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ABSTRACT

The planets of our Solar System formed within a disk of dust and gas 4.5 billion
years ago. While the Solar System’s primordial protoplanetary disk is now gone, we
can begin to understand its possible properties by looking out to the disks within
nearby star-forming regions. To understand planet formation, dust observations are
used to constrain the mechanics and evolution of planet formation. The properties
of disks around brown dwarfs and very-low mass stars (hereafter VLMOs) provide
important boundary conditions on the process of planet formation and inform us
about the numbers and masses of planets than can form in this regime. Radiative
transfer models are fit to the spectral energy distributions of 11 VLMOs with known
disks and find that these VLMOs do not follow previously derived disk temperature-
stellar luminosity relationships if the disk outer radius scales with stellar mass. The
3mm continuum observation of the highly inclined transition disk around the star
T Cha reveals multiple dust structures: an inner disk, a spatially resolved dust gap,
and an outer ring. When compared with previously published 1.6pum VLT /SPHERE
imagery, it is found that the location of the outer ring is wavelength dependent. More
specifically, the peak emission of the 3mm ring is at a larger radial distance than
that of the 1.6 um ring, suggesting that millimeter-sized grains in the outer disk
are located further away from the central star than micron-sized grains. The most
likely origin of the dust gap is from an embedded planet or planets. The dust disk
size of 152 protoplanetary disks is estimated from archival ALMA observations. This
sample is combined with 47 disks from Tau/Aur and Oph whose dust disk radii were
estimated, as here, through fitting radial profile models to visibility data. These 199
homogeneously derived disk sizes are used to identify empirical disk-disk and disk-
host property relations as well as to search for evolutionary trends. In agreement

with previous studies, we find that dust disk sizes and millimeter luminosities are
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correlated, but show for the first time that the relationship is not universal between
regions. We find that disks in the 2-3 Myr-old are not smaller than disks in other
regions of similar age, and confirm the Barenfeld et al. (2017) finding that the 5-
10 Myr USco disks are smaller than disks belonging to younger regions. Finally,
we find that the outer edge of the Solar System, as defined by the Kuiper Belt, is
consistent with a population of dust disk sizes which have not experienced significant

truncation.
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CHAPTER 1

Introduction

1.1 Protoplanetary Disks

Understanding the origins of the Earth has been held in common as a pursuit by
humans going back to at least the beginning of recorded history. The field of astron-
omy has revealed the Earth’s place in the universe, while the field of geology has
given scientists the ability to unearth much of the early Earth’s history. But, if we
are to learn of the formation of the Earth, we must first understand the formation
of the Solar System, and to do that, we look to the newly forming nearby stars and
the disks of circumstellar dust and gas that surround them for answers.

Star formation begins with the collapse of a molecular cloud of dust and gas.
Whatever small amounts of angular momentum are contained within the cloud are
conserved, and as the cloud collapses, the angular velocity increases. Consequently,
radial infall of material towards the forming star is slowed, and a disk of dust and
gas forms around the young protostar (e.g. Terebey et al., 1984).

Making up only a small fraction of the system’s total mass, the gas and dust found
in protoplanetary disks define the environment and materials of planet formation.
While the disk has as much as 100 times more gas than dust, it is the thermal
emission of the dust — in excess beyond the blackbody emission of the host star — at
IR and longer wavelengths that is responsible for the discovery and identification of
these disks.

Dust grains, assumed to be in thermal equilibrium, absorb light from their host
protostar and re-radiate it at longer wavelengths back into the disk, or out into
space. Grains of sizes ranging from sub-micron to centimeter can be observed, with
the wavelength at which they most efficiently emit corresponding approximately to

the grain’s size (e.g. Evans, 1994). This fact, combined with the effects of optical
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Figure 1.1 A spectral energy diagram (SED) and schematic of a protoplanetary
disk. In this figure from Dullemond et al. (2007) we see within the SED the thermal
excess emission emitted by the dust. The corresponding regions of the physical disk
are connected to the SED with arrows, underscoring the dependence on wavelength
for probing different regions of the disk.

depth and variations in the disk’s temperature profile (in both the axial and vertical
directions) dictates that observations at different wavelengths must probe different
regions and dust-size populations of the disk. This is shown in schematically in
Figure 1.1. Typically, the observed near-infrared emission originates from small
grains near the surface of the inner disk while progressively longer wavelengths
probe progressively colder and larger grains at larger disk radii with millimeter
observations ultimately probing the largest observable grains near the midplane.
By collecting the photometric observations of a single disk at many wavelengths,

spectral energy distributions (SEDs) can be constructed (see Figure 1.1). The mor-
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phology of SEDs have been generalized into an empirical classification scheme that
has been taken to reflect the formation and evolution of the star and disk system.
The Lada Sequence defines Class 0 (embedded core), Class I (protoplanetary disk
and envelope), Class II (protoplanetary disk), Class IIT (debris disk) Lada and Wilk-
ing (1984); Lada (1987).

The SEDs of Class I and Class II systems both contain excess continuum emis-
sion in the near-infrared. By examining the fraction of these systems in nearby
low-mass star-forming regions (e.g. Taurus, Chamaeleon), the lifetime of a typical
protoplanetary disk — defined as the time it takes for 50% of the stars within a region
to not have a disk detected at IR wavelengths — has been estimated to be 3-6 Myrs
(Ribas et al., 2014). This assumes that a single evolutionary course from Class 0
to Class III is taken by all systems. Additionally, extrinsic disk properties such as
inclination can impact the Class assigned to a system, for example, an edge-on Class
I system may appear to be Class 0.

While SEDs contain information regarding the structure, composition and view-
ing geometry of disks, the recent advent of observatories with higher sensitivities and
spatial resolution has allowed us to better consider the evolution of disk properties
(e.g. dust disk mass and disk outer radius). Interferometers, such as the Submil-
limeter Array (SMA) and in particular the Atacama Large Millimeter /submillimeter
Array (ALMA) have provided the spatial resolution needed to resolve protoplane-
tary disks. Perhaps more importantly, ALMA’s high sensitivity has made possible
the observations of the many disks necessary to complete demographic surveys of
individual star-forming regions (e.g. Ansdell et al., 2016; Pascucci et al., 2016; Baren-
feld et al., 2016). VLT/SPHERE and Gemini/GPI, using adaptive optics, detect
the spatial distribution of the smallest (micron-sized) grains. These small grains,
observed in scattered light, are well coupled to the gas and reveal the dust at large
scale heights within the flared disk. Alternatively, observations in the sub-mm/mm
regime made by facilities like SMA and ALMA probe the majority of the disk’s dust
mass and the larger dust grains which have settled to the midplane (the assumed

location of planet formation within the disk) in the outer parts of the disk.



20

Characterized by T Tauri stars and a dearth of massive stars, nearby low-mass
star-forming regions provide a laboratory of stars with (and without) disks for sci-
entific study. These regions are critically important to this thesis for three reasons
in particular. The first is that the regions are close enough to the Solar System
(approximately 100-200 pc) that many of the disks can be spatially resolved. This
makes it possible to examine the distribution of dust, and of particular importance
to this work: measure the dust outer radius for many of the disks. Secondly, each
region provides a significant population of young stars with which to study the de-
mographics of disk evolution and planet formation. We can look for trends of the
disk properties within each region, and also compare trends between regions, in or-
der to better understand which properties of these systems may be universal, and
which may be a function of initial conditions for example. Lastly, there exists a
spread in the ages of the regions. While the uncertainties in the ages of the individ-
ual disks are large, the age of each star forming region is determined by hundreds of
stars, resulting in reliable relative ages between regions (see Soderblom et al., 2014).
Because there are regions representing young (1-3 Myr) and old (5-10 Myr) regions,
as well as regions with overlapping ages, the evolution of disks through time can
be examined. For this work there are 5 low-mass star-forming regions which are
relevant. Presented in order of age, they are: Ophiuchus (~1-2 Myr), the Taurus
& Auriga Complex (~1-3 Myr), Lupus (~1-3 Myr), Chamaeleon I (~2-3 Myr), and
the Upper Scorpius OB association (~5-11 Myr).

The sensitivity and resolution of the ALMA interferometer has revolutionized the
field of protoplanetary disk observing. Figure 1.2 shows disks observed by ALMA
bearing gaps, rings, spirals and asymmetries. However, most protoplanetary disks
have not been observed at the sensitivity and spatial scales required to resolve these
structures. While the detection and location of sub-structures for the majority
of disks may not be know, ALMA has performed several surveys of different low-
mass star-forming regions (e.g. Lupus, Ansdell et al. (2016); Chal, Pascucci et al.
(2016); USco, Barenfeld et al. (2016)) at spatial scales and sensitivities sufficient for

determining the location of the disk’s outer-dust radius. While not all disks share



21

MWC 480 UZ Tau E

Aal"]

Figure 1.2 1.33 mm continuum emission images of disks from the Taurus star
forming region highlighting a diversity of substructures. Long et al. (2018).

each structure (gaps, spirals, etc), at the very least, each resolved disk has an outer

radius, making this feature an obvious common denominator to use when comparing

disks.

1.2 Modeling and Methods

This thesis uses two different methods of estimating the basic disk properties (such
as dust disk mass and the location of the dust outer radius) of observed disks. In
both cases, model disks are constructed, and then compared against the observed
data to determine that model’s likelihood.

Radiative transfer modeling includes many of the intrinsic physical properties
(e.g. grain size distributions, density structure, grain opacity) and extrinsic proper-
ties (e.g. disk inclination, position angle) of a disk in order to numerically simulate
radiative transfer through the disk. With Monte Carlo radiative transfer, photon
packages emanating from the central star propagate through the disk. Probabilities
determine if the simulated photos interact (via scattering or absorption) with the
modeled dust and gas. This process results in many valuable outputs, such as disk
temperatures, optical depth at different wavelengths, multi-wavelength images and
SEDs. The last two, images and SEDs can be compared directly against observa-

tions in order to understand the most probable conditions of the observed disks.
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In the second chapter of this thesis, the 2D Monte Carlo radiative transfer code
MCMax (Min et al., 2009) is used. This code iteratively solves the vertical hydrostatic
equilibrium of the disk, includes dust settling and viscous heating.

While radiative transfer models numerically solve for many of the physics that
are relevant to disks, and the results include many disk properties of interest, the
approach is computationally expensive.

If we are interested in measuring the structures observed within the dust disk
(e.g. the dust outer radius, or location of a ring’s inner edge), we can turn to
visibility fitting if we have observations of sufficient spatial resolution and sensitivity.
In visibility fitting, a model of the sky brightness is compared with interferometric
visibilities.

The fundamental observable of an interferometer (like ALMA), visibilities are
complex quantities measuring the amplitude and phase of interference between two
antennas. Consequently, visibilities are measurements of the 2D Fourier transform
of the observed sky brightness.

Figure 1.3 shows the visibility plots of two different disks. Observations that
are unresolved (point sources) appear as flat lines in real amplitude vs uv-distance
plots (as shown in the left panel of Figure 1.3). For resolved sources, real amplitude
varies with uv-distance, and the shape of this function is determined by the resolved
structure of the source. For example, looking at the resolved example in the right
panel of Figure 1.3, it is possible to tell that this source has one large ring because
the amplitude falls to zero, goes below, and then rises once again to positive values.
Disks with multiple rings will do this multiple times, while full disks will fall to
zero as the uv-distance increases. For observations of objects that are centered and
axisymmetric, the imaginary value of the amplitude will be uniformly zero across uv-
distance. Deviations of the imaginary value from zero indicate asymmetries within
the field of view.

In this work, axis-symmetric radial intensity profiles are created to model sky
brightness which are then compared against observations using the visibility fitting

code Galario (Tazzari et al., 2017).
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Figure 1.3 Each plot shows the real (Re) and imaginary (Im) components of ampli-
tude. On the left, because the real component of the amplitude stays constant with
uv-distance, we can tell that this source is unresolved. Resolved sources have a real
amplitude that varies with uv-distance. An example of a resolved source is shown
on the right.

This approach of fitting visibilities with a radial intensity profile makes as few
assumptions as possible about disk properties to measure the dust outer radius (a
disk parameter that is fundamentally measurable unlike disk mass for example).

This approach of measuring the dust outer radius (a disk parameter that is fun-
damentally measurable, unlike disk mass for example) by fitting visibilities with
a radial intensity profile makes few assumptions about disk properties. Previous
attempts to study this parameter have used physical models which require assump-
tions about surface density profiles and, vertical structure (e.g. Barenfeld et al.,

2017; Tazzari et al., 2017) that are not necessary with radial profile visibility fitting.

1.3  Summary: Thesis Outline

In this thesis, disk modeling is performed, and compared to observations, in order
to better understand the properties of protoplanetary disks.
In Chapter 2, continuum and [OI] 63 ym line emission observations of disks

around 11 brown dwarfs and very low mass stars are used to investigate the prop-
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erties of disks in the low-mass regime of planet formation. By measuring the line
emission, and fitting grids of radiative transfer models to the SEDs of these disks

within the Taurus and Chamaeleon I star-forming regions, we find:

e Disks around these sources are underluminous in [OI] 63 yum when compared

to more massive T Tauri disks.

e We estimate that the dust disks of these sources have outer radii in the range
of 1.3-78 au, with a median size of 4.2 au — much smaller than found around

solar-mass stars.

e These disks are likely warmer than suggested by previously derived disk-
temperature/stellar-luminosity relationships, resulting in lower disk mass es-

timates.

e We infer that the inner emission is compact (< 1au in radius), the gap width
is between 18-28 au, and the emission from the outer ring peaks at ~ 36 au.

We compare our ALMA image with previously published 1.6um

In Chapter 3, we compare 3mm and 1.6um observations of the transition disk
T Cha, i.e. a disk with a dust inner cavity based on SED modeling. Our 3mm ALMA
continuum map reveals an inner disk (< 1 au in radius), a large gap (located from 18-
28 au) and a dust ring (~ 36 au). Sky-brightness models fit to the ALMA visibilities
allow us to estimate the location of the dust ring’s peak emission along with its
inner and outer edges. When compared with a previously published VLT /SPHERE
1.6pm image and model, we find the 3mm ring to be located farther from the central
star than the 1.6pum ring. This, along with the observed inner disk, suggests that
the gap in T Cha is a result of planet-disk interactions.

Previous works have measured the dust-disk sizes for disks within individual
star-forming regions. Because these regions represent different ages and cluster
formation environments, comparisons between these different works were quickly

made in order to determine if evolutionary trends can be seen in the data. However,
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these comparisons stand on shaky ground because the sizes for each region are based
on differing assumptions and modeling techniques.

It is the goal of Chapter 4 to estimate the dust-disk sizes in a homogeneous
way so that disk-disk and disk-star trends can be searched for and compared across
star-forming regions. This is accomplished by estimating the sizes of disks from
ALMA observations of sources within the regions of Lupus, Chamaeleon I and Upper
Scorpius OB using the same radial profile modeling and visibility fitting approach as
Tripathi et al. (2017a) used for their disk size estimates of disks within Ophiuchusand
Taurus & Auriga Complex.

In agreement with previous results, we confirm that disk radii are correlated with
millimeter luminosity, but find that the log Reg —log L., relation is not universal as
suggested by Andrews et al. (2018b). The slope of this relationship becomes flatter
for the older regions of Chamaeleon I and Upper Scorpius OB .

Additionally, we attempt to understand what is a typical protoplanetary disk
size. We compare the Solar System’s size with our sample of 1-3 Myr disks and

conclude that the Solar System’s size, if primordial in origin, is not an outlier.
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CHAPTER 2

Hints for Small Disks around Very Low-Mass Stars and Brown Dwarfs

2.1 Introduction

Brown dwarfs are sub-stellar objects that represent the low-mass end of the star
formation process. Similar to their stellar counterparts, T Tauri (TT) stars, young
(1-2 Myr) brown dwarfs possess protoplanetary disks of dust and gas (e.g. Luhman
et al., 2007) that are the environment of planet formation (e.g. Apai et al., 2005).
Indeed, the recent discovery of the TRAPPIST-1 exoplanet system at the sub-stellar
boundary (Gillon et al., 2016, 2017) suggest that brown dwarfs may be capable of
forming planetary systems. Observing protoplanetary disks in this regime allows us
to observe the lower-boundary conditions of planet formation.

The conditions in protoplanetary disks are strongly dependent on stellar mass. In
particular, scaling laws have been identified between host star mass and protoplan-
etary dust disk mass (e.g. Pascucci et al., 2016). Planet formation models typically
adopt these scaling laws to predict the planets that may form around low-mass
stars (e.g. Raymond et al., 2007; Mordasini et al., 2012). However, disks around
the lowest-mass stars may not be scaled down versions of their higher-mass counter-
parts. Disks around brown dwarfs show differences in their dust and gas evolution
(Pascucci et al., 2009). There are also indications that disks around brown dwarfs
have a different disk geometry (e.g. Szfics et al., 2010; Daemgen et al., 2016), though
this is not always found (Harvey et al., 2010; Mulders and Dominik, 2012).

Because brown dwarfs are significantly fainter than T'T stars, only limited obser-
vations are present to directly constrain their dust masses (e.g. Mohanty et al., 2013;
Pascucci et al., 2016, and references therein). Several studies have used Herschel
far-infrared photometry (e.g. Harvey et al., 2012; van der Plas et al., 2016; Daemgen
et al., 2016) and ALMA (e.g. van der Plas et al., 2016) to estimate dust masses.



27

Table 2.1.  Source Properties
2MASS Common Region SpTy Ref. Ay log Lol Ref. Torr M

Name (Lo) (K) Mo)
J04141760+2806096  CIDA-1 Taurus M5 L17 4.6 -0.7 R10 3125 0.19
J04193545+2827218 FR Tau Taurus Mb5.25 L17 0.0 -0.9 R10 3090 0.14
J04233539+2503026 FU Tau A Taurus M7 L17 2.0 -0.72 L0O9 2880 0.16
J04295950+2433078 CFHT-20 Taurus M5 L17 4.6 -0.7 R10 3125 0.19
J04381486+4-2611399  J04381486 Taurus M7.25 L17 3.5 -2.3 R10 2846 0.05
J04382134+2609137 GM Tau Taurus M5 L17 2.0 -1.15% HO8 3125 0.14
J04393364+4-2359212  J04393364 Taurus M5 Li7 1.3 -1.0 R10 3125 0.18
J04394748+2601407 CFHT-4 Taurus M7 Li7 4.4 -1.0 R10 2880 0.11
J11062554-7633418  ESO Ha 559 Cha I M5.25  LO7 3.58P -1.28 LO7 3088 0.14
J11071668-7735532 Cha Ha 1 Cha I M7.75  LO7 0.0P -1.82 Lo7 2765 0.04
J11105597-7645325  Hn 13 Cha I M5.75  LO7 2.91° -0.89 LO7 3021 0.14

Note. — A distance of 137 and 162 pc is assumed for the Taurus (R10) and Chamaeleon I sources (LOT7).

aGM Tau luminosity from D14

b 107 report the extinction at J band. From those values we computed the Ay in this table using the interstellar

extinction law in Mathis (1990) and an Rv of 3.1.

References. — Davies et al. (2014) (D14); Herczeg and Hillenbrand (2008) (H08); Luhman et al. (2007) (L07);
Luhman et al. (2009) (L09); Luhman et al. (2017) (L17); Rebull et al. (2010) (R10)
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One parameter that has remained largely unexplored in these studies is the dust
disk outer radius. From a theoretical perspective, disks around brown dwarfs are
predicted to form with smaller gas disks (Bate, 2012) and experience more efficient
radial drift leading to smaller dust disks (Pinilla et al., 2013). Observations with
ALMA of a handful of spatially resolved brown dwarf dust and gas disks range in
size from 20 au to 140 au (Ricci et al., 2013, 2014; Testi et al., 2016), smaller than
TT disks (22-440 au with a mean size of 165 au) (Isella et al., 2009; Andrews et al.,
2010; Guilloteau et al., 2011).

In this work, we explore the impact of smaller disk radii around brown dwarfs and
very-low mass stars (hereafter VLMOs) on observables related to the dust and the
gas in those disks. We present a Herschel survey of [OI] 63 um for 11 VLMOs probing
the disk gas in § 2.2 and § 2.3.1. Detailed thermo-chemical models of protoplanetary
disks have shown that this transition can be used as an order of magnitude disk mass
estimator (e.g. Woitke et al., 2010), hence a large survey toward T Tauri stars (Dent
et al., 2013) was carried out. We perform radiative transfer modeling of the spectral
energy distribution (SED) of these sources in § 2.3.2 starting from the zero-order
assumption that the disk geometry and dust opacity are stellar-mass independent.
We also run two radiative transfer grids with and without a stellar-mass dependent
disk radius to quantify the difference in disk temperature in § 2.3.3. We examine
the underluminosity of [OI] 63 um in our VLMO disks in § 2.4.1, while in § 2.4.2
we compare the likelihoods of small and large disk models by testing model grids
against the SEDs of our VLMO sample. We also show how smaller disk radii lead
to higher disk temperatures than previously assumed and impacts estimates of the

dust disk mass.

