0.12 <0.09 <0.64
23 1.38+0.14 - 1.82+0.2 84 <0.12 <0.07 <0.42
24 0.17+0.04 0.11+0.03 <0.09¢ 85 <0.27 <0.53 <0.05¢
25 <0.34 <0.32 <0.384 86 <1.05¢ <1.40¢ <1.55¢
26 <0.26 <0.12¢ <0.02¢ 88 <32.9¢ <26.25¢ <59.51¢
27 0.61+0.07 0.80+0.08 0.96+0.17 89 0.66+£0.09  <0.74¢ <0.59¢
28  <0.11 <0.15 <-0.11¢ 90 <0.22 <0.22 <1.98
32 0.73+0.08 <1.61¢ <2.984 91 <0.16 <0.16 <1.05
33 29.8+2.98 28.3+2.83 21.13+2.11 | 92 <0.31¢ <0.47¢ <2.55¢
34 <2.09 <0.12 <0.06“ 93 <8.45¢ <5.27¢ <10.49¢
36 <l1.44 <1.09¢ <3.36° 94 <0.74¢ <0.26° <4.444
40 1.89+0.2 1.18+0.15 <3.65 95 <2.27¢ <2.784 <9.57¢
41  <0.05¢ <0.33¢ <2.70¢ 96 <1.00¢ <4.13¢ <-4.57¢
43 0.38+0.05 0.26+0.05 <0.44¢ 97 <2.49¢ <6.83¢ <8.584
44 0.54+0.06 0.74+0.09 <2.02¢ 98 <1.46° <3.07¢ <10.72¢
45 10.58+1.06 9.74+0.98 8.96+0.96 99 3.13+0.33  <3.84¢ <4.62¢
46 1.14+0.12 1.35+0.14 1.43+0.27 100 0.56+0.07  0.55+0.06  0.56+0.16
47 1.00+0.22 1.15+0.37 <0.49¢ 101 <0.13 0.20+£0.05  <27.08
48 0.86+0.09 1.16+0.12 <1.41 102 0.13+£0.04  0.31+£0.04 <1.05
49 0.26x0.04 <0.14 <0.57¢ 103 0.27+0.06  0.28+0.08  <6.29
50  0.23+0.05 - <-0.06¢ 104 <0.14 <0.07 <0.22
51 41.14+4.12 27.3+2.77 14.53+4.18 | 105 <0.09 <0.07 <0.97
52 4.10+£0.41 3.66+0.37 2.60+0.5 106 <0.12 - <0.66
53 <0.14 <0.12¢ <0.25¢ 107 <0.17 <0.12 <0.75
54 31.58+3.16 25.75+2.58 15.61+1.88 | 108 <0.14 - <0.41¢
55 2.26+0.23 2.15+0.22 2.06+0.35 110 <0.14 - <0.54
56 1.26+0.39 <2.78 <6.05¢ 111 0.28+0.06 - <1.934
58  0.34+0.05 <0.28 <0.59¢ 112 <0.11 - <0.64
59  <0.07 <0.13 <-0.06¢ 113 <0.13 - <0.38
60  <0.21¢ <0.32 <0.73¢ 114 0.15+£0.04 - <0.62
61  0.12+0.04 <0.08 <0.56 115 0.40+0.06  0.29+0.08 <0.84
62  1.32+0.14 - 1.62+0.31 116  <0.22 - <1.02
63 0.97+0.11 0.90+0.1 1.06+0.26 117 <0.13 - <0.64
64 - 3.48+0.35 3.88+0.84 118  <0.11 - <0.76

Notes. (@) Upper limit due to cloud confusion.
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Table 9.13: Herschel photometry

ID PACS 70 PACS100 PACS160 | ID PACS70 PACS 100 PACS 160
(mJy) (mJy) (mJy) (mJy) (mJy) (mJy)

