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data in the image plane. (right) Residual map produced by subtract-

ing our best fit model from the 3 mm map in the visibility plane and

inverting to produce an image. The peak residual is at a bo level, but

the rest are < 30. The large residual level comes from the somewhat

clumpy structure seen in the image. We employ a fairly simple model

that assumes the disk structure is smooth, so we cannot expect to

tully reproduce this clumpy structure with our model.|. . . . . . . ..

133
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61

Our ALMA 345 GHz (left) and 100 GHz (right) maps of the GY 91

protoplanetary disk. T'wo dark lanes are readily apparent in the 345

GHz map, while a third dark lane is also apparent in inner regions of

the disk at 100 GHz because of the higher resolution of our 100 GHz

MAaPS.| - . . . o e e

6.2

The one dimensional, azimuthally averaged, de-projected radial

brightness profile of the GY 91 disk at 345 GHz and 100 GHz, with

the locations of the dark lanes marked by vertical dashed lines. These

gaps are readily seen in the brightness profile. We also show the az-

imuthally averaged brightness profile of our gapped disk+envelope

model (see Figure[6.4] Table 2) at each wavelength.,| . . . . . . .. ..

143

6.3

The best fit simple geometrical model for GY 91 compared with the

data. The model assumes the disk i1s flat, with a surface density de-

scribed by Equation 1 and My;q. = 0.36 Mo, r. = 71 AU, v = 0.3,

1 = 39°, and p.a. = —19°. The model uses a power-law temper-

ature distribution with 7" = 46(R/1 AU)""*. We use the power-

law millimeter opacity function described in [Beckwith et al.] (1990)),

k() = 0.1(r/1000 GHz)’ cm? g~! with 8 = 1.8. Our model in-

cludes three gaps with the following parameters: Rg,,; = 10.4 AU,

Wyapt = 59 AU, 0ypt ~ 0, Ryapo = 403 AU, Wyeps = 27.5 AU,

Dap2 — 015, Rygps — 08.9 AU, Wyaps — 10.7 AU, and d,,,5 ~ 0. Our

modeling indicates that the first and third gaps are deep, however as

the data 1s noisy and not high enough resolution to well resolve the

gaps, the actual depths are quite uncertain. We show the one dimen-

sional, azimuthally averaged, visibility amplitudes on the lett, model

images 1n the center column, and the residuals on the right. The peak

6.4

The gapped disk+envelope model tor GY 91 compared with the data.

We show the one dimensional, azimuthally averaged, 870 pm visibility

amplitudes on the left, the 3 mm wvisibilities in the center, and the

SED on theright.| . . . . ... ... ... ... 000

146
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6.5

The disk+envelope model tor HL. Tau compared with the data. In the

first row we show the one dimensional, azimuthally averaged, 870 um

visibility amplitudes on the left and the SED on the right, with the

mode] as a green curve in both. The second row shows the 345 GHz

model and residual images. We did not include gaps in this model,

which 1s why they can be seen in the residual map. The model has a

disk with a mass of 0.2 M a radius of 120 AU, a surface density power

law exponent of v = 1.7, and an inclination of 44°. The envelope has

a mass of 0.04 My and a radius of 1800 AU . . . ... .. ... ...

7

The fields we image, out to the 20% gain contour at 6 cm (solid) and

the 10% gain contour at 3.6 cm (dashed) and 1.3 cm (dash-dotted)

observations, with a yellow star representing the location of ' Ori

C. On the left we show all of the sources we detected in at least one

of our bands with red plusses and the known sources surveyed but

not detected with grey circles. On the right we show sources found

to be variable with blue rectangles whose size is proportional to how

variable the source is. The largest symbols represent a variability

amplitude of 900% while the smallest represent an amplitude of 20%.

The detected sources which are not variable are shown again with red

plusses.|. . . . . .

158

[7.2

We show a histogram of all the pixel values within the 50% gain

contour of our 6 cm residual map. We also show the best fit Gaussian

to the distribution with the dashed line. Here we show only the 6 cm

map, but we have produced similar figures for the 3.6 cm and 1.3

cm maps and find that both of those distributions are also GGaussian,

so we can use a o-cut to confidently distinguish between real sources

and noise spikes in our images.|. . . . . . .. ...

161

[7.3

Contour images of sources detected in our 6 cm, 3.6 cm or 1.3 cm

continuum maps. Each row shows a single source in each band. At

1.3 cm we show only one epoch as a representative image of the source.

Contour increments are 1o, beginning at 20, where o 1s determined

locally for each object. This figure is continued at the end of the text.[163
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[r.4

The millimeter and radio SEDs for all of the sources detected in our

maps. We also show the best fit dust + free-free emission model

for each source, as described in Section 3.2. Black, yellow and grey

points are the 6 cm, 3.6 cm, and 1.3 cm Hux measurements for objects

detected in our maps. Circles with colored faces indicate that the

source was detected by our search routines, while open face circles

are fluxes measured in an aperture around a known source position.

Orange data points are 3mm, 1.3 mm, and 870 pym fluxes from [Eisner

et al. (2008, and references therein). Green data points are 870 pym

fluxes from Mann and Williams| (2010), and red data points are 870

pm fluxes from Mann et al[ (2014). The fluxes shown here are all

measured with one of the SMA, CARMA, ALMA, OVRO, or the

VLA. This figure is continued at the end of the text.| . . . . . . . ..

75

(left) The measured radio flux of each of our detected objects at 1.3

cm (green diamonds), 3.6 cm (blue squares), and 6 cm (red circles) as

a function of projected distance from 6! Ori C. (right) Difference in

measured 1.3 cm and 6 cm fluxes as a function ot projected distance

from 6 Ori C. With the exception of a few outliers, we find that radio

fluxes for our targets decrease with increasing projected separation, as

we would expect for free-free emission driven by the powerful ionizing

radiation of 8' Ori C. This is also consistent with the difference in 1.3

cm and 6 cm fluxes, which talls near zero for most sources. Optically

thin free-tfree emission i1s expected to have a roughly flat spectrum

at these wavelengths, so we would expect the differences in those

measurements to fall near zero.We label the significant outliers with

the source ID for reference 1 future sections. . . . . . . . . . . . ..

[7.6

Histograms ot the fluxes of sources detected in each of our maps.

We also show a histogram of the compact radio sources detected in

previous studies. Blue shows the histogram of detected sources from

this work. Green shows the histograms of detected sources from |Felli

et al.| (1993b) (6 cm), |[Zapata et al.|(2004a)) (3.6 cm), and |Zapata et al.

(2004b) (1.3 cm). Red shows the 4.5 GHz (6 cm) and 7.5 GHz (3.6

cm) detections from [Kounkel et al[(2014), and the 2 cm detections

from [Felli et al. (1993a). We do not show the [Forbrich et al.] (2016)

6 cm sample, which includes 477 sources fainter than 0.3 mJy| . . . .

[r.7

Continued . . . . . . . . .

(.8

Continued . . . . . . . .

[(.9  Continued . . . . . . . . .

[[10 Continued . . . . . . . . . .
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(8.3  Histograms of the disk masses of Class I (green) sources from our p

Ophiuchus ALMA sample and Class Il (blue) sources in Ophiuchus

from |Andrews and Williams| (2007)). The red lines show the range of

lower limits for the Minimum Mass Solar Nebula (e.g. Weidenschilling

1977). Although this is still preliminary, we find that our Class [

disks, on average, are more massive than the Class Il disks. This 1s

in agreement with our results from Taurus protoplanetary disks (see

Chapter|3).| . . . . . . . .
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ABSTRACT

Recent studies suggest that many protoplanetary disks around pre-main sequence
stars with inferred ages of 1-5 Myr (known as Class II protostars) may contain
insufficient mass to form giant planets. This may be because by this stage much of
the material in the disk has already grown into larger bodies, hiding the material
from sight. If this is the case, then these older disks may not be an accurate
representation of the initial mass budget in disks for forming planets.

To test this hypothesis, I have observed a sample of protostars in the Taurus
star forming regions identified as Class I in multiple independent surveys, whose
young (< 1 Myr old) disks are more likely to represent the initial mass budget of
protoplanetary disks. For my dissertation I have used detailed radiative transfer
modeling of a multi-wavelength dataset to determine the geometry of the circum-
stellar material and measure the mass of the disks around these protostars. I discuss
how the inferred disk mass distribution for this sample compares with results for
the existing 1-5 Myr old disk samples, and what these results imply for giant planet
formation.

Next, I discuss the cases of three separate, individual Class I protostars discov-
ered through my ongoing survey of Class I protostars whose disks are all of particular
interest, each for its own reasons. Each of these disks may provide clues that even at
the young ages of Class I protostars, planet formation may already be well underway
in their disks.

Finally, large disk mass surveys of large star forming regions like the Orion
Nebula Cluster may be contaminated by free-free emission from disks that are being
photoevaporated by nearby massive stars. I discuss my work with the VLA to
constrain the free-free emission spectra for these sources so that current and future

millimeter surveys can accurately measure disk masses in the ONC.
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CHAPTER 1

INTRODUCTION

1.1 Star Formation in Nearby Molecular Clouds

Stars form from clouds of gas and dust that collapse under the force of gravity (e.g.

Shu et al., [1987). During the collapse, if the cloud has even a small amount of

rotation, then the conservation of angular momentum forces the collapsing cloud
to form into a disk rather than being accreted directly onto the central protostar

(e.g. Hoyle, |1960; Cameron, [1962; |Cassen and Moosman, 1981} Terebey et al., |1984)).

Although magnetic braking may act to inhibit disk formation and initially cause the
formation of a pseudo-disk (e.g. |Galli and Shul, [1993alb; [Allen et al., 2003; Mellon|

and Li, 2008; |Li et al. 2011), some mechanism must allow this to be overcome,

as several embedded disks supported by Keplerian rotation have been identified
(Brinch et al.l [2007b; Lommen et al., [2008; [Leel 2010} |Choi et al., 2010} Takakuwal
et al) 2012; Yen et al., [2013; Harsono et al., 2014; Aso et al., 2015)

Material is then accreted through the disk and onto the central protostar by

viscosity, which allows mass to move inwards while angular momentum is trans-

ferred out with a small amount of material (e.g. Lynden-Bell and Pringle, 1974)).

Although molecular viscosity is far too small to cause accretion and disk depletion

on the ~ 5—10 Myr timescales that are inferred for disk lifetimes (e.g. Haisch et al.
2001; Hernandez et al., 2008; Mamajek, 2009), turbulence driven by the magnetoro-

tational instability can produce effective viscosity in the disk (Balbus and Hawley,

1991)) that allows the accretion of matter. Early in the lifetimes of disks when they

are still very massive, gravitational instabilities may also provide a mechanism for

angular momentum transport (e.g. [Papaloizou and Savonije, 1991 [Laughlin and|

Bodenheimer;, 1994). It is in these disks that planet formation is expected to occur.
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1.1.1 The Evolution and Classification of Young Stellar Objects

Young, forming stars are historically classified by their spectral index at infrared
wavelengths (typically between 2 ym and 24um; Myers et al., [1987; Ladaj, [1987) as
well as by the bolometric temperature measured from their spectral energy distri-
bution (SED; Myers and Ladd, 1993; (Chen et al., |1995). These classifications also
represent an evolutionary sequence from young, heavily embedded sources to ma-
ture disks, to ultimately disks with only debris from the star and planet formation
process remaining (e.g. Adams et al., [1987)). It is, of course, possible for a source’s
geometry to be incorrectly inferred from its SED (e.g.|Chiang and Goldreich, [1999;
Crapsi et al., 2008; McClure et al., 2010; Dunham et al., 2014)), but the mapping
from SED to source geometry is largely reliable as long as inclinations are not too
high (e.g. Crapsi et al.| [2008). We show a diagram of the typical SED of each of the
standard classifications in Figure and an illustration of the physical structure
that is expected to produce those features in Figure [1.2

Class 0 protostars are heavily embedded objects that show little or no optical or
infrared emission. They were initially identified by |Andre et al.| (1993) as millimeter
cores with no corresponding infrared detections. They typically have very steep
infrared spectral indices (ag_94 > 0.3) and very low bolometric temperatures (T, <
70 K). These sources are also found to be young from counting statistics, with
estimated lifetimes of < 0.1 Myr (Enoch et all 2009). They are thought to be the
earliest stages of disks, embedded in massive envelopes of collapsing cloud material.
Although disk-like structures have been identified towards many Class 0 protostars
(e.g. Looney et al., [2000; [Tobin et al., 2015), only a few have been confirmed to be
supported by Keplerian rotation (e.g. Tobin et al., 2012, 2013). It is possible that
magnetic braking may slow the collapse and cause pseudo-disk structures to form
rather than Keplerian rotating disks (e.g. Allen et al., 2003; Mellon and Li, [2008; [Li
et al., 2011)).

Class I protostars are classified by rising emission with wavelength in the infrared

(ag_94 > 0.3), which peaks at mid- to far- infrared wavelengths, and bolometric
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Figure 1.1: An illustration of the typical spectral energy diagram (SED) for
the various classifications of young stars. Borrowed from Magnus Persson
(https://figshare.com/authors/Magnus_Vilhelm_Persson/388643).

temperatures of (T, = 70 — 650 K). They are thought to be young (~ 0.5 Myr;
Evans et al., 2009; Dunham et al.| 2015) protostars, surrounded by disks that are

still embedded in remnant envelope material, but they are not nearly as heavily
obscured as the younger, Class 0 objects. By the Class I stage, any impediments

to disk formation seem to have been circumvented, as Keplerian rotation has been

observed in a number of these sources (e.g. [Lommen et al., 2008; Yen et al. 2013;

Harsono et al., 2014; |Aso et al., [2015)).

Between the Class I and II stages there is a group of objects whose underly-
ing physical structure is somewhat ambiguous. These sources are termed “flat-

spectrum” objects as they have infrared spectra that are approximately flat at near-

infrared wavelengths (—0.3 < ag_94 < —0.3; Greene et al. [1994)). They are likely
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sources with some small amount of envelope material remaining, but not enough
to be classified as a Class I. They may also include a component of edge-on disks
that can mimic the spectral appearance of a Class 0 or I protostar (e.g.
\Goldreich, 1999; |Crapsi et al., 2008]).

Class II protostars are classified by infrared emission that falls with increasing

wavelength (—1.6 < ag_9y < —0.3) and high bolometric temperatures of T;,; = 650—
2800. They are associated with protostars that have shed their envelopes, exposing
the pre-main sequence star surrounded by a mature disk. They are thought to have

ages of 1—10 Myr (e.g. Strom et al., |1989; Wilking et al., | 2005; Bell et al.,2013)). The

lack of an envelope makes these disks appealing targets for studying the properties of

protoplanetary disks, and indeed their masses (e.g. Beckwith et al., |1990; Andrews|
land Williams|, 2005} [Eisner et al., 2008 Mann et al., 2014} [Pascucci et all, 2016}
Eisner et al., 2016)), structures (e.g. Andrews et al. [2009, 2010} |Guilloteau et al.,
2011}, Flaherty et al.,[2015), and chemistries (e.g. Qi et al.,[2011; Bergin et al., [ 2016;

Schwarz et al., 2016; Huang et al.,|2017)), among other quantities, have been studied

in detail.

A special subset of Class II protostars, known as “transition disks”, has received
a particularly large amount of attention in recent years. These objects were initially
identified by visible photosphere emission and mid- to far- infrared emission that is
similar to the standard Class II spectra, however, their spectra display a lack of near-

infrared emission (e.g. [Strom et al [1989; Najita et al., | 2007; Espaillat et al., 2007}

Kim et al.| 2009; Merin et al. [2010). These sources were suggested to have large

cavities in the centers of their disks, which would lead to a lack of hot disk material
that emits in the near-infrared. Recent millimeter observations have confirmed this
hypothesis by directly imaging holes in a handful of these sources (e.g. ,
2006; [Hughes et al.l [2007; Brown et al., [2009; [Tsella et al., 2010; [Andrews et al.,
2011a). These holes may be produced by the presence of multiple planets in the
cavities (e.g. [Dodson-Robinson and Salyk, 2011; Zhu et al., [2011)), but may also be

the result of dust grain growth in the inner disk (e.g. Tanaka et al.l 2005; Dullemond|
and Dominik, 2005)), or photoevaporation (e.g. Clarke et al., [2001; Alexander et al.,
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Figure 1.2: An illustration of the physical structure thought to give rise to the
standard SED classifications, as seen in Figure Borrowed from Borrowed from
Magnus Persson (https://figshare.com/authors/Magnus_Vilhelm_Persson/388643).

2006; |Gorti and Hollenbach, 2009a). High resolution near-infrared imaging has

identified proto-planets in the gaps of a few transition disks (e.g. [Kraus and Ireland,

2012; Reggiani et al., 2014; Sallum et al., 2015; Quanz et al., 2015), but it is not

clear as of yet if these holes are, in general, carved by planets.

Finally, Class III young stellar objects have SEDs that appear very much like
the photospheres of main sequence stars, but they have a small amount of infrared
excess that indicates the remains of a protoplanetary disk. They are typically iden-

tified by steeply negative spectral indices (ag_24 < —1.6) and very high bolometric
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temperatures (T}, > 2800 K). These sources likely lack massive, gaseous disks and
so by this stage giant planet formation must be complete, although terrestrial planet

formation may be ongoing.

1.2 Planet Formation in Protoplanetary Disks

It has now been well established by high resolution imaging that young, forming stars

are surrounded by protoplanetary disks (e.g. (Churchwell et al., 1987; |Adams et al.,
1987; [Beckwith et al, 1990} [O'Dell et al., [1993; Dutrey et al., [1996; McCaughrean|
and O’Dell, |1996; Stapelfeldt et al., |1998)). It is only recently, however, with high

resolution images of disks, that planet formation in disks has been studied up close.

Edge-On Protoplanetary Disk HST - WFPC2

Orion Nebula
PRC95-45¢c - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA

Figure 1.3: An edge-on disk in the Orion Nebula. Images such as these from the
Hubble Space Telescope demonstrated definitively that disks are present around
young, forming stars.
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1.2.1 A Brief Summary of the Theory of Planet Formation

The most commonly accepted process for the formation of giant planets is core ac-
cretion (e.g. |Safronov and Zvjaginay, [1969; Pollack et al.,[1996). In the core accretion
scenario, dust grains initially grow by collisions that lead to sticking as they settle
towards the disk midplane under the force of gravity. Simple models of dust coag-
ulation and settling suggest that the growth of small particles up to millimeter or
centimeter sizes under these conditions can lead to rapid growth of particles up to
millimeter or centimeter sizes (e.g. Dullemond and Dominik], 2005)).

Growth beyond these size scales, however, tends to be problematic. On the one
hand, collisions of particles of these sizes or larger tend to lead to bouncing and
fragmentation back to smaller sizes rather than growth (e.g. Blum and Wurm) 2008;
Zsom et all 2010). If meter-sized bodies are, however, able to grow, they drift
radially inwards due to a headwind from gas orbiting at sub-Keplerian velocities
sapping their angular momentum. This radial drift inwards causes meter-sized grains
to accrete onto the central protostar (Weidenschilling, [1977) at rates far faster than
they can grow to larger sizes (e.g. Birnstiel et al., [2012).

The likely resolution to this problem is that in regions of high solid to gas mass
ratios, perhaps in the midplane where settled particles gather, local pressure maxima
that can trap dust particles (e.g. [Whipple, 1972; Pinilla et al 2012), or outside of
snow-lines where solid densities can be enhanced (e.g. Ros and Johansen| 2013}
Drazkowska and Dullemond, |2014; |Armitage et al., 2016), the streaming instability
(Youdin and Goodman, 2005) can initiate the clumping of dust particles. If the
over-densities of these clumps grow large enough, gravitational instabilities could
lead to the rapid formation of planetesimal sized bodies in the disk (e.g. |[Johansen
and Youdin|, 2007; |[Johansen et al., 2012; Simon et al., [2016)).

Once planetesimals are formed in the disk, growth to larger sizes continues by
way of planetesimal collisions (e.g. Safronov and Zvjagina, |1969). When planets have
grown large enough that they can influence other particles through their gravitation,

so called “gravitational focusing”, they enter a stage of runaway growth that does not
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end until they have accreted the entirety of the planetesimals within their sphere of
influence. The accretion of pebble-sized objects on to planetesimals in this stage may
also play a large role in the growth of these planetesimals to larger sizes (Ormel and
Klahr| 2010 |[Lambrechts and Johansen, 2012). Eventually the core becomes massive
enough to accrete a gaseous envelope. When a critical mass is reached (Mizuno et al.|
1978; Mizuno, 1980), rapid accretion of gas onto the core is sustained (e.g. Pollack
et al.; [1996) until the planet has accreted enough material to open a gap in the disk
and slow the rate of further gas accretion.

Alternatively, if disks are massive enough, it is possible for regions in the disk
to be subject to gravitational instabilities that can lead to the direct formation of
massive planets (e.g. Kuiper, [1951; |(Cameron, [1978; |Boss|, 2003, 2011)). These insta-
bilities can cause material in the disk to collapse directly into proto-planets in local
regions of high density. This may be a method for forming giant planets quickly,
as the timescale for collapse is on the order of the disk dynamical timescale. It is
unclear, however, whether it is possible to stop the gravitational collapse and subse-
quent accretion of gas from the disk at planet masses, or whether the gravitational
collapse is more likely to grow bodies to brown dwarf masses (e.g. [Kratter et al.