2.2 Observations and Data Reduction

2.2.1 Sample

Our sample comprises 11 very low-mass stars and brown dwarfs from two nearby

star-forming regions, Taurus and Chamaeleon I (d = 162 pc, Luhman 2008). Because
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we use stellar parameters from Rebull et al. (2010) for the majority of our Taurus
sources, we adopt their distance of 137 pc for the Taurus star-forming region (Torres
et al., 2007, 2009). Ten of the sources were selected by us and observed with the
Herschel/PACS spectrograph as part of Proposal ID 0T2_ipascucc_2, see § 3.2 for
more details. CIDA-1 is the only other very low-mass star observed with the same
setting (Proposal ID 0T1_ascholz_1), hence we include it in our analysis.

We chose to focus on the Taurus and Chamaeleon I star-forming regions because
the low-mass end of the stellar population is well characterized and, unlike p Oph,
suffer from minimal contamination from extended cloud emission. In addition to
being very low-mass stars/brown dwarfs, our targets were selected to posses a dust
disk (based on infrared excess emission) and to have a flux density at 24 ym (Fyy)
greater than 50 mJy (Guieu et al., 2007; Luhman et al., 2008; Rebull et al., 2010).
CIDA-1 also fits these criteria. The 24 ym flux limit was applied to ensure bright
70 pm fluxes (Fy), greater than ~ 70 mJy, based on the empirical relation vz Frg ~
0.5 X v94Fyy from the VLMO disk sample of Harvey et al. (2012). Because of the
known positive correlation between the far-infrared continuum and the [OI] 63 pm
emission line (e.g. Howard et al., 2013; Keane et al., 2014), our target selection
criteria were intended to maximize the detection of the [OI] forbidden line (see also
§3.2).

Table 2.1 provides the main properties of our targets. Spectral types are con-
verted to effective temperatures for each object using the relationship given in Luh-
man et al. (2003). Because this relationship deviates from linearity between spectral
types M6 and M9, quadratic interpolation was used to estimate temperatures for
non-integer spectral types. Stellar masses were computed by comparing each source
position in the Hertzsprung-Russell diagram to the Baraffe et al. (1998) evolution-
ary tracks. While this is a standard approach and the only one available for our
sample, one should keep in mind that model-inferred masses have large uncertainties
of 50-100% below 1 M, as demonstrated by Stassun et al. (2014) using a sample of
eclipsing binary systems.

Two of our sources, FU Tau and Hn 13, are multiple. FU Tau has an M9.25
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companion at a separation of 5”7, and may have an additional spectroscopic binary
companion (Luhman et al., 2009). Hn 13 has a 0”13 near-equal mass companion

(imaged by Ahmic et al. (2007)).

2.2.2  Herschel/PACS Spectroscopy

Our sample was observed in February and March 2013 with the ESA Herschel Space
Observatory (Pilbratt et al., 2010) Spectrograph (PACS; Poglitsch et al., 2010) which
provides an IFU with a 5 x 5 array of spaxels, each with a pixel size of 9'4. The
sources were observed under two different programs (0T2_ipascucc_2 10 sources
and 0T1_ascholz_1 for CIDA-1). Both programs used the standard point-source
spectroscopy line scan mode with chop/nod, the chopper throw set to small and
the standard faint line mode selected (high grating sampling density). Spectra were
centered on the [OI] 63 pum line and covered from 62.93 to 63.43 yum. The red channel
observations were a bonus and covered from 188.77 to 190.35 pm.

We set the exposure times for the ten 0T2_ ipascucc_2 sources by extrapolating
the 63 ym continuum-line relationship from Howard et al. (2013) down to a minimum
flux density of 70mJy (see § 2.2.1) and found a corresponding [OI] 63 um line flux
of 4x107" W/m?. The exposure time was set to 16,420 seconds to achieve a 30
detection on this line, i.e. a sensitivity of 1.4x107® W/m?, about three times better
than that achieved for T'T stars with the GASPS survey (Dent et al., 2013). CIDA-1,
the brightest source in our sample and observed under 0T1_ascholz_1, has a shorter
exposure time of 9,868 seconds. The particulars of the observations including the
Herschel observation identification numbers (ObsIDs) are listed in Table 2.2.

The data were reduced from level 0 using the Herschel Interactive Processing
Environment (HIPE; Ott, 2010) version 14.0.1 with calibration set product 72. Be-
cause the targets are all faint point-sources, the “ChopNodBackgroundNormaliza-
tion” (version 1.38.4.3) pipeline script was used for reduction. This pipeline flags bad
data (e.g. mechanism movements, saturation, overly-noisy or bad pixels), applies
signal corrections (e.g. non-linearities, crosstalk, transients, capacitance ratios), per-

forms wavelength and flux calibration, and corrects data for spacecraft velocity. For



Table 2.2.

Herschel/PACS Sample and Observations

Target Name ObsID Obs Date  Duration (s)
CIDA-1 1342268646 2013-03-25 9868.0
FR Tau 1342263516 2013-02-12 16420.0
FU Tau A 1342264241 2013-02-25 16420.0
CFHT-20 1342265469 2013-02-16 16420.0
J04381486 1342265470 2013-02-16 16420.0
GM Tau 1342264239 2013-02-25 16420.0
J04393364 1342263934 2013-02-19 16420.0
CFHT-4 1342264240 2013-02-25 16420.0
ESO Ha 559 1342263489 2013-02-11 16420.0
Cha Ha 1 1342263459 2013-02-10 16420.0
Hn 13 1342263492 2013-02-11 16420.0

31
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the final cube rebinning, the wavelength grid was sampled using oversample=2 and
upsample=4. Proper flatfielding was verified interactively from within HIPE for each
target.

Because telescope jitter and pointing errors can result in flux beyond the cen-
tral spaxel, the appropriate spectra output from the task extractCentralSpectrum
must be chosen as described in the PACS Data Reduction Guide: Spectroscopy (sec-
tion 8.4.1). The central spaxel with the application of the cl-to-total point-source
correction was used to extract the final spectrum. To further test this choice the
spectra of neighboring spaxels were examined for extended emission using the “com-
boplot” output. All neighboring spaxels were confirmed to have no signal above the
rms. For all of our sources the central spaxel (c1) spectra had the best SNR and a
signal that was comparable to those extracted from the 3x3 corrected spectra. The
absolute flux calibration uncertainty for the PACS spectrograph at ~63 pm is esti-
mated to be 10% (PACS Observer Manual; HERSCHEL-HSC-DOC-0832, Version

2.5.1). The final spectra for all of our targets are shown in Figure 2.1.
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Figure 2.1 Herschel/PACS spectroscopy measurements of the wavelength region
around the [OI] 63 pm emission line (solid gray line). Greater than 30 Gaussian
fits (detections) are overplotted as solid green lines. Hypothetical 30 upper limits
(FWHM of unresolved line) are shown as red dashed lines.
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2.3 Analysis

Our analysis is separated into 3 sub-sections. In § 2.3.1 we present our findings for
the 63 um [O]] line emission and continuum, and 189 um continuum for 11 Herschel
Space Observatory observations. The [OI] 63 ym emission informs us about the
gas content, especially in the disk atmosphere (e.g. Woitke et al., 2010), while the
continuum emission about the dust in the disk.

This is followed by two separate sets of radiative transfer modeling schemes. The
first, § 2.3.2, investigates VLMO dust disk properties by fitting our source SEDs.
§ 2.3.3 describes the grid of models we used to analyze the relationship between the

disk outer radius and the derived disk mass.

2.3.1 [O]] Line and Continuum Detections

While [OI] 63 um emission is not fully understood (e.g. Howard et al., 2013), en-
velopes, disks and outflows could all contribute to [OI] emission lines. As a forbidden
line, [OI] 63 ym emission require a low density environment. A correlation between
63pum continuum emission and [OI] 63 pm lines suggests a disk origin, and it has
been suggested that a [OI] emission can be used to distinguish between populations
of outflows, full disks and transition disks (Howard et al., 2013; Keane et al., 2014).
However, Howard et al. (2013) found no correlation between the dust disk mass and
the [O]] line. Assuming that the dust mass traces the bulk of the disk mass, this
suggests that the line is optically thick, and does not trace well the gas mass. In
relation to the disk origin, models predict that the [OI] 63um line traces the surface
of the disk and is sensitive to the average temperature of the region being probed.
To identify [OI] 63 um detections, we smooth the spectrum using a uniform filter
(width of 3 resolution elements) before fitting each spectrum within £0.1 gm of the
line using a Levenberg-Marquardt algorithm assuming a Gaussian for the line profile
and a first-order polynomial for the continuum. The 1o uncertainties on the line
fluxes are evaluated from the standard deviation of the pixels in the spectrum minus

the best-fit model. We consider a line to be detected when its flux is greater than 3



Table 2.3. Observed continuum flux densities and line fluxes.
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Source Foy Fis Fligg Fr Ref.
(107" W/m?)  (mlJy) (mJy) (mJy)  (Fro)
CIDA-1 < 3.01 358.7+50.9 2704+83.3 266+2 Bl4
FR Tau < 2.62 < 120.7 <1454 46+3 Bl4
FU Tau A 5.17+1.04 < 98.9 < 131.3 8 +17 RI10
CFHT-20 <2.89 < 127.6 < 154.5 12844 Bl4
J04381486 <291 < 132.0 < 152.5 95+ 2 B14
GM Tau <2.54 <121.5 < 66.8 36+2 Bl4
J04393364 < 2.28 100.3 +32.4 < 140.0 70+1 B14
CFHT-4 <2.73 < 110.6 < 161.9 109+5 Bl4
ESO Ha 559 < 3.30 174.0 £45.6 317.7+£42.2
Cha Ha 1 < 2.55 <1125 172.6 £40.0
Hn 13 4.35 £+ 1.30 < 114.0 <76.7

Note. — 30 upper limits are reported for non-detections.
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times the 1o uncertainty. In case of non-detections, we fit the same spectral range
with a first-order polynomial and we provide in Table 2.3 the 30 upper limits from
the rms in the baseline-subtracted spectrum using a Gaussian with a width equal to
that of an unresolved line (FWHM of 98 km/s at 63.18 ym). Sources are considered
detected in the continuum if the S/N at 63.2 um is greater than 3.

Following this approach we detect the [OI] 63 pm line of two sources in our sample
(toward FU Tau A and Hn 13) and the continuum of three bright disks (CIDA-1,
J04393364, and ESO Ha 559). Two of these bright disks (CIDA-1 and ESO Ha 559)
are also detected in the continuum at 189 um. FU Tau A has a known molecular
outflow (Monin et al., 2013), and it is possible that the outflow contributes to the
[OI] 63 um line, in which case the flux we report in Table 2.3 would be an upper
limit for the disk emission.

Riviere-Marichalar et al. (2016) analyzed 362 Herschel sources, which included
our 11 targets, using HIPE 12.0. Our results are consistent with Riviere-Marichalar
et al. except for FU Tau A where we report an ~ 50 [Ol] 63 um detection (5.17 £
1.04 x 107 W/m?) while Riviere-Marichalar et al. report a 3¢ upper limit of
(< 3 x 10718 W/m?).

All of the eight Taurus sources were also observed with the PACS photometer
by Bulger et al. (2014). Literature 70 um flux densities are reported in the last
column of Table 2.3. Two of the sources (FR Tau and GM Tau) are fainter than
the 70 mJy flux density estimated from the 24 ym photometry available at the time
of the proposal submission. Except for CIDA-1, our continuum values and upper
limits are consistent with the literature values within 1o of the uncertainties we
quote. In the case of CIDA-1 the 63 and 70 um flux densities are within 20. It is
possible that source variability further contributes to the flux discrepancy for this
source as 70 ym variability can be close to ~ 20% even for non-embedded young
low-mass stars (Class II SEDs, see Billot et al. 2012). Given the better sensitivity
of the PACS photometer and smaller uncertainty of the 70 um photometric values,

we will use them, when available, in the analysis that follows.
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Figure 2.2 SEDs of our Herschel sources. Orange: photometric fluxes from litera-
ture; triangles: upper limits. The best-fit radiative transfer models for each source

are displayed for each target (black line).



2.3.2 Continuum Radiative Transfer Modeling of Individual Sources
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We combine continuum observations at multiple wavelengths and carry out con-
tinuum radiative transfer (hereafter, RT) modeling to constrain some of the main
disk properties,

with focus on the outer disk radius as it might affect the [OI] 63 ym emission (e.g.
Kamp et al., 2011). Each source’s spectral energy distribution (SED) is shown in
Figure 2.2 and individual fluxes and references are given in Table 2.4 and available
online.

We model the SEDs with the 3D axisymmetric Monte Carlo RT code MCMax
(Min et al., 2009). MCMax self-consistently calculates the disk vertical structure
for a given dust surface density profile and gas-to-dust ratio, assuming hydrostatic
equilibrium and Tg.s = Tqust- The vertical structure of the dust is calculated from
an equilibrium between dust settling and vertical mixing as described in Dullemond
and Dominik (2004). Calculation of the disk temperature and density structure are
iterated until a self-consistent solution is reached. For a given grain size distribution,
the only free parameter controlling the vertical structure is the turbulent mixing
strength, which was not found to be different in modeling the median SEDs of
Herbig stars, T Tauri stars, and brown dwarfs by Mulders and Dominik (2012).

We begin by fitting the stellar parameters and disk inclinations of our sources
using a genetic algorithm. The stellar luminosity and temperature are taken from
Table 1 and allowed to vary only within their typical uncertainties, 30% for the lumi-
nosity and +100K for the temperature (Luhman et al., 2007). Higher luminosities
were required for CFHT-4 (2 times higher) and J04381486 (10 times higher) in order
to achieve good fits. This is likely due to the high inclination of these disks. Ricci
et al. (2014) estimate a disk inclination of 77° from a resolved millimeter continuum
image of CFHT-4, and Luhman et al. (2007) estimate an inclination of 67 — 71°
for J04381486 using a Hubble Space Telescope scattered light observation. GM Tau
required a Ty that was 189 K lower the the literature value in order to fit the op-
tical /NIR portion of the SED. These quantities are used to compute stellar radii
from the Stefan-Boltzmann relation. The source distance is fixed to that reported

in Table 2.1. The literature extinction in Table 2.1 provides a good fit for all sources.
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Table 2.5. Maximum likelihood parameters for source models.

7: Rin Rout LOg Mdust < Td >
Source (°) (au) (an) (Mo) (K)
CIDA-1 35  0.32 o 76 0 —49 000 48
FR Tau 77 0.32 oo, 32 ™2 —61 09 46
FU Tau A 56 0.00032 four. 1.3 f¥. —72 fl3 140
CFHT-20 56 0.0001 *098 . 43 *6 57 992 64
J04381486 70 0.032 902 10 38 —49 1905 33
GM Tau 35 0.0032 901 1.8 *3Z 68 Tl 73
J04393364 35  0.01 O 4 43 *38 57 122 42
CFHT-4 80 0.01 00078 gg H8 53 4018 g
ESO Ha 559 35 0.032  *9% 33 8 492 AT 18
Cha Ha 1 35 0.1 046 33 8% _31 fl 16
Hn 13 35  0.01 Tooors 32 B 61 092 64

Note. — The maximum likelihood values are shown for the parameters:

Ry, Rouw and Mg, along with their corresponding 1o confidence intervals.

< Ty > is calculated from the best-fit model selected for the source as described

in § 2.3.2.
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Eight equally spaced (in cosine) inclinations are sampled to constrain the viewing
angle of the disk.

The general setup for all modeling follows the one described in Mulders and
Dominik (2012) to fit the median SEDs of TT stars and brown dwarfs. Given the
rather coarse SED sampling at long wavelengths, and degeneracies in SED modeling
(e.g. Woitke et al., 2016), we limit the number of free parameters. The surface

1 while the minimum and maximum

density is a power-law of the form » o r~
grain sizes are a = 0.1um and 1 mm with a particle size distribution proportional to
a=3?, following Mulders and Dominik (2012). With this approach, we can explore
the impact of the outer radius on the SED under the explicit assumption that the
surface density slope and grain size distribution are stellar-mass independent.

To estimate confidence intervals, we run a grid of 4400 models for each source
which explores the disk structure (inner and outer radius) and the disk mass. For
the disk dust mass, 20 logarithmically spaced steps between 1072 and 10~°M,, are
sampled. The disk inner radius is explored using 11 logarithmically spaced steps
between 10~* and 10! au. For outer radius, 20 logarithmically spaced steps from 1
to 250 au are used. These ranges are chosen such that there is a peak in the Bayesian
proability distribution. For sources where a clear peak is not observed, physically
unrealistic values justify the boundaries of our grids (e.g., dust masses > 25% stellar
mass, Ry, << silicate sublimation radius).

We also determine the likelihood of each model in order to establish confi-
dence intervals for the parameter space of our model grids. The likelihood of each
model is calculated by comparing photometric data with model flux densities using
exp(—x%/2), where x% is the reduced chi-squared metric. For photometric detec-
tions, we assume a typical uncertainty of 20% for each flux measurement. Upper
limits are included in our fitting by using the modified x? statistic described by
Sawicki (2012).

Relative probabilities are then calculated for each parameter by summing the
likelihood of common parameter values normalized by the sum of all likelihoods.

68.3% confidence intervals for the parameters Rg., Rin and Mgu are estimated
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from Bayesian probability distributions and reported in Table 2.5. Figure 2.3 shows
the probability distribution and confidence interval for R, for each source. See
Appendix A.2 for additional information on the confidence intervals and for examples
of probability distributions for R, and Mgy,g.

Along with the resulting parameters of our best fit models we also report the
mass-averaged disk temperature (< Ty >) in Table 2.5. Here, we take < Ty > to be
the average of the dust temperature at each model grid point weighted by the dust
mass at that point. In order to demonstrate the relationship between this value and
the disk outer radius, we choose the model with the maximum likelihood from the
set of models containing the most probable outer radius value as our fiducial model
with which to calculate < Ty >.

Because we find maximum likelihood values of R, that are substantially smaller
than those of disks around TT stars (~ 10 times smaller on average), we also run a
second grid of models keeping R, fixed to 200 au, a typical value used for modeling
TT disks. These models use the same 20 and 11 steps of Mg, and Ry, respectively,
outlined above. We use these grids to similarly derive a < Ty > with which to
compare our first grid of variable R, against (see Figure 2.5).

Because heating of the dust in the outer disks of VLMOs by interstellar radiation
may be significant, all of our models include an isotropic interstellar radiation field
(approximated by a diluted 20,000K black body) in combination with a cosmic
microwave background temperature of 2.7 K to properly compute the temperature

in the outer disk (see Woitke et al., 2009).

2.3.3 Outer Radius Parameter Study

In addition to modeling individual sources, we carry out two sets of RT models
to assess the impact of the disk outer radius (R,,;) on the derived disk mass and
< Ty >. Both parameter studies are calculated for a range of stellar masses but in
one case Ry, is held fixed at 200 au (hereafter, fized R,y study) while in the other
case (hereafter, variable Roy study) Roy scales linearly with stellar mass (see also

Table 2.6). For both studies, the scaling of disk mass with stellar mass is chosen to
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Figure 2.3 Bayesian probability distribution of R, values. Vertical blue lines are
1o confidence intervals reported in Table 2.5.



45

Table 2.6. Parameter Study Model Inputs.

Parameter Variable R, Fixed Royut

Rout(an) 200(M, /M) 200
Mgust X ME'O X M*m
M, (M) 0.05 - 2.239
Riy(au) 0.05 x L%

reproduce the best fit relation to the 887,um flux densities versus stellar masses in
the Chameleon I star-forming region (Pascucci et al., 2016).

To cover a large range in stellar mass we combine the evolutionary tracks from
Baraffe et al. (2015) and Feiden (2016) as in Pascucci et al. (2016). To find cor-
responding luminosities and temperatures for each stellar mass we use the 2 Myr
isochrone because this age is a good match to the age of the star-forming regions we
consider in this study. We set 15 equally log-spaced stellar masses from 0.05 Mg to
2.239 Mg which cover from 0.019 Lg to 6.33 L.