119 <0.13 - <0.027 179 1.232x0.13 1.41x0.14 1.69+0.19

120 <0.13 <0.08 <2.04 180  0.30+0.04 0.24+0.03  <0.25

121 <0.59° - <0.45° 181  <0.44¢ <0.334 <0.924

122 <0.10 - <0.07¢ 182 <-0.07 <-0.03¢ <-0.72¢

123 0.1320.04 <0.07 <0.38 183  <0.48 <0.394 <1.734

124 <0.11 <0.07 <0.55 185  0.21+0.06 0.24+0.05 <0.91

125  1.42+0.15 - <1.14 187 2412024  2.60+0.26 2.02+0.22

126 <16.95 <33.54 <3.044 188 0.48+0.1  0.33x0.11  0.32+0.08

127 0.34+0.05 0.18+0.03  <8.11 189 0.75+0.09  0.91+0.09  1.25+0.16

128  <0.12 <0.10 <1.26 190 <0.15 - <0.59

129  <0.12 - <0.10¢ 191  0.35+0.07 0.27+0.04  0.37+0.11

130 <0.15 - <0.55 192 0.52+0.09 - 0.48+0.16

131 <0.12 0.16£0.03  <0.46 193 0.33x0.05 0.35+0.04 <0.57

132 3.03x0.31 2.64£027  2.41+0.28 194 0432006 0.41+0.05 0.63+0.18

133 0.4420.06 0.46£0.07  <0.94 195  0.29£0.06 - <0.30

134 <0.05 - <0.08 196  1.60+0.17  1.16£0.12  0.77+0.1

135 0.77+0.08 0.84+0.09  0.85+0.17 197  0.60£0.08 - 0.64+0.15

136 3.21+0.32 - 2.68+0.28 198  1.35+0.15 - 0.92+0.14

137 0.29+0.04 - 0.42+0.09 | 200 0.48+0.06 0.37+£0.05 0.47+0.15

138 <0.31 - <0.23¢ 201  0.22+0.05 0.21+0.03 <0.26

139 0.46+0.07 - <0.37 202 173203 <195 <1.534

140 0.18+0.05 <0.18¢ <0.41 203 2394025 - 3.30+0.38

142 20.39+2.04 17.59£1.76  12.65+2.57 | 204 <73.51 <60.36 <9.49¢

145 0.44+0.06 0.45£0.05  0.35+0.09 | 301 0.2620.05 0.24+0.05 <0.73

146  <0.13 - <0.25 303 1.63+0.17  2.88+0.29  3.90+0.4

147 0.17+0.06 - <0.50 307 3.63x0.37 - 3.24+0.33

148 0.48+0.08 - <0.43 309 <3.93¢ - <7.50¢

149 53.78+5.39 39.92+4.05 22.87+3.33 | 310 0.62+0.07 - 1.55+0.18

150 0.49+0.07 0.42+0.08  <3.51 314 0.68+0.07 0.61+0.08  0.81+0.26

151 0.26+0.05 - 0.47+0.12 | 317 1.08+£0.11 0.69+£0.07 <0.38

152 <0.16 <0.08 <0.25 318 <21.71% <17.06° <16.7°

153 13.82+1.38 - 8.36+0.86 | 319  0.89+0.1 0.70£0.12  <1.82¢

154 0.66+0.09 0.64£0.07  0.4420.11 321 1.02+0.11 <1.72¢ <2.264

155  1.2620.14 1.34+0.14 1.11£0.13 | 322  0.51+0.07 0.47£0.05 0.70+0.14

156  <0.15 - <0.36 325  1.20+0.13 1.45+0.15 1.77+0.38

157 0.21+0.05 <0.10 <0.37 326 1.03+0.11  0.92+0.09  1.36+0.35

158  <0.12 <0.13 <0.23 329 2.93+03 - 4.34+0.44

159  131.87+13.19 - 67.75+6.79 | 334 <0.10 - 0.28+0.09

160 0.30+0.05 0.20£0.03  <0.64 335 0.49+0.15  <0.99 <2.39

161  <23.85 <23.35 <0.67° 336 <0.12 0.13£0.02  <0.18

162 0.38+0.08 0.44+0.09  <2.46

163 <14.92 <26.05 <5.67°

164  <0.13 <0.14 <0.85

165 <0.14 <0.18 <1.01

166 3.20+0.32 3.15£0.32  2.28+0.43

167 0.17+0.05 0.25+0.05  <1.64

168  <0.12 <0.09 <1.14

169  <0.39 <0.80 <0.43¢

171 0.40+0.06 0.34£0.07  <2.01

172 0.37+0.06 0.32+0.05  <0.77

173 11.41+£1.14 10.25£1.03  7.38+0.74

174 <0.58¢ <1.03¢ <3.80¢

175  1.350.14 1.58+0.16 1.87+0.27

176  <0.11 <0.06 <0.25

177 <0.11 <0.06 <0.46

178  2.47+0.36 4.4120.76 10.19+1.65
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Table 9.14: Submillimeter photometry