2010)).

1.2.2 Observational Evidence of Planet Formation in Disks

While observations of young stars have long shown the presence of disks, it has only
been recently with large telescopes and high angular resolution that observational
planet formation studies have taken dramatic steps forward.

The spectral slope of optically thin millimeter emission is related to the disk
dust grain size distribution (e.g. Draine], 2006)). As such, the sizes of dust grains in
disks can be estimated by comparing disk fluxes at two separate millimeter wave-
lengths. Early studies of Class II protoplanetary disks found evidence of dust grain
growth in a number of protoplanetary disks (e.g. Beckwith and Sargent|, 1991, but
it was only with high resolution observations of large samples that studies were able

to distinguish between dust grain growth and compact, optically thick disks (e.g.
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Figure 1.4: Measurements of millimeter spectral index for a range of protostars.
The Class II protostars, for which the sizes are measured to break the degeneracy
between dust grain growth and optically thick disks, tend to have values of S that
are much less than the ISM value of 1.7. This is an indication that dust grains have
grown to millimeter, or larger, sizes in these disks. Taken from Ricci et al.| (2010a).

Rodmann et al. 2006; [Ricci et al, 2010b,a). These studies indicate that dust grain
growth has already advanced to sizes larger than a few millimeters in the majority
of Class II disks. Spatially resolved studies of a few disks have also shown that the
maximum size of dust grains decreases at large radii in a handful of Class II disks
(Pérez et al., 2012} [Trotta et al. 2013; Pérez et al., 2015). While this may be an
indication that grain growth proceeds to larger sizes in the inner disk, it may also
be a result of the faster radial drift of larger particles (e.g. [Weidenschilling, [1977)
concentrating the largest particles in the inner disk.

More recently, direct observational signatures of planets in disks have been ob-

served with high resolution millimeter and near-infrared telescopes. These high
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resolution imaging campaigns have discovered myriad features that may be associ-
ated with the planet formation process. This includes disks with multiple narrow
gaps in their emission profiles (ALMA Partnership et al., 2015; /Andrews et al., [2016;
[sella et al., [2016; Loomis et al. 2017, Fedele et al., [2017) as well as disks with large
central clearings, the so-called “transition disks” discussed above (e.g. Piétu et al.
2006; Brown et al., 2009; Isella et al., 2010; Andrews et al.| |2011b} |Casassus et al.|
2013). Moreover a number of disks with azimuthal asymmetries (e.g. van der Marel
et al.l 2013} Isella et al.| 2013} Rosenfeld et al., [2013; |Casassus et al., 2013; |Pérez
et al., [2014) including the presence of spiral arms (e.g. (Clampin et al., 2003; Fuka-
gawa et al., 2004; Muto et al.| 2012} |Grady et al.l 2013} |Garufi et al., 2013; Avenhaus
et al.| 2014; Pérez et al., [2016]) have also been found.

While these features need not be produced directly by planets, although plan-
ets have been shown to produce such features (e.g. Goldreich and Tremaine, |1980;
Lin and Papaloizoul, 1993} Bryden et al., [1999; Dodson-Robinson and Salykl, 2011}
Dong et al.| 2015, Barge and Sommerial, [1995; Regaly et al.l [2012; [Zhu and Stone,
2014)), many of the proposed drivers of these features are likely to aid in the planet
formation process. These features could be produced by pressure bumps in disks,

possibly caused by MRI driven zonal flows that tend to lead to an enhancement of

@

Figure 1.5: Examples of features found in high resolution images of protoplanetary
disks. On the left is HL. Tau, a young protoplanetary disk that appears to have a
number of azimuthally symmetric dark rings that may be gaps in the disk (ALMA
Partnership et al., |2015). On the right is Elias 2-27, whose disk has two spiral arms
(Pérez et al., |2016).
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large dust particles at the location of the pressure bump (e.g. Johansen et al., [2009;
[Pinilla et al., [2012; |Dittrich et al., [2013; Simon and Armitage, [2014; [Flock et al.|
, or dust chemistry variations that may alter dust sticking and fragmentation
properties (e.g. |Ros and Johansen, 2013; Zhang et al., |2015; Banzatti et al., 2015;

\Okuzumi et al., [2016). In some cases, however, there is indeed direct evidence of

planets forming in disks with such features (e.g. Kraus and Ireland| 2012; Reggiani
et al 2014; Sallum et al., [2015} Quanz et al., [2015]).

1.2.3 The Minimum Mass Solar Nebula

An important consideration for planet formation is the amount of matter that is
needed to form planets. With exoplanet studies advancing at a rapid pace, it may
not be long before we have a better understanding of the amount of matter needed
to form exoplanetary systems. Some early attempts at characterizing this value

have already been made (Chiang and Laughlin| 2013; Raymond and Cossoul, 2014]).

However the system for which we currently have the best mass/composition con-
straints is our own Solar System, and so it is commonly used to estimate the amount
of matter needed to form planets.

If the amount of heavy material in each of the planets in the Solar System is
augmented with hydrogen and helium to bring each planet to solar composition,
and then that material is spread out over annuli marked out by the locations of the
planets, the surface density distribution of the early Solar nebula can be estimated.
These sorts of calculations typically find that the surface density distribution is 3 o
r=3/2_ and the scaling of this relation is such that the amount of matter in the disk,
i.e. the Minimum Mass Solar Nebula, is between 0.01 — 0.1 Mg (Weidenschilling,
11977; Hayashi, [1981} Desch| 2007)).

Of course, it is important to note that this is a minimum mass, as the efficiency
of converting solid mass into planets is likely not unity. Moreover, it is possible, if

not likely, that the planets may have migrated and they were formed in a different

configuration from what is seen today (e.g.|Goldreich and Tremaine, |1980; [Lin et al.,

11996; Levison et al., |2007). Still, these estimates provide some guidance as to how
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much mass may have been needed to form a planetary system like our own. In
particular this should perhaps be viewed as the amount of matter needed to form
giant planets, as the mass budget in the Solar System is dominated by the mass of

Jupiter (Weidenschilling, 1977)).

1.3 Mass Measurements of Protoplanetary Disks

Disk mass is an important driver of the evolution of protoplanetary disks. When
disks are young and very massive, they may be susceptible to gravitational instabil-
ities, which could cause disks to fragment and produce planetary, substellar, or even
stellar mass companions (e.g. Boss, 2003} 2011; Kratter et al., 2010). Gravitational
instabilities in the disk may also drive periods of rapid accretion of material onto the
central protostar (e.g.|Kenyon and Hartmannl [1995)). Later, when the disk is calmer
and less turbulent, the amount of matter in the disk is important for understanding

the ultimate outcomes of planet formation in the disk (e.g. Alibert et al., [2005).

1.3.1 Disk Masses From Optically Thin Dust Emission

Dust emission is typically optically thin at millimeter wavelengths, so a disk’s mil-
limeter flux is proportional to the amount of dusty material present,

F, d?

M, = —+r%
¢ K, B(T)

(1.1)

(e.g. Hildebrand| [1983; Beckwith et al., |1990). Equation , along with reasonable
assumptions about the opacity and temperature, typically that x, = 2.3 cm? g !
and T = 20 K, can be used to estimate disk masses from a measured millimeter
flux. A standard gas-to-dust ratio of 100 is also often used to quote total disk
masses rather than the dust mass.

A large amount of work has gone into millimeter surveys of protoplanetary disks
over the past few decades. These surveys were initially done with bolometers on
single dish telescopes (e.g. Beckwith et al., [1990; Andre and Montmerle, |1994a; Os-
terloh and Beckwith) [1995; | Andrews and Williams, 2005, |2007)). Recently, however,
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Figure 1.6: A compilation of the dust mass vs. stellar mass relationship for a number
of nearby star forming regions. The oldest regions have a steeper relationship, and
on average their disks are lower mass. From Ansdell et al.|2017|

large interferometers such as ALMA have become powerful enough to quickly map

large samples of disks and measure their fluxes (e.g. Mundy et al., [1995; Bally et al.,
[1998b}; (Williams et al., [2005; [Eisner et al., [2008; Mann and Williams, 2010} [Andrews|
let al., 2013; Mann et al., 2014; Barenfeld et al., 2016} Eisner et al., 2016; Pascucci
et al., 2016; |Ansdell et al., 2016, 2017)).

Because of that work, the Class II disk mass distribution has now been well

studied for a number of star forming regions. Their disks are typically found to

have mean masses of 0.0015 — 0.0045 M. It has also recently been shown that

disk mass is proportional to stellar mass (Andrews et al| 2013; Barenfeld et al.,

2016} Pascucci et al., 2016 [Ansdell et al., 2016, [2017)), although the scatter in this

relationship is also quite large. Moreover, older disks are on average less massive

than younger disks (Barenfeld et al., [2016} |Ansdell et al.| [2016) and the disk-mass-

stellar-mass scaling relationship also steepens at older ages (Pascucci et all 2016).

This latter finding is consistent with simple simulations of dust evolution in disks

of different initial masses (Pascucci et al., 2016).

These estimates of disk mass are appealing in their simplicity, but they are not
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Figure 1.7: Measurements for the gas-to-dust ratio for disks in Lupus. Most of these
disks have gas-to-dust ratios that fall well below the ISM value of 100, although in
many cases the uncertainties are large. From Ansdell et al.|2016,

without their issues. As was mentioned above, disk mass estimates typically assume
that the gas-to-dust ratio in protoplanetary disks is similar to the ISM gas-to-dust
ratio, of 100. However, recent direct measurements of gas masses in protoplanetary
disks have suggested that gas-to-dust ratios may be much lower than this typically
assumed value (Williams and Best|, |2014; Ansdell et al., 2016). It is not yet well

understood whether these low measurements are due to a depletion of CO gas in

Class II disks, or whether chemical processing lowers the amount of CO gas available

in the gas phase (e.g. Miotello et al., 2017). Still, it may be that the above estimates

of mean disk masses are overestimated by a factor of a few.

Furthermore, while millimeter emission is typically proportional to the amount of
matter present in protoplanetary disks, it is possible that there can be contamination
from other emission sources. In particular, free-free emission from outflows (e.g.
(Cohen et al., 1982; [Eisloffel et al., |2000; Reipurth et al., |2004) or photoevaporation
from external sources (e.g. |Garay et al |1987; |(Churchwell et al., 1987; |O’Dell et al.,
1993)). Solar flares (e.g. [Bower et all, [2003; [Forbrich et al. 2008} Rivilla et all, 2015)

can also produce strong synchrotron emission at the same millimeter wavelengths.

In order to accurately measure disk masses, it is crucial that free-free emission be
constrained and removed from the millimeter emission as they can contribute a

significant amount of flux at millimeter wavelengths.
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Fortunately, the spectral index of dust emission is quite steep, F}, oc v?~*, while

optically thin free-free emission is approximately flat, F,, oc =91

, so at low frequen-
cies, typically centimeter wavelengths or longer, free-free emission dominates over
dust emission. Free-free emission can therefore be constrained by flux measurements
at multiple radio wavelengths, and then extrapolated to millimeter wavelengths

where disk mass measurements are being done.

1.3.2 Disk Masses from Radiative Transfer Modeling

Equation is clearly an oversimplification, in particular because disks are certainly
not isothermal and identifying a reasonable temperature on a case-by-case basis
may not be straightforward (e.g. Hendler et al., 2017). It is also unlikely that dust
opacity or gas-to-dust ratio are uniform throughout a sample or even an individual
disk. Moreover, optical depth or viewing angle can also have an impact on mass
measurements made this way (e.g. Chiang and Goldreich| [1999; (Crapsi et al., 2008}
Dunham et al.| 2014). When averaged over the whole disk and over large samples
of disks, these estimates are likely reasonable, but there may be large systematic
errors when considering the mass of an individual disk.

In the very earliest stages of the lifetimes of disks, however, the issues can be
much worse. The youngest protostellar disks are still embedded in the remnants
of the initial in-falling cloud material, and so any millimeter flux measurement will
include a contribution from both the disk and the envelope. Single-dish millimeter
flux measurements (e.g. Andre and Montmerle|, [1994b; Motte et al., |1998; |Motte and
André, [2001a; [Stanke et al., 2006)) are almost certainly primarily measuring emission
from an extended envelope, and likely cannot be used to estimate the disk mass.
Even high resolution millimeter observations that resolve the disk and envelope
may be affected by radiative transfer effects (e.g. Crapsi et al., [2008; Dunham et al.,
2014). As such, simple methods like those outlined above are difficult to use to
measure disk masses for Class I protostars.

Instead, radiative transfer models can be used to model multi-wavelength

datasets and infer disk and envelope properties. These procedures were initially
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applied to broadband SEDs of embedded protostars (e.g. Kenyon et al., [1993; Whit-
ney et al., 1997, |2003; |[Robitaille et al. 2006; Furlan et al., 2008; Robitaille|, 2017]).
Resolved observations at additional wavelengths, particularly near-infrared scattered
light or millimeter images, however, provide more direct information about disk and
envelope geometry. Modeling these resolved images in combination with broadband
SEDs can help to break model degeneracies and better constrain disk and envelope
properties (e.g. Wolf et al., [2003; (Osorio et al., 2003; Eisner et al., 2005 |Gramajo
et al., 2007, 2010; Eisner, [2012). Resolved millimeter observations are of particular
importance because the emission should be largely optically thin, and therefore the

images are a good probe of disk structure.

1.4 The Initial Mass Budget for Forming Planets and the Role of this
Thesis

Estimates of the Class II disk mass distribution suggest that Class Il disks are, on
average, too low mass to form giant planets as determined by the Minimum Mass
Solar Nebula. It is also not clear whether the Class II disk mass distribution can
reproduce the observed frequency of giant planets around FGK stars (e.g. Cumming
et al} 2008). However, it may simply be that at this advanced state, dust process-
ing has depleted the dust in the disk by accretion or growth into larger bodies to
which millimeter observations are not sensitive. If this is the case, it may be that
the younger Class I disks are a better representation of the initial mass budget in
protoplanetary disks. Some previous studies have attempted to measure Class I disk
masses (e.g. Jgrgensen et al., [2009; Eisner, |2012), and these studies have suggested
that they are indeed higher on average than Class II disk masses, however sample
sizes for these studies remain small (Eisner, 2012) or use flawed disk mass estimates
(Jorgensen et al., [2009; Dunham et al 2014).

In this dissertation I will discus my work to study planet formation in the early,
Class I phase, of protoplanetary disks. In Chapter [2] T give a brief overview of

two techniques that are prevalent throughout this work, millimeter interferometry



42

and Monte Carlo radiative transfer. In Chapter [3] I will discuss a survey of Class I
protoplanetary disks done with the CARMA array to measure masses for a sample of
Class I disks in the Taurus Molecular Clouds, and how these disk masses compare
to the older Class IT sample. In Chapters [d} [, and [6] I discuss three particular
individual objects that all have interesting features in their disks, some of which
may be indications that planets are already forming. In order to understand our
Class I disk masses, understanding Class II disk masses is important for providing
context. In Chapter [7] T present my work to constrain free-free emission from
photoevaporating disks in the Orion Nebula. This free-free emission can be bright
at the radio wavelengths where disk masses are typically measured, and so it is
important to understand it’s properties when measuring disk masses. Finally, I

summarize my work and present an outlook for the future in Chapter [§
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CHAPTER 2

METHODOLOGY

2.1 Introduction

The research presented in this document relies on a number of different astronomical
techniques, however there are two in particular that play key roles in the work being
done and are prevalent throughout my body of work. As such, it is worthwhile to
introduce each before I delve into my work. In particular, those techniques are
millimeter interferometry, which is key to imaging the structure of protoplanetary
disks, and Monte Carlo radiative transfer, which is crucial for interpreting those

observations. We discuss each in further detail below.

2.2 Monte Carlo Radiative Transfer Codes

As discussed above, radiative transfer is important for interpreting multi-wavelength
observations of protoplanetary disks. Moreover, the full three-dimensional solution
to the radiative transfer equation in protoplanetary disks and envelopes is not ana-
lytically tractable, so numerical solutions are needed.

Monte Carlo radiative transfer has become increasingly popular as a method for
solving the radiative transfer equations because of it’s algorithmic simplicity and
easy portability to higher dimensions and complex geometries. The method was
initially developed several decades ago (e.g. Witt, [1977; Lefevre et al. 1982, [1983),
but various optimizations and improvements have been introduced since its initial
conception (e.g. (Code and Whitney, [1995; Lucy, 1999; Yusef-Zadeh et al. 1984}
Bjorkman and Wood, 2001; Min et al., [2009; Robitaille, 2010). In the Monte Carlo
radiative transfer algorithm, photon packets are emitted from energetic sources and

propagated through a grid of cells with constant densities. Each photon packet is



44

randomly assigned an optical depth and direction to travel through the grid before
being absorbed or scattered. When a photon packet is absorbed, it deposits its
energy into the cell, before being reemitted as a new photon. A large number of
photon packets are propagated through the grid, being absorbed and re-emitted until
they escape from the grid. Once all of the photons have escaped, the temperature
in each cell is calculated from the energy absorbed, and the simulation is repeated,
with the temperatures from the previous run used as initial conditions, until some
convergence criterion for the temperature has been met. In the final run, photons
escaping from the grid are captured and binned into images and SEDs (e.g. [Lucy,
1999).

This Monte Carlo radiative transfer method, in it’s most basic form, is embar-
rassingly parallel. Each photon packet is completely independent of the other photon
packets. The total number of photon packets can be split up among any number of
computer cores and propagated through the grid. Once all of the photon packets
have escaped, the energies absorbed in each cell across the cores can be merged and
the temperature throughout the grid can be calculated. This provides an additional
incentive for these methods, as parallelization is trivial.

The simplest form of Monte Carlo radiative transfer, however, can still be quite
slow, particularly if there are a large number of cells (e.g. for more than one dimen-
sion) because it can take a large number of photons to ensure that enough photons
are absorbed in each grid cell to beat down the noise. To counteract this, Lucy
(1999) suggested a method of continuous absorption. Rather than depositing all of
a photon packets energy in the cell it is absorbed in, energy is deposited in all of the
cells along the photon packets path according to the optical depth traveled through
the cell. This method allows every cell to be sampled more quickly.

An alternative formulation by Bjorkman and Wood, (2001) updates the temper-
ature in a cell at the same time that the photon is absorbed in the cell. Photons
are then reemitted from a modified emissivity function to account for the fact that
earlier photons were emitted from cells with different temperatures. As the tem-

perature is constantly being updated throughout the grid, multiple iterations of
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this calculation are not needed. Instead, enough photons must be run through the
grid such that the temperature has converged after all of the photons have passed
through. As cell temperatures are constantly being updated, this algorithm is also
much more difficult to parallelize.

One potential drawback to Monte Carlo radiative transfer is that runtimes de-
pend strongly on the input density distribution; simulations can be slowed down
significantly by high density cells with optical depths across the cell. In these high
optical depth cells, photons can become trapped, needing a large number of steps to
reach the edge of the cells. This can be mitigated to some degree by the Modified
Random Walk method (MRW; Min et al.; 2009; Robitaille, 2010). In a code using
MRW, if a cell reaches a certain density and a photon becomes trapped, then the
photon is allowed to diffuse to the edge of the cell in large steps. This avoids the
calculation of millions of individual absorption and scattering events by grouping
them into larger steps. For cells that are so optically thick and hidden that few
photons reach them, the Partial Diffusion Approximation can be used to update the
temperature in the cells based on the temperatures in neighboring cells (Min et al.,
2009).

Moreover, producing images can also be slow, as a large number of photons are
needed to produce high fidelity images. A number of methods have been developed
to speed up the collection of photons to produce images and spectra, such as “peeling
off” photons every time that they are absorbed and re-emitted and binning those
peeled off photons in the final image (Yusef-Zadeh et al.;[1984)). Raytracing is a much
more efficient method for computing images and spectra. However, knowledge of the
scattering phase function is still needed to produce accurate synthetic observations.
This is typically solved by running a short scattering simulation to calculate the
scattering phase function throughout the density distribution, and then raytracing
can be used to produce images.

Although many Monte Carlo radiative transfer codes have been written, there
are currently two publicly available codes that are in widespread use. RADMC-3D

(Dullemond, 2012)) employs the algorithm of [Bjorkman and Wood| (2001)) to update
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cell temperatures as photons are absorbed and reemitted and uses raytracing to
produce synthetic observations. Because it incorporates the Bjorkman and Wood
(2001) algorithm, it is not parallelized. Hyperion (Robitaille, 2011), on the other
hand, employs an iteration based scheme to calculate the temperature throughout
the grid, and so it has been parallelized effectively. Synthetic observations, however,
are made using the “peeling-off” method and so they can be time-consuming to
compute. Raytracing is available for thermal dust emission, however the ability to
raytrace scattered light has not yet been implemented. I will make use of both codes

throughout this work.