All models adopt the same dust properties, turbulent mixing strength, and sur-
face density power law profiles as those to fit individual SEDs (§ 2.3.2). Inner
radii follow a scaling relationship consistent with the temperature at which silicate
sublimation would occur. All parameters are summarized in Table 2.6.

One important difference between the two parameter studies is the scaling of
disk mass with stellar mass. The fized R, study requires a shallower disk mass-
stellar mass relation to reproduce the best-fit 887,um flux, and yields a different
temperature-luminosity relation. Implications of this parametric study will be dis-

cussed in § 2.4.3.
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Figure 2.4 Fluxes are scaled to a distance of 140pc as in Howard et al. (2013). Red
points are [Ol] detections from this work. Black points are this work with arrows
indicating upper limits in continuum and/or line flux observations. Grey points are
full disks from Howard et al. (squares are detections and triangles are upper limits),
with the dashed line showing their best fit. Green line is a refitting of the Howard
et al. data using their upper limits. Blue line is the fit including our sources. Shaded
areas are lo confidence intervals.

2.4 Results

2.4.1 Faint [O]] 63 pm emission from very low-mass star and brown dwarf disks

As mentioned in § 2.3.1 we detect the [OI] 63 um line only toward 2 out of the 11
VLMO disks in the sample. Figure 2.4 shows the [OI] line flux versus the contin-
uum of our sample (red and black symbols) in the context of literature values for
more luminous/massive objects (grey symbols). The non-detections are somewhat
surprising given that most sources should have been detected if they followed the
line luminosity-continuum relation for T'T stars with no known jets from Howard
et al. (2013) (dashed line). This suggests that VLMO disks may be under-luminous
in the [OI] 63 um line.

In order to consider the possibility that the trend in the line flux-continuum
relation does not extend to the VLMO regime and that the VLMO [O]] 63 ym
emission is under-luminous, we have re-fit the same data and included the T'T sources
with upper limits which Howard et al. omitted from their fit. By doing this we are
able to then re-fit the full TT sample (detections and upper limits) with our VLMO
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Table 2.7.  [OI] vs 70um Continuum Fitting Results

Linear Regresion

Description Intercept Slope

T'T Disks 0.89+0.18 —16.74 +0.06
TT + VLMO 1.14+£0.22 —-16.78 +0.09

non-detections ! (see Figure 2.4).

To do this we use the Bayesian method of regression fitting described in Kelly
(2007)% which takes into account non-detections and errors bars.

We exclude FU Tau A from the fitting because it is a known outflow source
Monin et al. (2013). Table 2.7 gives the fit coefficients.

The blue line in Figure 2.4 shows the best fit with the addition of our sources.
VLMO disks may be under luminous in the [OI] 63 um line, as suggested by the
brightest (in continuum) half of the VLMO sample with no [OI] detection, but
the upper limits are not stringent enough to conclude that they are actually under
luminous at a confidence greater than 89%. On average our samples appear to be

under-luminous by a factor of 1.8.

2.4.2 Small dust disks

Our RT modeling suggests greater likelihoods for outer disk radii that are smaller
(maximum likelihoods < 78 au with a mean value of 15 au) than typical values
(> 150 au) for disks around T-Tauri stars (e.g. Isella et al., 2009; Andrews et al.,
2009; Guilloteau et al., 2011). We also note that for every source, the confidence

'We consider only non-detections from our sample. Of the two VLMOs with detected [O]] lines,
one is excluded from our analysis because it has a known jet, and the other is excluded because it

has only an upper limit for its 63, yum continuum.
2Implemented by Josh Meyers in Python (Jan 16 2016 commit).
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Figure 2.5 Circles are outputs from the RT modeling of our Herschel sources. The
left panel shows the best fit of these models where the outer disk radius is a free
parameter. The right panel shows the best fits where disk radius is fixed at 200 au.
Both panels show the best-fit temperature-luminosity relation of our fixed radius
parameter study models (lower solid line) and the Andrews et al. (2013) fit (dotted
line).

intervals (see Figure 2.3) lie entirely well below 200 au. In fact, with the exception
of CFHT-4, the confidence intervals lie entirely below 100 au, and the Bayesian
probability distributions decrease towards larger outer radii.

Although these best fit models may not be unique solutions and stellar-mass
dependencies in other disk parameters might yield equally good fits (e.g. Woitke
et al., 2016), this approach shows that smaller disks around sub-stellar objects are
consistent with the SEDs.

Disk sizes are mostly unknown in the brown dwarf regime. For our sample spa-
tially resolved millimeter images exist only for CIDA-1, CFHT-4, and ESO Ha 559
(Ricci et al., 2014; Pascucci et al., 2016). Detailed modeling has been carried out
for the first two with estimated disk radii of 66415 au for CIDA-1 and greater than
80 au for CFHT-4 (Ricci et al., 2014). ESO Ha 559 was resolved at 887, um and
a fitted elliptical Gaussian resulted in a FWHM of 0.23"x 0.15” (37 au x 24 au,

Pascucci et al. (2016)). The maximum likelihood outer radius values found by our
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modeling of CFHT-4 (78 au) and ESO Ha 559 (33 au) are in good agreement with
these findings.

Ricci et al. (2014) find an outer radius for CIDA-1 which differs significantly
from our value of 7.6 au, however, our modeling does not reject large sizes and
the 1o confidence interval of 60 au is consistent with the estimate of Ricci et al.
These three disks are all larger than the median VLMO disks in our sample but
they are also three of the four brightest disks. This suggests that smaller disks
are indeed more common in the brown dwarf regime (see also Testi et al. (2016)).
Additionally, Luhman et al. (2007) found that their models of J04381486 with outer
radii of 20 and 40 au agreed “reasonably well” with Hubble Wide Field Planetary
Camera observations. These values are larger than our finding of Ry = 1015 au,
in line with observations showing that sub-micron grains and gas disks, as probed
via scattered light images, are typically larger than dust disks traced at millimeter
wavelengths (e.g. de Gregorio-Monsalvo et al., 2013).

If VLMO disks are indeed smaller than those around TTs, an important impli-
cation is that they are hotter than we would estimate if they were the same size as
disks around TTs, i.e. their < Ty > is higher.

The left panel of Figure 2.5 illustrates this point: circles are our best fit values
color-coded by disk outer radius while the dotted and solid lines are the < Ty >
— Ly relations by Andrews et al. (2013) and by our fized Ry, models (§ 2.3.3). In
both models the dust disk radius is 200 au regardless of stellar luminosity /mass but
our fizred Ry, models are significantly cooler because we compute the disk vertical
structure self-consistently which results in less vertically extended disks. Regardless
of these differences, it is clear that our best-fit RT models point to disk radii smaller
than 200 au and higher < Ty > for VLMO disks than typically assumed. The SED
fits with fixed R, have temperatures in between those predicted by the Andrews
et al. (2013) and our fized Roy grid relations (right panel of Figure 2.5).

Note that the Herschel models with fixed 200 au outer radius fall above (and
not on) the trend-line produced by our 200 au parameter models for two reasons.

First, the Herschel sources were selected to be brighter, and hence hotter, disks



20

Table 2.8 Effect of model assumptions on total disk mass (gas + dust) estimates

Fixed Radius Estimates Scaled Radius Estimates
This work Andrews et al. (2013) This work
Disk Mass < Ty > Disk Mass <Ty> Disk Mass <Ty>
(Mo) (M) (K) | (M) (M)  (K) | M) (M) (K

CIDA-1 0.017  0.09 7.40 | 0.0036 0.019 16.71 | 0.0040 0.021 15.67
J04381486 0.274 5.05 245 10.0039 0.071  6.65 | 0.0005 0.008  20.29
GM Tau 0.008 0.11 3.25 1 0.0003 0.004 842 |0.0001 0.001  18.99
CFHT-4 0.004 0.03 6.01 | 0.0006 0.005 14.06 | 0.0004 0.004  16.45

ESO Ha 559 | 0.069 0.48 496 | 0.0078 0.055 11.97 |0.0043 0.030 17.21

whereas the model grid was fit to the median disk mass in Chameleon. Second, the
parameter models use disk masses and inner disk radii that scale with stellar mass
and bolometric luminosity respectively, whereas our best-fit SED models allow these
value to vary for a best fit with photometry.

Interestingly, our variable R, grid VLMO models are found to be optically
thick at 63, um for all of our sources with the exception of CFHT-4 (the source with
the largest Rou) and at 850, um for all but two (CFHT-4 and FR Tau). This is
different than what is proposed in Harvey et al. who, however, targeted a fainter
70, pm sample of brown dwarf disks. Measuring dust disk sizes will be important
to establish if, and by how much, brown dwarf disks are optically thick at these

wavelengths.

2.4.3 Disk Temperature-Stellar Luminosity Relation

A typical approach to measure dust disk masses is to obtain a sub-mm/mm data
point, a source distance, assume optically thin emission and dust opacity, and an
average dust temperature (< Ty >) to be used in the Planck function (e.g. Beckwith
et al., 1990). This same approach has been recently used to estimate dust disk
masses for hundreds of stars in nearby star-forming regions and associations. As
discussed in Pascucci et al. (2016) such estimates, as well as the disk mass-stellar
mass scaling relation, are very sensitive to the assumed < Tj > and how it scales

with stellar luminosity.



ol

In the previous section we showed that the SEDs of VLMOs can be well repro-
duced with disks that have smaller radii than TT disks and, as such, do not fall
on the temperature-luminosity relation derived by Andrews et al. (2013). Instead,
they are hotter, plotting above this relation (see Figure 2.6 and Table 2.5). We use
the two RT grids discussed in § 2.3.3 to quantify the difference in the < Ty > — Ly
relation for fixed outer radii disks and radii scaling with stellar mass (see Figure 2.6).
The fixed R, models result in mass-averaged disk temperatures that decrease with
stellar luminosity and become lower than 10 K for brown dwarfs. This is somewhat
surprising given that dust grains in giant molecular clouds, heated by the interstel-
lar radiation field, stabilizes at ~ 10 K (Mathis et al., 1983). We remind the reader
that we have included interstellar radiation in our modeling (see § 2.3.2) but, as also
found in van der Plas et al. (2016), this extra heating does not change appreciably
the dust disk temperature (see in particular their Figure 5d).

In the very different assumption of outer radii scaling with stellar mass, <
Ty > remains confined within ~10-20K over four orders of magnitude in lumi-
nosity and shows an opposite behaviour by slightly increasing toward the lower-
luminosity /lower-mass objects. For example, the difference in < Ty > for the two
assumptions when L, = 0.1L is 10.4 K which results in mass estimates that differ

by a factor of 9.
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Figure 2.6 Rou o< Mg, shows the best fit of our grid of RT models where the
disk’s outer radius is scaled to the stellar mass. R, = 200 au shows the best fit
of our grid of RT models where the disk’s outer radius is fixed to 200 au (it is the
same line seen in the right and left panels of Figure 2.5). Red dots are our best
fit models (figure 2.5 left panel) and the blue dots are the fized Roy grid (200 au)
models (Figure 2.5 right panel).
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2.5 Discussion

In this paper we start from the zero-order assumptions that disk geometry and dust
opacity are stellar-mass independent. With these assumptions, our RT modeling
of each source suggests that dust disk outer radii range from 1.3 to 78 au. This is
significantly less than the 200 au radius typically assumed for TT disks. Although
small disk radii may not be a unique solution, they agree well with the few previ-
ously resolved VLMO disks. As such, it becomes necessary to consider the effect of
smaller disk sizes when calculating their masses and interpreting the [OI] 63 pm line

emission.

2.5.1 Mass estimates for small disks

Disk mass estimates using a < Ty > taken from a Ly, relationship with a fixed outer
radius will ultimately result in temperatures that are too low for low luminosity
objects and temperatures that are too high for high luminosity objects (Fig. 2.6).
Consequently this will result in over-predicting and under-predicting the dust disk
masses of low and high luminosity sources respectively.

< Ty > can vary by a factor of 3 to 5 times for luminosities between 0.01 and
100 Lg. If we consider VLMOs to be represented by Ly, € [0.005,0.2]Lg (The
range of our Herschel sample) we find < Ty > to be lower by a factor of 8 to 2 with
a mean difference (in logarithmic space) of 5 times. The disagreement in the two
treatments is much less for TT objects where considering typical Ly, € [1.5,8] L
(comparable to the TT disks considered by Howard et al 2013) results in a over-
estimate of < Ty > by a factor ~ 1.5. In addition, the fixed outer radius relationship
gives too low of a < Ty > in the VLMO regime. Luminosities below 0.053L¢, (which
would include 4 of our 11 sources) result in < Ty > under 5 K.

Ultimately these disagreements in < Ty > are significant because they result
in an even greater discrepancy in mass predictions. For example, using the fixed
< Tyq > — Ly relationships and applying them to the source J04381486 (0.005L;
Fgoo,um = 6 mJy), a total disk mass (assuming a gas-to-dust radio of 100) of 5 and
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0.07M, is estimated (depending on whether the vertical structure is self consistently
calculated or not) due to the low < Ty > of 6.7 K and 2.5 K respectively. Table 2.8
compares the effects of model assumption on estimated disk masses for the 5 sources
in our sample with ~ 887, um detections.

Because the dust disk size likely depends on many factors including disk mass,
height, turbulent mixing, age, grain-growth and drift rates, perhaps even more so
than it depends upon host luminosity, characterizing the dust-disk outer radius

becomes critical in understanding disk masses.

2.5.2 [O]] emission in small disks

For our 11 observed sources we had only 2 [OI] 63 um line detections. Figure 2.4
shows the fit (dashed line) to TT disks found by Howard et al. (2013) which we used
to set the sensitivity of our observations. Based on this we expected more detections
but over two-thirds of our sources resulted in upper limits which fall below their fit.

In order to assess how feasible it is that these disks are under-luminous (and
to pinpoint a likely origin of this under-luminosity), we compare our observations
to the thermochemical models by Greenwood et al. (2017). These models use 2D
RT and a complex chemical network on top of a parametrized disk structure, allow-
ing investigations into the effects of disk geometry on the [OI] 63 um line flux by
computing a grid of models of varying disk masses and radii.

Figure 2.7 shows that for a given mass, a decreasing of the disk size leads to a
decrease in [OI] emission while continuum emission increases or stays constant. This
is consistent with the [OI] underluminosity of VLMOs being caused by smaller disk
sizes.

The reason for the reduced [OI] emission is due to the radii at which the emission
originates. Figure 2.8 shows the radius within which 70% of the [OI] and continuum
emissions originate normalised to the taper radius® , a measure of the disk size. For

all disk sizes, the [Ol] emission originates from larger radii than the continuum. For

3Taper radius is the location of an exponential tapering-off of the disk density power law.

Rtaper = Rout/S-
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Figure 2.7 Line and continuum emission from thermochemical models by Greenwood
et al. (2017) (color-filled circles) superimposed on data and fits described in Figure
2.4. Tsarithms of constant mass (1, 4, and 8 x10™* M) and flaring index show how
smaller disks lead to a rapid decrease in [OI] line flux.
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Figure 2.8 Line and continuum emission from thermochemical models by Greenwood
et al. (2017) showing that 70% of [Ol] 63 um emission comes from larger relative
distances as the disk size decreases. 70% of the given emission ([OI] or continuum)
originates from within the Ry radius.

large disks, the majority of the emission is well within the taper radius for both
the [OI] 63 um line flux and the continuum flux density. However, as the disks
become smaller (going from blue to red in the figure), the area of [Ol] 63 um line
emission falls beyond the taper radius while the continuum emission remains well
within. Thus, one possible contribution to the observed under-luminosity is that the
line-emitting area of [Ol] 63 pm is disproportionately small in VLMO disks.
Another contributing factor may be that VLMO disks tend to be less flared

than their higher-mass counterparts, for which there is some observational evidence
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(Sztics et al., 2010; Liu et al., 2015, however see Harvey et al. 2012). The mod-
els by Greenwood et al. (2017) show that changing the flaring index () from 1.2
to 1.15, 1.10, and 1.05 decreases the [OI] 63 um emission in a VLMO disk to 73%
and 40%, and 13% of the 8 = 1.2 levels respectively, while the continuum emission
decreases to 87%, 40%, and 19% of the § = 1.2 levels (Greenwood, personal com-
munication). These results suggest that the [OI] 63 um line flux is more sensitive to
disk flaring than the continuum flux, causing a sample of weakly-flared disks to be

under-luminous in their [OI] 63 um emission.

2.6 Summary and Conclusions

Starting from a sample of 11 luminosity-selected very low-mass stars and brown
dwarfs with disks, we use the PACS spectrometer aboard the Herschel Space Ob-
servatory to measure the [OI] 63 ym line fluxes and model the spectral energy dis-
tributions. The analysis of 10 out of our 11 sources is consistent with the previous
analysis by Riviere-Marichalar et al. (2016), however using a newer data reduction
pipeline, we report a new [OI] 63um detection toward FU Tau A.

Our main findings are:

e We detect only two sources in [OI] 63 um despite a 3 times better sensitivity
than for T Tauri disks, suggesting that disks around very low-mass star and

brown dwarf disks are underluminous in [OI] 63 um.

e Assuming that the disk geometry and opacity are stellar-mass independent,
we find that disk models with outer radii in the range of 1.3-78 au have the
highest maximum likelihood values when compared to SEDs. These radii are

significantly smaller than those of T Tauri star disks (22-440 au).

o If very low-mass star and brown dwarf disks are indeed smaller and hotter than
T Tauri disks they do not follow previously derived temperature-luminosity

relationships. A disk outer radius that scales linearly with stellar mass results



o8

in almost flat < Ty > —L relationship. This results in higher average

temperatures for VLMO disks and smaller disk mass estimates.

e Using thermochemical models we find that smaller disks result in lower [O]]

63 pm fluxes which may explain the non-detections in the sample.

A smaller size of protoplanetary disks around sub-stellar objects has a large
impact on the derived disk masses from large surveys of star-forming regions. High-
resolution ALMA observations are necessary to quantifying how the disk radius
scales with stellar mass to correctly gauge the planet-forming potential of very low-

mass stars and brown dwarfs.
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CHAPTER 3

A likely planet-induced gap in the disk around T Cha

3.1 Introduction

Transition disks are a sub-set of disks that display a significantly reduced near-
infrared emission but large mid- to far-infrared emission in their spectral energy
distribution (SED, Strom et al., 1989). This SED-identified characteristic is associ-
ated with a depletion of warm dust particles in the inner disk, which is why transition
disks are thought to be crucial to understand how planet-forming material is cleared
out.

Recently, many transition disks have been spatially resolved at different wave-
lengths reveling a variety of structures: gaps or cavities' (e.g. Pérez et al., 2014;
Dong et al., 2017), spiral arms (e.g. Muto et al., 2012), shadows (some of them
variable with time, e.g. Pinilla et al., 2015a), and lopsided asymmetries (e.g. van
der Marel et al., 2013; Casassus et al., 2013). These observations highlight that the
SED-classified transition disks are a heterogeneous group of objects (e.g. Espaillat
et al., 2014), only a subset of which may be truly caught in the act of dispersing (e.g.
Ercolano & Pascucci, 2017). For instance, disks shaped by planet-disk interaction
are not necessarily dispersing as planet formation may occur early in disk evolution
and be a long lived process.

The combination of near-infrared (tracing micron-sized particles) and millimeter
imagery (mm/cm-sized grains) provides important insights into the origin of struc-
tures in transition disks. In particular, cavities and gaps resulting from pressure

bumps in the gas are most pronounced at millimeter wavelengths as mm/cm-sized

'We use the term “gap” to refer to an empty or depleted annular region separating an inner and
an outer disk while we use “cavity” for an empty or depleted region that extends from the central

star out to an outer disk.
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grains concentrate in pressure maxima, while micron-sized dust follows the gas (e.g.
Brauer et al., 2008). In the case of planet-induced pressure bumps, the location of
the peak emission at near-infrared and mm wavelengths can be also used to estimate
the planet mass (e.g. de Juan Ovelar et al., 2013; Garufi et al., 2013).

In this letter, we present ALMA 3 mm high-angular resolution (0.11” x 0.06”) ob-
servations of the transition disk around T-Chamaeleontis (T Cha). We also compare
our data with the similarly high-resolution (~ 0.04”) 1.6 ym SPHERE/VLT imagery
recently published by Pohl et al. (2017). This comparison makes T Cha one of two
systems, along with TW Hya (van Boekel et al., 2017), for which millimeter and
near-infrared emission can be investigated at similar spatial scales (e.g. 2.5-4.3 au
with SPHERE and 1.6-10 au with ALMA).