ID SABOCA LABOCA SCUBA SCUBA SMA 230 GHz 110 GHz  Ref
[350 um] [870 um] [450 pum] [850 um] [880 um] [1.3mm] [3.3mm]
(mlJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
1 2400+200 210420 105+150 7+1 1,2
2 <40 1
6 690+180 197+12.2 8.8+1.5 1,3
9 <15 <118 1,2
10 <20 <143 1,2
11 2400+500 314+12 77.5£20.3  2.3+04 1,4
12 <100 2
14 24+6 47.8+15.5 1,2
15 4000+200 420450 124.9+24 6.2+1.5 1,2
16 9800+2400  1500+10 33.1£1.2 1,3
18 20+6 <105 1,2
20 1000+200 390+10 22448 22+3.3 1,5
21 2700+£270  1190+30 47+6 6,7
22 <300 <31.4 1
23 153.2+11.5 49+4.8 5.7+0.7 1,4
24 <23.2 <13 8,4
25 <30 <57 1,9
26 <30.5 <42 1,9
27  190+40 3543 <27 1.4
28 <21 8
29 30.8+6.6 <114 1,10
32 <82 <36.8 1
33 4200+840 620+62 11,12
35 <30 <45 1,4
36 <220 72.6+18.5 1
38 919+184 430+43 132+3.9 6.7+0.6 13,12
39  3154+419 2042+111  770+39 451420 14
40 <700 <20 <8.4 1,10
41 <9.6 10
43 <18 1
44 37.8+11 9.3+3 1,10
45 1900+380 550+55 13,12
46 800+200 164+14 81.8+2.7 1,10
47 <50.1 1
49 <13 10
50 <54 15
51 950+200 180+18 606 16,17
52 210£21 12
54 3300+660 400+40 13,12
55 <900 92+6 1
56 <59.1 1
58 <18 1
60 <24.2 <114 1,10
62 <600 62+9 24.5+3.1 1,10
63 95.2+16.4 1
64 238+24 67.5+1.4 18
70 32.4+10.7 1
82 <57.1

Refs 1) This work. 2)|H.enmng_ct_a.ll (11293) 3)I].42mman_ct_a.ll dZDDJ) 4)I].42mman_ct_a.ll dzmﬂ) S)Bxaﬁ_&ﬂolﬂ
etal M) 11)_ @014), 12)@1 dmb 13)m1 ©20150), 14)@1
(1996), 15) Merin et all (2010), 16)lvan der Marel et all (2013), 17) Brown et all (20124), 18) Mathews et all (2012),
19>m M) 20)|£1.eza_ct_a.ll dzmzﬁ) 21)|A11d1ms_&_wnlm.md dzsmu) 22)|And1ms_&_wulm.md
(2003), 23)[Enoch et all (2006), 24) Nuernberger et all (1997), 25) [sella et all (2009), 26) Hughes et all (2010)
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Table 9.14: Submillimeter photometry

D SABOCA LABOCA SCUBA SCUBA SMA 230 GHz 110GHz Ref

[350 um] [870 um] [450 pm] [850 um] [880 um]  [1.3mm] [3.3mm]

(mJy) (mly) (mly) (mly) (mly) (mly)  (mly)
86 <107.1 1
88 <137.3 1
89 <354 1
92 <79.3 1
95 49+11 1
98 63+8 1
99 360+30 1
100 <36.8 1
107 <17.3 1
113 <18.2 1
115 <22.8 <1.9 44
120 <21.1 1
124 <19.2 24+0.6 1,15
127 <29.2 6.3+£0.6 1,15
131 2.3+0.6 15
132 109+11 1
135 210+21 12
136 150+15 12
137 63.2+18 312 1,19
140 <27 20
142 180+18 12
145 49+4.9 21
148 <516 3445 16+5 22
149 2570+350  638+54 234+19 22
150 <3.3 20
152 <317 <9 <54 22
153 1920+£160  560+30 229+17 22
154 <55.8 15«1 1,19
155 54.5+17.7 1
156 <31.4 1
159 3820+570  359+67 103+18 22
161 <115.1 3.7+£0.9 1,15
162 6.3+1.1 15
163 <1174 1
165 <14 15
166 166.7+14 126+12 1,23
168 <14 15
171 17.3£5.7 1
172 316 20
173 210+21 12
174 <26.9 9.7«1.5 1,20
175 10+2 20
177 <2.5 20
178 222.4+16.3 1
179 100+5 8
180 <21 8
181 <1.1 20
182 <3 20
183 <1.5 20
184 <2.8 20
185 <27 9
187  680+114 125.5+18.3 4145 22,1
188 <442 3248 <36 22
189 93.4+15.7 1