2.3 Millimeter Interferometry

Because thermal dust emission is largely optically thin at millimeter wavelengths,
radio telescopes provide an excellent probe of the bulk material in a protoplanetary
disk (Andrews, |2015). While single-dish radio telescopes can provide useful infor-
mation about disks, they are quickly limited by their resolution. At their nearest,
d ~ 140 pc (e.g. [Ortiz-Ledn et al., 2017), these disks only subtend ~ 1 — 2” on the
sky. The resolution of a single telescope is limited by diffraction, and can be ap-
proximated by A8 ~ A/D. At radio wavelengths, this implies that enormous radio
dishes are needed to well resolve the majority of protoplanetary disks.

Millimeter interferometers are the solution to this problem. Instead of using
a single large telescope to collect light, light from an array of smaller telescopes
is combined by interfering the light from pairs of telescopes. According to the
van Cittert-Zernicke theorem, the spatial coherence function of radiation from two

apertures at 1 and 73 is
- 27 =
VA(B) /I)\(§) exp [_TB : s] ds. (2.1)
where B = 7} — 73 is the baseline vector between two antennas and § = So+ & is the
position of the source in the sky. sg is the vector to the center of the source and 7 is

the sky offset from the source center. The dot product B- & is the geometric delay,
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and can be tracked and nulled by adding an instrumental delay so that B-§— B-é&.
It is also useful to work in terms of spatial frequencies, i.e. B /A. We can write B /A
and & in a coordinate system such that sy = k, and 7 and j are East and North. In

this system we can write that

F=ai+6j+(V1—a2=86—1)k, (2.2)
B
A

If o and § are small enough that 3(a? + 6%) w ~ 0, meaning if the field of view is

—witvj+wk (2.3)

small enough, then the response can be written as

V(u,v) //I,\(a,d) exp[—i2m(au + 0v)] da dd. (2.4)

In other words, an interferometer measures the Fourier transform of the sky emission
distribution. Each pair of antennas in an interferometer corresponds to a fixed posi-
tion (u,v) in the Fourier plane, so each baseline measures a single Fourier component
of the sky emission distribution.

By observing with a large number of pairs of antennae, the Fourier plane is
filled in and a large telescope aperture can be synthesized. Images of the source
structure can be made by Fourier transforming the measured source visibilities back
to the image plane. For interferometers, the spatial resolution is determined by
A0 ~ A/ Bpax, where B,y is the maximum “baseline,” or maximum separation
between antennas in the array. Bp.,. sets the approximate size of the synthesized
aperture. So, instead of building enormous single dish telescopes, many smaller
telescopes can be combined in an array to work as one large telescope.

Of course, millimeter interferometry isn’t without its issues as well. Interferom-
eters spatially filter information, and so while the resolution is roughly determined
by A/Bmax, they are also not sensitive to scales larger than ~ \/By;,. This is not
always a negative, as it means that interferometers naturally resolve out large scale
emission from molecular clouds that protoplanetary disks are embedded in. This
will be particularly useful in Chapter [7], where background free-free emission from

the ONC is very bright. However, with the large baselines that are available in
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modern day interferometers, remaining sensitive to all of the relevant spatial scales,
including both disk and envelope, of Class I protostar systems in a single array
configuration is rarely possible. Because of this, it is often necessary to take obser-
vations with multiple array configurations, both compact and extended, in order to
be sensitive to emission on all relevant scales.

Radio interferometers have now been developed sufficiently, with large enough
baselines and high enough sensitivity, to be used to study protoplanetary disks
in great detail. Although a number of interferometers paved the way and provided
initial insights into disk structures (SMA, CARMA, PdBI, ATCA; baselines up to ~
1—2 km, spatial resolutions up to ~ 0.15”), the crown jewels are the Atacama Large
Millimeter Array (ALMA) and the Very Large Array (VLA). These instruments have
maximum baselines of ~ 15 km (ALMA) and ~ 35 km (VLA), large numbers of
dishes, and have taken some of the sharpest ever images of protoplanetary disks

(ALMA Partnership et al., 2015; |Andrews et al., [2016)).
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CHAPTER 3

Disk Masses for Embedded Class I Protostars in the Taurus Molecular Cloud®

Class I protostars are thought to represent an early stage in the lifetime of
protoplanetary disks, when they are still embedded in their natal envelope. Here
we measure the disk masses of 10 Class I protostars in the Taurus Molecular Cloud
to constrain the initial mass budget for forming planets in disks. We use radiative
transfer modeling to produce synthetic protostar observations and fit the models to a
multi-wavelength dataset using a Markov Chain Monte Carlo fitting procedure. We
fit these models simultaneously to our new CARMA 1.3 mm observations that are
sensitive to the wide range of spatial scales that are expected from protostellar disks
and envelopes so as to be able to distinguish each component, as well as broadband
spectral energy distributions compiled from the literature. We find a median disk
mass of 0.018 M, on average, more massive than the Taurus Class I disks, which
have median disk mass of ~ 0.0025 M. This indicates that by the Class II stage,
at a few Myr, a significant amount of dust grain processing has occurred. However,
there is evidence that significant dust processing has occurred even during the Class
I stage, so it is likely that the initial mass budget is higher than the value quoted

here.

3.1 Introduction

Stars form from clouds of gas and dust that collapse under the strength of grav-
ity. Conservation of angular momentum causes the majority of the material to be
deposited into a circumstellar disk. Viscosity in the disk causes material to ac-

crete onto the star. The viscous time in these disks is comparable to theoretical

TThis chapter has been submitted for publication as Sheehan & Eisner 2017b.
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expectations of planet formation timescales.

Young stars have historically been classified by their near-infrared spectral index
(Ladal, 1987; Myers et al..|1987; |Andre et al.;[1993) and bolometric temperature (e.g.
Myers and Ladd, 1993; Chen et al., [1995)). Class 0 protostars are characterized by a

lack of optical and near-/mid-infrared emission, and low bolometric temperatures,
suggesting that the central source is highly extincted. They are thought to represent
the earliest stage of star formation, where a massive protostellar envelope shrouds

the central protostar, obscuring it’s light from view. They are likely forming disks

as material from the envelope is funneled onto the protostar (Ulrich) |1976; Terebey|
. It is not clear whether these sources have rotationally supported disks,
or whether magnetic braking at these early ages inhibits disk formation (e.g.
et al., 2003; Mellon and Li, |2008; |Li et al., 2013). Rotationally supported disks have
been observed around some Class 0 protostars (Tobin et al., 2012} |2013; Murillo
et al., [2013; Codella et al., [2014; Lindberg et al.l [2014; |Aso et al.; 2015)).

Class I protostars are characterized by steeply rising near-infrared emission that
peaks at mid-infrared wavelengths, and have bolometric temperatures of a few hun-

dred Kelvin. They are likely sources with mature protoplanetary disks that are still

being fed by a collapsing envelope of material (e.g. [Harsono et al., 2014} |Aso et al.|
2015).

Class I YSO’s have SEDs that are flat or declining at near-infrared wavelengths,
with some light from the central star visible. By this stage the material in the
envelope is thought to have been depleted onto the disk and protostar, exposing
the stellar photosphere to observers. Finally Class III protostars are dominated by
the light of the central protostar with a small amount of infrared excess, and are
thought to be disks in which the gas has been depleted and only a small amount of
rocky material remains.

Previous studies have shown this classification scheme to be prone to errors. For
example it is possible to mistake an edge-on disk as a highly obscured Class I pro-

tostar (e.g. Chiang and Goldreich| [1999; Crapsi et al. 2008]). Disks that are highly

obscured by foreground material have also been mistaken for Class I disks (e.g.
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Brown et al [2012). More recent studies have attempted to define other metrics

for determining the evolutionary state of protostars, for example, based on bolo-

metric temperatures and the strength of HCO™ emission towards the source (e.g.

wvan Kempen et al., 2009)). The best way, however, to probe the underlying density

distribution is through spatially resolved observations of optically thin matter. De-
tailed radiative transfer modeling of datasets at multiple wavelengths can be used to

break model degeneracies, constrain parameters like temperature and opacity, and

determine physical properties of the system (e.g. Osorio et al. 2003} |Wolf et al.,
2003; [Eisner et al., 2005 [Lommen et al., [2008; |Gramajo et al., [2010} [Eisner], 2012}
Sheehan and Eisner| 2014} 2017)).

The masses of protoplanetary disks are an important driver for the processes
of star and planet formation. Early in the lifetime of protostars disks are thought
to be massive and turbulent, and accretion from the envelope onto these massive

disks could cause gravitational instabilities that drive high accretion rates in young

sources (e.g. Kenyon and Hartmann, [1987)). The disk mass also sets a limit on the

amount of material available for forming planets and the ultimate outcomes of the

planet formation process (e.g. |Alibert et al.| [2005]).

Disk masses are typically measured from their sub-millimeter flux, which if trac-
ing optically thin matter, is directly proportional to the amount of material present

in the disk (e.g. Beckwith et al., [1990)). Class II disks are the easiest to study be-

cause, without a protostellar envelope, the entirety of the sub-millimeter flux can
be attributed to disk emission. In the past decade there has been a large effort,
particularly with interferometers like CARMA, the SMA, and now ALMA, towards
measuring Class II disk masses (Andrews and Williams, 2005, 2007; Eisner et al.,
2008} Mann and Williams|, 2010} Mann et al, 2014} [Ansdell et al.| 2016} Barenfeld|
et all |2016; [Pascucci et al., 2016; Ansdell et al., [2017). These studies typically find
that the majority of these disks fall well below the 0.01 — 0.1 M needed to form

planetary systems like our own (e.g. [Weidenschilling, [1977; |Deschl, 2007)).

It may be that by the typical age of Class II disks (1 — 5 Myr;
Montmerle, [1994a; Barsony, (1994)), dust grain growth has locked up large amounts
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of mass in large bodies to which sub-millimeter observations are not sensitive. If
this is the case, then studying the disks around the younger (~ 0.5 Myr; Evans
et al., [2009)) Class I disks, which have had less significant dust processing, may
give a better picture of the initial mass budget for forming planets. The masses of
these disks are more difficult to determine because they are still embedded in their
natal envelope, and any millimeter flux measurement will include a contribution
from both the disk and envelope. Masses for Class I disks have been measured
from high resolution millimeter visibilities by using radiative transfer modeling to
separate disk and envelope contributions (Eisner et al., [2005} [Eisner|, 2012; [Sheehan
and Eisner, [2014)), but sample sizes for these surveys are small.

In this paper we present a study of a sample of 10 Class I protostars in the
Taurus Molecular Cloud, expanding on our previous work by including new, high
resolution CARMA 1.3 mm maps for an expanded sample of objects. We use radia-
tive transfer modeling and employ a fitting method that uses Markov Chain Monte
Carlo simulations to fit models simultaneously to a 1.3 mm visibilities 4+ broadband
SED dataset and measure physical properties of the systems such as disk masses
and radii. We discuss how these measurements of Class I disk masses compare to
measurements of Class II disk masses, and what this means for the formation of

planets.

3.2 Observations & Data Reduction

3.2.1 Sample Selection

Our sample includes 10 protostars in Taurus that are consistently identified as Class
I across multiple independent studies (e.g. Myers et al., |1987; Kenyon et al., [1993;
Motte and André|, 2001a; Andrews and Williams, 2005}, [Furlan et al., 2008}, |[Eisner,
2012)). All of our targets fit standard criteria for selecting Class I protostars: all have
an infrared spectral index of o > 0.15 and a bolometric temperature of 70 < Ty, <
650 (e.g. Myers et al., |1987 |Chen et al., [1995; [Motte and André, 2001a; Andrews

and Williams, 2005)). Furthermore, all of our targets have been observed with the
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Spitzer IRS spectrograph and most have silicate and/or CO, ice absorption in their
spectra, commonly associated with embedded sources (e.g. |Alexander et al., 2003}
Watson et al., |2004; Boogert et al., 2004; |Pontoppidan et al., 2008]).

In this sample we have excluded Class I objects that have been identified as
compact binaries because the modeling of close separation binaries can be more
challenging (e.g. Sheehan and Eisner, 2014)). In all, our sample contains 10 of 12
companionless bona fide Class I protostars in Taurus. We were unable to observe
the remaining 2, which were left for last because they were expected to be faint,
before CARMA was decommissioned. Our targets do, however, span a wide range
of millimeter fluxes (Motte and André, |2001a; Jorgensen et al.l 2009; [Eisner, [2012)
so they should span a range of masses of circumstellar material. They also span
a range of spectral types (M6-K4; White and Hillenbrand, |2004; Doppmann et al.|
2005; |Connelley and Greene, 2010) and scattered light morphologies (e.g. |[Padgett
et al., [1999; Stark et al., 2006; Gramajo et al., 2010)).

3.2.2 CARMA 1.3 mm Observations

We obtained 230 GHz Combined Array for Research in Millimeter-wave Astronomy
(CARMA) dust continuum observations of our sample from September 3, 2012 until
January 15, 2015. The observations were taken with CARMA’s B, C, D, and E
configurations (baselines ranging from ~5 m to ~1 km) so that our data would be
sensitive to both large and small scale structures from the protostellar disks and
envelopes. The observations were set up with 14 of CARMA’s 16 spectral windows
in wideband continuum mode from 216.798 GHz to 233.296 GHz with 500 MHz of
bandwidth per-spectral window. The continuum observations had a mean frequency
of 222.242 GHz and a total of 7 GHz of continuum bandwidth. The remaining two
spectral windows were configured for spectral line observations, which we will discuss

in a separate paper. We show a log of our observations in Table
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Figure 3.1: We show the 1.3 mm CARMA maps (first and third columns) and
broadband SEDs (second and fourth columns) for each of the sources in our sample.
Many of our sources were observed with high enough spatial resolution to resolve
structure in their disks and envelopes. Only one source, [04181B is undetected in
our maps. For all sources the SED is sampled across the electromagnetic spectrum
and includes a high resolution Spitzer IRS spectrum.

The CARMA data were reduced using the CASA software package in the standard
way. For the majority of the tracks Uranus was used as the flux calibrator, the
quasar 3C84 as the bandpass calibrator, and 3C111 and QSO 05104180 as the gain
calibrators. For a few tracks, QSO 0530+135 was also used as the gain calibrator
when 3C111 or QSO 05104180 were unavailable. For tracks where Uranus was
unavailable to use as the flux calibrator we used 3C84 instead with measured fluxes
from the SMA calibrator catalog.

Following calibration, the data were imaged by Fourier transforming the visibil-
ities with CASA’s clean routine to produce images of our targets. For each source
we combine all of the available tracks and configurations to produce a single image.

We use the multi-frequency synthesis mode and the Briggs weighting scheme with
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Figure 3.2: Continued.

a robust parameter of 0.5. Because CARMA is a heterogeneous array, mosaicking
mode is needed to correctly image the data. We show images of our targets in Fig-
ures & B2l Although we show images of the data, we do all of our analysis and
modeling directly with the visibilities.

3.2.3 SEDs from the Literature

For each of our sources we compiled a broadband SED using data from the literature.
This data includes photometry from Spitzer IRAC and MIPS, WISE, 2MASS, and
IRAS as well as other infrared and millimeter surveys (Ladd et al., [1991; Barsony
and Kenyon, [1992; Moriarty-Schieven et al., [1994; (Ohashi et al., 1996} Chandler and
Richer, 2000; Motte and André, 2001aj; |Young et al., 2003} |[Andrews and Williams|,
2005, [2007; [Eisner, 2012). In addition to this photometry, we downloaded a cali-
brated Spitzer IRS spectrum with wavelength coverage from 5 — 30 pym from the
CASSIS database to include in our SED (Lebouteiller et al., 2011} 2015)).

In order to assess the quality of our model fits through metrics such as x?,
which we describe in Section [3.3.6] we assume a uniform 10% flux uncertainty on
all photometry from the literature. We also sample the IRS spectrum at 25 points

spaced uniformly over the spectral range to include in our SED. We do this because
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calculating fluxes at the several hundred IRS spectrum channels with our radiative
transfer modeling routines is computationally expensive, and it is not a goal of this

paper to model in extreme detail the IRS spectrum.

3.2.4 HST Scattered Light Images

Five of our sources (IRAS 04016+2610, IRAS 04108+2803B, IRAS 0415842805,
IRAS 0429542251 and IRAS 0302+2247) have near-infrared Hubble Space Telescope
scattered light images with the Wide-field Planetary Camera available, although
IRAS 0410842803 is a non-detection. We downloaded calibrated versions of these

images from the Hubble Legacy Archive for comparison with our models.

3.3 Modeling

We use detailed radiative transfer modeling to produce synthetic observations of
a protostar model that can be matched to our millimeter visibilities + broadband
SED dataset. The model includes a central star, protoplanetary disk, and a rotating
collapsing envelope, following the modeling scheme of [Eisner et al.| (2005), |[Eisner
(2012), and |Sheehan and Eisner| (2014)). These previous studies ran large grids
of radiative transfer models and fit those grids to multi-wavelength datasets to
determine system parameters. The availability of computational resources, however,
limited those previous studies to a small set of discrete values for each parameter.
Here we have developed a Markov Chain Monte Carlo procedure to more completely
explore parameter space, particularly in the vicinity of the best fit model. We
describe the components and free parameters of the model as well as our modeling

technique below.

3.3.1 Pre-Main-Sequence Star

Our Class I model includes a central protostar with a temperature of 4000 K and a
luminosity, Lo, that is left as a free parameter. The majority of the sources in our

system are K- or M-type stars (White and Hillenbrand|, 2004; Doppmann et al., 2005;
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Connelley and Greene, 2010)), so a temperature of 4000 K is a reasonable assumption.

We may, however, explore varying the protostellar temperature in future works.

3.3.2 Disk

Our model also includes a protoplanetary disk that uses the standard density profile

of a flared power-law disk,

p=n(g) o (‘% [h&z)D ’ 81

where R and z are in cylindrical coordinates. h(R) is the disk scale height at a given

radius,
R

h(R) = hy (m)ﬁ. (3.2)

The surface density profile is
-

Z:ZO(—%) ,y=a— 0. (3.3)
We truncate the disk at a specified inner and outer disk radius, R;, and Ry,
that are allowed to vary in our fit. The surface density power law exponent, ~, and
the scale height power law exponent, (3, are also left as free parameters in our model.
We leave the disk mass, My, and scale height at 1 AU, hg, as free parameters. The
density at the inner radius, py can be calculated from the disk mass by integrating

equation 1 over all space.

3.3.3 Envelope

Our sources are young and likely embedded in an envelope of material remaining
from the initial cloud from which they formed, so we also include an envelope com-
ponent in our protostar model. We use the density profile for a rotating collapsing

envelope from Ulrich| (1976)),

Nl

( £y 2u§RC) - (3.4)
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where ¢t = cos 6, and r and 6 are defined in the typical sense for spherical coordinates.
We truncate the envelope at the same inner radius, R;,, as the disk and at an outer
radius, R.,,, that is left as a free parameter. We require that the envelope radius
be larger than the disk radius. R, is the critical radius, inside of which the envelope
begins to flatten due to rotation, and is the location where the majority of material
is accreting onto the disk (Ulrich, 1976} Terebey et al., {1984). This makes the most
sense physically if the critical radius is equal to the disk radius, so in our model we
specify that R. = Rgs,. The envelope mass, M,,,, is also a free parameter, and
the density normalization can again be calculated by integrating equation 4 over all
space.

We give the envelope an outflow cavity. In regions where
z>1AU+7¢ (3.5)

we reduce the envelope density by the factor f.,,. We leave both ¢ and f.,, as free

parameters to be varied in our modeling routines.

3.3.4 Dust

We provide our disk model with dust opacities that are the same as those used by
Shechan and Eisner| (2014]), that for small maximum dust grain sizes, are similar
to the icy dust grains from |Ossenkopf and Henning (1994). The opacities have a
composition that is 40% astronomical silicate, 30% organics, and 30% water ice,
roughly following the recipe from [Pollack et al.| (1994)) but adjusted to match the
dense protostellar core opacities from (Ossenkopf and Henning) (1994)) (see Sheehan
and Eisner| 2014 for a more thorough discussion). We use a gain size distribution
with n oc a™? with p = 3.5 (Mathis et al., [1977), and dust grains ranging from 0.005
pm to Gq.. In the envelope, where dust grain growth is likely to be less advanced,

we fiX @ = 1 pm. In the disk, however, we leave a,,., as a free parameter.
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3.3.5 Radiative Transfer Modeling 4+ Synthetic Images

We use the 3D Monte Carlo radiative transfer modeling codes RADMC-3D (Dulle-
mond} 2012) and Hyperion (Robitaille, 2011) to produce synthetic observations of
our protostar model that can subsequently be compared with our combined mil-
limeter visibilities + broadband SED dataset. We use the radiative transfer codes
to run a simulation to calculate the temperature everywhere throughout the disk
and envelope by propagating photon packets through the model and updating the
temperature in each model cell every time a photon is absorbed and then reemit-
ted. In most cases we use RADMC-3D to do the temperature calculation, however for
protostars with a particularly high density, i.e. small disk or envelope radii or large
disk or envelope masses, we use Hyperion because it can be run in parallel to speed
up the computation. We have compared the results from RADMC-3D and Hyperion
when running the same input model and find that the codes are consistent. Fol-
lowing the radiative transfer simulation we use raytracing in RADMC-3D to produce
synthetic SEDs and millimeter images, and we Fourier transform the millimeter im-
ages to produce synthetic visibilities. The viewing angle parameters, inclination and

position angle (i and p.a.), are free parameters in our fitting procedure.