T Cha is a T-Tauri star (spectral type G8, Alcala et al., 1993) located in the
e-Cha association (at 107 4 3 pc, Gaia Collaboration et al. 2016) with an estimated
age between 2-10 Myr (Ferndndez et al., 2008; Ortega et al., 2009). The presence
of a gap in this disk was first inferred via SED modeling (Brown et al., 2007) and
then later by the analysis of NIR interferometric data (Olofsson et al., 2011, 2013).
High-resolution mid-infrared spectroscopy found evidence for a disk wind beyond the
dust gap whose properties are compatible with a slow star-driven photoevaporative
wind (Pascucci & Sterzik, 2009; Sacco et al., 2012). ALMA Cycle 0 observations
at 0.85 mm could not resolve the gap but identified two emission bumps separated
by 40 au, suggesting a cavity of 20 au in size (Huélamo et al., 2015). Interestingly,
a candidate exoplanet has been reported inside the cavity (Huélamo et al., 2011),
although its existence is debated (Sallum et al., 2015). The recent SPHERE/VLT
scattered polarized light images (Pohl et al., 2017) resolve the outer ring-like emis-
sion. By fitting the observations with radiative transfer models, the inner edge of the
outer ring is found at ~ 30 au. Pohl et al. (2017) also give upper limits for potential
embedded planets. Using hot-start models, planets more massive than ~ 8.5 My,
are ruled out at a distance from 0.1”to 0.3”(10.7 to 32.1au) from the central star.
At larger separations, the limit is ~ 2.0 M.

In the hot-start model, planet formation occurs from the collapse of disk material
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due to gravitational instability, resulting in high initial entropy. This scenario may
be unrealistic, especially within the 10.7 to 32.1au disk region (Stamatellos and
Whitworth, 2009; Helled et al., 2014). In a core accretion formation model, gas
falling onto the solid core is shock heated, and the gravitational potential energy
of the gas is efficiently liberated via radiation. This model, sometimes referred to
as a cold start, results in a planet with lower initial entropy, and will have a lower
contrast with the nearby disk material, when compared to a hot-start model. If
core accretion is considered a more appropriate formation scenario, a planet greater
than ~ 8.5 Mjy,, can not be ruled out. Determining which formation model is more
appropriate is complicated by effects such as stellar-metallicity, disk lifetime and
opacity (e.g. Stamatellos and Whitworth, 2009; Helled et al., 2014).

Here, we present our ALMA 3mm observations (Sect. 3.2), then our visibility
fitting approach (Sect. 3.3), and summarize our results, including the comparison
with the SPHERE/VLT images (Sect. 3.4). We discuss our findings and address
different origins for shaping the wavelength dependent size of gaps and cavities
(Sect. 3.5). We conclude that the most likely explanation for T Cha’s gap is from

planet-disk interaction.

3.2 Observation and Data Reduction

Our ALMA Cycle 3 observations (Project ID: 2015.1.00979.S, PI I. Pascucci) were
carried out on October 27 and 29, 2015 with 48 12m antennas. Of the four Band 3
spectral windows, three were utilized for the continuum emission and one was cen-
tered around the hydrogen recombination line H(41)« at 92.03 GHz, which might
trace a disk wind (Pascucci et al., 2012). The on-source time (~2h) was set
to achieve a sensitivity of 9uJy/beam in the aggregate continuum bandwidth of
6.6 GHz.

The ALMA data were calibrated using the Common Astronomy Software Appli-
cations (CASA, McMullin et al., 2007). The initial reduction scripts were provided
by the North American ALMA Science Center and included phase, bandpass, and
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Figure 3.1 Left: Cleaned 3mm ALMA image of T Cha (Project ID: 2015.1.00979.S).
Beam is shown as ellipse in lower left and 1o level is 1.6mJy. Countour shows 5o
region integrated for flux density measurement reported in Section 3.2. Center:
Best-fit model. Right: The residuals of our best-fit model (center panel) subtracted
from the unbinned ALMA image (left panel).

flux calibration. We ran the scripts using CASA 4.7.1 and created images in the
continuum and in the line using Briggs weighting and robustness parameter equal to
0.5 (for the line we also applied a 2MA tapering to increase the sensitivity). The con-
tinuum emission at an average frequency of 99.16 GHz (3.0 mm) is spatially resolved
and detected at high sensitivity, see Figure 3.1 where the image rms is 9uJy/beam
and the beam is 0.11” x 0.06” with a position angle of -18.11°. The H recombina-
tion line is not detected even when rebinning in spectral resolution to tens of km/s,
the expected line width. Applying self-calibration did not significantly improve the
continuum image while resulting in lower spatial resolution and did not lend a line
detection. Hence, we will focus this letter on the properties of the continuum 3 mm
emission using the non self-calibrated data.

On the image shown in Figure 3.1 we draw a 50 contour and measure a total flux
density of 16.5+1.6 mJy (the quoted uncertainty includes an absolute flux calibration
uncertainty of 10%). The peak S/N from our cleaned image is 110. Our value is
~2.5 higher than that found by ATCA at 3.2mm (Ubach et al., 2012), which,
in combination with the flux reported by Huélamo et al. (2015) (198+4mlJy at
0.85mm), results in a integrated millimeter spectral index of ~ 1.97 4+ 0.08. This
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Figure 3.2 Deprojected real visibilities from Band 3 observation. Data are shown
in gray with error bars. Model is overlaid in red.

value is close to the relationship between spectral index and cavity size introduced

by Pinilla et al. (2014) for transition disks and could be an indication of mm-sized
grains trapped at the outer edge of a planet-induced gap.

3.3  Analysis

The T Cha 3 mm continuum map (hereafter: 3mm image, Figure 3.1) reveals a disk
with three distinct components: an inner emission, a spatially resolved gap, and an
outer ring. In order to quantify the location and size of these structures we use two
methods — fitting model radial profiles to the visibilities and direct measurements

from the 3mm image.

We then compare our results with previously published
findings at shorter wavelengths in order to examine the wavelength dependence of
these features.

64
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Symbol Parameter Range Best Fit Unit
Nuker Profile — Outer Disk
Rpeax  transition radius  [10-60]  37.09 £0.07  (au)

Y inner disk index ~ [-6-1]  —3.10 £ 0.06
a transition index  [10-85] 53.73 £12.81
6} outer disk index (58] 6.49 £+ 0.04

Gaussian — Inner Disk
A/B amplitude ratio  [30-500] 336.0 £ 109.1
Ryigtn  gaussian width [0-4] 1.01 £0.28  (au)

Table 3.1 Model parameters, parameter space (Range), and best fit modeling results.

Assuming an axisymmetric disk, we model the sky brightness by fitting para-
metric models to the dust continuum emission in the visibility domain. To pre-
pare the visibilities for fitting, we center, deproject and bin the data. The visibil-
ities were centered using the routines uvmodelfit () and fixvis() within CASA.
CASA’s disk model provided the best centering fit, resulting in a center with
ajcrs =11h57m13.29s and d;0rs =-79d21m31.68s. The observed (u, v) points
from the three spectral windows are deprojected and binned, reducing the number
of unflagged data points used for fitting from 7 x 107 to 3 x 10%. During this process,
we minimize the residuals between the unbinned image and our axisymmetric binned
image in order to find a fit for the inclination and position angle (PA). We find that
the optimal values for the inclination and PA are 73° and 113°, respectively, which
are within 20 of the values and uncertainties reported in the literature (e.g. Olofsson
et al., 2013; Pohl et al., 2017).

To model the three disk components, we assume radial intensity profiles that
combine a Nuker profile and a Gaussian. Tripathi et al. (2017) showed that a
Nuker profile (Lauer et al., 1995) reproduces well the visibilities of a variety of
disks, including full and transition disks, with few input parameters. It does this by
producing a decreasing monotone function for full disks, or a symmetric/asymmetric
function about a single maximum for rings. The addition of a Gaussian centered

at the stellar location is necessary to fit the inner emission seen in Figure 3.1. The
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radial profile of our model is given by

) r2 r -y r a1 (v=8)/a
I = — B 1 1
(7“) P ( QR\szidth ) " (Rpeak> [ " (Rpeak ) } (3 )

where the first term in the equation is the central Gaussian and the second term is

the Nuker profile. In the equation, r is the radial distance and the remaining symbols
are defined in Table 3.1. When Fourier transformed this symmetric brightness profile
can be expressed with the zeroth-order Bessel function of the first kind J, (Berger
& Segransan, 2007). We then fit the model visibilities to the binned real part of the
observed visibilities using the emcee (Foreman-Mackey et al., 2013) implementation
of the Markov chain Monte Carlo method. For our radial grid, we use € [0 — 500]
au with steps of 0.025 au. Our parameter space is sampled with 1000 walkers having
500 steps each. The parameter space explored, and the results of our fitting are
shown in Table 3.1. Posterior probability distributions of the sampled parameter
space are available online.

Our best-fit model is imaged using the same (u, v) coordinates as our ALMA
observations. Our model visibilities are shown in Figure 3.2, while Figure 3.1 shows
the model image and the residuals between our unbinned observations and our best-
fit model, i.e. data —model. Note that the residuals are at most 100, and below 1o
when we subtract the model from the binned data. Our residuals reveal a positive
residual in the south spanning from east-to-west, and negative residuals in the south
and north . Because positive and negative residuals are aligned with the disk major

axis, we argue that this may result from optical-depth effects.

3.4 Results

Radial intensity profiles along the disk’s PA of 113° are shown in Figure 3.3a for
our ALMA 3mm image. We also compare in Figure 3.3b the best-fit model profiles
from our visibility analysis and the best model fit to the SPHERE/VLT 1.6 ym
image from Pohl et al. (2017). From these profiles we extract values for the location

of the ring’s peak emission (Rpeax). In addition to Rpea, we report Ry, defined
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as in de Juan Ovelar et al. (2013), i.e. the radial location where the intensity is
half of the difference between the gap minimum intensity and the outer ring peak
intensity. The radial position of Rpeax resulting from our 3mm ALMA observations
agree well (within 1au) with our best-fit model (see Table 3.2). Comparing our
visibility modeling with the NIR model provided by Pohl et al. (2017), we find that
the 3mm Rpeax is at a greater radial distance than the 1.6um Ry.n by 8.8 au.

The central emission is unresolved by our beam of ~10au diameter and our
visibility modeling suggests that it is confined within a radius of only ~ 1au. The
flux density measured over the ALMA beam is 0.55 + 0.06 mJy. By extrapolating
the hot (1400K) NIR SED-component (Olofsson et al., 2013) out to 3mm, we find
that only ~2% of the measured flux density could come from close-in micron-sized
grains. In addition, from the long-wavelength portion of the SED (Pascucci et al.,
2014) we calculate that no more than ~ 30% of the central emission arises from
free-free emission. As such, most of the detected central emission is thermal dust
emission, likely from millimeter-sized grains. By detecting the central 3 mm emission
and spatially resolving the outer ring, our ALMA image demonstrates that the disk
of T Cha has a gap at millimeter wavelengths and not a cavity.

Using the definition of Ry.; for the locations of the inner and outer edge of the
gap, we estimate from our image a gap size of ~ 17.7au. This should be considered
a lower limit as we do not spatially resolve the central mm emission. The location of
the gap’s outer edge found from our observation and modeling are 22.9 and 27.8 au
respectively, with the latter being very similar to the 28.3 au reported by Pohl et al.
(2017) from modeling the SPHERE images. By taking the model R,y to be the
location of the gap outer edge, we find an upper limit on the gap width of < 27.8 au

(any larger and the gap would extend to zero au and become a cavity).
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Figure 3.3 (a) Comparison of radial intensities profiles (normalized to the intensity
of the ring peak) from our ALMA image and best-fit model image (using same
u,v spacing). For the ALMA image (purple), the solid line is taken radially along
T Cha’s PA towards the NE, while the dashed lines is taken along the same line
extending to the SW. Because our model is axisymmetric, we show only one profile
(red). The ALMA /3mm beam width along T Cha’s PA is 0.072”. (b) Comparison of
ring location at different wavelengths. Radial intensities taken from best-fit models.

A Source

Location

Image Rpeax
3mm  Model Rpeax
Image Rwan
Model Rwall

36.1+0.8 au
37.1au
22.9au
27.8 au

Model Rpeax

LOpme v rodel Ry

30.8 au
28.3 au

Table 3.2 Radial locations of the outer-ring emission found from images and best-fit

models.
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3.5 Discussion

Our continuum ALMA observations reveal a disk around T Cha with three main
dust components: an inner emission, gap, and an outer ring. By modeling the real
part of the visibilities with a Nuker profile and a Gaussian, we can constrain the
physical properties of these three components.

Our main result is the detection of an unresolved inner disk (< 1au radius, based
on visibility modeling), where most of the 3 mm flux density arises from thermal dust
emission, likely from mm-sized grains (see Sect. 4). This, combined with the already
known outer emission, implies that the disk of T Cha has a gap in the population
of millimeter-sized grains. Previous work has also inferred a very compact inner
disk in the NIR (Ryy < 0.17 au, Olofsson et al., 2011, 2013). Hence, whatever is
the physical origin of the gap, it has to allow a detectable inner disk at multiple
wavelengths.

The detection of a gap, and not of a cavity, in combination with other properties
inferred from our analysis, enables us to exclude several mechanisms for the origin
of the structures in the disk of T Cha. For instance, particle trapping at the outer
edge of a dead zone can create structures as observed in transition disks (e.g. Flock
et al., 2015; Ruge et al., 2016). Inside a dead zone, where turbulent velocities of
particles are low, grain growth is efficient and small grains are depleted. As a result,
we expect to observe a NIR and a mm-cavity of the same size. When an MHD
disk wind acts together with a dead zone, smaller cavities will be present at shorter
wavelengths. However, this latter scenario does not preserve a long-lived inner disk
because the MHD wind removes efficiently the inner material, leaving a cavity, not
a gap (Pinilla et al., 2016b). As a consequence, a dead zone, or a dead zone and
MHD disk wind, is not a likely origin for the observed gap in the disk of T Cha.

Photons from the central star can heat the upper layers of the disk gas, increas-
ing the thermal velocity of the gas to the point where it becomes gravitationally
unbound to the star-disk system. This thermally driven wind, or photoevapora-

tion, contributes to disk mass loss, the removal of disk material from the inside out
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(Ercolano & Pascucci, 2017) and gap formation (second disk evolutionary stage in
Figure 6 of Alexander et al., 2014).

While there is evidence in T Cha of a disk wind that can be photoevaporative
in nature (Pascucci & Sterzik, 2009; Sacco et al., 2012), photoevaporation predicts
only a specific combination of mass accretion rate and gap size (see Figure 6 in
Ercolano & Pascucci, 2017). T Cha shows strong photometric variability and UX
Ori-like behavior, inferred from significant changes of prominent emission lines, such
as H,. If this variability is due to accretion episodes, the mean accretion rate of
T Chais 4 x 1072 M, /year (Schisano et al., 2009). With this mass accretion rate and
our gap size estimate >20 au, star-driven photoevaporation does not appear to be a
plausible mechanism to open the gap seen in the T Cha disk. This argument is valid
even in the presence of variability because the timescale for the hole to grow from
the initial gap opening radius to ~20au is longer than the timescale for draining
material by accretion. If the accretion rate in the outer disk is variable then there
will be episodes when the inner disk refills and there is accretion onto the star, which
will reduce the gap size.

Both cavities and gaps are expected from planet-disk interactions. While a
cavity can be opened by a massive planet, Pinilla et al. (2016a) demonstrated that
an inner disk can be maintained at timescales greater than 1 Myr for planets of
mass ~ 1.0 Mj,,. More massive planets filter out all kind of grains (from micron-
to mm/cm-sized particles), and as a result the inner disk is gone after few million
years of evolution.

The spatial segregation of small and large particles seen in T Cha, as observed
in the NIR and mm-emission respectively, is another expected outcome of planet-
disk interactions, because the small grains are expected to follow the gas while the
large grains move and accumulate in pressure maxima. Indeed, radial segregation
of small vs. large grains has been observed in different transition disks following
the expected results from planet-disk interaction models (Garufi et al., 2013; Pinilla
et al., 2015b). Using the wavelength-dependent grain size relationships resulting

from the 2D hydrodynamical and dust evolution models of de Juan Ovelar et al.
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(2013), we can constrain the mass of the potential embedded planet inside the gap.
With the values reported in Table 3.2, we find RyanNir/BRpeakmm = 0.8 which implies
a 1.2 Mj,, planet in the single-planet scenario and with the specific disk properties
assumed in de Juan Ovelar et al. (2013) (model outcomes are sensitive to disk
properties, especially viscosity). The planet mass is consistent with the upper limits
reported in Pohl et al. (2017), leaving open the possibility that the gap in the disk
of T Cha is carved by a giant planet.

While a large millimeter gap can be consistent with a single planet, Dong &
Fung (2017) show that the width of a single-planet gap observed at near-infrared
wavelengths should be only ~ 30 — 40% of the gap radial location. Using Rya.nNir
from Table 3.2 and the coronagraph mask diameter of 185 mas gives a minimum
NIR gap width of ~ 18au, which is >64% of the gap’s radial location. As such it
is unlikely that the gap in the disk of T Cha is opened only by one planet. Rather
multiple embedded planets, whose individual gaps overlap, contribute to open the
large observed gap.

In summary, we find that the most likely origin for the gap in the disk of T Cha
is due to planet-disk interactions. If the gap is carved by a single planet, we find
that a mass of 1.2Mjy,, is required. However, because of the large gap width,
multiple less massive planets with overlapping gaps are more probable. Future
ALMA observations could constrain the size of a potential gap in the gas surface
density (e.g. van der Marel et al., 2016), which is crucial to distinguish between

single or multiple planets (e.g. Zhu et al., 2011).
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CHAPTER 4

The evolution of dust-disk sizes from a homogeneous analysis of 1-10 Myr-old stars

4.1 Introduction

Protoplanetary disks, consisting of gas and dust around young (~1-10 Myr) stars,
are the sites of planet formation. Because the expected population of planetesimals
(km-sized bodies) or larger planetary embryos within these disks is not directly
observable, we rely on millimeter observations sensitive to the largest detectable dust
grains to constrain the timing, location, and mechanics of planet formation. The
radial distribution of these mm/cm sized grains within the disk is a key parameter
governing the planet making potential of a disk. For instance, in the pebble accretion
scenario, the total amount of millimeter-sized grains and their inward flux are critical
to form planets (e.g Ormel et al., 2017).

Millimeter surveys of protoplanetary disks reveal typical disk properties, as well
as their spread, and can be used to identify empirical relationships between disk
properties and disk/host-star properties. Such relations are essential to test and
inform planet formation (e.g. Mulders et al., 2015; Pascucci et al., 2018), as well as
in understanding the diversity of observed exo-planetary systems.

ALMA surveys of the nearby low-mass star-forming regions of Lupus,
Chamaeleon I and USco (Ansdell et al., 2016; Pascucci et al., 2016; Barenfeld et al.,
2016, respectively) each found a positive correlation between the mass in millimeter
grains (hereafter, My, ) and stellar mass (hereafter, M,) for their respective region.
It was also shown that the relationship steepens with the age of the region (Pas-
cucci et al., 2016), suggesting that the amount of pebbles available to form planets
decreases faster for disks around low-mass stars.

Pre-ALMA observations of the brightest disks in different star-forming regions
reported dust disk outer radii ranging from 22 to 440 au (Isella et al., 2009; Andrews
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et al., 2010; Guilloteau et al., 2011). In addition, a correlation between disk size and
disk luminosity (Lym) was identified early on (Andrews et al., 2010). However, only
the ~ 3 times larger SMA sample analyzed by Tripathi et al. (2017a) could quantify
the relation and found that L., scales as the square of the dust disk radius.