219




220 9. The (w)hole survey: transition disk candidates from the Spitzer catalogs
Table 9.14: Submillimeter photometry
ID SABOCA LABOCA SCUBA SCUBA SMA 230GHz 110GHz Ref
[350 um] [870 um] [450 pm] [850 um] [880 um]  [1.3mm] [3.3mm]
(mly) (mly) (mly) (mly) (mly) (mly) (mly)
190 8.4+1.4 19
192 <28.6 1
193 31.9+9.4 1
194 13.4+1.4 19
196 69.3+18.8 1
197 <456 130+7 47+0.7 22
198 <291 90+7 36+5 22
200 <40 26+9 1,24
202 <55.5 1
203 55+10 1
303 1367 1
307 123+14 1
316 98+13 1
321 <20 1
325 1310+260 410+41 13,12
329 640+64 189+15 12,25
333 <56.1 1
349 49+9 26
350 60+8 26
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Gas en stof in planeet-vormende schijven

"We leven in een heelal waarvan we de leeftijd amper kunnen berekenen, omringd door
sterren waarvan we de afstanden niet weten, gevuld met materie die we niet kunnen identifi-
ceren, dat fysische wetten volgt die we niet werkelijk begrijpen.” - Bill Bryson: ‘Een kleine
geschiedenis van bijna alles’

Sinds het begin van de mensheid hebben we omhoog gekeken naar de hemel en zich
afgevraagd waar we vandaan komen. Zowel religie als filosofie hebben een belangrijke rol
gespeeld om de zaken te verklaren die we niet konden begrijpen. De studie van de bewegingen
en verschijnselen aan de hemel vanuit het menselijk perspectief geeft slechts een beperkt
beeld van wat er in het heelal gebeurt. Het is dus al helemaal niet voor te stellen dat er een
connectie bestaat tussen de aarde waarop wij leven, de zon die elke dag op- en ondergaat en
de twinkelende puntjes aan de nachthemel. De rode draad in de historie van de sterrenkunde
is de vraag wat de plaats van mensheid (en hun thuisplaneet) in het heelal nu eigenlijk is: van
Aristarchos die voor het eerst suggereerde dat de aarde in plaats van de zon het middelpunt
van het heelal was, Galileo’s ontdekking van manen rond Jupiter, William Herschel die de zon
definieerde als een gewone ster ergens in de buitenwijken van de Melkweg, tot exoplaneten
die niet bepaald de ‘perfecte’ configuratie van ons zonnestelsel volgen. Met de jaren werden
ideologieén en filosofische theorieén overgenomen door wetenschap en empirisch onderzoek.
Ook nu nog worden nieuwe ontdekkingen continu ingehaald door de kennis van dat moment,
waarbij nieuwe problemen en uitdagingen voor wetenschappers worden gecreéerd en nieuwe
ideeén onderzocht.