3.3.6 Fitting Procedure

We fit our model to the data by comparing synthetic visibilities and SEDs to our
millimeter visibilities + broadband SED dataset with the Markov Chain Monte
Carlo (MCMC) code emcee (Foreman-Mackey et al 2013)). For each source in our
sample we run a MCMC fit in which we spread out 200 walkers randomly with a
uniform distribution over a large volume of parameter space and allow the walkers
to collectively move towards regions of parameters space that represent the best fits
to the data.

In these simulations the walkers are seeking to maximize the log-likihood of the
model, which is directly proportional to x2. Here we are simultaneously fitting to

the millimeter visibilities and the broadband SED, which are separate datasets with



61

heteroscedastic error bars, so specifying a goodness-of-fit metric is challenging. For

simplicity we use the weighted sum of the y? values for our individual datasets,

X2 = Wayis X12)zs + WsED XQSED’ (36)

to provide a log-likihood to our fits, and we seek to maximize —X?2/2. We can vary
the weights of each dataset (w,) to increase the contribution of that dataset to the
fit. As resolved images provide more direct information about source geometry than
unresolved SEDs, we typically weight up the visibilities to ensure that they are fit
well.

Each individual radiative transfer model is computationally intensive to run and
can take anywhere from a few minutes to a few hours. emcee uses MPI to spread the
calculations out over a large number of cores, with each core computing the models
for a subset of walkers, to significantly speed up the computation. In principle
the calculations can be spread over any number of nodes, but we find that fits
typically converge over reasonable timescales of a few weeks when spread over 28
cpus. We can then simultaneously run fits to many sources on individual nodes of

a supercomputer.

3.4 Results

We list the best fit parameters in Table [3.2] and show the best fit models compared
with the data for each source in Figures [3.313.12l We are able to find models that
reproduce the combined 1.3 mm visibilities 4+ broadband SED dataset for each of
our sources. We note that the masses (both disk and envelope) listed here assume
a standard gas-to-dust ratio of 100. Dust masses, which are the values that are
directly constrained by our modeling, are a factor of 100 lower. We list total mass
for ease of comparing with the Minimum Mass Solar Nebula, which is typically

quoted in terms of total mass.
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We list error bars derived from the standard deviation of the positions of the
walkers at the end of our MCMC fit. While they are a reasonable representation of
the range of allowed values for each parameter, our weighted sum of x? likely makes
it such that these are not rigorous uncertainties. We have, however, compared
the error bars we measure on inclination with the results of a simple uniform disk
geometrical fit and find that the magnitudes of the errors are generally in agreement.
As such, the errors we list are likely reasonable estimates of how well constrained
our models are.

Our sample has a range of inferred properties, including disk radii ranging from
50 — 560 AU and disk masses ranging from 0.0002 — 0.1 My. Our sample also has
a diversity of envelope properties, with masses ranging from 0.003 — 0.35 M and
radii from 400 — 10000 AU. The ratio of disk-to-envelope masses ranges from 0.2 — 5.

We discuss each of the sources below.

3.4.1 IRAS 0401642610

IRAS 0401642610 has one of the largest disks in our sample, with a radius of about
500 AU. For such a large disk, though, it is relatively low mass, at 0.01 M. The
disk is highly inclined, with an inclination of 65°. Although we did not include
scattered light imaging in our fit, our best fit model nicely reproduces the observed
HST scattered light image of the system (see Figure . The envelope is about
twice as massive as the disk, indicating that IRAS 0401642610 is a well-embedded
source.

Our base model is not able to fully reproduce both the millimeter visibilities
and the SED for IRAS 0401642610 simultaneously. Any fit that reproduces the
millimeter visibilities does not provide enough extinction to match the SED at near-
infrared wavelengths (see Figure , so some additional source of extinction is
needed. To remedy this, we have run a fit that includes an additional parameter,
the K-band extinction (Ag) that we use to redden the SED using the McClure et al.
(2010) extinction law, and find that both datasets can be reproduced with Ax ~ 1.5.

Although this extinction could simply be from the large scale cloud in the fore-
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Figure 3.3: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04016+2610 with the best-fit disk+envelope
model curves over-plotted. The green curve shows our base model, which matches
the visibilities but does not extinct the spectrum sufficiently at short wavelengths. If
we include some foreground extinction in the fit (the red line), however, the models
fit the data. Parameters for these models can be found in Table

ground of IRAS 04016+2610, previous studies of the system have suggested other
possibilities. Hogerheijde and Sandell (2000) found that IRAS 0401642610 is in

close proximity to a neighboring starless dark cloud, and [Brinch et al.| (2007a)) found
that they could only fit their models if IRAS 0401642610 was located behind the

edge of that dark cloud. If this dark cloud is indeed in the foreground, as Brinch
(20074)) suggest, it could be the source of the extinction. Alternatively, it may
be that this large amount of extinction could come from large scale, constant den-

sity material from the cloud that has not yet begun to collapse, but could collapse

sometime in the future (e.g. |Jayawardhana et al., 2001).

IRAS 04016+2610 was previously studied using a similar procedure to our own
modeling by , but using a grid rather than an MCMC fit. The param-
eters for the best fits IRAS 0401642610 are similar to what we find here, with a
typical disk mass of 0.005 My and a disk radius of 250 - 450 AU. Most of the best
fit models from for IRAS 04016+2610, however, are found to have
1 ~ 35 — 40°, much smaller than what we find here. The exception to this a model
in which the scattered light image is given more weight, and as a result the best

fit inclination is 65°. This is also consistent with the inclination Stark et al.| (2006)
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found, of ¢ ~ 65° by modeling only the near-infrared scattered light image. Mea-
surements of the inclination from the bipolar outflow found to be associated with
IRAS 0401642610 (Gomez et al., |1997; Hogerheijde et al., [1998)) find that the disk
must have an inclination of 60°, in very good agreement with what we find here.
Other studies have previously modeled this source and found a range of results.
Furlan et al.| (2008) found a much lower inclination (i ~ 40°) and disk radius (R, ~
100 AU), but only considered the SED and had no imaging constraints on the system
geometry. Similarly, Robitaille et al. (2007 found low inclinations from a SED-only
fit. Gramajo et al| (2010) find a higher inclination, of 50 — 63° by considering
the Spitzer IRS spectrum and scattered light images, along with the broadband
SED. |Brinch et al.| (2007a)) found that the IRAS 0401642610 has a slightly flattened
envelope with an inclination of 74°, while Brinch et al.| (2007b) suggested that the
disk may be misaligned with the envelope and has an inclination of 40°, but these
models were based on lower resolution observations than we present here. Inferred
disk masses for this source range from ~ 0.004 — 0.02 Mg, and our measurement

falls nicely in the middle of that range.

3.4.2 IRAS 041084-2803B

Our best fit model for IRAS 0410842803B has both a compact disk (Rgs =~ 50
AU) and envelope (Ren, =~ 400 AU), and the disk is about twice as massive as the
envelope. The disk is not resolved well in our millimeter maps, nor is the system
detected in scattered light, so the constraints on geometrical properties of the system
are somewhat weak.

This system has been modeled previously and found to have a compact disk,
with a disk radius of 30-100 AU and moderate (20-60°) inclinations (Kenyon et al.,
1993; Whitney et all 1997; [Eisner et al., [2005; Furlan et al., 2008]). Our best fit
model is in good agreement with Eisner et al.| (2005), who find a disk radius of 30
AU, an envelope radius of 500 AU, and an inclination of 24°. They find that the
disk is significantly more massive than our results (Mg ~ 0.5 Mg), but they also

suggest that this is likely an overestimate.
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Figure 3.4: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04108+2803B with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .

Chiang and Goldreich (1999) suggested that the SED of this source could be
fit by an inclined flared accretion disk, suggesting that the disk may be an edge-on
Class II disk rather than a Class I source. The large disk radius needed (~ 250 AU),
though, would have been resolved in our millimeter observations, and indeed |Eisner
et al.| (2005)) find that an envelope component is needed to fit the SED. Watson et al.
(2004)) also suggest that the 15.2 ym ice absorption feature found in the Spitzer IRS
spectrum is most likely to arise in an envelope. This is consistent with our own
results that find that an envelope is needed to match the data.

Our results do, however, show that the envelope is quite low-mass compared to
other Class I sources, which seems to suggest that IRAS 04108+2803B is close to
dispelling its envelope and emerging as a Class II system. This is consistent with
the presence of a wide-separation companion, IRAS 04108+4-2803A, that appears to
be a more evolved, Class II system. If the binary system is approximately coeval,
as might be expected, then these sources may both be young and on the boundary

between Class I and II.

3.4.3 IRAS 0415842805

IRAS 0415842805 has the largest disk of the sample, at Ry, = 560 AU, and is the

most massive disk (Mgsx = 0.12 Mg). The disk is somewhat inclined, at about 65°.
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Figure 3.5: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04158+2805 with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table

The envelope has a mass of M,,, = 0.084 My and a radius of R.,, = 3600 AU. Like
IRAS 0401642610, we did not include the HST scattered light image in the fit, but
our best fit model naturally reproduces the scattered light image without any fitting
needed (see Figure [3.13)).

There has been some disagreement about the nature of this object in previous
studies. Most signs point to this source being a very low mass protostar, with a spec-
tral type of M5-6 (M, ~ 0.1 — 0.2) (White and Hillenbrand, 2004} Luhman| 2006;
\Connelley and Greene, 2010), although mass estimates from gas kinematics

drews et al., 2008)) and other spectral typing surveys (Doppmann et al., |2005) have

suggested it might be more massive. Some studies have classified IRAS 0415842805
as a Class IT disk, and indeed |Glauser et al.| (2008)) suggested that the near-infrared

scattered light image and SED for the system could be fit without an envelope com-
ponent. However, their model needs a much larger disk radius (Rgs, ~ 1150 AU)
than what we find here. Our observations suggest that the disk is much smaller than
that, although still quite large compared to typical protoplanetary disks. Moreover,
the infrared spectrum exhibits absorption features of HoO and CO; ices and a sil-

icate absorption feature, all of which are more commonly associated with Class I

sources embedded in envelopes (e.g. [Watson et al., 2004; Pontoppidan et al., 2008).

The presence of these features along with the good fit of our disk+envelope model

to the combined SED and millimeter visibilities suggest that this is an embedded
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source.

3.4.4 IRAS 0416642706

Our best fit model for IRAS 0416642706 indicates a 190 AU radius disk and an
envelope that is about three times more massive than its disk. The disk and the
envelope are clearly detected in our millimeter visibilities, with an apparent break at
30-80 kA where the disk begins to dominate over the envelope. There is no apparent
flattening at the shortest baselines, likely indicating that we have resolved out some
of the envelope, and may be underestimating its mass. No HST scattered light
image was available for the source, and |Eisner et al. (2005) were unable to detect
it in scattered light with Keck LRIS imaging. This is perhaps unsurprising, given
how embedded the source appears to be from the SED.

IRAS 04166+2706’s defining characteristic is it’s bipolar outflow (Bontemps
et al., |1996) that has an extremely high velocity component that is highly colli-
mated (Tafalla et al.| 2004; Santiago-Garcia et al., 2009; Wang et al., [2014). That,
coupled with its highly embedded disk, have led some to suggest that it is a Class
0 protostar. Tafalla et al. (2004) suggested based on the outflow that the disk must
be highly inclined, although our high resolution millimeter observations contradict

that.
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Figure 3.6: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 0416642706 with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .
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The disk mass of our best fit model for IRAS 04166+2706 is in good agreement
with the results from |[Eisner| (2012), but the disk radius we measure is much smaller
(160 AU compared with 450 AU). [Furlan et al.| (2008) find a disk radius of 300 AU,
although note that a disk of 200 AU can also provide a good fit. [Kenyon et al.| (1993])
find a smaller disk (70 AU), but a similar inclination (30°). Our millimeter dataset,
however is much higher resolution than what was available for |[Eisner (2012), and
Kenyon et al.| (1993)) and Furlan et al.| (2008) model only the SED, so we are able

to constrain the structure of the disk.

3.4.5 IRAS 0416942702

IRAS 0416942702 has a compact (Rgsx ~ 40 AU) disk hidden in a larger envelope
that is about three times more massive than the disk. The disk has a mass of
M ;s ~ 0.012, and it is being viewed at low or moderate inclinations of ~ 30°. The
millimeter visibility amplitudes flatten out at around 50 kA, likely where the disk
begins to dominate over the envelope.

This source was modeled previously by |[Eisner (2012)), who found a much larger
disk, typically 250 — 450 AU although weighting up the SED produces a fit with a
100 AU disk, but comparable disk masses and inclinations. Furlan et al.| (2008]) fit
the SED with a disk about twice the size we find here, but with a high inclination,
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Figure 3.7: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04169+2702 with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .
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while Robitaille et al| (2007) found from SED fitting that Rgg < 150 AU and
1 > 30°, both in agreement with our results. IRAS 0416942702 is associated with
a bipolar outflow (Bontemps et al., [1996]), and |Ohashi et al| (1997) find that the

outflow is associated with an elongated envelope structure inclined 60° with respect

to our line of sight (Ohashi et al. [1997). However, compared with both of these

studies we have much better resolution to study disk structure, so our measurement

is likely more accurate.

3.4.6 IRAS 04181+42654A

TRAS 04181+2654A appears to be a low mass disk (Mg ~ 0.005 M) embedded
in a very massive envelope (M., ~ 0.7 My). Although the visibilities are noisy, a
clear break in the visibility profile at around 10 kA is readily identifiable, indicating
the presence of significant amounts of emission on large spatial scales. Our obser-
vations are not sensitive to large enough scales to fully determine the structure of
the envelope, but it appears to be quite large (Ren, ~ 15000 AU) and massive. The
disk, by comparison, is quite compact, with a radius of about 50 AU and a mass of
only 0.005 M.

Because this object has few flux measurements at millimeter wavelengths, there

have been a lack of studies to determine parameters for the system, and what has
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Figure 3.8: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 0418142654 A with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .
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been done only considered the SED. Our results are in good agreement with what

was found by |[Furlan et al.| (2008)), who find a low inclination disk with a radius of
50 AU and an envelope with a radius of 10,000 AU. [Kenyon et al| (1993)) also find
that the disk is compact (Rgs = 70 AU) and low inclination (i = 30°).

3.4.7 IRAS 041814-2654B

IRAS 04181+2654B is detected in the near- to far-infrared, but has not been detected
at millimeter wavelengths. This remains true of our own observations, which detect
no 1.3 mm emission. It seems to be embedded based on COs ice absorption in its
Spitzer IRS SED and its association with the embedded source IRAS 04181+2654A.
We have included the source in our modeling, but the models are not constrained
well. We show that the disk is likely small and low mass, but can say little else
definitively. At 31”7 from IRAS 04181+2654A, or 4300 AU projected separation, it
falls well within the envelope we measure for IRAS 04181+2654A. As that envelope
is quite large and massive, it could be that this source is simply a low mass disk

hidden behind the IRAS 04181+2654A envelope.
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Figure 3.9: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04181+2654B with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table
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3.4.8 IRAS 0429542251

Our model for IRAS 0429542251 fits both the broadband SED and millimeter vis-
ibilities, and naturally reproduces the scattered light image, as seen in Figure |3.13]
We have not resolved the disk well, but it appears to have a radius of about 160 AU
and a mass of ~ 0.03 My. The best-fit model indicates that the disk is relatively
highly inclined (i ~ 60°). The good match to the scattered light image, even though
the scattered light image was not used to determine the fit, validates our inferred
inclination. The envelope is of comparable mass to the disk, but the visibility profile
does not flatten at small < 10 kX scales, which may indicate that there is large scale
envelope material that is resolved out by our observations.

Our best fit model is generally in agreement with what is found by previous
studies. [Eisner et al.| (2005)) found that the disk has a radius of 100 AU but that
the inclination is low (i ~ 20°). Eisner| (2012)) found that IRAS 04295+2251 has
a compact (30-100 AU) disk with a mass of 0.01 M, and a higher inclination, of
45-55°. [Furlan et al.| (2008) model the SED and find a very compact (Rgs; = 20
AU) disk with an inclination of 70°. |Chiang and Goldreich| (1999) suggested that
IRAS 04295 could be an edge on disk, but our modeling indicates that even though
the disk is somewhat edge-on, an envelope component is still needed to reproduce

the observations.
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Figure 3.10: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04295+2251 with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .
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3.4.9 IRAS 0430242247

IRAS 0430242247 is a well-known edge-on disk (Wolf et al.. 2003, [2008; |Eisner),
2012) nicknamed the “butterfly star” by |Lucas and Roche| (1997) for it’s scattered
light morphology, and our modeling results are in agreement with that. Our results
suggest that it has a massive disk, with My ~ 0.1 Mg, and a radius of ~ 250 AU.
Although the envelope is still comparable in mass to most of our targets (Me,, ~ 0.02
Mp), it is several times less massive than the disk, possibly indicating that TRAS
0430242247 may be in the process of shedding the final layers of it’s envelope.
Alternatively, it is possible that we are resolving out large scale structure in the
envelope, as has been pointed out for several of our other targets.

Although the general morphology of the scattered light image is reproduced by
our modeling, the scattered light image prefers a model that is even more edge on
(also see [Wolf et al., [2003)) than what we find here (i ~ 78 £ 1). Interestingly, our
best fit model appears to preclude a disk that is precisely edge on, as is suggested by
the scattered light morphology. This apparent misalignment of the disk, as traced
by millimeter dust emission, and envelope, as traced by scattered light, has been
previously noted (Eisner, 2012). We speculate that this apparent misalignment may
be due to a warped disk, perhaps driven by a massive non-coplanar companion

(e.g. [Mouillet et al., [1997; Dawson et al., 2011]), or a misalignment of the disk and
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Figure 3.11: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 0430242247 with the best-fit disk+envelope
model curves over-plotted. Parameters for these models can be found in Table .
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envelope, perhaps caused by a perturbation by a passing star sometime in the past
(e.g. Quillen et al., 2005]).

Our best fit model is in good agreement with the modeling results from Eisner
(2012), which found that the disk has a radius of 250 AU and an inclination of
70 — 90°. That said, our model suggests that the disk is more massive than their
best fit models (0.005 — 0.01 Mg). [Eisner| (2012)), however, argues that their grid
cannot produce a model that fits all of the datasets simultaneously. Our best fit
model is also in good agreement with Wolf et al.| (2003]), who model the SED,
millimeter visibilities and scattered light imaging to find that the disk has a mass
of 0.07 Mg and a radius of 300 AU. |Gramajo et al|(2010) also find a similar disk
mass, radius and inclination by fitting the SED and scattered light image, but find
a substantially higher envelope mass (M., ~ 0.12 Mg). Studies that consider just
the SED (Kenyon et al., 1993; Whitney et al. 1997; Furlan et al. 2008)) or just
the scattered light image (Lucas and Roche, |1997} [Stark et al.l 2006) typically find

similar results.

3.4.10 IRAS 0436542535

IRAS 0436542535 is one of the few in our sample with a detected Keplerian rotating
disk (e.g. Harsono et al., [2014; |Aso et al., 2015). Our best fit model for it has a
disk with a radius of Rggs ~ 110 AU and a mass of 0.025 My embedded in a
fairly massive, ~ 0.2 Mg envelope of material. The disk appears to be highly
inclined ¢ ~ 60°. The visibility profile is flat from 50 kA onwards, likely indicating
the presence of an unresolved disk, but short-ward of this the visibilities rise and
trace emission from the envelope. There’s no clear evidence of a flattening of the
visibilities at short baselines, so it is likely that we have resolved out large scale
structure of the envelope. Like IRAS 0401642610, we need to add a small amount
of foreground extinction to fit the near-infrared photometry. This may, however, be
because our millimeter visibilities resolve out large scale emission and our model is
not correctly capturing the large scale envelope structure.

Our observations are generally in good agreement with results from previous
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Figure 3.12: We show the 1.3 mm visibility profile (left), 1.3 mm image (center),
and broadband SED (right) for IRAS 04365+2535 with the best-fit disk+envelope
model curves over-plotted. The green curve shows our base model, which matches
the visibilities but does not extinct the spectrum sufficiently at short wavelengths. If
we include some foreground extinction in the fit (the red line), however, the models
fit the data. Parameters for these models can be found in Table

studies. |Chandler et al. (1996) suggested that the disk must be inclined by 40 —
68° based on observations of IRAS 04365+2535’s bipolar outflow, and Hogerheijde
et al. (1998) similarly found an inclination of 55°. Both Kenyon et al.| (1993) and
Whitney et al.|(1997) modeled the SED and found inclinations of 60° and ~ 70— 90°
respectively. Whitney et al.| (1997)) also found a disk radius of 50 AU, smaller than
we find here. |Gramajo et al.| (2007) modeled scattered light images of the system
and found an inclination of ~ 70°.