Dust disk size estimates from ALMA surveys have been carried out for Lupus
(Tazzari et al., 2017; Andrews et al., 2018b), USco (Barenfeld et al., 2017) and the
Orion Nebula Cluster (Eisner et al., 2018), yet each has been performed with dif-
ferent modeling techniques and assumptions. Tazzari et al. (2017) estimated Lupus
disk sizes by fitting a two layer model (Chiang and Goldreich, 1997) to visibilities,
and found that Lupus disks tend to be larger than previously reported disk sizes in
Tau/Aur and Oph observed at similar angular resolutions. Andrews et al. (2018b)
estimated the disk sizes of Lupus by fitting Nuker brightness profiles, and compared
them to the disk sizes of Tau/Aur and Oph as estimated by Tripathi et al. (2017a)
and did not come to the same conclusion that the Lupus disks are generally larger.
While both works analyzed sub-samples of the same ALMA campaign, the Andrews
et al. (2018b) sample was ~ 2 times larger than the Tazzari et al. (2017) sample
which had a 4mJy cutoff, excluded unresolved disks as well as disks with resolved
gaps or cavities. However, both works determined that disks within Lupus have a
positive correlation between disk size and Ly,,. Barenfeld et al. (2017) estimated
the sizes of disks within the older USco region by fitting radiative transfer models to
visibilities using a truncated power law for surface density. They found USco disks
to be typically three times smaller than the disks in Oph, Tau/Aur and Lupus, and
suggested that USco followed the same positive correlation between disk size and
Lym as Tripathi et al. (2017a). Finally, Eisner et al. (2018) measured disks within
the Orion Nebula Cluster by fitting a 2D elliptical Gaussian to ALMA continuum
maps. Their work found a correlation between disk size and L., as well, and ad-
ditionally suggested that Chamaeleon I disks, using HWHM measurements from
Pascucci et al. (2016) for Chamaeleon I disk sizes, are significantly smaller than
Oph, Tau/Aur, and Lupus.

While trends seen within each region are robust, inferences among regions might
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be compromised by the use of varying modeling techniques (i.e. image plane mea-
surements, radiative transfer modeling, visibility fitting with profiles generated by
different functions) and assumptions (i.e. opacity, paramaterized disk height, fixed
surface density slope, disk temperature, inner radius location). Andrews et al.
(2018b) addressed this problem by comparing the regions of Oph, Tau/Aur and
Lupus in a homogeneous way, finding that mm-luminosity scales as the square of
the dust-disk radius was common to all three regions. This suggests that the scaling
law between disk radius and stellar luminosity may be universal.

In this work we expand on the results of Tripathi et al. (2017a) and Andrews et al.
(2018b), using the same modeling techniques in order to present a homogeneously
derived census of disk sizes within five regions of varying ages. In Section 4.2 we
discuss our sample selection, consisting of a combination of disk size estimates from
literature for Oph and Tau/Aur (Section 4.2.1) with our own estimates for disks
within Lupus, Chamaeleon I and USco (Section 4.2.2). Our reduction of the ALMA
observations is discussed in Section 4.3. To estimate disk sizes, we model observed
sky brightnesses using axisymmetric radial-profile models which are fit to ALMA
visibilities (see Section 4.4). Because not every source is detected, or results in
a model that provides a disk size estimate, Section 4.4.1 provides details on the
selection criteria we use for the final sample of disks used in our analysis. In Section
4.5 we summarize our results and compare disk sizes between regions. We use a
variety of statistical tests to assess if relationships exist between disk properties
and stellar-host properties in Section 4.5.1. Finally, we discuss and summarize our

results in Sections 4.6 and 4.7.

4.2 Initial Sample Selection

We aim to obtain a representative sample of stars with protoplanetary disks from
different regions spanning a range of ages. In order to make a proper comparison,
we have also chosen regions observed at similar wavelengths and spatial scales (see

Table 4.1). Each of the disks included in this work belongs to the following 5 regions:
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Table 4.1. Regions included in our analysis

Region Telescope A Typical Beam
(um) (arcsec)
Oph SMA 880 0.41 —0.78
Tau/Aur SMA 880 0.41 —0.78
Lupus ALMA 935-954  0.28 — 0.35
Chamaeleon I ALMA 884-887 0.5—-0.7
USco ALMA 876-975  0.35—0.75

Ophiuchus which is ~ 1-2 Myr (Luhman and Rieke, 1999), hereafter Oph; the Taurus
& Auriga Complex which is ~ 1-3 Myr (Luhman, 2004), hereafter Tau/Aur; Lupus
which is ~1-3Myr (Comeré6n, 2008; Alcald et al., 2014); Chamaeleon I which is
~ 2-3 Myr (Luhman, 2008), hereafter Cha I; and the Upper Scorpius OB association
which is ~ 5-11 Myr (Preibisch et al., 2002; Pecaut et al., 2012; Slesnick et al., 2008),
hereafter USco.

We use previously published disk sizes for Oph and Tau/Aur with observations
obtained by the Submillimeter Array (SMA; see Section 4.2.1 for more details),
while we estimate sizes for disks in Lupus, Cha I, and USco from archival ALMA
data (Section 4.2.2). Stellar masses are also derived homogeneously for the latter
three regions after re-scaling literature stellar luminosities to the Gaia DR2 distances

(Section 4.2.2).

4.2.1 Oph and Tau/Aur

We include in our analysis previously derived disk sizes for sources in the Oph and
Tau/Aur star-forming regions (Tripathi et al., 2017a), relying on the Gaia-updated

values reported in Andrews et al. (2018b). From the entire sample of 50 disks we
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exclude TW Hya, HD 163296, and LkHa 330 because they do not belong to Oph
nor Tau/Aur.

Andrews et al. (2018b) derived disk sizes also for 56 sources belonging to the
Lupus star-forming region, from ALMA observations originally presented in Ans-
dell et al. (2016). We use these literature values only to verify that our modeling
approach delivers the same results (Section 4.2.2 and Appendix B.1.1) and justify
the extended comparison of disk sizes carried out here. We note, however, that
the Oph and Tau/Aur samples come from flux-limited SMA observations, and con-
sequently are biased towards brighter objects than the Lupus, Chamaeleon I, and

USco samples. We take this bias into account when interpreting the results.

4.2.2 Lupus, Chamaeleon I, and USco

To test if our approach for estimating disk sizes delivers the same results as Tri-
pathi et al. (2017a) and Andrews et al. (2018b), we re-reduce and re-analyze the
ALMA data from the Lupus star-forming region. We include in our sample all the
62 detections from the ALMA project 2013.1.00220.S (PI: Johnathan Williams)
as presented in Ansdell et al. (2016). As discussed in Appendix B.1.1 and shown in
Figures B.1 and B.2, our method retrieves the same disk sizes as those in Andrews
et al. (2018b) for most sources, as well as the same disk size-millimeter luminosity
relation within the quoted uncertainties. Because the uncertainties reported in An-
drews et al. (2018b) are systematically lower than ours (see Appendix B.1.1), we
prefer to use the inferred disk sizes from our modeling in the analysis and discus-
sion sections of this paper in order to have consistent uncertainties across all of our
samples.

For the Chamaeleon I region, we include as part of our sample the 66 detec-
tions reported in Pascucci et al. (2016) from ALMA project 2013.1.00437.8 (PL
Pascucci, 1.). Five detections and nine non-detections from that project were re-
observed at 5 times higher sensitivity in project 2015.1.00333.8 (PI: Pascucci, I.).
We use the 11 detections reported in Long et al. (2018), giving us a total of 72

Chamaeleon I disks.
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Finally, USco was observed in projects 2011.0.00526.S and 2013.1.00395.8S
(PI: Carpenter, J.) and results were originally presented in Carpenter et al. (2014)
and Barenfeld et al. (2016) respectively. To estimate disk sizes we have selected

those 50 USco targets that were detected.

Stellar masses

For Lupus, Chamaeleon I, and USco we also re-derive stellar masses in order to (a)
have self-consistent values for the ALMA datasets, and (b) take advantage of the
newer Gaia DR2 distances. Stellar masses are determined following the Bayesian
inference approach described in Pascucci et al. (2016). First, we collect stellar
effective temperatures and bolometric luminosities from the literature: For Lupus
we rely on Alcald et al. (2014); Biazzo et al. (2017); Frasca et al. (2017); Andrews
et al. (2018b); For Chamaeleon I on Manara et al. (2016, 2017); while for USco we
rely on Barenfeld et al. (2016). Then, we scale these luminosities to the new Gaia
DR2 distances. For sources in Chamaeleon I and USco we query distances from the
Bailer-Jones et al. (2018) Gaia catalogue. When there is no DR2 distance available,
we use the median sample distance of 190 pc for Chamaeleon I and 144 pc for USco,
both of which agree with the values obtained from all members of each region (see
Roccatagliata et al. 2018 and de Zeeuw et al. 1999). For our Lupus sample, we
take the GAIA DR2 distances as presented in Andrews et al. (2018b). J11072825-
7652118 (Chamaeleon I) and J16141107-2305362 (USco) have anomalously large
DR2 distances (744 pc, and 6011 pc respectively). For these three sources we also
use the median distance of each region as given above. Following Pascucci et al.
(2016), we assume an uncertainty of 0.02 dex in the stellar temperature for spectral
types earlier than M3 and 0.01 dex for later spectral types and a 0.1 dex uncertainty
on all stellar luminosities. Table B.1 within Appendix B.2 summarizes the adopted

and inferred stellar parameters for Lupus, Chamaeleon I, and USco.
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4.3 ALMA Observations and Data Reduction: Lupus, Cha I and USco

We re-reduce band 7 (~ 880 — 975um) observations of similar sensitivity for the
sample of disks presented in Section 4.2.2. The data reduction steps that lead to
the calibrated visibilities are described below.

In general, the raw data is taken from the ALMA archive and measurement sets
are built using the calibration scripts created by the North American ALMA Science
Center (NAASC). For this step we use the same version of the Common Astron-
omy Software Applications (CASA, McMullin et al. 2007b) as used by the NAASC
noted within the downloaded scripts. These scripts perform phase, bandpass and
flux calibrations and create the standard CASA measurement sets containing the
visibilities.

Because the 8 outermost edge channels in each spectral window are typically
noisy, we remove them from our measurement sets. Next, we average the measure-
ment sets in time and by channel. The parameters used to do time averaging and
spectral window averaging are unique to each source with the goal of ending up with
similarly sized (in number of data points) data sets. Typically, we average spectral
windows by widths of 19 channels. We average our data in time by a variable num-
ber of seconds based on the total amount of data available to us (this varies by
exposure time and number of baselines). However, we constrain all time averaging
to be between 2 and 30 seconds. For these steps, we use CASA version 4.7.2-el6.

Measurement sets from the project 2011.0.00526.S (USco) were directly pro-
vided by the PI and co-author J. Carpenter. For these sources we used a width of
22 channels for the spectral window averaging.

Calibration of the sources in projects 2015.1.00333.S (Chamaeleon I) and
2013.1.00395.8 (USco) were performed using CASA version 4.7.2-el6. Calibra-
tion of the sources in science goal A001_X11d_X13 (Chamaeleon I) and project
2013.1.00220.S (Lupus) was performed using CASA version 5.1.1-5.e17. These
exceptions were required due to incompatibilities between the NAASC provided

calibration scripts and system libraries.
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In addition, for the 10 brightest Chamaeleon I disks!, we use self-calibrated
visibilities from Pascucci et al. (2016). The disk sizes resulting from self-calibrated
visibilities are the same as those derived from non-self-calibrated visibilities, hence

we do not apply self calibration to the other regions.

4.4 Modeling Method

In this section we describe our approach to model the calibrated continuum visibili-
ties and our procedure for determining the dust disk outer radius (Reg). To expand
upon the results presented in Tripathi et al. (2017a) and Andrews et al. (2018b), we
use a similar method to derive disk sizes for Lupus, Chal and USco.

As high-contrast asymmetries seem to be uncommon even in high-resolution
ALMA images (Long et al., 2018; Andrews et al., 2018a), we assume axisymmetric
disks and use a parametric radial intensity profile to fit the disk intensity in the
visibility domain.

For all modeling, we fit disk inclination (i), position angle (PA), and disk center
offsets (dRA, dDec) in addition to the free parameters connected to the chosen radial
profile function described below. All modeling also includes a nuisance parameter
(Inwcorr) defined as the natural logarithm of the factor by which the weights of the
observed visibilities are overestimated.

For all disks, we test two different functions for generating the radial profile
shape: a Nuker profile (Lauer et al., 1995b) and a Dirac delta function (point source).
By comparing the best-fit models of each function (using the reduced x?) for a given
source, we are able to determine if the disk is resolved (Nuker fits better) or not
(point source fits better).

The Nuker profile was shown by Tripathi et al. (2017a) to be a useful radial
profile function thanks to its ability to reproduce the sky brightness of both full and

transition disks. The radial intensity of a Nuker profile is expressed as:

!These disks are: J10581677-7717170, J10590699-7701404, J11022491-7733357, J11040909—
7627193, J11074366-7739411, J11080297-7738425, J11081509-7733531, J11092379-7623207,
J11094742-7726290, and J11100010-7634578.
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o-n(g) [ ()] .

where r is the radial distance, Fj is the amplitude coefficient, Ry is the transition
radius, « is the transition index, while v and § are indexes that define the inner and
outer cutoff, respectively. Figure 2 in Tripathi et al. (2017a) nicely illustrates how
each parameter affects the shape of the Nuker profile.

For a given profile (Nuker or point source), we produce a synthetic disk image
which is Fourier transformed and sampled at the same spatial frequencies as our
observational data using GALARIO (Tazzari et al., 2018). Our modeled visibilities
are fit to the real and imaginary parts of the observed visibilities using the em-
cee implementation (Foreman-Mackey et al., 2013b) of the Markov Chain Monte
Carlo method (MCMC). Uniform priors are used over a parameter space defined as:
Ry € [0.005,3]au, v € [—11,4], log«[0.3,1.3], 8 € [1,17], log Fy € [3,12]Jy/Sr, i
€ [0,90] deg, PA € [0,179] deg, dRA € [—3, 3] arcsec, dDec € [—3, 3] arcsec, Inwcorr
€ [—10, 10]. We cover this parameter space with 70 chains (ensemble sample walkers)
which individually take 100,000 steps in order to sample the posterior probability
distribution function (PDF). The location of each walker is initialized using random
draws from a truncated normal distribution about the median value for each pa-
rameters following an initial MCMC burn in cycle using 100 walkers and 1000 steps.
An example best fit model for the source J16085468-3937431, is given in Figures 4.1
and 4.2, all other fits are provided in the electronic version of this paper.

MCMC fitting produces a chain of models. We use the autocorrelation length as
a guide to understand at what point in the chain convergence occurs. This typically
happens well before 10* steps per walker, leaving us with approximately 6.99 x 10°
samples per disk. We then conservatively ignore half of the converged chain length
and only consider the 3.5 x 10% samples from the end of the MCMC chain to estimate
the posterior probability density function (PDF), and parameter uncertainties.

The bounds of the parameter space explored by the MCMC walkers for the
variables 7, PA, dRA, dDec and Inwcorr is the same for all regions. The remaining

free parameters explored is determined by the radial profile being modeld (Nuker or
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Figure 4.1 Comparison of the ALMA 887 um observation of J16085468-3937431 with
our best-fit model. The first panel shows the ALMA observation as a continuum map
generated using the CASA clean command with Briggs weighting with a robustness
parameter of 0.5. The middle panel shows a continuum map generated from our
model using the same UV spacings as the ALMA observation. The last panel shows
the residuals between the first two panels (residuals of 3, 5, and 10 sigma are denoted
as outlines).

point-source). For these parameters, the bounds are adjusted for each star-forming
region based on prior exploration of the parameter space to ensure no truncation of
the posterior distributions. The boundaries we chose are similar to those in Tripathi
et al. (2017a) and Andrews et al. (2018a), and are chosen to cover well the posterior
distribution.

At this point it is important to point out that the physical parameter we are
interested in, disk size, is not one of the free parameters being fit, and additionally,
the Nuker profile has no distinct outer edge. To deal with these two issues and
following Tripathi et al. (2017a), we estimate the effective radius (Reg), the radius
at which a given fraction (x) of the cumulative flux is contained. Here, we compute
two Reg: Rgg, the radius containing 68% of the flux, to connect our results to the
low- and medium-resolution disk surveys (Tripathi et al., 2017a; Andrews et al.,
2018b); and Ryg, the radius containing 90% of the flux. The latter is done primarily
to test how well low- and medium-resolution surveys recover disk radii obtained via
high-resolution ALMA surveys (Long et al., 2018; Huang et al., 2018), although we
also find it useful when comparing our disk sizes with dynamical features in the

Solar System (see Section 4.6.2).
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Figure 4.2 A comparison of our model with the observed visibilities for the source
J16085468-3937431. The real and imaginary components of the observed visibilities
(filled circles) are azimuthally averaged and deprojected. For the clarity of the figure,
the visibility data is further binned in increments of 10kA. Our best-fit (Nuker
profile) model is plotted in red. Plot made with the UVPLOT package (Tazzari,
2017).
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Figure 4.3 Corner plot of the free parameters generated from the MCMC fitting of
J16085468-3937431. Marginalized distributions are shown as histograms at the top
of each column. Parameters with names preceded by “N1” refer to the corresponding
Nuker parameters (see Equation 4.1). Parameters used to deproject and center the
disk are inclination (inc), position angle (PA), right ascension offset (dRA), and
declination offset (dDec). The last column is the fitted weight correction factor
(Inwcorr; see Section 4.4).
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We randomly sample 5000 models from the second half of our MCMC chain, and
for each model we calculate R.g. This gives us a posterior distribution of disk sizes.
We take the median value to be our R.g estimate, and quantiles of 16 and 84% as
our upper and lower confidence intervals.

In order to determine wheter the observations resolve the source or not, we
independently fit and test models created by both a Nuker profile (resolved) and a
point source (unresolved) for each observation. The reduced chi-square statistic of
the best Nuker profile and best point source model are compared. In cases where
the point-source results in a better fit, we determine that the source is unresolved.
To compute the upper-limit on the size of unresolved sources, we take the results
of the Nuker model, and use the 84th percentile Rt (what would be the upper
confidence interval on a resolved source) as the Re.s upper limit. We expect that
these disks are most likely limited by the resolution of the telescope, but take this
conservative approach in order to not misinterpret disks that are large and faint
(sensitivity limited).

Occasionally we notice walkers stuck within local minima of our posteriors. This
appears to happen in less than 15% of our sources. Because not all of these stuck
walkers are identifiable by eye, we make no attempt to remove them in order to
safeguard against introducing systematic errors. However, we measured the impact
of stuck walkers on several sources and found that the decision to leave the chains
unaltered ultimately results in small changes, and slightly larger errors, in our R
estimates. For example, an estimation of Rgg for J16000236-4222145 with, and with-

out stuck walkers results in values of 81.67759 and 85.287552 arcsec respectively.

4.4.1 Subsample of systems with estimated disk sizes

While we have modeled all of the detected sources within the Lupus, Chamaeleon I,

and USco regions, we do not use every source in the remainder of our analysis.
Unless otherwise noted, we have removed from our sample, disks around multiple

star systems with separations < 2.0” in order to make our sample consistent with

those in Tripathi et al. (2017a) and Andrews et al. (2018b). These papers imposed



85

the separation threshold to exclude disks that might have their sizes truncated by
dynamical interactions with their companions (see, e.g. Manara et al., 2019). How-
ever, we do not impose a flux cutoff of 2 mJy as in Andrews et al. (2018b).

Additionally, we find 15 disks with best-fit models that we do not trust, hence we
remove them from our analysis. The details and further discussion of the excluded
models is given in Appendix B.3. This leaves us with 152 disks: 50 from Lupus, 58
from Chamaeleon I and 44 from USco which we include in our analysis.

To better determine if our final disk samples are representative, or biased (be-
ing a subset of each region’s complete disk population), we attempt to reproduce
previously reported disk-host (log Mgus; — log M,) relationships with our subset of
disks (using the equivalent log L, — log M, relationship). With the exception of
Oph, this relationship has been quantified in Ansdell et al. (2016) and Pascucci
et al. (2016), and we use the fitting slopes reported in Pascucci et al. (2016) for our
comparison given that stellar masses in this paper are estimated in the same way.
In those works, a larger sample size for each region (than we use here) is included in
the analysis because they are able to include flux density non-detections. We find
that for our subset of disks in each region, log L., — log M, is correlated for Lupus,
Chamaeleon I and USco, and is not correlated for the regions Oph and Tau/Aur (see
Appendix B.4; Figure B.4 and Table B.2). For the regions with correlations (Lupus,
Chamaeleon I and USco) we find consistently shallower slopes as it is expected from
samples lacking the faintest disks (see Section 4 in Pascucci et al. 2016). The results
of our modeling for individual sources is given in Table B.4.