Een van de meest noemenswaardige revoluties in de sterrenkunde was het idee dat sterren
en planeten niet voor altijd bestaan, maar dat ze geboren worden, leven en sterven. Een van
de aanleidingen voor dit idee was de ontdekking van kernfusie als belangrijkste energiebron
voor sterren in het begin van de 20° eeuw, waarmee direct duidelijk werd dat er een begin en
einde van het fusieproces moet zijn, simpelweg door de beschikbaarheid van brandstof. De
hypothese van de Zonnenevel, die stelt dat sterren en planeten op een zeker moment worden
gevormd, was overigens al in de 18¢ eeuw ontwikkeld, onder andere door Emanuel Sweden-
borg en Immanuel Kant. Het is verrassend dat het idee van een oneindig, niet-veranderlijk
heelal zo lang als de standaard werd gezien, terwijl we in het dagelijks leven continu omringd
zijn door bewijzen van leven en dood. Dit komt opnieuw door de beperkingen van het men-
selijk perspectief: de ruimte- en tijdschalen waarin gebeurtenissen plaatsvinden in het heelal,
gaan ver voorbij ons voorstellingsvermogen. Zelfs als we hier getallen en eenheden aan vast-
plakken is het lastig om een gevoel te krijgen voor hoe het er werkelijk aan toe gaat. Daarom
werd sterrenkunde voor lange tijd gedreven door de ontwikkeling van de natuurkunde.

Met de technologische ontwikkelingen en exponenti€le toename van nieuwe telescopen
en instrumenten in de tweede helft van de 20° eeuw werden waarnemingen niet meer alleen
een bevestiging van bestaande theorie€n, maar een drijfveer voor het ontwikkelen van nieuwe
theorieén. De komst van elke nieuwe telescoop onthulde nieuwe objecten, nieuwe structuren,
nieuwe vooruitzichten voor ons begrip van het heelal. Ons inzicht in de vorming van sterren,
schijven en planeten is enorm toegenomen met telescopen zoals IRAS, Spitzer, Herschel in
het infrarood, en JCMT, IRAM, APEX en SMA op (sub)millimeter golflengtes, waar deze
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objecten het meeste licht uitzenden.

In dit proefschrift zijn we met name geinteresseerd in de protoplanetaire schijven van gas
en stof rond jonge sterren, aangezien hierin de planeten worden gevormd. De focus ligt op
zogenaamde transitieschijven: schijven met een gat in het binnenste deel van de stofschijf
(zie Figuur[I0.2). De belangrijkste vraag waarop een antwoord wordt gezocht is: wat is de
rol van transitieschijven in het proces van planeetvorming en wat vertellen ze ons over jonge
planeten?

ALMA, de Atacama Large Millimeter/submillimeter Array, speelt een cruciale rol in het
beantwoorden van deze vraag. ALMA komt voort uit een wereldwijd samenwerkingsproject
en bestaat uit een groep van 66 telescopen werkzaam op (sub)millimeter golflengtes. De sig-
nalen van de gehele groep worden met elkaar worden verbonden in een zogenaamde synthese
telescoop. Het is gebouwd op het Chajnantorplateau op 5000 meter hoogte in de Ataca-
mawoestijn in Chili. Zowel de gevoeligheid als de spati€le resolutie zijn tot twee ordes van
grootte beter dan vorige millimeter arrays. Nederland is een belangrijke partner in het ALMA-
project: de ALMA Band 9 ontvangers, die op hoge frequentie opereren, zijn ontworpen en ge-
bouwd door NOVA (Nederlandse Onderzoekschool Voor Astronomie) in samenwerking met
SRON (Stichting Ruimte Onderzoek Nederland). ALMA begon haar waarnemingen in 2011
met een gedeelte van de array, en heeft in de jaren erna haar capaciteiten verder uitvergroot.
ALMA geeft ons een kijkje in de kraamkamers van de planeten met scherpere details dan ooit
tevoren, en stelt ons in staat om meer vragen te beantwoorden over onze oorsprong dan we
ons ooit hadden kunnen voorstellen.

Sterren en schijven

Voor we ingaan op de vraagstukken van dit proefschrift volgt eerst een korte beschrijving
van wat bekend is over de vorming van sterren en planeten. Planeten worden gevormd in
protoplanetaire schijven rond jonge sterren. Deze schijven zijn een natuurlijk gevolg van
stervorming zelf. Een ster wordt gevormd door de gravitationele instorting van een wolk van
gas en stof. Er is een kleine rotatie in de wolk, en door het behoud van hoekimpuls vormt zich
dan een afgeplatte, roterende structuur (‘schijf’) rond de ster, net als bij het ronddraaien van
een deegbal voor een pizza. De wolk verdwijnt binnen een miljoen jaar en de schijf ontwikkelt
zich over een tijdspanne van enkele miljoenen jaren tot een planetenstelsel rond de ster. Dit
proces wordt geillustreerd in Figuur[10.11