Harsono et al.| (2014)) observed Keplerian rotation in the IRAS 04365+2535 disk
with 3CO observations and modeled the disk with a radius of 80-100 AU and
inclination of 55°. Similarly, |Aso et al. (2015) modeled infall and rotation detected
towards the prototar in C'80O emission and found that the disk has an inclination of
65° and a radius of 100 AU. These results are both consistent with our own model
fits.

Unlike these other studies, though, Robitaille et al.| (2007)), Furlan et al.| (2008)),
and Eisner| (2012) all find much lower disk inclinations of i ~ 18 —30°. It is perhaps
not surprising that [Robitaille et al.| (2007) and Furlan et al. (2008) find different

inclinations, as they only consider the SED in their modeling. Our results likely
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Figure 3.13: 0.8 um scattered light images from HST for the four sources where such
images were available. In all four cases, although we did not fit our model to the
scattered light data, the best fit model does a reasonable job of reproducing the the
scattered light distribution. TRAS 0403242247 shows a more edge-on morphology
than we find when fitting the combined millimeter visibilities and broadband SED
dataset, possibly indicating a disk warp or disk/envelope misalignment (see Section
3.4.9).

differ from (2012) because their observations did not resolve the disk well.

The more recent studies with higher quality millimeter data (Harsono et al., [2014;

‘Aso et al., 2015)), though, seem to agree with the results presented here.

3.5 Discussion

3.5.1 Class I vs. Class II Disk Masses

Over the past few decades, there have been numerous studies of nearby star forming
regions at millimeter wavelengths with the aim of measuring disk masses for large

samples of disks, and this work has been accelerated in recent years by the power

of ALMA to quickly survey large numbers of sources (e.g. Beckwith et al. [1990;
[Osterloh and Beckwithl, [1995; [Dutrey et al., 1996 [Andrews and Williams|, 2005),
2007}, [Eisner et al., [2008; Mann and Williams|, 2010}; [Andrews et al., 2013} Mann|
let al.| 2014; |Ansdell et all 2016; [Eisner et al., [2016}; Pascucci et al., [2016} Barenfeld|
et al.,[2016;|Ansdell et al.; 2017). These surveys have tended to target the population

of Class II protostar disks because they are no longer embedded in an envelope, and
so estimates of their disk masses are more straightforward. We can compare the

Class I disk masses measured here with those of the older Class II disks.
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We show histograms of disk masses for our sample of Class I disks compared with
the sample of Class II disks in Taurus from Andrews et al.|(2013)) in Figure We
show the Taurus Class II disk masses because they are from the same region as our
Class I sample, but Class II disks from other regions have similar distributions (see
Ansdell et al, 2017). We calculate the disk masses for the Class II sample assuming

optically thin dust so that,
F, d?

Ky B, (T) .

We use standard assumptions, of k1 3mm = 2.3 cm? g=! (e.g. Beckwith et al., [1990)

Misi = (3.7)

and T'= 20 K. We also assume a standard gas-to-dust ratio of 100.

We find that the median Class I disk mass is 0.018 M. This is several times
higher than the Class II median disk mass, which we find to be 0.0024 M, for the
Taurus sample. A more detailed study of Class II disk masses finds that the mean

Class II disk mass ranges from 0.0015 — 0.0045 M, for a number of nearby star
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Figure 3.14: Histograms of the disk masses of Class I (green) sources in our sample
and Class IT (blue) sources in Taurus (Andrews et all [2013). The red lines show
the range of lower limits for the Minimum Mass Solar Nebula (e.g. Weidenschilling
1977). We find that our Class I disks, on average, are more massive than the Taurus
Class II disks, likely due to dust grain processing hiding matter in larger bodies in
the older Class II disks. However, there is still a lack of massive, > 0.1 My disks,
which may be needed to form giant planets.
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forming regions (see Ansdell et al., [2017)). If we assume that the disk masses for
Class I and II protostars are distributed normally in log-space, then a two-sided
t-test finds a probability of p = 0.018 that they are drawn from distributions with
the same mean value. If, instead, we split each sample up into two categories, disks
above and below the median Class II disk mass, then a Fisher Exact test finds a
probability of p = 0.019 that Class I and Class II disks are drawn from the same
distribution. Thus the disk mass distributions among Class I and II sources appear
different, with a significance of > 2 sigma.

Our sample is missing 2 of the 12 companionless bona-fide Class I protostars
in Taurus, and those two are among the faintest of our targets when observed
with a single dish telescope (e.g. [Motte and André| 2001a). If their faintness also
corresponds to a low disk mass, it is possible that we may be artificially boosting
the median disk mass of Class I sources by biasing our sample towards higher mass
disks. If we assume that both sources are similar in mass to IRAS 04181+42654A,
which is at the low end of our disk mass distribution, however, we still calculate
a median disk mass of 0.011 M. It is important to note, however, that a lower
single-dish millimeter flux may not indicate a low-mass disk. IRAS 04108+2803B
has a comparable single dish flux to both of these objects (Motte and André, 2001a))
and yet we find that its disk mass is above the median for Class I disks.

The higher average mass of Class I disks compared with Class II disks is an
indication that substantial dust processing and grain growth occurs between the
Class I and II stages. If dusty disk material has grown into rock, planetesimal, and
planet sizes by the Class II stage, then much of this matter would be hidden from
millimeter surveys, which are primarily sensitive to millimeter sized dust. This is
borne out by a number of studies that have found cavities, gaps, spiral arms and
other asymmetries in Class IT disks that may indicate the presence of planets (Isella
et al.l 2010; |Andrews et al., [2011a; [van der Marel et al., 2013} Casassus et al., 2013},
Andrews et al., 2016; Pérez et al., 2016} Isella et al., 2016; |[Loomis et al., 2017} |Fedele
et al., [2017)), although planets have so far only been found in a few disks (e.g. Sallum
et al., 2015).
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3.5.2 Implications for Giant Planet Formation

Recent disk mass surveys of Class II protostars have raised concerns about whether
their disks contain enough mass to form giant planets (e.g. Williams and Best,
2014; |[Eisner et al) 2016; |Ansdell et al., 2016). An accounting of the material in
our own Solar System, which is dominated by the mass of Jupiter, suggests that
disk masses of 2 0.01 — 0.1 My, are needed to form a planetary system like our own
(e.g. Weidenschilling, [1977; [Hayashi, |1981} [Desch), 2007). The masses inferred from
sub-millimeter observations of Class II disks are, on average, below this Minimum
Mass Solar Nebula. It has also been found recently that gas-to-dust ratios in Class II
disks may be well below the canonical value of 100 (Williams and Best, 2014 |[Eisner
et al., 2016; Ansdell et al., 2016). If true, this would create further discrepancies
with the MMSN, although it may simply be that CO is depleted in Class II disks
(e.g. Miotello et al.l 2017).

Whether Class I disks have enough mass to form giant planets may, however,
be irrelevant, as evidence is mounting that planets are already present in Class 11
disks (see above). As such, the Class I disks, which are younger (e.g. Evans et al.
2009; Dunham et all [2015) and have had less time for dust processing and planet
formation to occur, should better represent the initial mass budget of disks for
forming planets. And although the Class I disk sample appears to be more massive,
on average, than the Class II sample, it remains unclear from our results whether
Class I disks are massive enough to form giant planets.

With a median disk mass of 0.016 M, Class I disks do have enough mass, on
average, to form giant planets if the minimum amount of matter needed is 0.01 M.
However this median disk mass is still well below the MMSN estimates of 0.06 Mg
(Desch, 2007) and the high end of 0.1 Mg (Weidenschilling, 1977). A t-test shows
with > 20 confidence (p = 0.03) that the mean Class I disk mass is below 0.06 Mg
and with ~ 30 confidence (p = 0.007) that the mean is below 0.1 M. There are
two sources (i.e. 20% of the sample; IRAS 0415842805 and IRAS 04302+2247) that
have Mg 2 0.06 — 0.1 Mg, comparable to the ~ 20% of stars with giant planets
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(Cumming et al., 2008), but this is clearly not statistically significant.

If the upper end of the MMSN estimates do represent better estimates of the
initial amount of matter needed to form giant planets, this may be an indication
that planet formation has already begun during the Class I stage. In fact, recent
observations with ALMA provide evidence that this is the case. The HL Tau system,
which is now known to have a series of narrow gaps in it’s disk (e.g. [ALMA Part-
nership et al 2015), is thought to be somewhere between the Class I and II stages
and is likely ~ 1 Myr old. If the gaps are carved by planets (Dong et al., 2015,
it would be an indication that planet formation must begin early enough to form
Saturn-mass planets (e.g. |Dong et al., [2015; Kanagawa et al 2015 within the first
~ Myr. Perhaps even more interesting, several Class I protoplanetary disks have
recently been found to also exhibit similar features. This includes WL 17, which
has a 12 AU-wide hole in the center of its disk (Sheehan and Eisner, 2017)), and
GY 91, which has three narrow dark lanes and is very similar to the HL. Tau disk
(Sheehan & Eisner, in prep.). Although these features could very well be produced
by something other than planets, many of the likely causes are still indications that
the planet formation process has begun. If planet formation occurs during the Class
I stage then we would expect that disk masses are even higher at younger ages,
perhaps during the Class 0 stage, before dust processing has had time to progress

significantly.

3.6 Conclusions

We have presented an updated method for fitting disk+-envelope radiative transfer
models to a multi-wavelength dataset (e.g. Eisner et al., [2005; |[Eisner} [2012; |[Sheehan
and Eisner, 2014) that uses Markov Chain Monte Carlo fitting. Although these
models are computationally intensive to run, the fitting can be done in a reasonable
amount of time when run in parallel on systems with a large number of cpus.

We have used this modeling infrastructure to fit disk+envelope models to a

sample of 10 Class I protostars in the Taurus Molecular Cloud. These sources were
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chosen because they are widely accepted to be Class I objects and also because
none have been found to have close companions. We find good fits to the combined
broadband SED and CARMA 1.3 mm visibilities dataset for each source. The
resulting best fit models are even good matches to HST scattered light images,
when such images are available, despite the fit not including these data.

From our best fit models we are able to determine the disk masses for this sample
of Class I sources. We find that the median Class I disk mass is 0.018 M, which is
higher than the median Class II disk mass by a factor of a few, although it remains
unclear whether Class I disks have enough mass in millimeter-sized dust grains, on
average, to form giant planets. Larger samples of Class I disks are needed to better
nail down the Class I disk mass distribution. Moreover, we’d like to study disks in
the rich clusters where most stars form (Tachibana et al., 2006; Adams, 2010)), as
the nearby massive stars produce significant amounts of ionizing radiation (Lada
and Lada, 2003) that can photoevaporate disks (e.g. |(Churchwell et al., [1987) and
affect their structure and masses. With ALMA now online, a much larger sample of
(Class I disks can be observed with higher spatial resolution and better sensitivity far

more efficiently, so it is only a matter of time before these questions are answered.
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CHAPTER 4

Constraining the Disk Masses of the Class I Binary Protostar GV Tau'

We present new spatially resolved 1.3 mm imaging with CARMA of the GV Tau
system. GV Tau is a Class [ binary protostar system in the Taurus Molecular Cloud,
the components of which are separated by 1.2”. Each protostar is surrounded by a
protoplanetary disk, and the pair may be surrounded by a circumbinary envelope.
We analyze the data using detailed radiative transfer modeling of the system. We
create synthetic protostar model spectra, images, and visibilities and compare them
with CARMA 1.3 mm visibilities, an HST near-infrared scattered light image, and
broadband SEDs from the literature to study the disk masses and geometries of the
GV Tau disks. We show that the protoplanetary disks around GV Tau fall near
the lower end of estimates of the Minimum Mass Solar Nebula, and may have just
enough mass to form giant planets. When added to the sample of Class I protostars
from Eisner| (2012) we confirm that Class I protostars are on average more massive
than their Class II counterparts. This suggests that substantial dust grain processing
occurs between the Class I and Class II stages, and may help to explain why the
(Class II protostars do not appear to have, on average, enough mass in their disks to

form giant planets.

4.1 Introduction

The process of star formation begins with a roughly spherical cloud of gas and dust
in hydrostatic equilibrium that has yet to begin collapsing under the force of gravity
to form a protostar. As the collapse proceeds, conservation of angular momentum

forces most of the in-falling material to form a disk rather than accrete directly

TThis chapter has been published previously as |Sheehan and Eisner [2014
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onto the forming protostar. Viscosity in the disk then transports mass inwards
and angular momentum outward, allowing matter to accrete from the disk onto the
central protostar. Eventually the material from the in-falling spherical envelope is
depleted onto the massive protostellar disk. In turn, the material from the disk is
then deposited onto the pre-main sequence star until the disk is tenuous and the
central star is exposed. At the same time dust grains in the disk coagulate to form
larger and larger bodies, which eventually may grow into planets.

Young stars are typically classified according to the shape of their spectral energy
distributions (SEDs) (e.g. |Ladal [1987; |Andre et al., [1993) and their bolometric
temperatures (e.g. Enoch et al.| [2009)). Class 0 Young Stellar Objects (YSOs) have
SEDs that are highly obscured at optical and near to mid infrared wavelengths
and peak at far-infrared or sub-millimeter wavelengths, corresponding to bolometric
temperatures below 100 K. These objects are believed to be young stars that are
still enveloped by their natal envelopes. There is evidence suggesting that a few
Class 0 protostars are surrounded by rotationally supported protostellar disks (e.g.
Tobin et al., 2013)). However, it is not yet clear that Class 0 YSOs in general
possess disks. Class I YSO SED'’s rise steeply in the near-infrared, peak in the mid-
infrared, and often have significant obscuration of their central protostars. They are
also characterized by bolometric temperatures below about 600 K. This class likely
represents protostars surrounded by massive disks still embedded in their original
envelopes. Class I YSOs have SEDs that are flatter at near-infrared wavelengths
and show some light from the central protostar. They are thought to represent pre-
main sequence stars encompassed by massive protoplanetry disks. Class III YSO
SEDs are dominated by the light from the central protostar, and have little or no
infrared excess arising from an optically thin disk of matter.

The mass of the circumstellar disk at each of these stages is an important indica-
tor for the evolution of circumstellar mass during star and planet formation. Disks
that are too massive may be subject to gravitational instabilities that could help
to grow protostellar mass quickly. Gravitational instabilities leading to rapid mass

accretion may help to rectify the discrepancy between observed envelope-to-disk and
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disk-to-star mass accretion rates (e.g. Kenyon and Hartmann, |1987). Conversely,
disks with too little mass may not have enough material to form giant planets (e.g.
Weidenschilling, |1977; Desch, 2007)).

The masses of protostellar disks and envelopes are usually measured from mil-
limeter wavelength observations. If the matter is optically thin, as is much of the
circumstellar material around protostars, then the millimeter flux is proportional
to the dust mass. In order, however, to make the conversion between millimeter
flux and total mass it is necessary to know the temperature distribution throughout
the disk, the opacity of the dust in the disk, as well as the gas-to-dust mass ra-
tio. Furthermore, dense regions in the disk can be optically thick and hide material
from sight. For Class I objects, which are surrounded by both a disk and its natal
envelope, disentangling the disk and envelope masses is also a challenge. The best
method for overcoming these difficulties and unambiguously determining the mass
of the protostellar disk is through detailed radiative transfer modeling of resolved
imaging.

Studies using radiative transfer modeling to match SEDs have historically been
used to place constraints on the distribution of matter around young stars (e.g.
Adams et al., [1987; Kenyon et al., [1993; Robitaille et al., [2007). Such modeling,
however, can be subject to significant degeneracies. For example, it is difficult to use
a SED to distinguish between a flattened disk-like envelope (Ulrich, [1976; Terebey
et al, |[1984) and flared edge-on disks (Chiang and Goldreich, [1999). To break these
degeneracies, additional imaging datasets such as short wavelength scattered light
images or millimeter continuum images can be modeled to provide new constraints
on circumstellar structure. Modeling of multiple datasets has previously been used
to determine the circumstellar mass distribution of young stars more accurately than
was possible by modeling a single dataset by itself (e.g. [Osorio et al., 2003; Wolf;
et al., 2003} Eisner et al., 2005; |[Eisner} 2012).

Disk masses for Class 0 protostars (ages < 0.2Myr), if indeed disks are present,
have been suggested to be high (2 0.05 — 0.1 Mg; |Jgrgensen et al.. 2009). Mass

accretion rates of Class 0 protostars have also been estimated to be high (= 107° M
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yr~1) from SED fitting (e.g. Jayawardhana et al., 2001)), outflow measurements (e.g.
Bontemps et al., [1996), and lifetime measurements from statistical arguments (e.g.
Andre and Montmerle, |1994a; Barsony, 1994). These high disk masses and accretion
rates suggest that the disks around these protostars may be gravitationally unstable.
Conversely, the masses of Class II disks in Taurus and Orion (ages ~ 1 — 5Myr)
have been well studied and are found to have a median mass of 0.001 Mg, with
<10% of systems having disk masses higher than 0.01 My and <1% with disk
masses greater than 0.1 My (e.g. [Eisner et al., [2008; Andrews et al. 2013). These
median masses are low compared with the amount of matter needed to form giant
planets, estimated to be 0.01 - 0.1 Mg, (e.g. [Weidenschilling}, [1977; |Desch, 2007). The
millimeter wavelength observations used to make these measurements, however, are
only sensitive to particles smaller than ~ Imm. It might be the case that significant
dust processing and grain growth has already occurred in these systems, effectively
hiding the mass in the disk in larger undetectable bodies.

Class I YSOs thus may represent a transitional stage between massive, highly
unstable protoplanetary disks to stable disks in which planet formation is progress-
ing. The disks around Class I YSOs may also more accurately represent the initial
mass budget of disks for forming planets as they are younger and presumably grain
growth is less advanced.

Previous radiative transfer modeling studies of the masses of Class I disks in
Taurus and Ophiuchus (ages ~ 0.2 — 0.5 Myr) using millimeter continuum images
(e.g.|Jorgensen et al., [2009)) or SEDs, scattered light images, and millimeter images
(Osorio et al., 2003; Wolf et al., |2003; Eisner et al., 2005; Eisner, 2012) find disk
masses ranging from 0.005-1 M. [Eisner| (2012)) finds a median disk mass for their
sample of 0.01 M. They also find, however, that the mass within 100 AU, where
planets form, has a median of 0.008 M. If the mass measured using millimeter
emission traces the entire disk mass, there is likely not enough matter for forming
giant planets, which may require as much as 0.1 M, (Eisner, 2012).

Binary stars are particularly interesting candidates for disk mass studies, not

only because they allow measurements of two disk masses simultaneously, but also
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because a significant fraction of young stars are formed with companions (e.g. |Abt
and Levy, 1976; Raghavan et al., 2010), so their properties are important for un-
derstanding the evolution of disk masses and planet formation for a large portion
of young stars. Furthermore, disks in young binary systems are coeval. Similarities
and differences in the properties of each individual system will therefore highlight
nuances in the progression of star and planet formation.

In this paper we study the Class I binary GV Tau. GV Tau (IRAS 04263-2426,
Haro 6-10) is located in the Taurus Molecular Cloud Complex, at a distance of
140 pc (Mamajekl, 2008). GV Tau was first discovered to be a binary by Leinert
and Haas (1989) using speckle interferometry, and has since been resolved at near-
infrared, millimeter, and centimeter wavelengths (Koresko et al., 1999 |[Reipurth
et al., 2004; Roccatagliata et al.,|2011; Guilloteau et al., 2011]). The binary consists of
a bright optical source, GV Tau S, and its companion, GV Tau N, located 1.2” north
of its southern counterpart. At the distance of Taurus this projected separation
corresponds to 170 AU. GV Tau N is 100 times fainter than GV Tau S at optical
wavelengths but becomes bright in the near- and mid-infrared (Leinert and Haas,
1989; Koresko et al., |1999; Roccatagliata et al.; 2011)). Doppmann et al.| (2008]) find
that the GV Tau N and S have stellar masses of 0.8 and 0.5 My and temperatures
of 3800 and 4100 K respectively.

Both components of the GV Tau binary have been found to be highly variable
in the near-infrared on timescales as short as a month (Leinert et al., 2001). |Leinert
et al.| (2001) attribute the variability of GV Tau N to variable accretion and suggest
that the variability of GV Tau S is due to inhomogeneities in its accretion disk.
Doppmann et al| (2008) find that GV Tau S has a variable radial velocity and
suggest that GV Tau S may be a multiple system with a companion with mass
M, < 0.15 M, (mass ratio > 3) and a < 0.35 AU.

A number of previous studies have attempted to constrain the distribution of
material around each component of the GV Tau binary. Early near-infrared imag-
ing studies by Menard et al. (1993)) suggested that the binary pre-main sequence

stars were surrounded by a flattened circumbinary envelope or disk, and potentially
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circumstellar disks around each component. More recent studies have suggested that
GV Tau N is surrounded by an edge on disk while GV Tau S’s disk is close to face on,
and that both components are surrounded by a common envelope, the composition
of which is similar to that of the interstellar medium (Roccatagliata et al., [2011)).
Guilloteau et al|(2011) modeled Plateau de Bure Interferometer 1.3mm visibilities
for the GV Tau binary and found the disks to be optically thick with radii around
15 AU.