Appendix B.5 shows that Rgy and Rgg are strongly correlated and we derive an
equation to convert Rgg into Rgg based on our modeling of the Lupus, Chamaeleon I
and USco disks. Additionally, we compare in Appendix B.1.2 disk radii obtained
here from those obtained at high-resolution for 26 sources and demonstrate that

these lower resolution surveys are sufficient to determine dust disk sizes.
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4.5 Results

We present a census of 199 homogeneously derived dust-disk sizes from five star-
forming regions and associations. In this paper, we estimate the sizes of 152 disks:
50 from Lupus, 58 from Chamaeleon I and 44 from USco. Of the 152 disks we
model, we find 85 to be resolved, and 67 to be unresolved. Of the unresolved disks,
20 are in Lupus, 25 in Chamaeleon I and 22 in USco?. To this we add the literature
values for 20 Oph disks and 27 Tau/Aur disks; these disk size estimations were
originally modeled in Tripathi et al. (2017a) but we use the updated values reported
in Andrews et al. (2018b).

Table 4.2 summarizes the median and maximum Rgg and Ry sizes of resolved
disks within each region. Both interpretations of R.g are useful to consider. Rgg
is necessary in order to compare all 5 regions, since only Rgs sizes are available for
Oph and Tau/Aur. Consequently, the majority of our analysis uses Rgg as a proxy
for Re.g. However, Ry better approximates the full extent of the disk, and we find
it useful to consider in the discussion (Section 4.6).

A comparison of the size distribution for each region is shown in Figure 4.4.
Individual resolved disks within each region are shown as swarmplots with a shaded
box surrounding the distribution’s 25-75% quartiles and a horizontal line denoting
the median disk size. Whiskers extend from the shaded boxes defining the 0-25%
and 75-100% quartiles. While it may be tempting to infer a trend of decreasing
disk size with age, it is important to recall that the Oph and Tau/Aur samples are
biased towards higher luminosity disks, and therefore, a direct comparison of size
distributions, in particular of the minimum and median size, between the SMA and
ALMA samples is unjustified. The largest disks, being also among the brightest
(see Section 5.1), are the least affected by the bias mentioned above, as well as by
differences in survey sensitivity and spatial resolution. Table 4.2 and Figure 4.4
show that all regions, except USco, have multiple disks with Rgg greater than 115 au
(while USco has only one disk with Rgg larger than 80 au), hinting that USco disks

2The modeling results of individual sources are given in Appendix B.6
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Resolved disk sizes by region
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Figure 4.4 Swarmplots for resolved disks in different regions, ordered by age. The
boxplots include a shaded region surrounding the Rgg 25-75% quartiles, the horizon-
tal line denotes the median disk size, while whiskers define the 0-25% and 75-100%
quartiles. The regions observed with the SMA are greyed out because they are bi-
ased to the brightest millimeter disks, hence their size distributions should not be
directly compared to the regions observed by ALMA.
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Table 4.2. Summary statistics for resolved disks

RGS (au) Rg() (au)

region count median max  median = max
Oph 20 60.1 138.0
Tau/Aur 25 48.6 167.0
Lupus 30 46.6  128.1 63.2 213.1
Chamaeleon 1 33 33.9 140.9 43.1  231.3
USco 22 26.8 100.8 33.4  126.2

Note. — Oph and Tau/Aur Rgs values are from Andrews

et al. (2018b).

are smaller than those in other regions. This is in agreement with Barenfeld et al.
(2017) who used a different approach to determine USco disk sizes® and concluded
that that they are ~ 3 times smaller than those in Oph, Tau/Aur and the subset of
the Lupus disks modelled by Tazzari et al. (2017).

To further examine if there is a difference in the observed distributions of the
now homogeneously-derived disk sizes, we focus on the three ALMA regions observed
with similar sensitivity and spatial resolution (Lupus, Chamaeleon I and USco) and
show the Rgs cumulative distribution functions (CDF) in Figure 4.5. Uncertainties
on the CDF are determined using the Kaplan-Meier estimator* and include unre-
solved disks with upper limits. However, the CDF uncertainties do not consider
our disk size uncertainties. There are two features in Figure 4.5 that are worth

noting. First, there is a deficit of large disks in USco when compared to Lupus

3Barenfeld et al. (2017) fit power-law models to the dust surface density and carry out continuum

radiative transfer calculations to compute the surface brightness and visibilities.
4We use the Python lifelines (Davidson-Pilon et al., 2019) Kaplan-Meier implementation.
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and Chamaeleon I. Second, all regions host small disks (as small as ~ 15au), and
USco in particular appears to have a population of even smaller disks. However,
the smaller end of the disk-size distributions are impacted by the source distance
combined with the chosen beam size and sensitivity. For this reason we make no
inferences regarding the smallest disks.

In order to test if two regions are drawn from the same empirical distribution
function, we compare each region with every other using the Anderson-Darling test
(Anderson and Darling, 1952). We report the Anderson-Darling statistic and signif-
icance level (sig.) in Table 4.3. The significance level is the level at which we cannot
reject the null hypothesis that the samples are drawn from the same distribution.
The small values of 0.013 and 0.014 suggest that the USco sample is unlikely to
be drawn from the same parent disk-size distribution of Lupus and Chamaeleon I,
respectively. With a significance level of 0.1 we are not able to determine if Lupus
and Chamaeleon I are drawn from differing distributions or not with any high de-
gree of confidence. Oph and Tau/Aur, with their similarly biased samples have a
significance level > 25%, suggesting that there is no difference in the distribution
from which the two regions’ brightest disks are drawn.

To test if these results depend on the selection of Rgg or Rgg, we produced a
Rgo version of Figure 4.5, and performed the Anderson-Darling tests on Lupus,
Chamaeleon I and USco using our Ry, disk sizes and found no significant change in

the observed trends.

4.5.1 Relations between stellar and disk properties

The following two subsections examine the disk size-disk luminosity (log Reg —
log Lyum) and the disk size-stellar properties (log Reg — log M, and log Reg — log L)
relations. In order to determine if empirical relationships can be established, we
apply several statistical tests to the data.

We begin with the Shapiro—Wilk normality test (Shapiro and Wilk, 1965) to
determine if the distribution of our bivariate data is normal or not. This is important

as many correlation tests, e.g. the Pearson’s r test, are based on the assumption



Table 4.3. Comparison of Rgg size distributions

Rgs Distributions Anderson-Darling
Region 1 Region 2 stat sig.®
USco Chamaeleon I 3.4 0.014
USco Lupus 3.4 0.013
Chamaeleon I Lupus 1.2 0.105
Lupus Oph 1.2 0.104
Tau/Aur Oph -0.2 > 0.25

*sig., also known as the error rate, indicates the
significance level at which the null hypothesis that
samples are drawn from the same distribution cannot

be rejected.
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that the data follow a normal distribution. The Shapiro—Wilk p-value is the null
hypothesis probability that the sample is normally distributed. In cases where the
p-value is < 0.05 we reject the null hypothesis and conclude that the distribution
is not normal. Otherwise, we conclude that the distribution is likely normal. The
result of this determines which correlation test we use afterward and is described in
further detail below.

For all regions we calculate both the Pearson correlation coefficient (hereafter
Pearson r test) and Spearman’s rank correlation coefficient (hereafter Spearman p
test) and the corresponding p-values. For both tests, the p-value gives the proba-
bility of rejecting the null hypothesis that there is no statistically significant rela-
tionship between the variables, more specifically a linear relation for the Pearson’s
r test and a monotonic one for the Spearman p test. In cases where the p-value for
the chosen statistic is < 0.05 we consider the data to be correlated. As mentioned
above, the Pearson’s r test requires the data to be bivariate normal. For this reason,
we use the Pearson’s r test to establish if there is a linear correlation only when
our data are normally distributed, as found by the Shapiro—Wilk test. In all other
cases, we rely on the Spearman p to test for the existence of a monotonic relationship
between variables. Note that while the Spearman p does not need the variables to
be normally distributed, it does require that they are converted into a rank-order
(ordinal) data set.

A limitation of all these statistical tests is that they do not include upper-limits
and uncertainties in the assessment. As such, and for comparison with results al-
ready reported in the literature, we might fit linear relationships even if our cor-
relation tests result in a probability larger than 0.05 that the variables are not

correlated.

Disk radii and millimeter luminosities
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Figure 4.6 Fitting of log R — 10g Lyym. The first 5 panels (left to right; top to
bottom; ordered by region age) show the model results of each region as circles
(resolved) and triangles (upper-limits). The best fit from MCMC linear regression
is plotted as a black line, and surrounded by our 68% confidence intervals in grey.
The last panel replots the bests fits of each region (and the corresponding 68%
confidence intervals) so that they can be directly compared. Fit parameters for each
region are given in Table 4.4.
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Recently, Andrews et al. (2018b) demonstrated that the dust disk effective radius
(Regr) and the millimeter luminosity (Lnm) scale in the same way for their Oph,
Tau/Aur, and Lupus samples as Reg o< L% . Thus, one might infer that such a
relationship is universal and apply to all star-forming regions. Here, we demonstrate
that this is not the case and that the log Reg — log Ly, slope flattens moving from
the younger to the older star-forming regions.

Figure 4.6 shows the inferred disk sizes (circles) or upper limits (downward tri-
angles) as a function of Ly,y,. Values for Oph and Tau/Aur are from Andrews et al.
(2018b) while for the other three regions are from this work (see Sections 4.2.1 and
4.2.2). For all regions, we see the general trend of larger disk sizes for brighter disks,
although USco covers a smaller range in Ly, than other regions and the scatter is
large. Indeed, when we apply the non-parametric Spearman’s rank correlation test
to the disks with a measured dust radius (circles), we find positive values (Reg in-
creases with L,,,) and probabilities (p-value) lower than 5% that the two quantities
are uncorrelated in all regions except USco (see Table 4.4).

Next, following Andrews et al. (2018b), we fit the log Reg — log Ly, relation in
each individual region taking into account measured R.g, the associated uncertain-
ties, as well as upper limits in R.g. For this task we use the Bayesian method of
linear regression described in Kelly (2007) (as implemented in the 1inmix code by

Joshua E. Meyers) and specifically fit the following linear relation:

log Reg = o + Slog Ly (4.2)

where o and (3 are the intercept and the slope, respectively. The best fit parame-
ters for each region, together with the scatter of the relation (o) and the correlation
coefficient (p), are reported in Table 4.4.

We find that p, which is estimated accounting for uncertainties and upper limits
(but assumes bivariate-normal data), is positive and larger than the Spearman p
correlation coefficient in all regions. This may be particularly important for USco,
where the Spearman p coefficient of -0.27 and large p-value suggest no log Reg —

log Ly, correlation for sources with measured disk sizes, while the 1inmix p value
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of 0.67 points to a positive correlation, albeit less strong than in the other younger
star-forming regions. The first five panels of Figure 4.6 visualize the best fit for each
region with the grey shadowing highlighting the 68% confidence intervals. The sixth
panel of Figure 4.6 summarizes the results and emphasizes the main finding of our
analysis that the log Reg — log Ly, relation is not universal.

We do not perform a fitting for the combined sample of all regions due to dif-
ferences in the estimated disk size uncertainties between the SMA and the ALMA

samples and our finding that not all regions share the same log R.g—log L, relation.

Disk radii and stellar properties

Several works have pointed out that L, which (if optically thin) probes the dust
disk mass, is positively correlated with stellar properties like stellar bolometric lu-
minosity (L,) and stellar mass (M,) in most star-forming regions, (e.g., Andrews
et al., 2013; Ansdell et al., 2016; Pascucci et al., 2016). However, the relation-
ship between R.g and these same stellar properties has been less explored. An-
drews et al. (2018b) find log Reg — log M, and log Res — log L, to be correlated
(Reg o< M, o< L,%3) for the combined Tau/Aur and Lupus samples but to a lesser
degree than log Reg —log Ly,,. In this section we investigate whether such relations
are present in individual regions.

Figures 4.7 and 4.8 show the inferred disk sizes (circles) or upper limits (down-
ward triangles) as a function of M, and L,, respectively. Tables 4.5 and 4.6 report
the statistical tests described in Section 4.5.1 as well as the 1inmix best fit parame-
ters and correlation coefficient p. For the two regions that are most biased to bright
millimeter disks (Oph and Tau/Aur), we can confidently conclude that there is no
correlation in log Reg — log M, nor in log R.g — log L.

Interestingly, for Chamaeleon I, which covers the largest range in L,, we can
rule out a log Reg — log L, correlation with a high level of confidence (correlation
coefficient=0.17 and p-value=0.35). The situation is different for USco where we can
not rule out a weak log R.g — log L, relation, the Spearman p correlation coefficient

is 0.29 with a p-value of 0.19 and p is 0.72.
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The log Reg — log M, within Chamaeleon I suggests a weak relation with a corre-
lation coefficient=0.37 and p-value=0.033. The two remaining regions (Lupus and
USco) have Spearman p correlation coefficients (0.29 and 0.34) and p-values (0.07
and 0.19) where we can not completely rule out a weak or marginal correlation
between R.¢; and M,, but correlations are not strongly supported.

Finally, the Lupus region appears to have some degree of correlation in log R.g —
log Ly, but likely not in log Reg — log M,. When we combine the Oph, Tau/Aur,
and Lupus samples and refit the log R.g — log M, relation with linmix we find p =
0.63700¢, the same as for Lupus. Thus, we conclude that the weak log R.q — log M,
correlation reported by Andrews et al. (2018b) for the SMA+ALMA samples (mostly
Oph, Tau/Aur, and Lupus) with a coefficient of p = 0.54 is mostly driven by the
Lupus sample. Similarly, when we combine Oph, Tau/Aur, and Lupus samples and
refit the log Reg — log L, relation, we find a coefficient of p = 0.64105 consistent

with the findings in Andrews et al. (2018b) for the same joint sample.
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4.6 Discussion

In the following sections we compare the size distributions found in each region
(Section 4.6.1), define and compare our inferred disk sizes with the outer edge of the
Solar System (Section 4.6.2), and discuss disk-disk and disk-host scaling relations
(Section 4.6.3).

4.6.1 Comparison between regions

In Section 4.5 we use several statistical approaches to assess how similar, or different,
the distributions of disk sizes are in our sample regions.

When compared to other regions USco lacks large dust disks. The vast majority
(> 75%) of resolved disks within USco have sizes that fall below the Lupus and
Chamaeleon I median disk sizes. Barenfeld et al. (2017) compared their USco disk
sizes with the inhomogeneously derived sizes of Oph, Tau/Aur and Lupus ® and
concluded that USco disks are three times smaller. We also find that the typical
disk in USco is smaller than the typical disk in Lupus or Chamaeleon 1. However,
the difference is not as great: the median disk size in USco is 1.7 times smaller than
that in Lupus and 1.3 times smaller than that in Chamaeleon I. We believe that
the difference between our results and Barenfeld et al. (2017) is due to the fact that
the latter has used inhomogeneous disk size estimations as well as samples biased to
the brightest disks in Oph, Tau/Aur, and Lupus. Because the disks from Oph and
Tau/Aur are biased towards only the brightest disks, the only conclusion we can
make is that USco lacks the large disks seen in both of those regions. The decrease
in median disk size from the younger Lupus and Chamaeleon I to the older USco
may be interpreted as an evolution of the disk outer edge caused by e.g. efficient

inward drift of millimeter grains (Pinilla et al., 2013; Krijt et al., 2015; Pascucci

®The comparison by Barenfeld et al. (2017) made use of Lupus dust-disk sizes from Tazzari
et al. (2018) which considered a sample that excluded edge-on disks, disks with sub-structures and
disks with mm-flux < 4mJy, resulting in ~ 50% of the objects modelled in Andrews et al. (2018b)

or this work.
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et al., 2016); growth of millimeter grains into planetesimals (Barenfeld et al., 2017;
Gerbig et al., 2019; Lenz et al., 2019); or external photoevaporation in the higher
UV field of the USco OB association (Facchini et al., 2016; Barenfeld et al., 2017).
Measuring gas disk sizes in these three regions should help to discriminate between
internal vs external processes.

Eisner et al. (2018) reported that the population of disk sizes within
Chamaeleon I was significantly smaller than that of disks in the younger regions
of Oph, Tau/Aur, and Lupus. However, we do not arrive at the same conclusion.
As previously mentioned, we find that Chamaeleon I disks are not significantly
smaller than Lupus, and span a similar range in disk sizes. Chamaeleon I, when
compared to Lupus in Figure 4.5, hints at a enhanced population of disks between
15 and 25 au, and a decreased population of disks between 30 and 65 au.

The differing result from Eisner et al. (2018) is likely due to several factors.
First, their work compares inhomogeneously estimated disk sizes, e.g. FWHDMs
from Pascucci et al. (2016) for Cha I with exponential cutoff radii of a power-law
disk from Tazzari et al. (2017) for Lupus. Second, the entire Chamaeleon I disk
population is compared with luminosity biased samples in Oph, Tau/Aur, and even
Lupus (only the sub-sample in Tazzari et al. (2017) was available at that time).
Lastly, the cumulative disk-size distributions used for comparison in Eisner et al.
(2018) are not consistently constructed, leading to a different definition for what a
probability of unity means in each region. For instance, the Chamaeleon I sample
appears to include all sources that were targeted in Pascucci et al. (2016), whether
they were detected or not, the USco sample includes only resolved sources, while
the Lupus sample appears to include detected sources, whether they were resolved

or not.

4.6.2 The outer edge of the Solar System

Stellar encounters (e.g. Ida et al., 2000; Kenyon and Bromley, 2004) and external
photoevaporation by massive stars within a star cluster (e.g. Adams et al., 2004)

have been suggested as mechanisms connected to the formation of the Solar System’s
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outer edge. In this section we look into whether or not our results can test these
models which utilize edge truncation to explain the size of the Solar System.

The region of the Solar System beyond Neptune (the trans-Neptune region or
Edgeworth—Kuiper belt) is populated with icy bodies (TNOs) which fall into distinct
classes based on their dynamical properties. There is a decrease in the population
of TNOs beyond 48 au, and the population of objects with nearly circular orbits
effectively ends at 45 au (e.g. Petit et al., 2011). This outer edge of the Kuiper
belt appears well defined and is not an observational bias (Allen et al., 2001; Mor-
bidelli et al., 2008). Because the region beyond this edge is dynamically stable on
timescales longer than the Solar System’s lifetime (Duncan et al., 1995), a primor-
dial population of planetesimals beyond 45 au — had it existed — should have been
retained.

Determining if the outer edge of the Solar System’s primordial planetesimal
disk was located at, beyond, or interior to the present Kuiper belt’s edge would
test hypotheses which evoke an outer-edge modifying event. This work does not
directly probe the history of the Solar System. However, if we take the location
of dust observed in our disks to be an indicator of the location of planetesimals
(or planetesimal formation), and if we interpret the outer edge at 45-48 au to be
primordial, we can compare the Solar System’s outer edge with our inferred disk
sizes. It is important to be aware that this comparison is between the location of
dust emission in 1-3 Myr old disks and the location of a dynamical and occurrence-
rate feature found within a distribution of 4.5 Gyr old planetesimals. The validity of
this comparison ultimately relies on whether or not the Solar System’s outer-edge
is a feature inherited from its protoplanetary disk.

While stellar encounters and external photoevaporation by massive stars may
impact disk sizes in high-mass star-forming regions, these two mechanisms are most
likely not affecting the disk sizes in Lupus and Chamaeleon I. Winter et al. (2018)
compared the effect of external photoevaporation and close stellar encounters on
disk sizes in typical cluster environments and concluded that tidal truncation due to

stellar encounters are unlikely. They find that significant truncation due to stellar



105

encounters requires a cluster stellar density of 5x 10*pc=3; far larger than the current
stellar densities of Lupus (Nakajima et al., 2000; Merin et al., 2008; Winter et al.,
2018) (< 500pc—®) and Chamaeleon I (Sacco et al., 2017). By comparing Gaia
observations of the structural properties of Chamaeleon I with N-body simulations,
Sacco et al. (2017) concluded that Chamaeleon I likely did not form in a high-
density environment. The number of O- and B- stars in Lupus and Chamaeleon I
is only 2 (Comerén, 2008) and 3 (Luhman, 2008), respectively, ruling out external
photoevaporation as the dominant mechanism setting disk sizes in these low-mass
star-forming regions.

The Solar System, on the other hand, may have formed in a high-density cluster
environment. The review by Adams (2010) argues for a large cluster (N = 103 —10*)
as birth environment, and required a nearby supernova to produce the inventory of
short-lived radio isotopes found in the meteoritic record at the time of writing. How-
ever, more recently Wasserburg et al. (2017) showed that the short-lived radionuclide
abundances of 26Al, Fe, 82Hf and '°“Pd found in meteorites are not consistent
with being injected via sources of mass > 5 Mg, such as supernovae. A small fraction
of presolar grains (X grains) may still link the early Solar System formation to a
nearby supernova event (see Zinner, 2014), but how nearby the supernova would
need to be is not known. Low-mass star-forming regions such as Lupus and Oph
are known to have been influenced by external supernovae (e.g. Comerén, 2008).
Therefore, it remains unclear if the presence of X grains limits the Solar System
birth environment to that of a high-density cluster.