Een van de grote raadsels is hoe planeten gevormd worden in de schijf. Er worden steeds
meer nieuwe exoplaneten (planeten rond andere sterren) ontdekt, met name door de Kepler
satelliet, en de teller staat nu op zo’n 2000 planeten. Dit betekent dat planeten zeker geen
zeldzaamheid zijn en dus relatief eenvoudig moeten vormen. Toch hebben de huidige theo-
rieén van planeetvorming moeite om waarnemingen te verklaren: door een lokale gravitatio-
nele instabiliteit in de schijf kunnen Jupiter-achtige planeten weliswaar snel worden gevormd,
maar de gemeten massa’s van schijven zijn niet hoog genoeg om dit proces te laten plaats-
vinden. Volgens een andere theorie, waar stofdeeltjes samenklonteren en vervolgens groeien
tot gasplaneten via kern-accretie, heeft planeetvorming een veel langere tijdsduur nodig dan
realistisch is voor de levensduur van een schijf.

Het planeetvormingsproces is te traag om direct te volgen en objecten met groottes tussen
~10 cm en 10000 km kunnen niet direct worden waargenomen. Daarom bestuderen we in
plaats daarvan de structuur van het gas en stof in de schijven waarin deze planeten gevormd
worden om de relevante fysische processen beter te begrijpen. Stof kan worden waargenomen
als continuum straling: thermische straling als gevolg van de opwarming van het stof door
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Figuur 10.1: Het evolutieproces van ster- en planeetvorming. Een wolk van gas en stof stort
in onder haar eigen zwaartekracht tot een jonge ster, waarbij ook een roterende schijf rond de
ster wordt gevormd. Na het verdwijnen van de wolk evolueert de schijf tot een planetenstelsel.
Figuur door Magnus Persson.

de centrale ster, waarbij het stof dichtbij de ster heter is en dus op kortere golflengtes straalt
dan het stof verder naar buiten. Gas kan worden waargenomen door middel van moleculaire
lijnen, waarvoor een veel hogere gevoeligheid nodig is. Hierin ligt de kracht van ALMA: niet
alleen kan ALMA in detail inzoomen op deze schijven, maar ook zowel gas als stof detecteren.
De focus ligt op het materiaal dichtbij de ster, in het ‘stofgat’ van de transitieschijven. Een
mogelijke verklaring voor de aanwezigheid voor dit gat is dat een planeet zich heeft gevormd
in het binnenste deel van de schijf en daarbij zijn baan heeft schoongeveegd. Om dit scenario
te bevestigen moet de structuur van zowel het gas als het stof bestudeerd worden.

Dit proefschrift

In dit proefschrift bestuderen we een aantal transitieschijven met ALMA waarnemingen in gas
en stof met hoge spatiéle resolutie (~0.25 boogseconden of 30 AE H, een fractie van de totale

4AE = astronomische eenheid, afstand zon-aarde of 150 miljoen kilometer
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Figuur 10.2: Een schematische weergave van een transitieschijf met de verschillende onder-
delen en de golflengtes waar deze licht uitstralen in een Spectraal Energie Diagram (SED). De
ster straalt in het optisch en nabij-infrarood, een binnenschijf kan worden herkend als nabij-
infrarode emissie bovenop de steremissie, het stofgat als een gebrek aan middel-infrarood
emissie en het stof in het buitenste deel van de schijf straalt in het ver-infrarood tot millimeter
golflengtes.

grootte van de schijf). De waarnemingen zijn genomen gedurende ALMA Early Science,
de eerste jaren dat ALMA in operatie was, met een beperkt aantal basislijnen van minder
dan 1 km (hoe langer de basislijnen, hoe scherper de details van de waarnemingen). De
waarnemingen bestaan uit submillimeter continuum emissie van het stof en CO rotationele
lijnen. De CO-emissie kon worden geinterpreteerd als een maat van de gasdichtheid met
behulp van de recent geschreven code DALI (Bruderer2013). Met de waarnemingen van het
gas binnen het gat kunnen de verschillende scenario’s voor de oorsprong van het gat worden
onderscheiden (Figuur[TQ.3)).
De inhoud van de hoofdstukken kan als volgt worden samengevat.