In this work we use detailed radiative transfer modeling of new CARMA 1.3mm
visibilities along with HST scattered light imaging and broadband SEDs to expand
on previous works and more accurately constrain the structure and properties of the

GV Tau binary young stellar objects.

4.2 Observations & Data Reduction

4.2.1 CARMA Observations & Data Reduction

We observed GV Tau on 2010 October 29 with the Combined Array for Research in
Millimeter-wave Astronomy (CARMA). Our observations were taken in CARMA’s C
configuration, with baselines ranging from 20 - 350 m, corresponding to an angular
resolution of 17 and a largest resolvable scale (0yrs ~ 0.5\/Byi,) of 6.5”. The
CARMA correlator was in wideband mode, with a local oscillator (LO) frequency
of 227 GHz, and an intermediate frequency (IF) band +£1 — 9 GHz from the LO.
Eight 500 MHz bands were placed evenly spaced in each of the sidebands, for a
total continuum bandwidth of 8 GHz. Our observations were taken during the same
track as two other young stars in Taurus with cycles of 19 minutes consisting of 5
minute integrations for each science target and 4 minutes for our gain calibrator,
3C111. We also observed the quasar 3C84 at the beginning of the track for bandpass
calibration. The total on-source integration time for GV Tau was 50 minutes, and
the total length of the track was 3 hours and 15 minutes.

The calibration of our data was done using the CASA and MIRIAD data reduc-

tion packages. We applied a series of calibration corrections to the data, beginning
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Figure 4.1: 0.8 um HST scattered light image of GV Tau in grayscale with the
1.3 millimeter CARMA image overplotted as contours. Both images have high
enough spatial resolution and sensitivity to resolve the binary. The beam size of the
millimeter image is shown in the bottom left.

with a correction for instrumental phase drifts from differences in line lengths. Next,
we used 3C84 to estimate the bandpass responses and correct for variations in flux
across the channels of each band. Antenna 8 was used as the reference antenna
throughout the calibration process. After applying the bandpass corrections to the
data we used the CASA gain calibration routine on 3C111 to determine the time
dependent gain corrections and interpolated to apply them to the data. No flux
calibrator was observed during this track, so we scaled the visibilities using a flux
of 1.94 Jy for 3C111 at 1 mm as measured by the SMA on October 28, 20101,
After calibrating the visibilities, we Fourier transformed our data to obtain an
image, and we CLEANed the resulting image to deconvolve the image and the dirty
beam. The imaging provides a nice visualization of the system, however we perform
most of the analysis for this paper in the visibility plane, where we do not have to
contend with beam effects. We plot the millimeter contours in Figure and the
visibilities in Figure To better demonstrate that the target is a binary using

the visibilities we plot the visibilities averaged in bins along a baseline parallel to

1Can be found at http://smal.sma.hawaii.edu/callist/callist.html
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Figure 4.2: 1.3 mm visibilities for the GV Tau system. We plot the amplitudes of the
one dimensional azimuthally averaged visbilities with solid points, while the open
circles show the the amplitudes of the visibilities averaged using a two-dimensional
grid. We average the data coherently, so phase noise in the data may result in
average amplitudes which are lower than the amplitudes for the unaveraged data.

the binary in Figure 4.3

To model our targets individually we needed to separate the contribution to the
measured visibilities of each member of the binary. To do this we fit the combined
visibilities with both a double point source model, leaving the centroids and fluxes
as free parameters, and a double two dimensional gaussian model, with the widths,
centroids, fluxes, inclination, and position angle as free parameters. From our best
fit we find that both components are unresolved, or at best marginally resolved, by
our observations.

We also find that our double point source models underpredict the flux of our
targets at short baselines. We can improve the model fit to the data by adding a
gaussian source with a large spatial extent to the model, likely representing large
scale circumbinary structure. This gaussian has a FWHM of ~ 5”7, making it signifi-
cantly larger than the binary. Given our limited coverage of short baselines, however,

the outer scale of this structure is difficult to constrain. The best fit model is plotted
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Figure 4.3: 1.3 mm visibilities, shown as filled circles, plotted and averaged along
the axis of the binary. On the left we show the amplitude and on the right we
show the phase of the complex visibilities. The data are perfectly symmetric across
the zero-baseline line because the complex visibilities are Hermitian. We have over
plotted the best fit double point source plus gaussian model as open squares and
a dashed line. The open squares represent the best fit model sampled at the same
binned uv points as our data, while the dashed line shows the best fit model if the
uv plane were perfectly sampled.

over our data in Figure [4.3] To determine the visibilities for a single component of
the binary we first remove the component arising from the large scale circumbinary
material. We then subtract the best fit model for the other component from the
visibilities. We do this for both the best fit point source and gaussian models and
find that the difference in the resulting single component visibilities is negligible.
We binned the visibilities into both a two dimensional grid as well as an annular
grid to increase the signal to noise ratio for our data. We gridded the visibilities
with a weighted average of real and imaginary components of the visibilities within

each grid cell, with weights determined by our calibration.
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4.2.2 Scattered Light Imaging

We downloaded an archival Hubble Space Telescope Widefield and Planetary Camera
3 (WFPC3) near-infrared 0.8 um scattered light image of GV Tau from the Hubble
Legacy Archive (HST Program 7387, PI: Stapelfeldt). The image was previously
calibrated, with the exception of cosmic ray removal so we removed the cosmic ray
hits from the image using the COSMICS program (van Dokkum, [2001)). Finally, we

2 71 A~! using the appropriate scaling factor

scaled the data to units of ergs cm™
from the fits header. We calculated uncertainties for the image from the square root
of the counts frame of the data multiplied by the scaling factor to convert the image
to a real flux value.

The HST image of GV Tau lacks background stars to be used to for determining
astrometry of the image. Instead we used a widefield Sloan Digital Sky Survey
(SDSS), Data Release 10, 0.75 um scattered light image of GV Tau which does have
background stars to determine the astrometry and transfer it to the HST images.
We used the HST image in our modeling rather than the SDSS image because the
HST image has higher resolution and shows significantly more structure than the
SDSS image. We used SExtractor (Bertin and Arnouts, 1996|) and SCAMP (Bertin),
2006) to locate point sources in the SDSS images and find an astrometric solution for
the image. We then used distinctive features of the scattered light surrounding the
southern component to align the HST and SDSS images and transfer the astrometry
to the HST image. Figure [4.4] shows a plot of our alignment of the SDSS and HST
images, and Figure [4.1] shows the HST image with the millimeter contours over-
plotted. The uncertainty in the SDSS image astrometry is 0.2”, and we estimate

that the uncertainty in the HST image is 0.3”.

4.2.3 Photometric Data from the Literature

In addition to our CARMA data and archival HST imaging data we collected pho-
tometry for GV Tau from the literature to create a spectral energy distribution

(SED). Because the components of the GV Tau binary are only separated by 1.2”
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Figure 4.4: HST 0.8 pym image of GV Tau in grayscale with contours of the SDSS
1-band image overplotted. We matched the SDSS image to the HST image based on
features in the scattered light image in order to transfer astrometry from the SDSS
image to the HST image. This figure shows our best match, which we used for the
transfer. This figure demonstrates that the HST image has much higher spatial
resolution than the SDSS image, so we use the HST image for our modeling.

the photometry from the literature for GV Tau is largely unresolved. We did however
find a number of studies that spatially resolved the binary and provided photometry

for each component. We also used VLT resolved near-infrared spectroscopy of the

silicate feature for both components from Roccatagliata et al, (2011). We list the
resolved and unresolved photometry in Tables and and plot the spectra in

Figure 4.5] For our model fitting we ignored the uncertainties quoted in the liter-
ature and used a uniform 10% uncertainty for each data point, although this value
is somewhat arbitrary.

Reipurth et al| (2004) used the Very Large Array (VLA) A configuration to

observe GV Tau at 3.6 cm with 0.3” resolution and resolved the components of
the binary. The 3.6 ¢cm emission detected towards the southern component appears
to trace an outflow and is likely not thermal dust emission, while the emission
detected towards the northern component is consistent with thermal dust emission
with a spectral index of 2. Given our current data we cannot be certain of the origin

of the 3.6 cm emission from either source so we exclude the point from our modeling
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for the time being. We intend to follow up on this feature in a future paper.

The left panel of figure [4.5[ shows a plot of the photometry for GV Tau in which
the binary was not resolved, along with the sum of the photometry for each compo-
nent. The composite GV Tau N and S photometry matches the unresolved data well
at wavelengths longer than 3 pum. At shorter wavelengths the composite photom-
etry falls below the unresolved photometry. This is likely because the unresolved
data use a larger aperture and thus includes more of the nebulosity that is present
in near-infrared images of GV Tau. In our modeling, described below, we fit indi-
vidual protostar models to the resolved photometry for each component. We also
include the unresolved photometry from 12 - 100 gm as upper limits to constrain

the modeling as we do not have resolved photometry in that range.
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Figure 4.5: SEDs for GV Tau using data from the literature. We plot the unresolved
photometry on the left as filled circles as well as the sums of the resolved photometry
as open circles. At most wavelengths, these lie on top of each other. The sums of
the resolved near-infrared photometry likely fall below the unresolved photometry
due to the smaller aperture used for the unresolved photometry. The unresolved
photometry is likely more sensitive to the extended scattered light structure. In the
right panel we plot the resolved photometry for both components of the GV Tau
system.



Table 4.1.  Unresolved photometry of GV Tau

A F, Reference
(pm)  (Jy)

0.44 0.00012 Myers et al. (1987
0.55 0.00072 Myers et al.| (1987
0.64  0.0034 |Myers et al.| (1987
0.79 0.014  Myers et al.| (1987
1.24  0.0385 2MASS
1.25 0.12 Myers et al.| (1987
1.65 0.43 Myers et al. (1987
1.66 0.15 2MASS

2.16 0.4 2MASS

2.20 0.7 Myers et al. (1987
3.40 1.29038 |Rebull et al. (2011
3.45 1.6 Myers et al.| (1987
3.60 2.1 Cieza et al. (2009
4.50 3.3 Cieza et al.| (2009
4.60  8.68941 Rebull et al.| (2011
4.80 3.3 Myers et al.| (1987
5.80 9.6 Cieza et al.| (2009
7.80 8.0 Myers et al. (1987
8.00 9.6 Cieza et al. (2009
8.70 7.0 Myers et al.| (1987
9.50 7.00 Myers et al.| (1987




Table 4.1 (cont’d)

A F, Reference

(pm) (Jy)

10.10 9.0 Myers et al. (1987
10.30 10.0 Myers et al.| (1987
11.60 12.0 Myers et al.| (1987
12.00 16.6 IRAS

12.00  24.02720 Rebull et al.| (2011
12.50 16.0 Myers et al.| (1987
20.00 26.0 Myers et al.| (1987
22.00  37.5286 Rebull et al.| (2011
25.00 37.6 IRAS

60.00 58.4 IRAS

100.00 47.0 IRAS

350.00 1.68 Andrews and Williams| (2005
350.00 3.42 Dent et al.| (1998
443.00 2.37 Chandler et al.| (1998
443.00 1.81 Andrews and Williams| (2005
450.00 1.73 Dent et al.| (1998
790.00 0.571 Chandler et al.| (1998
800.00 0.353 Dent et al.| (1998
863.00 0.28 Andrews and Williams| (2005
1100.00  0.138 Dent et al.| (1998
1104.00 0.18 Chandler et al.| (1998
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Table 4.1 (cont’d)

A F, Reference
(pm) — (Jy)

1260.00  0.099 Chandler et al.| (1998

1300.00  0.20 |Motte and André| (2001b

1927.00 <0.16 Chandler et al.| (1998

3400.00 0.0113 |Hogerheijde et al.| (1997

Table 4.2. Resolved photometry of GV Tau

A | F,n Reference

(pm) — (Jy) (Jy)
0.59  0.000437 0.000001 |Roccatagliata et al.| (2011
0.79  0.002365 0.000009 |Roccatagliata et al.| (2011
1.65 0.037 0.0021  |Roccatagliata et al.| (2011
1.65 0.402 0.028 Leinert and Haas| (1989
2.16 0.1329 0.0334 |Roccatagliata et al.| (2011
2.20 0.615 0.08 Leinert and Haas (1989
3.45 0.838 0.631 Leinert and Haas (1989
4.80 1.468 1.837 Leinert and Haas (1989
1300  0.0404 0.0443 This work
1300  0.0467 0.0438 Guilloteau et al. (2011
2700  0.0091 0.0105 Guilloteau et al. (2011
36000  0.0011 0.0001 Reipurth et al.| (2004
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4.3 Modeling

We follow the same modeling procedure as Eisner et al.| (2005) and Eisner| (2012)

using a grid of models described below.

4.3.1 Input Density Distributions

Our models include a central protostar surrounded by a circumstellar disk and an
envelope with an outflow cavity. We provide below further details of the structure of

each component and the parameters that were varied to create our grid of models.

Protostar

We use a central protostar with a temperature of 4000 K and a mass of 0.5 Mg
for both protostars in the GV Tau system. This is consistent with previous studies
of GV Tau, which find a mass and temperature of 0.5 My and 3800 K for GV
Tau S and of 0.8 My and 4100 K for GV Tau N (Doppmann et al) 2008)). We
allow the luminosity of the protostar to be 1, 3 or 6 Ly, and calculate the radius
of the protostar accordingly, assuming that the protostar is a spherical blackbody.
Our selected luminosities are compatible with previous luminosity measurements by
White and Hillenbrand| (2004)), Doppmann et al. (2005), and [Prato et al. (2009).
While Doppmann et al.| (2008)) measured lower luminosities for the protostars (0.3
Lo and 0.6 L), the assumed age in that study may be too old, thus pushing the
luminosity down. We discuss this further in Section [£.5.3] The spectrum of the
protostar is also assumed to be that of a spherical blackbody with a temperature of

4000 K.

Envelope

We model the density distribution of the protostellar envelope using the solution for

a rotating collapsing envelope (Ulrich, 1976),

. _l _1
M -1 2 R,
Penn (T, 1) = yy (GM.r®) "2 (1 + %) (ﬁ + 2,ug—> , (4.1)
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where r and 6 are defined in the typical sense for spherical coordinates centered on
the protostar, and u = cos§. The parameter M is the accretion rate of the envelope
onto the protostar, and can be calculated from the total envelope mass by integration
over all space. R. is the centrifugal radius of the envelope, interior to which the
density distribution begins to significantly flatten due to rotation. py = cosf is
the initial angle of the infalling material and can be solved numerically from the
equation (Ulrich, [1976)),
ro 11—

R 1—p/m 42

Finally, we truncate the envelope at a an outer radius, Re,,, and at a fixed inner
radius, Rj,.

The inner radius of the envelope in our models is fixed at a distance of 0.1
AU, consistent with previously measured inner disk radii for our range of model
luminosities (e.g. Eisner et al] 2007), while the total envelope mass, M, and the
outer radius of the envelope, R.,,, are left as free parameters to be varied in our
grid. We allow M., to take values of 1 x 1079 5x 107, 1x 1075, 5x 1075, 1 x 1074,
and 5 x 107 My, and Ry, is selected from 60, 90, 300 and 1000 AU. Although the
centrifugal radius, R, is a free parameter, we fix it to be equal to the radius of the
protoplanetary disk, described below. It can take values of 30, 60, 100, or 300 AU.
We allow values of R, larger than the projected separation of the protostars (170
AU) because of the possibility that the actual separation is much larger.

We also give the envelope an outflow cavity, the location of which is determined
by

2> 1AU +7r¢ (4.3)

Inside the outflow cavity, the density of the envelope is reduced by a scale factor, f..,.
We leave f.., as a free parameter which is allowed to take values of 0.05, 0.2, and 1,
and hold ( fixed at a value of 1.0. While it would be nice to vary {, computational
limitations dictate that we hold some parameters fixed. The parameter study in
Eisner| (2012) suggests that ¢ primarily affects the overall flux scaling of the 1.3

mm visibilities as well as the offset between the scattered light emission and the
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protostar. This would suggest that ( is degenerate with the disk mass, which is
largely responsible for the overall flux scaling of the 1.3 mm visibilities, however ¢
only affects this scaling on the order of 10% so we do not believe that it produces a
significant error in our disk mass measurements. ¢ may, however have a significant
effect on inclination and position angle, but the astrometry errors of our scattered

light image likely overshadow this error.

Protoplanetary Disk

To model the protoplanetary disk, we use the standard prescription for a flared

viscous accretion disk,

paisk(T, 2) = po <1ATU>_Q exp <—% [%] ) ) (4.4)

h(r) = ho (12[])5 , (4.5)

with r and z defined in the usual sense for cylindrical coordinates. pg is the density

of the disk at the midplane at a radius of 1 AU, and can be calculated from the
total disk mass, My, by integrating the disk density over all space. hg is the scale
height of the disk at 1 AU. We truncate the disk at a given outer radius, Rgj, and
inner radius, R;,.

In our models we fix § at a value of 58/45 (or 1.29) as found by Chiang and
Goldreich (1997) for a flared accretion disk in hydrostatic equilibrium. Viscous
accretion theory specifies that o = 3(8—3) = 71/30 (or 2.37) (Shakura and Sunyaev,
1973)). For these values of o and 3 the surface density is proportional to r—1%. We
take the scale height at 1 AU, hg, to be 0.15 AU, and hold the inner radius of the
disk fixed at 0.1 AU, consistent with measurements of the inner disk radius of T
Tauri stars for the range of luminosities we chose (e.g. |Eisner et al.| 2007). The total
disk mass, Mg, and the outer radius of the disk, Ry, are left as free parameters.
In our grid we allow Mg to take values of 1 x 1076, 5 x 107¢, 1 x 1075, 5 x 1075,

and 1 x 107* Mg, and we let Rgiq vary between 30, 60, 100 and 300 AU. We again
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allow large disk radii because the actual separation of the protostars may be larger

than the projected separation. We do not allow models in which Rgic > Reny-

Summary of Model Parameters

The model we employ includes a significant number of free parameters, and creating
a grid of models that can fully explore the parameter space of these models is not
practical. This is especially true because of the significant amount of computational
time required to generate a single model, meaning that our grid must be relatively
coarse out of necessity. Instead we focus on the subset of the free parameters which
are particularly important for determing the best model fit to the data. We hold
ho and ¢ constant so that we can explore more values for other parameters. The
parameter study from |Eisner| (2012)) suggests that these parameters have a smaller
influence on models compared with other parameters. The free parameters in our

models are Mdiska Rdisk = RC, Menv; Renva Lstar7 and fcav-

4.3.2 Opacity

We calculate the opacity of dust grains in our model following the prescription of
Pollack et al.| (1994). Our dust grains are composed by volume of a mixture of
38% astronomical silicates, 3% troilite, 29% organics, and 30% water ice. Optical
constants for the astronomical silicates, troilite, organics, and water ice were taken
from |Draine| (2003), Begemann et al. (1994), Pollack et al. (1994), and Hudgins
et al.| (1993)) respectively. We reduce the amount of water ice relative to the other
constituents when compared with the Pollack et al.| (1994) recipe to account for
the high temperatures which would vaporize much of the water ice in the inner
regions of the disk. We calculate the optical properties of the mixed grains using
the Bruggeman mixing rule. We calculate the absorption and scattering opacities
from the optical properties of the combined grains assuming that the grains are
spherical and using the code BHMIE (Bohren and Huffman) |1983)).

We assume that the dust in our models follows a power law grain size distribution,
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Figure 4.6: Opacities we use in our modeling, with three different maximum grain
sizes. We plot the absorption and scattering coefficients for the opacities in the left
and right panels respectively. The behavior of our opacities with increasing a,q.
agrees qualitatively with both the opacities used by |D’Alessio et al.| (2001)).

n(a) < a~P, between some minimum and maximum grain size. Mathis et al.| (1977)
find that p = 3.5 for the interstellar medium, and several investigators have found
that the collisional cascade in debris disks also results in p ~ 3.5 (e.g. [Dohnanyi,
1969). The power law exponent in Class I disks is not well known, so we assume
p = 3.5. We assume a minimum grain size of 0.005 pym for all of our opacities. The
dust in the envelope of our models always uses opacities with a maximum grain
size of 1 um, roughly consistent with dust grains in the interstellar medium. We,
however, allow the maximum dust grain size, .., in the disk to take values of 1
pm, 10 pm, and 1 mm so that we might explore grain growth in the disk of our
targets.

Our opacities for dust grains with a maximum grain size of 1 ym are in good
agreement with the Ossenkopf and Henning| (1994) dense (n = 10°) protostellar core
opacities, differing by at most a factor of two. This is well within the degree to which
we know the composition of interstellar dust grains. We also compare our opacities

qualitatively with the opacities of D’ Alessio et al.| (2001)), who follow a similar recipe,
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and find that our results are in good qualitative agreement for different grain size
distributions. We plot the effect of changing the maximum dust grain size in Figure
[4.6 Changing the relative abundances of the constituent grains produced smaller

effects on the resulting opacities.