To compare our dust-disk sizes with the Solar System, we utilize the Rgg es-
timates which better represent the full extent of the disk. In addition, we con-
strain ourselves to the younger and lower mass star-forming regions of Lupus and
Chamaeleon I to exclude significant evolution and external processes affecting disk
sizes. Figure 4.9 provides this comparison and shows that the Solar System’s size
falls within the range of Rgyy values found for both low-mass star-forming regions.
We also test if the dust masses of the Lupus and Chamaeleon I disks is consistent,

or discordant, with the Solar System. To get a rough estimate of the mass of the
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primordial Solar System’s dust disk, we sum the masses of solids locked up within
the major planets (~ 30 Mg). Dust disk masses are estimated assuming optically
thin emission and a fixed temperature of 20 K for the emitting grains as in the 20 K
dust-mass calculation described in Pascucci et al. (2016). Figure 4.9 shows that the
mass of solids in the Solar System is larger than the average dust disk mass but still
falls within the range of masses observed in other disks.

When compared to the disks in Lupus and Chamaeleon I, the Solar System
doesn’t appear to be an outlier. It is neither small, nor does it appear to be missing
dust mass. If the initial sizes of protoplanetary disks within high-density and low-
density regions are similar, our results show that the Solar system’s primordial disk
requires no external modification (e.g. stellar encounter or photoevaporation) to
explain its size and mass since it is consistent with a population of disks lacking
truncation. Radial drift of dust grains, which is common to all environments, may
be setting disk sizes. However, if the Solar System formed in a high-density cluster,
and the initial sizes of these disks is not similar to the initial sizes found in low-
density regions, we can come to no conclusion about the history of the Solar System’s

outer edge.

4.6.3 Disk size scaling relations

In Section 4.5.1 we test for the existence of and, if found, quantify empirical relations
between disk sizes (Reg), millimeter luminosities (L), stellar masses (M,), and
stellar luminosities (L,). In this sub-section we discuss our findings in that order,
starting with log Reg — log L.

We find that, in log scale, disk radii are linearly correlated with millimeter lumi-
nosities and that the slope of the log Reg — log Ly, relation is not the same for all
regions investigated here (see Figure 4.6 and Table 4.4). The latter result is different
from earlier works. Previous analysis by Tripathi et al. (2017a) and Andrews et al.
(2018b) found a slope of ~ 0.5 to be common to the Oph, Tau/Aur, and Lupus
star-forming regions. Using a different technique, Barenfeld et al. (2017) showed

that disk sizes in USco, while being a factor of ~3 times smaller than those in Oph
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and Tau/Aur, plot on the same log Reg — log Ly, relation with slope 0.5. This re-
sult has led to speculation that the log Reg — log L, relationship could be universal
(e.g., Rosotti et al., 2019). As the relation implies that the millimeter luminosity
scales with the square of the dust radius, the most commonly adopted interpretation
is that the millimeter emission is mostly optically thick.

Assuming a simple parameterization for the dust temperature profile, Andrews
et al. (2018b) considered whether their log Reg — log Lyym and log Ly, — log Ly re-
lationships for Oph, Tau/Aur and Lupus were consistent with disks being optically
thin or thick. Ultimately, they concluded that neither of the two scenarios could be
ruled out. Here, we focus on the optically thick scenario and repeat Andrews et al.

(2018b) approach for Chamaeleon I and USco. Using the following temperature

o ()7 ()

where ry = 10au for a solar luminosity star, Andrews et al. (2018b) derived

profile:

a relationship connecting the dust effective radius to the stellar luminosity and

millimeter luminosity via the power law index (¢) of the dust temperature profile:
Reg o< L,~1/3C=a, 1/2=q) (4.4)

We can then estimate g for each region using Equation 4.4 and our empirically
measured log Ly, — log L, and log Reg — log Ly, relationships (see Table B.5 in
Appendix B.7 and Table 4.4 in Section 4.5.1 respectively). With an estimate of
¢ in hand, we can test if the resulting temperature profile is consistent with that
expected for optically thin or thick disks. Doing so results in values of ¢ of 0.3270%3
for Chamaeleon I and —0.85"31% for USco. At long millimeter wavelengths and in
the case of optically thin emission, the radial temperature profile can be expressed as
T(r) o< r=2/(4+8) wwhere f3 is the index of the dust absorption coefficient, e.g. Evans
(1994). Thus, for the average 3 of 0.6 (Ricci et al., 2010), we find T(r) oc =% in

the optically thin regime. Partially optically thick emission is characterized by a

steeper dependence with radial distance (e.g., Fig. 5 in Pascucci et al., 2004) close
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to r~% for the midplane of an accretion disk irradiated by the central star (D’Alessio
et al., 1998). The upper bounds of the confidence intervals encompass the optically
thin and thick temperature profiles both for Chamaeleon I and USco. However, the
mostly negative values of ¢ for USco imply a temperature profile increasing with disk
radius, which is highly unlikely, suggesting that the disk emission is not optically
thick.

Andrews et al. (2018b) report finding weak scaling relationships for their joint
sample of Oph, Tau/Aur and Lupus for both log Reg — log M, and log Rz — log L.
We determine that log R.g — log M, is uncorrelated for all but one of our regions
(Chamaeleon I, which has a weak log R.g— log M, correlation), and for the log Reg—
log L, correlation we find a trend only for Lupus. Extending disk radii measurements
to even smaller and less luminous stars could reveal trends also in other regions. This
would require observations more sensitive than those adopted for the initial ALMA
surveys of nearby star-forming regions.

Finally, we would like to speculate on the possible time evolution of the log Reg—
log L, relation utilizing the three regions that have been observed at a similar
sensitivity with ALMA, i.e. Lupus, Cha I and USco. While Chamaeleon I and Lupus
have overlapping ages with large uncertainties (1-3 and 2-3 Myrs respectively), if we
take these ages at face value, we see a flattening of the log Reg — log Ly, relation

moving from the youngest to the oldest region.



109

2.0
] L 1.5
w v ? .. —
5 ¥ | —@ Py ®
10 ] ® ' @ =
= ] ¢ 1.0 <
© =@ Solar System ]
- A e |
S v ? —&! "4 :§
o v u vk v s
F0.5 S
(@)]
, YR W ©
| —V :v
0.0
101
101 1009 -0.5
M. (Mo)

Figure 4.9 The Ry sizes and dust masses for disks in the 1-3 and 2-3 Myr old Lupus
and Chamaeleon I star-forming regions are plotted along with the Solar System in
order to determine if the Solar System (denoted in the figure with a star) should
be considered typical, or a statistical outlier. Disks with constrained size estimates
are shown as circles, and upper limits with triangles. The color of each symbol
(including the Solar System) corresponds to the dust mass.
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4.7  Summary

Using ALMA archival data, we estimate the sizes of 152 protoplanetary disks in the
three star-forming regions of Lupus, Chamaeleon I and USco. This results in the
first homogenous estimation of dust disk sizes between these regions. Because we
use the same approach (visibility fitting using Nuker profiles) as in Tripathi et al.
(2017a) and Andrews et al. (2018b), we add to our analysis their disk-size estimates
for Oph and Tau/Aur, for a total of 199 disk sizes from 5 different regions. While the
5 regions have had their disk-sizes estimated in a consistent way, Oph and Tau/Aur
were observed with the SMA, hence are biased towards the brightest millimeter
disks.

These 5 nearby regions cover the age range over which disks disperse (Ophiuchus:
1-2 Myr; Taurus & Auriga Complex: 1-3 Myr; Lupus: 1-3 Myr; Chamaeleon I: 2-3
Myr; Upper Scorpius OB: 5-11 Myr) and host stars that span the entire stellar mass,
0.08 to 4.68 M,; with typical (16-84% quantile range) stellar masses of 0.17 to 0.89
M,.

Of the 199 disk-size estimates in our entire sample, there are 130 resolved disks
and 69 unresolved disks for which we provide upper limits in the dust radii. Esti-
mated Rgg disk sizes for the entire sample range from 8.5 to 177 au with a median
of 39 au. For the 3 regions with Ry estimates (Lupus, Chamaeleon I and USco), we
find that Rgy range from 10-231 au with a median of 43 au.

Our main results can be summarized as follows:

e For disks around near solar mass stars (M, € [0.85 — 1.15 M ®]) Ry disk sizes
range from 20-103 au. This suggests that the ~ 45 au outer-edge of the Solar
System, if primordial in origin, is not an outlier when compared with typical
1-3 Myr disks, and that a truncating event (e.g. a stellar encounter or external
photoevaporation) may not be required to explain its size. Additionally we find
that the mass of solids in the Solar System falls within the range of estimated

dust-disk masses estimated for our sample.

e We find that the disks in Chamaeleon I are not smaller than those in Lupus as
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previously suggested in Eisner et al. (2018), whose comparison was based on
a sub-sample of Lupus as well as samples from Oph and Tau/Aur all of which

were biased towards higher luminosity sources.

e USco disk sizes are not drawn from the same distribution of disk sizes as Lupus
and Chamaeleon I. In agreement with previous findings, the older USco region
appears to have a population of smaller disks, albeit not by a factor of 3 as
reported in Barenfeld et al. (2017). We find that USco disks are also smaller
than those in Chamaeleon I; our homogeneous analysis finds a difference in

the median values of ~ 1.5.

e Dust disk radii correlate with millimeter luminosity in each of the 5 regions.
However, we find that the log Reg — log Ly, relation is not the same in all
regions but rather becomes flatter for older regions. Uncertainties in each re-
gion’s age, lack of dynamic range in ages, and different stellar environments,
impedes our ability to conclude that disk-size evolution with time is conclu-

sively seen.

e We find no evidence for a correlation between the dust-disk outer radius and

stellar mass in any of the 5 regions we tested.

e Only in the Lupus star-forming region is there a modest correlation between

the dust outer radius and the stellar luminosity.

In relation to the last two points, one should keep in mind that we are
examining only a subset of the entire disk population in each region. While we
find a correlation between L., and M, for our sub-samples, in each region the
correlation is shallower than when the entire population is included (see Section
4.4.1 and Appendix B.4). Therefore, we can conclude that dust radii correlate
less with M, and L, than the millimeter luminosity. Deeper ALMA observations,
especially of disks around low-mass stars, will be necessary to test if a modest

correlation is present between dust disk sizes and stellar properties.
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CHAPTER 5

Conclusion

During the period of this PhD work, the ALMA interferometer has been completed,
providing views of protoplanetary disks that have impacted every area of protoplan-
etary disk research. While ALMA has tempted us with amazing observations of the
resolved structures of dust disks, we are still attempting to understand the major
questions of how, when and where planets form within these disks.

When studying disks, almost all disk properties must be estimated (as opposed to
being measured directly), requiring starting assumptions to do so. For example, to
estimate the disk mass (Mg,s) one must assume a disk temperature and an opacity
for the dust grains (with the unknown dust opacity providing the largest uncer-
tainty). Rqust, unlike almost all other disk properties, is fundamentally measurable
by an interferometer of sufficient resolution, sensitivity and UV coverage.

Most of the work of this PhD has been devoted to deriving basic physical prop-
erties of disks, with a particular focus on estimating Rg.. Prior to the complete
deployment of ALMA, SEDs of brown dwarf and very low mass stars were used to
fit radiative transfer modeling. That work (Chapter 2) finds that disks around the
smallest objects have a median Rq,s of 3.2 au — an order of magnitude smaller than
the median Ry values (33-63au for Lupus, Chamaeleon I and USco) of T Tauri
stars found in Chapter 4 of this thesis.

Using the high-spatial resolution and high-sensitivity data provided by ALMA
of the transition source T Cha as a test-case, I developed a method of radial profile
modeling and visibility fitting in order to estimate the location of the disk’s multiple
dust structures. Because T Cha possesses an inner disk, a gap, and a dust ring,
it required the development of a flexible code-base capable of exploring the super-
position of a variety of functions (e.g. delta, Gaussian, Nuker, exponentially tapered

power law) in order to determine the correct modeling setup prior to performing
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MCMC fitting. Because this approach uses visibilities, instead of a continuum map
image, we were able to better estimate the location of the ring and in particular
the inner disk size which appears unresolved in the cleaned image. When compared
to the 1.6 um ring observed by VLT/SPHERE, we find that the 3mm emission is
located ~7au farther from the central star. We consider several mechanisms for
the gap’s formation, and find that the most likely scenario which explains the inner
disk, the gap, and the radial offset of larger grains in the ring, is from planet-disk
interactions.

I then further improved the radial profile modeling code for use in Long et al.
(2018) to characterize the disk substructures observed by ALMA of disks within Tau-
rus & Auriga Complex. As a result of (a) improving the efficiency of the modeling,
(b) making the process easier to explore single- and multi-function radial profiles,
and (c) integrating it with the GPU accelerated visibility fitting code galario, an
increase in the complexity and number of disks which can be modeled for a given
period of time was achieved.

These improvements in efficiency were necessary in order to perform the homo-
geneous analysis of disk sizes in multiple star-forming regions. Additionally, the
management, extraction, and binning of visibilities for hundreds of sources within
the ALMA archive was automated.

This work has shown that the older USco region has a size distribution that is un-
like the four other regions. USco, with a deficit of larger disks, and the lowest median
disk size, suggests that disks become smaller with time. An additional indication of
the temporal evolution of disks may exist in our finding that the log Reg — log Ly
relation is not the same value for all regions, but instead has a slope that flattens for
older regions. It was also shown that while Chamaeleon I and Lupus have differing
log Regr — log Ly, relations, their size distributions are not significantly different as
was previously suggested by an inhomogeneous comparison of disk sizes.

As a planetary scientist, perhaps the most satisfying pursuit was that of answer-
ing the simple question, "What is the typical size of a planetary disk, and how does
the Solar System fit into that picture?”. Early in my PhD, a value of 200 au was
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commonly used for the outer radius when modeling T Tauri dust disks. What was
typical was often given as something greater than 100 au. I have shown that the
majority of disks around T Tauri (and in particular those around solar mass stars)
are less than 100 au in size, with typical sizes (Rgy) between 33 and 63 au, (a value
that appears to decrease with age).

Finally I find that, both the location of the outer edge of the Solar System (as
defined by the Kuiper Belt) and the mass of solids with the Solar System is consistent
with the disk radii and dust masses of disks around solar mass stars in our 1-3Myr
regions. In conclusion, if the Kuiper Belt reflects the location of the primordial Solar

System’s outer edge, a truncation event is not required to explain it’s origin.
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APPENDIX A

Hints for Small Disks around Very Low-Mass Stars and Brown Dwarfs

A.1 Appendix: Confidence interval calculations

Because some of our probability distributions are asymmetric, or even multimodal,
we use a modified version of the shortest interval method for defining our confidence
intervals (e.g. Barlow, 1989; Andrae, 2010). We restrict our confidence intervals to
being continuous and move the intervals away from the probability peak such that
higher probabilities are preferred until at least 68.27% of the pdf area is found.
Examples of our confidence intervals are shown for the two sources J04381486
and Cha Ha 1 in Figure A.1. These two sources represent two extrema in the SED
coverage and illustrate how our confidence intervals prefer areas of higher probability
(e.g. the Ry, panels illustrate how the confidence intervals do not include the low
probabilities to the right of the peak probabilities), and the importance of mm
photometry to constraining the disk outer radius. Cha Ha 1 lacks photometry data
(detections or upper-limits) beyond 100,um and consequently the outer radius (and

dust mass) is unconstrained by our modeling.
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Figure A.1 Bayesian probability distributions of Mgus, Rin and Ry for J04381486
and Cha Ha 1. For these examples, we show all three of our free parameters. The
vertical dashed blue lines denote our 68.27% confidence interval.

A.2 Appendix: Effect of outer radius on sed

It has been suggested that the outer radius disk parameter has a minimal effect on
the SEDs of brown dwarf disks (e.g. Harvey et al., 2012; Liu et al., 2015) and TT
disks (e.g. Woitke et al., 2016). Because these previous works used parameterized
scale heights and may not have extensively explored disk sizes down to very small
radii (e.g. Harvey et al. (2012) explores 50-200 au), we explore the effect here. Figure
A.2 shows the dependencies of the SED on the three disk parameters investigated in
this work (Rout, Rin and Mgy ). At wavelengths shorter than 10, um the outer radius
has some impact on the flux density, and beyond 10, um it has significant influence
on the flux density as well as the location of the Rayleigh limit. This example

demonstrates that the outer disk radius is an important parameter to consider in



Mdust

Rin
Max: 3.16 Max: 0.00183

Min: 0.0001 Min: 1e-09
o~ g o~
€ €
23 23
Iy Iy
o o = o
107! 10° 10! 10? 10° 10°*  10° 10! 102

Aum

Aum

103

117

Figure A.2 In each panel we show the effect of varying the parameter (Rou;, Rin and
Mausy respectively) while holding all other parameters to the value of the fiducial
model (GM Tau; shown in red). Highlighted in the Ry plot are models with outer
radii of 10 au (orange), 58 au (green) and 105 au (blue).

SED fitting of VLMO disks.
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APPENDIX B

The evolution of dust-disk sizes from a homogeneous analysis of 1-10 Myr-old stars

B.1 Appendix: Comparison with literature results

B.1.1 Lupus: comparing Andrews et al. (2018b) with this work

Tripathi et al. (2017a) and Andrews et al. (2018b) have used the same modeling ap-
proach to infer disk sizes and their papers combined provide the largest compilation
available in the literature. To further expand upon their work, we have applied the
same steps to model the disks in Cha I and USco. However, there are bound to be
small differences in chosen modeling and fitting parameters and techniques, as well
as differences in determining uncertainties and upper-limits, hence our re-analysis
of the Lupus dataset and the comparison presented here.

Figure B.1 shows our Lupus disk sizes vs those reported in Andrews et al.
(2018b). For most models there is tight agreement in disk sizes between the two
works and for almost all sources there is agreement within the uncertainties.

One caveat about Figure B.1 is that it does not compare disks for which only an
upper limit to the disk size could be estimated. In general, our method results in
larger uncertainties than those given in Andrews et al. (2018b). For this reason our
upper limits are typically larger, and consequently for 10 disks which Andrews et al.
(2018b) report a size for, we only provide an upper limit. Figure B.2 presents the
results of Bayesian linear regression fitting (Kelly, 2007) of both modeling results
with these differences in uncertainties and upper limits included. Our fitting of both
the Andrews et al. (2018b) sample and our sample gives results that are consistent

with each other, see values in Figure B.2 and in Table 1 of Andrews et al. (2018b).
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Figure B.1 A comparison of disk sizes calculated in this work with sizes from Andrews
et al. (2018b). The 1:1 line is shown in blue.
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Figure B.2 Two panels showing the results of Bayesian linear regression fitting using
disk sizes from Andrews et al. (2018b) (left) and this work (right). The upper-left
corner of each panel includes the best fit parameters (a and ) and scatter of the
relation (), see eq. 2 in the main text

B.1.2 High- vs medium-resolution observations

Due to the long exposure times required to make observations of disks at < 0.1” like
those in Long et al. (2018) and DSHARP (Andrews et al., 2018a), it is unlikely that
large sample sizes required to compare disk demographics of star-forming regions
will be available in the near-term at such high resolution. This means that medium-
resolution observations, like those analyzed in this work, have an important role
to play in establishing what are typical disk properties, e.g. disk sizes, and their
spread. However, that can only be the case if these observations truly inform us
about the disk size. Here, we test the agreement between disk sizes derived from
high- and medium-resolution observations.

There are 26 Tau/Aur sources that are common between the high-resolution
observations of Long et al. (2018), Huang et al. (2018) and Long et al. (2019) and the
medium resolution observations of Tripathi et al. (2017a). The medium-resolution
disk sizes used here are from Andrews et al. (2018b) who updated the Tripathi et al.
(2017a) results by including GAIA DR2 distances. We use Eq. B.2 (see Appendix
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B.5) to convert the Tripathi et al. (2017a) disk sizes from Rgg to the Rgy radii. It
should be noted that the high-resolution disk sizes include a mix of Rg; and Ry
emission radii but these values are so close to each other that we do not attempt to
derive an additional scaling.

We directly compare the high- and medium-resolution disk size data in Figure
B.3 along with a 1:1 line (in blue) for reference. The relationship between the high-
resolution (Rygn) and low-resolution (Rie) disk sizes is fit using Bayesian linear
regression fitting (Kelly, 2007) and the best-fit is shown in black with the corre-

sponding 1o confidence interval in gray. The relationship is also given as Eq. B.1.