e In Hoofdstuk 2 wordt de ontdekking van een azimuthaal asymmetrische stofval in de
Oph IRS 48 schijf gepresenteerd. Het millimeterstof is geconcentreerd aan één kant van
de schijf, terwijl de kleinere micrometer stofdeeltjes en het gas een ringstructuur vor-
men. Een stofval werd al decennia voorspeld door theoreten als een mogelijke oplossing
voor het trage stofgroei probleem in schijven, maar was nog niet eerder waargenomen.
De azimuthale structuur wordt gemodelleerd als stof gevangen in een vortex, die is ge-
vormd door een Rossby instabiliteit aan de rand van een gat dat is ontstaan door een
jonge planeet.

e In Hoofdstuk 3 en 4 wordt het stofvalscenario verder bestudeerd en bevestigd aan de
hand van centimeter-waarnemingen in Oph IRS 48 en de combinatie van millimeter-
waarnemingen van twee andere transitieschijven.

o In Hoofdstuk 5 tot en met 7 worden CO-waarnemingen van verscheidene transitieschij-
ven gepresenteerd. Alle schijven laten zien dat er gas in het stofgat aanwezig is, waarbij
de structuur suggereert dat reuzenplaneten verantwoordelijk zijn voor het gat.
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Figuur 10.3: Mechanismes voor het schoonvegen van het gat in een stofschijf. Het gas is
weergegeven in geel, het stof met zwarte cirkels. Linksboven: toename stofgroei in het gat,
waarbij de gasdichtheid hetzelfde blijft als in de oorspronkelijke schijf. Linksonder: foton-
evaporatief schoonvegen, waarbij zowel het gas als stof tegelijkertijd van binnen naar buiten
worden weggeblazen. Rechtsboven: schoonvegen door een tweede object (ster of planeet),
waarbij de gasdichtheid binnen het gat lager wordt en de grote stofdeeltjes gevangen worden
in een stofval aan de rand. Rechtsonder: instabiliteiten door bijvoorbeeld een viscositeit-
of entropiegradiént creéren een stofval, de gasdichtheid verandert niet ten opzichte van de
oorspronkelijke schijf. Figuur gebaseerd op tekening door Simon Bruderer.

o Hoofdstuk 8 bespreekt de chemische complexiteit van de Oph IRS 48 schijf aan de
hand van een detectie van warm formaldehyde en limieten van verschillende andere
moleculen.

o Ten slotte wordt in Hoofdstuk 9 een brede studie van bijna 200 transitieschijven gepre-
senteerd aan de hand van Spitzer, Herschel en submillimeter-waarnemingen, waarmee
SEDs (Spectrale Energie Diagram) zijn samengesteld en geanalyseerd. Met dit uni-
forme sample worden algemene trends en eigenschappen van transitieschijven bepaald.

Toekomstperspectief

In de komende jaren zal ALMA waarnemingen gaan doen met basislijnen tot wel 16 km
lengte. Dit betekent dat details in schijven tot op het niveau van enkele astronomische een-
heden zichtbaar zullen worden. De verwachting is dat dit tot nog beter begrip zal leiden van
de structuur van het gas en stof. Bovendien zullen transitieschijven met kleinere gaten kun-
nen worden bestudeerd, die wellicht een andere oorsprong hebben dan planeten. Ook zal het
mogelijk zijn om exoplaneten in wording direct waar te nemen als ze een circumplanetaire
schijf om zich heen hebben. De hogere gevoeligheid van de volledige array van ALMA zal
ons in staat stellen om meer complexe moleculen waar te nemen, die de bouwstenen vormen
van leven hier en op andere planeten.
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Ook andere (toekomstige) telescopen en instrumenten zullen naar verwachting belangrijke
bijdragen leveren aan de studies van protoplanetaire schijven en de studie van de vorming van
planeten: de EVLA geeft inzicht in de verdeling van grotere stofdeeltjes, VLT-SPHERE in
die van de kleinere stofdeeltjes, wat cruciaal is voor het begrijpen van de rol van stofvallen
in schijven. Infraroodwaarnemingen met onder andere de James Webb Space Telescope, de
European Extremely Large Telescope en de Thirty Meter Telescope geven verder inzicht in het
hete, binnenste deel van de schijven, waar men verwacht dat de meeste planeten zich vormen.
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