4.3.3 Radiative Transfer Codes

We use a combination of the three dimensional Monte Carlo dust radiative transfer
codes Hyperion (Robitaille, 2011) and RADMC-3D to create our grid of spectra,
images and visibilities of model protostars. For a given dust density distribution, we
use Hyperion to perform a Monte Carlo simulation to calculate the dust temperature
throughout the grid. We then use RADMC-3D raytracing to create synthetic spectra
and images of the model from the density and temperature distributions. Finally,
we Fourier transform synthetic 1.3mm images to create visibilities. We describe the
basic functioning of these codes, as well as our rationale for using two in tandem,
below.

Hyperion runs Monte Carlo simulations to determine the temperature structure
of a given protostellar model using the iteration method proposed by Lucy| (1999).
Photons are propagated through the density grid, being absorbed and re-emitted
as they go, and after all of the photons have escaped the grid, the temperature is
computed, and the simulation is carried out again until the temperature converges to
a satisfactory level. For our simulations, each iteration used 10° photons, which we
found to give a good balance between accuracy in the temperature measurement and
time required to run a single model simulation. Each simulation usually requires ~10
iterations to converge, for a total of about 10° photons for each thermal simulation.

Our models tend to include very high density regions (e.g. the disk midplane)
into which few photons travel. To improve the signal-to-noise of the temperature
measurement we allow Hyperion to use the Partial Diffusion Approximation (PDA)
to more accurately calculate the temperature in these high optical depth regions
following each iteration. Furthermore, if a photon does wander into these regions

of the grid it can end up being trapped in the high density cell, which significantly
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slows down the calculation. To circumvent this problem we employ the Modified
Random Walk (MRW; Min et al., 2009; Robitaille, [2010) method which can speed
up these trapped photons by allowing the photons to diffuse out of the cell in a
single step rather than hundreds or thousands.

Images and SEDs are computed for our models using raytracing of the dust
thermal emission. To account for scattered light emission, which can contribute a
significant fraction of the signal at short wavelengths, we run scattered light simula-
tions in which monochromatic photons are propagated through the grid and allowed
to scatter until they are absorbed. The scattering phase function can then be de-
termined by the scattering properties of the photons and included in the raytracing
algorithm to quickly create images and SEDs from the models. The scattered light
simulations are run with 10* photons at each wavelength in an SED generated and
10° photons for each image, which was found to give good signal-to-noise in our mod-
els. We calculate the images and SEDs for inclinations from 0° to 90° at intervals
of 5°, and we vary the position angle from 0° to 360° in intervals of 10°.

We elected to use a combination of both codes because we frequently found
that the run time for each thermal simulation was dominated by photons being
trapped in high optical depth regions, so the MRW and PDA procedures significantly
sped up the simulations. At the time when we created our grid of models, only
Hyperion employed both of these procedures and thus we elected to use Hyperion
for the thermal simulation portion of our modeling. Conversely, raytracing for both
thermal emission and scattered light is the fastest method for producing spectra
and images, and at the time when we created our grid of models, only RADMC-
3D offered raytracing for scattered light. We note, however, that since we ran our
model grid RADMC-3D has been updated to include the MRW algorithm and has
a PDA module under development. Furthermore, Hyperion may include raytracing

for scattered light in the future (Robitaille, 2011)).
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4.3.4 Model fitting

We fit our models to all three datasets (SED, HST scattered light image, and
CARMA visibilities) simultaneously with a weighted least squares fit. For each
individual dataset we calculate y? for the corresponding component of each model.
We then combine the separate x? measurements into one weighted least squares
parameter:
2 2
X? = (wspec& + memQ + wm’sA) [ (Wspee + Wais + Winy).
min(Xapec) min(x;,,)

(4.6)
It is important to note that our goodness of fit parameter X2 is not a true y? statistic
and cannot be used in a statistically rigorous way.

We use our X? metric rather than a true x? to determine the best fit to the data
so that we have the ability to change the weight given to each dataset. If we were to
use a true x? metric, our fits would be dominated by the imaging data, which has a
significantly larger number of data points than the visibilities or SED. The primary
goal of this study is to constrain disk properties from our datasets. Fitting with
a true x2, however, would place most of the weight on the scattered light images,
and scattered light images do not trace the disk properties as well as the visibilities
or SED. Millimeter wavelength measurements are particularly sensitive to the dust
mass of a system, so fits with larger weight given to the 1.3mm visibilities may more
faithfully reproduce the distribution of denser material. Our X? statistic allows us
to put more weight on the visibilities and make our fitting more sensitive to disk
mass.

Our X? metric allows us to explore how consistent our best fit parameters are
with each dataset individually. If a parameter remains relatively constant as we
give each dataset significantly more weight than the others, that would suggest
that the parameter is consistent with each of the datasets and is well constrained.
Conversely, those parameters that vary significantly with different weights are likely
not well constrained and may suggest that a more complex model is needed to fully

explain the complete dataset.
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We fit our models to the data for each component of the binary separately. In
order to do this we fit the model spectrum to only the resolved spectrum of each
source, while the unresolved data are used as upper limits. We also split the HST
image into smaller sub-images which only contain the appropriate source, and split
the visibilities as described above to obtain the visibilities for an individual source.
However we do verify that our best-fit models also provide good fits to the composite

imaging, visibility and photometric data.

4.4 Results

We list the best fit model parameters for GV Tau N and S in Table [£.3] ordered
by increasing X2. We plot the synthetic data for the best fit models, as described
in row “a” of Table [4.3] in Figure [£.7. We also plot the sum of the best fit models
against the full binary dataset to show that we fit all of the composite data. We
give the mm data more weight, as described above, in our best-fit model. However
we explore other weighting schemes to determine whether best-fit parameters are
consistent with each dataset individually. If parameters change as weights are varied,
that implies that some model parameters may produce degenerate effects, or that a
more complex model may be required to fit the combined dataset well. We list all
models with X2 < 2 for GV Tau N and X? < 1.7 for GV Tau S in Table [£.3] and
those models are plotted in Figures & in order of increasing X?2. In Figure
we show the models with the next-lowest X? values. These models are clearly
unsuitable fits to the data, so we do not consider them, or models with still higher
X? values, further.

We find that the disk dust masses of the best fit models for GV Tau N and S
are each 5.0 x 107 My. By examining the fit quality across our model grid, we
provide qualitative estimates of the acceptable range of parameter values. A disk
mass a factor of two larger than our best fit model can still reproduce our dataset
well (Figures & , while a disk mass five times lower cannot (Figure .

While not statistically rigorous, we therefore estimate that the disk masses for GV
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Figure 4.7: Our data, shown as solid points, with the best fit models, shown as
lines, for GV Tau N and S overplotted. The first three rows show broadband SEDs
in the left panel, 1.3 mm visibilities in the middle panel, and 0.8 um scattered light
images in the right panel. Panels which show the resolved spectra of GV Tau N or
S also show the unresolved spectrum of the system as upper limits. The first row
shows the data and model for GV Tau N, while the second row shows the same for
GV Tau S. The third and fourth rows show the combined GV Tau dataset with the
sum of the best fit north and south models plotted on top. The fourth row shows
the visibilities, both amplitude and phase, averaged along the binary axis.



10° . . . . ————————

10° 0.14r GV Tau N

10! 0.12f 1
0 —_

_ 10 2 o.100 ;

> 107

= 102 £ 0.08 ]

= 3 )

L 10 % 0.06f 1

-4
10 Z 004l¥ee * 4" " 1
10°
10° 0.02} }
-7 " " " " N N N N N N
1010-1 10° 10! 102 10° 10% 0-0950 100 150 200 250 300 350
Wavelength [pm] Baseline [m]
10° . . . . ————————
10° 0.14r GV Tau N
10! 0.12f 1
0 —_

_ 10 2 o.100 ;

> 107!

= 102 £ 0.08 ]

= 3 )

& 10 % 0.06 - T
104 > 0.04& e * . [ Y |
10 &
10° 0.02} }

-7 " " " " N N N N N N
1010-1 10° 10! 102 10° 10% 0-9950 100 150 200 250 300 350
Wavelength [pm] Baseline [m]

10° . . . . ————————

10° 0.14r GV Tau N

10! 0.12f 1
0 —_

_ 10 2 o.100 {_

> 10" =

= 102 £ 0.08 1%

3 5 S

m 103 ‘2 0.06f \ 3
10 = o -

0.04/¢ o o * o ;
10 &
10° 0.02} }
-7 " " " " N N N N N N
1010-1 10° 10! 102 10° 10% 0-0950 100 150 200 250 300 350
Wavelength [pm] Baseline [m]
10° . . . . ————————
10° 0.14r GV Tau N
10! 0.12f 1
0 —

_ 10 2 o.100 ;

= 10-1 L

= 102t £ 0.08 ]

= 3 )

W 107 | ‘B 0.06f — ]
10% b > 0.04& e * . [ Y ]
10° | &

10 | 0.02} }
-7 " " " " N N N N N N
1010-1 10° 10! 102 10° 10% 0-09"50 100 150 200 250 300 350

Wavelength [pm]

Baseline [m]

Acs2000 [/ /]

Acs2000 [/ /]

Acs2000 [/ /]

107

Acrggg [']

Aarggy []

Acrgggy [']

0.0
Aarggy []

Figure 4.8: Models for GV Tau N which show good fits to the data. See Figure
[4.7] for more information about each panel. Such models can be used to determine
how robust our determination of each parameter is, as well as how uncertain our

measurements may be. Each row shows the model for the corresponding row for
GV Tau N in Table Like Table , the plots are ordered by increasing X2.
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Table 4.3. Best fit models.

Source Wimnm WNIR WSED X2 Mg Rgisk Meny Rout amaz®  feav L i PA

(Mg) (AU) (Mg) (AU) (pm) (Le) (°) (°)

a GV Tau N 10 1 1 1.2 5x107° 30 5x 1075 300 1 0.2 3 30 200
b GV Tau N 1 1 10 1.2 1x10°4 30 1x 102 90 1000 0.2 3 35 200
¢ GV TauN 1 1 1 1.5 1x104 30 5% 107" 300 1 0.2 3 30 200
d GV Tau N 1 10 1 1.7 1x10°% 30 5x 1075 300 10 0.2 3 25 200
a GV Tau S 10 1 1 1.1 5x 107° 30 1x107° 300 10 1 6 55 160
b GV Tau S 1 1 10 1.1 1x107% 30 1x107° 300 1000 1 6 55 160
¢ GV Tau S 10 1 10 1.3 1x107% 30 1x 102 300 1000 1 6 55 160
d GV Tau$S 1 1 1 14  1x10% 30 1x10°° 300 1000 1 6 55 160

aNote that X2 is a measure of the goodness of fit of a model, as defined by Equation 6, and not a true X2-

bThe parameter amqz is the maximum dust grain size for the opacity used in the disk. The maximum dust grain size in the envelope is held

constant at 1 pm.

Tau N and S are constrained to within a factor of 2.

Opacity is likely a large source of additional uncertainty on our disk mass mea-
surement because millimeter flux measurements are sensitive to the product of mass
and opacity. We allowed the maximum dust grain size to vary in an attempt to con-
strain the opacity, but we are unable to definitively determine the properties of the
opacity. Both protostars can be fit by models with maximum grain sizes that range
across the spectrum of allowed values. Interestingly, regardless of which opacity law
is used, the disk mass is measured to be the same. One might expect that for the
larger values of a,,,, that we consider we would measure a lower My;,, because the
1.3mm opacity is higher. For larger values of the 1.3mm opacity however, it turns
out that our best fit model disks are significantly more optically thick than for lower
1.3mm opacities. This means that more mass is needed than is otherwise expected
to reproduce the 1.3mm flux. It is likely because of this high optical depth that
our modeling has difficulties in constraining the opacity in the disk. Furthermore,
for a4 >> 1 mm the dust opacity at 1.3 mm will drop, also allowing for a larger
inferred disk mass. Changing the opacity parameters also has different effects at
different wavelengths, so models may require the mass to remain constant to fit the
combined dataset, even as the opacity is varied.

We are, however, able to place a constraint on the radii of the GV Tau N and S
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Figure 4.9: Models which fit the data for GV Tau S well. See Figure @ for more
information about each panel. The first row is our best fit model, as described by
row “a” for GV Tau S in Table 4.3} and the second row shows the model from rows
b-d, as the rows are identical. In the third row we show a good model fit which was
tuned by hand to plausibly reproduce the 8-13 pum visibilities from |[Roccatagliatal

(2011)) while maintaining a good fit to our datasets (see Figure for further
details).

disks. Our modeling shows that both protostars strongly favor models with Ry =
30 AU. This is the smallest radius allowed in our model grid, so it is possible the
the true disk radii are, in fact, smaller than our best fit models suggest. It is also

possible that the disk radius could be somewhat larger than 30 AU, as the next
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Figure 4.10: Models for both sources which do not fit the data well. See Figure
[4.7] for more information about each panel. We show a model for GV Tau N with
X? = 2.0 in the top row and a model for GV Tau S with X? = 1.7 in the bottom
row. Models with X? above our thresholds, of 2 for GV Tau N and 1.7 for GV
Tau S, no longer reproduce the data well, as demonstrated by the poor fits of these
models.

smallest radius in our grid is Ry = 60 AU. A disk with a radius of ~ 60 AU
would have an extent of ~ 0.8” and would be marginally resolved by our 1.3 mm
visibilities. Our data, however, suggest that the disks are unresolved, so we conlcude
that Ry < 30 AU.

The parameters of the envelopes also appear to be somewhat constrained by our
modeling, however we also find some degeneracy between envelope mass and radius.
The best fit envelope dust mass is 5.0 x 107> Mg, for GV Tau N and 1.0 x 107°
Mg for GV Tau S, and both protostars have R.,, = 300 AU. Furthermore, our
modeling suggests that f.,, = 0.2 for GV Tau N and f.,, = 1 for GV Tau S. It is,
however, possible to decrease (or increase) both M., and R.,, while maintaining

the quality of fit to the data. This is unsurprising because our millimeter visibilities
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have very limited sensitivity to faint extended structures, particularly those close to
or larger than 1000 AU. As such, we suggest that these envelope parameters should
be treated with caution.

Furthermore, from our modeling we are able to marginally constrain the viewing
geometry of the GV Tau system. We find that the best fit models for GV Tau N
suggest an inclination of 30° while they suggest an inclination of 55° for GV Tau S.
Similarly, we find a position angle of 200° for GV Tau N and 160° for GV Tau S.
These parameters however, are dependent on the astrometry of the scattered light
image, which we find to be quite uncertain. If we adjust the astrometry within the
bounds allowed by our uncertainty, we find that the position angle of neither source
is well constrained by our modeling. If we consider the uncertainty in the astrometry,
as well as the variations of best fit inclinations as we change the weighting of our
datasets, we estimate that we could vary our best fit inclinations by up to 20° and
still find acceptable fits to the dataset. The inclination is better constrained than
the position angle because the SED can provide an additional constraint only on the
inclination, while the position angle is constrained almost entirely by the scattered
light imaging.

Finally, we find that the luminosity of each protostar is constrained by our
modeling, with an accuracy limited by the sparse sampling of the parameters in our
grid. GV Tau N very strongly prefers a luminosity of 3 L while GV Tau S tends
to favor a luminosity of 6 Lo. We have also found a model with a Lg,. = 1.5 Lg
which can also reproduce our data (see Section 5.2 and Figure , so the allowed

range of luminosities for GV Tau S likely spans a large range.

4.5 Discussion

4.5.1 Gas vs. dust masses

Until this point we have presented our models and results in terms of the mass
of dust present in the system. Dust mass is constrained by our radiative transfer

modeling, and is also the relevant quantity for understanding giant planet formation



112

via core accretion (e.g. |Lissauer, (1993)). However, disk masses are often quoted as
the total of dust+gas mass. We therefore convert our dust masses into total masses
using the common assumption that the gas-to-dust mass ratio is 100 times the total
mass of our systems. With this assumption, the total mass in each of the GV Tau
disks is 0.005 M. Throughout the remainder of the text we refer to the total mass

rather than the dust mass.

4.5.2 Comparison with previous works

Prior to this work, several investigators have attempted to measure the disk masses
of GV Tau N and S. |Guilloteau et al.| (2011)) measured total disk masses of 0.0006 and
0.0005 M, for GV Tau N and S respectively, noting that the disks are likely optically
thick and that these numbers are lower limits. Their results are compatible with
our own as we find disk masses of 0.005 Mg, for both GV Tau N and S. |Guilloteau
et al. (2011) also measure disk radii of 17 and 10 AU for the disks in the system,
again consistent with our constraints since neither work had a linear resolution of
better than ~50 AU. Furthermore, the smallest disk radius in our model grid was
30 AU, so it is possible that there is a similar or better quality fit model with a disk
radius smaller than we considered in our modeling.

There have been a number of studies which have made estimates of the inclination
of the GV Tau S disk. Beck et al.| (2010) detected spatially extended [Fe II] and Brvy
emission trailing from GV Tau S to the southwest, presumably tracing an outflow.
They noted that the extent of the outflow is roughly consistent with an inclination
of 60° — 70°, as suggested by Movsessian and Magakian| (1999). The same outflow is
seen from GV Tau S at 3.6 cm by Reipurth et al.| (2004). Conversely, Roccatagliata
et al| (2011) modeled 8-13 pm VLT visibilities with a two-blackbody model and
found that GV Tau S is very close to face-on, with an inclination of 10° 4+ 5°. We
find that our best fit model for GV Tau S, which includes physically-motivated
complexity beyond the simple geometric model of |Roccatagliata et al.| (2011)), has a
disk with an inclination of 55°. This matches the inclination found by Beck et al.

(2010) but is decidedly different from that of Roccatagliata et al. (2011). We are
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Figure 4.11: Model which can plausibly reproduce the 8-13 pm visibilities for GV
Tau S while also preserving the majority of our best fit model parameters. In the
first row we show the 8-13 um visibilities for GV Tau S from Roccatagliata et al.|
at two baselines, with the model visibilities shown as dashed lines. See Figure
for more information about the panels in the second row. The parameters for
this model are Lstar =15 L@, Mdisk = 0.015 M@, Rdisk =30 AU, ]’Lo = 0.01 AU,
Mepy = 0.002 Mg, Reny = 200 AU, fop = 0.2, ¢ = 0.7, R;,, = 0.05 AU, and
1 = 55°. Although not perfect, the plot can plausibly reproduce all of the datasets
while preserving the best fit parameters that we find from our modeling, within our
estimated uncertainties.

unable to find a model in our grid with an inclination consistent with |Roccatagliatal
(2011)) that also fits all of the data well. We can, however, produce a model of
GV Tau S that reproduces the 8-13 pum visibilities with an inclination of 55° while

maintaining the other parameters within their previously discussed uncertainties, as
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we demonstrate in Figure [4.11] so we believe that these measurements are in fact
consistent with a non-zero inclination.

Little has been determined about the geometry of the disk of GV Tau N, although
a number of studies have suggested that the disk is close to edge on based on the
faintness of GV Tau N at short wavelengths. Furthermore, several investigators
have reported the detection of warm HCN and/or CoHy absorption in the disk of
GV Tau N, which may suggest a higher inclination for the disk (Gibb et al., 2007,
2008; Doppmann et al., 2008; Fuente et al., [2012). Indeed, Roccatagliata et al.
(2011)) measured an inclination for GV Tau N of 80°£10° using VLT interferometry.
Our work has demonstrated, however, that an edge-on disk cannot be invoked to
reproduce the observed properties of GV Tau N. We are unable to find a model in

our grid that can reproduce our datasets with an inclination consistent with the one
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Figure 4.12: 8-13 pm visibilities measured by Roccatagliata et al. (2011]) with the
8-13 pm visibilities for our best fit GV Tau N model overplotted as a dashed line.
Each panel shows the visibilities at a different baseline. Our best fit model, which
uses a very different inclination than is found by |[Roccatagliata et al. (2011]) from
the same data, can reproduce the best the data reasonably well, considering that
the data were not included in our fitting. Indeed, the fit to the 10 um spectro-
interferometry data is of comparable quality to the one presented in |Roccatagliata
et al.| (2011]).
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found by Roccatagliata et al.| (2011). Our best fit model for GV Tau N suggests that
the system has an inclination of 30°. Our best fit model can also plausibly reproduce
the 8-13 pum visibilities modeled in |Roccatagliata et al. (2011)), as we show in Figure
[4.12 We do not attempt to model the gas in the system so we cannot determine
whether our best fit models are consistent with the detections of warm molecules
towards GV Tau N.

A number of studies have suggested that the GV Tau system is surrounded by a
flattened circumbinary envelope (Menard et al., 1993} [Koresko et al., |1999; |Leinert
et al., 2001)). As discussed earlier, we find that our simple double point source
model for GV Tau is improved by adding a Gaussian source with a FWHM of ~5”.
This Gaussian may represent emission from this circumbinary envelope. Because
our interferometry data have limited sensitivity to extended emission, however, we
cannot constrain the properties of such a circumbinary envelope.

Previous studies of near-infrared photometry have measured the luminosity of
GV Tau S to be 1.8 L (White and Hillenbrand|, 2004)) and 3.3 L, (Doppmann et al.)
2005)), roughly consistent with our best fit models. Our models indicate a luminosity
of 6 Ly for GV Tau S, slightly higher than previous measurements, however we are
also able to find acceptable model fits with luminosities as low as 1.5 Lg. As such,
the previous measurements of the luminosity of GV Tau S fit nicely in the range

allowed by our modeling.