Rhigh(Rlow) = 095(&11) + 0.88R10W(au) (Bl)
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Figure B.3 A comparison of disk size measurements for Tau/Aur disks that have
been resolved at both high-resolution (ALMA) and medium-resolution (SMA). The
medium resolution observations are taken from Tripathi et al. (2017a). High-
resolution observations are from Huang et al. (2018), Long et al. (2018) and Long
et al. (2019) (indicated by a diamond, x and circle respectively). For each disk
size measurement, the reported uncertainties are all 1 au or less. The best fit from
Bayesian linear regression fitting is shown in black, while the corresponding 1o con-
fidence interval is shown in grey. A 1:1 relation line is shown in blue.
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B.2 Appendix: Stellar and Disk Properties

Table B.1 lists stellar properties and derived stellar masses (M,) as described in
Section 4.2.2. To derive stellar masses we follow the approach used in Pascucci
et al. (2016) and assume an uncertainty of 0.02dex in the stellar temperature for
spectral types earlier than M3 and 0.01 dex for later spectral types, and a 0.1 dex

uncertainty on all stellar luminosities.
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Table B.1. Stellar and Disk Properties
2MASS Region Distance log(Ly) Teog log(M,) Lo
(pc) (Lo) (K) (Mo) (mJy)
J10533978-7712 +3.85
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J11022491-7733357  Chal 175.38T117 g 16+0,§5°6 63003 129152574
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J10625547633418 Chal 2082632 :12218.}1)3 SO _0'53£§:§§ T
JL064510-7727023  Chal 18449713  _02g+03t JN 70'8818:?3 10191755
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JI1065989.7530559  Chal 195307440 _0.4918.'(1)? 320000 0.7 MALTYEG
J11070925-7718471  Chal 190.00136?30 _3'00;8;% 3060.00  —0.9657;  6.05755g
J0TI206.7632282  Chal 194657088 B .6018.'33 BMI500 0547505 120755
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07IS60.7732516  Chal 1088111357 _0'6613'(1,3 334200 -0.62707%; 34170753
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074t TTIMI  Chal 19376033 0';15_?#%?18 - 0.33f8'_%§ 4834515
J0TAGS6TEISITE Chal 193647715 o, 2~01s 570500 0331350 20547155,
0750771762 Chal 187371274 0.00;8:% 203500 —L18Tg5; 417030
0758097742413 Chal 18353251 _06618"33 3069.00  —034Tg37 115953
09_92.44 —0.8099%  3415.00 —0.52139%  12.22+0-62
J11081509-7733531  Chal  190.00720:99  0.10%974 00 050
1083905771604 Chal 18737190 e 5110.00 0167075 385.4875050
JI1085967.7521350  Chal 187267052 70.481813 100000 —008Tyls 25271 )
SOOI Ol ST 0T W00 0005 M01A
0923797623207 Chal 19125703 _842913:23 378000 ~0A7Z¢%; 704555
09417634463 Chal 194029390 1. 6;8;33 3780.00 02070737 220737507
O —L22fhE 341500 —0.48%0:08  9.08%1 7]
14T —1.00%008 3705.00  —0.257015  278.49F17 7%
J11095340-7634255  Chal 201.12+642 032028 406000 0 17+8:}§ Lo 053233
J11100369-7633291 +3.21 : wi-0.14 U9 12784
Chal 199.947320  —0.6475 13 3850.00 —0.227077 2005735}
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Table B.1 (cont’d)

2MASS Region Distance log (L) Te log(M,) Limm?
(pe) (Lo) (K) (Me) (mJy)

J11100469-7635452  Chal 193.92%95%  —0.4770:20  4060.00 —0.13701%  14.8371°55
J11101141-7635292  Chal 194317502 —0.211530  4350.00 0017097 142.217383
J11104959-7717517  Chal 184.207142  —0.8279:05  3560.00 —0.40701%  101.04%5 52
J11105333-7634319  Chal 193.607113  —0.801509  3415.00 -0.5270:0%  59.3275-29
J11105359-7725004  Chal 1957111083 —1.4070:07  3125.00 —0.7810:0%  15.4072:63
J11111083-7641574  Chal 190.00139-09  —2.5270-09  3705.00 —0.33%0 06 99.96135-%5
J11113965-7620152  Chal 189.47115%  —0.547917  3340.00 —0.57700%  39.34%151
J11114632-7620092  Chal 191.45758%  0.017050  4900.00 0137529 65.837259
J11120351-7726009  Chal 184.637385  —1.1573:9%  3060.00 —0.867052 5137841
J11120984-7634366  Chal 192.18118%  —0.857008  3125.00 —0.74700%  8.3715:39
J11122772-7644223  Chal 192171958 0411199 5110.00 0.24152} 111.2613-89
J11123092-7644241  Chal 194.92%1 7% —0.747511 3780.00 —0.25701%  23.61735%
J11132446-7629227  Chal 188.5211 8L —0.9679:95  3270.00 —0.63705%  14.6371° %%
J11142454-7733062  Chal 188.00759:  —0.92+5-07  3200.00 —0.7310:0%  13.40171:0%
J11160287-7624533  Chal 190.00139-09  —2.4770-09  3955.00 —0.217012  23.6379:02
J11173700-7704381  Chal 187.36798%  —0.3870:25  3780.00 —-0.20%51%  50.6173:52
J11183572-7935548  Chal 94.40%1-38 —-0.597012  3125.00 —0.81700%  6.6075-3¢
J11241186-7630425  Chal 183.82759%  —1.521502  3060.00 —0.8870:0%  2.5370-35
J15354856-2958551  USco 145.00755°00  —0.6015 15 32359475250 —0.681005  2.067082
J15392776-3446171  Lupus  155.007500  —0.06705]  4073.8071%93 5%  —0.17701% 81277532
J15392828-3446180 Lupus  156.007500  —0.66701%  3388.4477393 0547007 18757314
J15450887-3417333  Lupus  154.007509  —1.2070-0%  3090.30775%%  —0.837093  57.7273-58
J15451741-3418283  Lupus  154.007500  —1.03T00%  3235.9477537  —0.657005  20.4571 53¢
J15464473-3430354  Lupus  155.007505  —0.487019  3630.78 1L 41 —0.387017  230.6971093
J15475062-3528353 Lupus  155.007300  —0.56701%  3548.137187-22  —0.427005  17.53793)
J15475693-3514346  Lupus  156.007500  —0.347327  4073.80719392  —0.077073  40.857395
J15514032-2146103  USco 141.667355  —1.317903  3235.94752°0  —0.6875 5% 0.787019
J15530132-2114135  USco 145817555 —1.20%007 32350470250 —0.6610 07  6.277038
J15534211-2049282  USco 135.25753%  —0.84700%  3311.317,0506 —0.5910 07 2737033
J15564230-3749154 Lupus  159.007500  0.1675%°  4073.80719392  —0.2070:15 5612172312
J15580252-3736026 Lupus  152.007500  —0.9173-07 3162287735 0777003 39.2573-22
J15582981-2310077  USco 146.987287  —1.317003  3388.4475%5°  —0.517588  6.467098
J15583692-2257153  USco 1654875855 0477178 5623.41000°  0.247037  244.3971270
J15591647-4157102 Lupus  161.007500  —0.367035  4073.80713392  —0.07707 2373971008
J15592838-4021513 Lupus  158.007500  0.28T111  4897.797330-8% 0157032l 358.67735 53
J16000060-4221567 Lupus  160.007509  —1.0070:0¢  3235.94775-87  _0.6570-05  4.9673 97

+4.00 +0.10 +75.37 +0.03 +10.62
J16000236-4222145 Lupus  164.007300  —0.787010 32350477537 0717005 165.4973%9
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Table B.1 (cont’d)

2MASS Region Distance log (L) Te log(M,) Limm?
(pe) (Lo) (K) (Me) (mJy)

J16001844-2230114  USco 138.05%35%  —1.137007  3162.287,59. %  —0.73150%  3.7870-8%
J16003103-4143369 Lupus  160.007500  —0.767010  3548.137187-22  _0.3970-10  7.587%( 2%
J16004452-4155310 Lupus  156.007500  —0.0679:31  5128.61733078  0.077015  219.527050
J16004943-4130038  Lupus  160.007505  —0.827009  3388.447789% 0537005  11.897429
J16014086-2258103  USco 145.00755°00  —0.901507  3235.947.52°0  —0.661007  3.707122
J16014157-2111380  USco 144207358 —1.567503  3235.04.52°°  —0.707007  0.707018
J16020757-2257467  USco 139.73713%  —0.821005  3467.377 0% —0.4510 05 5.24705%
J16024152-2138245  USco 141.30735%  —1.447002  3162.287,55%  —0.77r5 0% 10.447038
J16030161-2207523  USco 143.717557  —1.5010°05  3162.287 51993 —0.7810 0% 2.9610:28
J16032939-4140018  Lupus  153.0071500  0.02F581  4365.16720572  —0.037)31 85991230
J16035767-2031055  USco 142.0019 7% —0.1770490  4365.167, 68 0.017039 4427098
J16041740-1942287  USco 160.557349  —1.077005 33113177596 —0.59750% 1177023
J16052556-2035397  USco 142.11%338 1377902 3000.307 5554 —0.8475 5% 1.5870-20
J16063539-2516510  USco 145.00755°00  —1.6015 01 3162.287 1993  —0.7810 0% 1.811072
J16064102-2455489  USco 151.657590  —1.707001  3162.287,50.0%  —0.79100%  3.58T030
J16064385-1908056  USco 144.23%79%  —0.39702)  4168.695°7,°  —0.05759  0.8970-25
J16070384-3911113 Lupus  152.00731:00  —0.9970-0¢ 32359477587 _0.6570-05  3.77F117
J16070854-3914075 Lupus  175.00717-99  —0.8670:0% 32359477587 _0.667093  142.66751 53
J16071007-3911033  Lupus  160.007505  —0.38702%  4073.80713552  —0.077079  30.04112)
J16072625-2432079  USco 142257199 —0.927007  3311.31750596 0501007 13.5570:81
J16072747-2059442  USco 145.00755°00  —0.991090  3162.287,5'09%  —0.7610 07 2.28T08%
J16073773-3921388  Lupus  173.0077°05  —1.05709%  3090.307703%  —0.847003  4.437536
J16075230-3858059  Lupus  157.007505  —0.58701% 33884477893 —0.55700%  6.417099
J16075475-3915446  Lupus  153.0073300  —0.98700¢  3235.94773-37  —0.657005  4.067550
J16075796-2040087  USco 197.84%33%  —0.827009  3715.355.5.10  —0.301915  46.917320
J16080017-3902595  Lupus  159.007400  —1.44700%  3090.307709%  —0.857005  4.6410%]
J16081263-3908334 Lupus  156.007500  —0.3870-2% 371535717525 —0.337013  4.97F082
J16081497-3857145 Lupus  145.00739:99  —1.0270-9¢  3090.30773-%%  —0.847093  9.87F5:50
J16081566-2222199  USco 139.66715L  —0.85700%  3388.447.5959  —0.53100%  0.97701%
J16082180-3904214  Lupus  157.007505  —0.99705¢  3311.31777-23  —0.59700%  7.04758¢
J16082249-3904464 Lupus  156.007500  0.187589  4073.8071939%  —0.2070-15  318.85715%
J16082324-1930009  USco 1374877112 —0.597015  3890.45J0%:52  —0.13756)  41.657147
J16082576-3906011  Lupus  136.007%00  —1.09700%  3090.30770:9%  —0.8570 05  51.241390
J16082751-1949047  USco 145.00735°00  —1.167507  3090.307 5504 —0.847503  0.8210-32
J16083026-3906111  Lupus  159.007400  —0.937307  3311.3177713  —0.59700)  15.61771%

+3.00 +1.06 +230.83 +0.29 +8.07
J16083070-3828268 Lupus  155.007399  0.26%1:0¢ 489779723083 157022 170757507

+4.00 +0.04 +71.98 +0.03 +0.86
J16083081-3905488  Lupus  165.007905  —1.1570-0%  3000.307759%  —0.857055  5.56705¢
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2MASS Region Distance log (L) Tesr log(My) Lmm®
(pc) (Lo) (K) (Mo) (mJy)

J16084940-3905393 Lupus  159.007500  —0.8173:0%  3311.3177713  —0.5970-07  2.97%; 08
J16085157-3903177 Lupus  159.007509  —0.767018  3311.3177%13  —0.6070:97  19.0971-58
J16085324-3914401  Lupus  167.007509  —0.687012  3388.447789% 0547007 27187338
J16085373-3914367 Lupus  156.00751-99  —1.0270-9¢  3090.30773-%8  —0.8470-93  3.9712:53
J16085468-3937431  Lupus  157.007300  —0.68T012 371535717510 —0.28101T  227.6311015
J16085553-3902339  Lupus  159.007500  —0.927307 3162287738 0777003 6.587( %)
J16085780-3902227 Lupus  163.007509  —1.3770:92 32359477587 _0.6870-07  30.5073:93
J16090002-1908368  USco 138.5372705  —1.337003  3000.307 555 —0.84758%  1.6970-29
J16090075-1908526  USco 137.0871%%  —0.457021  3890.45§20.52 0197817 45337188
J16090141-3925119  Lupus  164.007409  —1.0473:9%  3311.3177713 0587095 24707558
J16090185-3905124 Lupus  162.0075300  —0.697013  3162.2877358  —0.737002  133.507538
J16093558-1828232  USco 164.637281  —1.067005  3388.4475595°  —0.52758°  0.9570-2%
J16094434-3913301  Lupus  158.007509  —0.567016  3311.3177%13  —0.62709%  13.637 45
J16094864-3911169  Lupus  163.007509  —0.147042  4365.16725572  0.011988 85547722
J16095628-3859518  Lupus  156.007500  —1.817001  3019.9577937  —1.0070:03  10.067( 25
J16101984-3836065 Lupus  158.007400  —1.3570:0% 29512178372 _1.09070-02  2.67F5 5]
J16102955-3922144  Lupus  163.007400  —0.997008 32359477537 —0.6570 05 10711153
J16104636-1840598  USco 142.597282 1577002 3162.287 503  —0.78799%  1.8570-2%
J16122737-2009596  USco 146.641510  —1.447302  3162.287 5993  —0.76799%  0.5870-22
J16124373-3815031  Lupus  159.007500  —0.41732% 371535717515 —0.327011  39.6073 5%
J16133650-2503473  USco 145.00720-95  —1.0079:95 33113177596 —0.59758%  0.9470-52
J16134410-3736462 Lupus  159.007509  —1.3770:92 31622877356 0767093  3.8713 i3
J16141107-2305362  USco 145.00720-96 0431157 489779298 019737 5127179
J16142029-1906481  USco 142.461257  —0.337027  3890.45J00.52  _0.211918  49.13FLT7
J16143367-1900133  USco 141471320 0477020 3388.44755%57  —0.56750% 1277020
J16153456-2242421  USco 145.007320-95  —0.137943  3890.45§ 052 —0.237515  12.607558
J16154416-1921171  USco 1313473515 —0.317539  4365.16], 6%  —0.037509  20.74708%
J16163345-2521505  USco 161.92714%  —0.837309  3801.89458:5¢  —0.1679°%  3.857048
J16181904-2028479  USco 137.451247 1327003 3162.281 51993 0751904 4457028
J16270942-2148457  USco 139.667380 —1.557002  3162.287,50 %  —0.7875 0% 2.867022

aFor consistency, our definition of Lmm is the same as found in Andrews et al. (2018b). It is a flux density scaled

to 140 pc.
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B.3 Appendix: Determination and removal of spurious modeling

During our model fitting we realized that low signal-to-noise data can result in Nuker
profiles that fit the noise with a disk model that is typically extended, faint, highly
inclined and/or ring-like. An example is shown in Figure B.4. In these cases the
uncertainties on the disk sizes are large. In order to cull these models from our
analysis, we examine by eye sources where the uncertainty in disk size is larger than
66% of the disk size. By observing the fitting in the UV plane, and comparing
continuum images of the data and model, we can identify these cases. Of the 23
disks that meet this metric, we find 15 that are obviously problematic, and hence
removed them from our analysis (see Section 4.4.1).

Sources removed from the Chamaeleon I sample are: J11100785-7727480,
J11064180-7635489, J11092266-7634320, J11071206-7632232 and J11045701-
7715569.

Sources removed from the USco sample are: J16095933-1800090, J16095361-
1754474, J16115091-2012098, J16102857-1904469, J16073939-1917472, J15534211-
2049282, J16035793-1942108, J16043916-1942459, J16135434-2320342 and
J16303390-2428062
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Figure B.4 Example of a Nuker profile fitting the noise and not the faint disk emission
from J11100785-7727480. The flux density is only 0.49 4+ 0.16 mJy (Pascucci et al.,
2016), a marginal 30 detection.

B.4 Appendix: log Ly, — log M, Relation

Our sample population is a subset of the entire disk population in each region,
and is biased towards resolved sources. In order to understand this bias, we test
our sample for a correlation between L,,, and M, so that we can compare it to
previously measured L,,,—M, correlations (e.g. Ansdell et al., 2016; Pascucci et al.,
2016). We find a shallower slope for the log Ly, — log M, correlation, and discuss
this in detail at the end of Section 4.4.
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Figure B.5 Fitting of log Ly, — log M,. The first 5 panels (left to right; top to
bottom; ordered by region age) show the model results of each region as circles
(resolved) and triangles (upper-limits). The best fit from MCMC linear regression
is plotted as a black line, and surrounded by our 68% confidence intervals in grey.
The last panel replots the bests fits of each region (and the corresponding 68%
confidence intervals) so that they can be directly compared. Fit parameters for each
region are given in Table B.2.
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B.5 Appendix: Correlation of Rgy and Rgs

Different emission fractions have been used to define the location of R.g in past
works. For example, Tripathi et al. (2017a) and Andrews et al. (2018b), who analyze
low- and medium-resolution SMA and ALMA data, calculate the radius containing
68% of the total flux (Rgs). However, high-resolution ALMA images have shown that
Rgs does not properly capture the radial extent of the disk, several sub-structures
are left out, hence more recent works compute and analyze the 90% (Rgg) or 95%
(Rgs) dust radius (see Long et al. 2018 and Huang et al. 2018). In order to compare
the results of this work with disk sizes from the literature, we are interested in
understanding if Rgg is a reliable predictor of Ryg.

The 68% and 90% emission radii we measure from modeled disks in Lupus,
Chamaeleon I, and USco are shown in Figure B.6. Visual inspection suggests that
the two disk sizes are strongly correlated. We calculate the Spearman p rank-
order correlation coefficient! to test the null hypothesis that the two variables are
uncorrelated. As shown in Table B.3, the correlation coefficient is nearly unity
(positive rank order) with an extremely low probability (p-value) that Rgs and Ry
are uncorrelated.

We then fit the data using the Bayesian linear regression method developed by
Kelly (2007) and report the results in Table B.3. Using these best fitting parameters,

we can convert the FRgs to a Rgg disk size:.

"'We cannot apply the Pearson correlation test, which tests for a linear relationship between

two quantities, because we find that Rgg and Rgg are not bivariate normally distributed.
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Figure B.6 Here we compare our Rgg dust-disk size estimates with the Ryg size for
each disk. Constrained disks sizes are plotted as circles while upper-limits are given
as triangles. Symbols are color coded according to their associated region. The
correlation between Rgg and Ry is measured by fitting the values using linmix. The
best fit is shown as a black line, with a 1-sigma confidence interval in gray. The
parameters resulting from the mcmc chain are given in the upper left of the figure
(see Equation B.2).
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log Rgy = —0.037(au) + 1.1 log Rgs(au) (B.2)

B.6 Appendix: Individual modeling results
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B.7 Appendix: log Ly, — log L, Relation

In our discussion on disk sizes scaling relations (see Section 4.6.3), we reproduce the
temperature power law index (¢) estimation following the method given in Andrews
et al. (2018b). This approach requires us to know the log Ly, —log L,for our samples,

which we provide here using the statistical methods described in Section 4.5.
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Figure B.7 Fitting of log Lym—log L,. The first 5 panels (left to right; top to bottom;
ordered by region age) show the model results of each region as circles (resolved)
and triangles (upper-limits). The best fit from MCMC linear regression is plotted
as a black line, and surrounded by our 68% confidence intervals in grey. The last
panel replots the bests fits of each region (and the corresponding 68% confidence
intervals) so that they can be directly compared. Fit parameters for each region are
given in Table B.7.
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