4.5.3 The Evolutionary State of GV Tau

GV Tau N and S are classified as Class I protostars, however previous investigators
have estimated that the age of the system is ~ 3 Myr (e.g. |[Doppmann et al., [2008)).
That would mean that the protostars are more likely Class II pre-main sequence stars
based on the ages of each stage as measured by counting statistics (e.g. |Andre and
Montmerle, [1994a; Barsony, 1994). If GV Tau were a Class II protostar, however,
the highly obscured near infrared spectrum of GV Tau N would imply that the disk

must be close to edge on, which is inconsistent with our modeling.
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Figure 4.13: Pre-main sequence tracks from [Siess et al.| (2000) as dashed lines with
the temperature and luminosity measurements from White and Hillenbrand| (2004)),
Doppmann et al.| (2005), Doppmann et al.| (2008) and this work overplotted. The
errorbars on our measurements represent the limited sampling of L, in our model
grid rather than actual errors. Our luminosity measurements, as well as those of
White and Hillenbrand| (2004)) and [Doppmann et al.| (2005)), suggest much younger
ages for the protostars than what Doppmann et al. (2008) measure. Our suggested
age, of ~ 0.5 Myr, is in better agreement with the ages for Class I protostars as
estimated by counting statistics (e.g. Andre and Montmerle, 1994a; Barsony), (1994)).

Doppmann et al.| (2008) measure the age of the system by placing GV Tau N
and S on an H-R diagram and comparing with pre-main sequence protostar tracks
(Siess et al., 2000). They measure the temperature and surface gravity of each prot-
star by matching absorption line features in the near-infrared with stellar synthesis
models and determine the mass by associating temperature with stellar mass. From
there they use the mass and surface gravity to determine the stellar radius, and
combine the radius and temperature to determine a luminosity. These measure-
ments, however, are indirect, and are inconsistent with other measurements which
use photometry and bolometric corrections to determine luminosity (White and
Hillenbrand, 2004; |Doppmann et al., [2005).

If we use our luminosity constraints, or those of White and Hillenbrand, (2004)
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or Doppmann et al.| (2005)), and the same evolutionary tracks to determine the age
of the protostars, we find GV Tau has an age of a few hundred thousand years (see
Figure . This age provides a more consistent description of the system as a pair
of Class I protostars, as suggested by the geometry of our best fit models, with an
age of a few hundred thousand years. If we assume that the protostars are coeval,

then we estimate an age of ~ 0.5 Myr for the system.

4.5.4 Relation to the MMSN

Disk mass is an important quantity for understanding the formation of planets. In
order to form giant planets a protoplanetary disk must contain more than 0.01 Mg,
and likely closer to 0.1 My, of material (Weidenschilling;, |1977; |Desch|, 2007)). Studies
of the disks around Class II YSOs in Taurus and Orion (ages ~ 1—5 Myr) have found
that on average the disks around these stars do not contain enough material to form
giant planets based on this criterion (Andrews and Williams, 2005; [Eisner et al.,
2008; Andrews et al., [2013). Observations at millimeter wavelengths, however, are
only sensitive to dust grains smaller than a few millimeters. The insufficient mass
present in the disks may be because dust grain growth in these disks hides the mass
in larger bodies which are not traced by sub-millimeter observations.

We have estimated that the masses of the disks in the GV Tau system are 0.005
Mg each, which places both disks near the lower limit to the amount of matter
needed to form giant planets (Weidenschilling, 1977). Unlike the other Class I disks
measured in |Eisner| (2012), which were found to have a median disk mass within 100
AU of 0.007 M and even less within 30 AU, the entirety of the disk mass in the GV
Tau system is located within < 30 AU of the protostars. This is important because
the Minimum Mass Solar Nebula (MMSN) is defined within 30 AU. The mass within
30 AU is then the proper mass to compare with the MMSN for determining potential
for planet formation. While there may be just enough mass contained in the GV
Tau circumstellar disks to form giant planets, the mass is located entirely within
the regions of the disks where planets are actually formed. We plot the cumulative

mass distribution for the GV Tau N and S best fit models as a function of radius in
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Figure 4.14: Cumulative mass distribution for each component of the GV Tau system
as a function of radius. For each figure we plot the contributions from the disk and
envelope, as well as the combined distribution of the two. We also plot a vertical
line at a radius of 70 AU (or a 140 AU diameter) to indicate the spatial resolution
of our CARMA observations. While both protostars appear to have disks that are
near or just shy of the 0.01 M for forming giant plantets, all of the disk mass is
within 30 AU, where giant planets are expected to form.

Figure [4.14]

If we include both components of GV Tau in the sample of Class I protostars in
Taurus (ages ~ 0.1 — 1 Myr) from Eisner| (2012) we find that the median mass of
the Taurus Class I sample is 0.008 M. For comparison, the sample of Taurus Class
IT protostars (ages ~ 1 —5 Myr) from |Andrews et al.| (2013) has a median disk mass
of 0.001 My. The sample of Orion Class II objects from |[Eisner et al. (2008) has a
similar median disk mass. All ten of the disks in our Class I sample have a mass
greater than or equal to the median mass of the sample from Andrews et al.| (2013).
Fisher’s exact test shows that the disks around our Class I sample are more massive
than the Taurus and Orion Class II disks at the 99.8% confidence level. The larger
disk masses for Class I protostars likely reflects the fact that between the Class I
and II stages some of the small dust particles in the disk have grown into larger

bodies. Furthermore, the disk masses for both Class I and II protostars fall short
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of the minimum mass solar nebula, which may indicate that significant dust grain
growth has already occurred by the time a protostar reaches the Class I stage.

We can also compare the Class I and Class II samples with the exoplanet sample
to determine whether either distribution can reproduce the observed fraction of stars
with giant planets. |Cumming et al.| (2008)) determined that 18% of stars have a giant
planet within 20 AU, meaning that a minimum of 18% of stars have giant planets.
Conversely, the sample of Taurus and Orion Class IT YSOs has 11% of stars with
disk masses greater than 0.01 Mg and 0.6% of stars with disk masses greater than
0.1 Mg (Andrews and Williams|, 2005; Eisner et al., [2008; Andrews et al., 2013). If
we assume that the fraction of YSOs with disk masses sufficient to form giant planets
is the same as the fraction of stars with giant planets, and we take 0.01 Mg to be
the threshold for forming giant planets, then the probability of randomly selecting
Class II YSOs and reproducing the observed distribution is 0.02%. If we take the
threshold for forming planets to be 0.1 Mg, the probability becomes astronomically
small. It would appear that the Taurus and Orion Class II disks cannot reproduce
the observed fraction of stars with giant planets. For our Taurus Class I sample of
10 objects we find 2-7 objects that may have disks with masses greater than 0.01
Mg but only 1 with a disk mass greater than 0.1 Mg. This would suggest that
(Class I protostars may have enough mass in their disks to form giant planets if the
threshold is 0.01 M, but may not if the threshold is 0.1 M. Again, both of these
comparisons neglect any disk mass in larger bodies that would not be traced well

by observations.

4.5.5 Stability of the Disks

Previous studies have shown that the disk-to-star accretion rates measured for young
stars are low compared with the time averaged envelope-to-disk infall rates (Kenyon
and Hartmann, 1987; White and Hillenbrand|, [2004; Eisner et al., 2005). One pro-
posed solution to this discrepancy is that gravitational instabilities in the protostellar
disk may lead to short bursts of gravitationally enhanced accretion in which mate-

rial from the disk is rapidly accreted onto the central protostar. Such instabilities
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Figure 4.15: (Top row) Mean temperature of the disk as a function of radius for GV
Tau N and S. (Bottom row) Toomre’s QQ as a function of radius for the disks of GV
Tau N and S. The dashed line marks a value of Q=1. Values less than one imply
that the disk is gravitationally unstable at that location, while values greater than
one suggest that the disk is gravitationally stable. This shows that both disks are
very stable. We do note that our millimeter-wave observations may not be sensitive
to the entire mass of the disk, however we would have to be missing the majority of
the total disk mass to make these disks unstable.
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could be present in disks which are particularly massive, approximately one tenth
the mass of the star, or dense.

Our study has suggested that the disks in the GV Tau system are quite small, on
the order of 30 AU, but contain a significant amount of mass within those small disks.
It might seem logical that these high density disks may be subject to gravitational
instabilities. To calculate the stability of the disks we calculate Toomre’s Q) value
as a function of radius for each disk. We assume a gas-to-dust ratio of 100 for this
calculation. Values of () > 1 imply that the disk is stable against gravitational
collapse, while values of Q < 1 suggest that the disk may be susceptible to collapse
under the force of gravity. We find that the best fit models for the GV Tau N and S
disks are gravitationally stable throughout, with Q> 10 at all radii. Our millimeter-
wave observations are likely not sensitive to all of the mass in the disk, however we
would have to be missing a majority of the mass to make these disks unstable. We
plot the value of Toomre’s QQ as well as the mean disk temperature as a function of

radius for both disks in Figure [4.15]

4.5.6 Formation Mechanism

There have been a number of proposed mechanisms that may lead to the formation
of a binary star. One potential route occurs when a molecular cloud core that has
begun to collapse to form a protostar fragments into multiple cores, each of which
in turn collapse to form individual stars in a binary system (e.g. Boss and Boden-
heimer, 1979; Bate and Burkert, [1997)). Alternatively, a binary star system could be
formed when the protostellar disk surrounding a young star becomes gravitation-
ally unstable and collapses to form a second star in the system (e.g. [Bonnell, [1994;
Bonnell and Bate, 1994a/b; Burkert et al., [1997).

Both proposed theories make predictions about the geometry of the resulting
binary system that can be used to explore how a binary system formed. A binary
system formed by a gravitational instability in the disk around the primary star is
expected to have protoplanetary disks that are aligned. Disks that formed, however,

by the fragmentation of a collapsing molecular cloud core can be misaligned (Bate
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et al., 2000). Interactions with passing objects or the accretion of a small amount
of material with a different angular momentum near the end of the accretion phase
can also cause misalignment (Bate et al., [2000)). Conversely, tidal interactions can
act to align disks, as well.

Roccatagliata et al. (2011) measured the inclination of the disks in the GV Tau
system to be 10° and 80° and claimed that this misalignment is evidence that the
system formed as the result of molecular cloud core fragmentation. Our best fit
model for each component finds inclinations of 30° and 55°, although each of these
estimates may be able to vary by 20°. The mutual inclination of the disks is then
close to 25°, but may vary by 30°. These results suggest that the mutual inclination
of the disks in the GV Tau system may not be as high as Roccatagliata et al.| (2011))
found, and the disks may even be aligned. Thus we cannot distinguish between

formation scenarios.

4.5.7 Future Work

While we are able to constrain the mass in the GV Tau protoplanetary disks with
our current data, we have left a number of other parameters somewhat uncon-
strained. Higher spatial resolution millimeter observations of the binary can resolve
the protoplanetary disks and more accurately measure the disk radii, inclinations,
and position angles. If the disks have radii of 30 AU or smaller, as we have sug-
gested, then a resolution of < 0.4” will allow us to resolve the disks and make these
measurements. Modern interferometers, such as ALMA or the VLA, can provide
high enough spatial resolution (~ 0.05” for the VLA) to resolve these disks and
determine these parameters without ambiguity:.

It may also be important to add observations of GV Tau with an interferometer
in a more compact configuration. Such a configuration would be significantly more
sensitive to the faint extended emission from the proposed circumbinary envelope.
Our observations with the CARMA C-array do not include baselines shorter than
~ 20m. As such we are not very sensitive to spatial scales larger than about 1000

AU. Compact array observations would be capable of detecting the signal from this
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extended envelope around GV Tau and could be important important for breaking
any degeneracy between the envelope mass and radius.

Another significant source of uncertainty in our measurements comes from the
opacity of the dust assumed for our model. In this study we were unable to constrain
the dust grain properties in the system. One way to better constrain the opacity for
the dust in the protoplanetary disks is with additional millimeter-wave observations
of the system. Millimeter fluxes of dust roughly follow a power law, F, oc 1275,
where [ is related to the optical properties of the dust, with 8 ~ 2 corresponding
to small grains and 8 ~ 0 relating to larger dust grains. Multiple millimeter wave-
length observations can thus help to constrain the dust optical properties. There
is some evidence that § ~ 0 in GV Tau N, if the 3.6cm emission seen by Reipurth
et al. (2004) is from dust emission, so GV Tau N may be a particularly interesting

candidate for this sort of study.

4.6 Conclusion

We have used detailed radiative transfer modeling to create synthetic model proto-
stars to match to CARMA millimeter visibilities, HST near-infrared scattered light
imaging, and broadband SEDs in order to constrain the masses of the disks around
the protostars in the binary YSO system GV Tau. We find that the best fit model
disks around GV Tau N and S each have gas+dust masses of 0.005 M, and disk radii
< 30 AU, and that the age of the system is ~ 0.5 Myr. These estimates place both
components near the lower end of the Minimum Mass Solar Nebula, meaning they
may have just enough mass to form giant planets. We also find that both disks are
gravitationally stable throughout, unless our millimeter-wave observations are miss-
ing the majority of the disk mass. Furthermore, we find that the disks of GV Tau N
and S are inclined at 30° and 55° respectively, consistent with some previous studies
of the system (Movsessian and Magakian, [1999; Beck et al., [2010), but inconsistent
with a recent study by |Roccatagliata et al| (2011). We have shown, however, that
we can plausibly reproduce the 8-13 pm visibilities from [Roccatagliata et al. (2011)
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with our best fit model for GV Tau N and a modified version of our best fit model
for GV Tau S which preserves the inclination of our best fit model.

When we include both protostars in the GV Tau system with the Class I pro-
tostars modeled by |Eisner| (2012) we find that the sample of 10 Class I protostars
has a median disk mass of 0.008 - 0.01 M. All of the disks in our Class I sample
are more massive than the median of the Class II sample of disks (of 0.001 M).
These numbers suggest that, on average, the circumstellar disks of Class I protostars
are more massive than those of the more evolved Class II protostars. This likely
indicates that between the two stages some of the smaller dust grains in the disks
have grown into larger bodies. For both samples, however, the median masses fall
below the minimum mass solar nebula (Weidenschilling, [1977; Desch, [2007)), and
may not be able to reproduce the observed frequency of giant planets. It may be
the case that significant dust grain processing has already occurred by the Class I
stage, and it may be necessary to explore even younger disks to determine the initial

mass budget for planet formation.
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CHAPTER 5

WL 17: A Young Embedded Transition Disk’

We present the highest spatial resolution ALMA observations to date of the Class
I protostar WL 17 in the p Ophiuchus L1688 molecular cloud complex, which show
that it has a 12 AU hole in the center of its disk. We consider whether WL 17 is
actually a Class II disk being extincted by foreground material, but find that such
models do not provide a good fit to the broadband SED and also require such high
extinction that it would presumably arise from dense material close to the source
such as a remnant envelope. Self-consistent models of a disk embedded in a rotating
collapsing envelope can nicely reproduce both the ALMA 3 mm observations and
the broadband SED of WL 17. This suggests that WL 17 is a disk in the early stages
of its formation, and yet even at this young age the inner disk has been depleted.
Although there are multiple pathways for such a hole to be created in a disk, if this
hole were produced by the formation of planets it could place constraints on the

timescale for the growth of planetesimals in protoplanetary disks.

5.1 Introduction

Protoplanetary disks are the birthplaces of planets. Many protoplanetary disks have
been found to have large central clearings. This was initially discovered by modeling
disk SEDS (e.g. [Strom et al., [1989; [Espaillat et al., 2007), but more recently these
holes have been directly imaged with millimeter interferometers (e.g. [Isella et al.,
2010; |Andrews et al.| [2011a). These “transition” disks have been hypothesized to
be the result of planets carving holes in disks (e.g. [Dodson-Robinson and Salyk,

2011), although other physical processes such as photoevaporation and dust grain

tThis chapter has been published previously as Sheehan and Eisner| 2017
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growth can also explain these holes (e.g Dullemond and Dominik, 2005} |Alexander
et al., 2006). Recently planets have been found hiding in the cavities, giving cred-
ibility to the idea that the holes are carved by planets (e.g. |Sallum et al.. 2015).
However, these transition disks have only been found in the older sample of Class II
disks, which are thought to have ages greater than a million years (e.g. Andre and
Montmerle, 1994a; |Barsony, [1994)).

WL 17 is a M3 protostar in the L1688 region of the p Ophiuchus molecular cloud
(Doppmann et al., 2005), located a distance of 137 pc away (Ortiz-Leon et al., [2017)).
It has consistently been identified as a Class I protostar (van Kempen et al., 2009;
Enoch et al., 2009), meaning it is younger than ~ 5 x 10° years and still embedded
in envelope material from the collapsing molecular cloud (e.g. [Evans et al. [2009).
The SED of WL 17 peaks in the mid-infrared, and shows a lack of optical emission
that demonstrates that the source is highly extincted (Enoch et all 2009). Low
spatial resolution millimeter observations of WL 17 suggest the presence of large
scale emission, likely from the remnants of a protostellar envelope (van Kempen
et al.; 2009). Moreover, these same observations detected HCO' J = 4 — 3 emission
towards WL 17 that is too bright to be associated with a disk. In addition, a survey
of outflows in the L1688 region of Ophiuchus found that there is a weak outflow
associated with WL 17 (van der Marel et al., 2013). All of these signs point towards
WL 17 being a young source that is still embedded in its natal envelope.

As such, it was observed as part of our ALMA survey of young embedded proto-
stars in Ophiuchus (Sheehan & Eisner, in prep.). However, upon imaging WL 17 we
were surprised to find that it has a large hole in its center, suggesting a transition
disk. While the highly reddened SED peaking in the mid-infrared clearly shows that
WL 17 is embedded, it is not unprecedented to find disks that are extincted by the
large scale cloud (e.g. Boogert et al [2002; [Brown et al., 2012)). Here we explore the
nature of the medium extincting WL 17 to determine whether it is a young protostar
still embedded in its natal envelope, which has cleared out a hole despite its young
age, or whether it is an older, disk-only source that has been highly extincted by

foreground dust.
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Table 5.1. Log of ALMA Observations

Observation Date  Baselines  Total Integration Time Calibrators
(UT) (m) (s) (Flux, Bandpass, Gain)
Oct. 31 2015 84-16,200 169 1517-2422, 1625-2527
Nov. 26 2015 68 - 14,300 169 1517-2422, 1625-2527
Apr. 17 2016 15-600 58 1733-1304, 1427-4206, 1625-2527

5.2 Observations & Data Reduction

5.2.1 ALMA

WL 17 was observed with ALMA in three tracks from 31 October 2015 to 17 April
2016, with baselines ranging from 14 m — 15.3 km. The observations were done with
the Band 3 receivers, and the four basebands were tuned for continuum observations
centered at 90.5, 92.5, 102.5, 104.5 GHz, each with 128 15.625 MHz channels for 2
GHz of continuum bandwidth per baseband. In all the observations had 8 GHz of
total continuum bandwidth. We list details of the observations in Table (.11

We reduce the data in the standard way with the CASA software package and
the calibrators listed in Table [5.1 After calibrating, we image the data by Fourier
transforming the visibilities with the CLEAN routine. We use Briggs weighting with
a robust parameter of 0.5, which provides a good balance between sensitivity and
resolution, to weight the visibilities. The resulting image has a beam of size 0.06”
by 0.05” with a P.A. of 81.9°. We show the resulting image in Figure [5.1, and
the azimuthally averaged visibility amplitudes in Figure [5.2] The rms of the image
is 36 puJy/beam. All analysis is done directly to the un-averaged two dimensional

visibilities.
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Figure 5.1: ALMA 3 mm map of WL 17 showing a clear ring-like structure. The
synthesized beam size is 0.06” by 0.05” with a P.A. of 81.9°. Contours begin at 4o
and subsequent contours are every additional 20, with 1o = 36 pJy. The emission
interior to the ring does not drop to zero, but rather falls to a 40 level at the inner
edge of the ring. At the center of the ring the emission rises to a 60 level. This may
indicate the presence of material remaining in the cleared out region.

5.2.2 SED from the Literature

We compile a broadband spectral energy distribution (SED) for WL 17 from a thor-
ough literature search. We show the SED in Figure [5.2l The data includes Spitzer
IRAC and MIPS photometry as well as fluxes from the literature at a range of
wavelengths (Wilking and Ladal, 1983} |[Lada and Wilking], |1984; (Greene and Young,
[1992; [Andre and Montmerle|, [1994a; [Strom et al. 1995} Barsony et al., [1997; [John-|
stone et al, 2000; [Allen et al., 2002 Natta et al., [2006; [Stanke et all, [2006; [Alves|
lde Oliveira and Casalil, 2008}, [Jgrgensen et al., [2008; [Padgett et al.| 2008} [Wilking]
et al. 2008; Evans et al., [2009; Gutermuth et al., 2009; Barsony et al., [2012). We

exclude WISE photometry because the fluxes are inconsistent with the IRAC and
MIPS fluxes. This is because the WISE beam is larger than the Spitzer beam, and
may cause confusion with nearby sources. The IRAC and MIPS flux measurements

were also independently reproduced by two different groups using separate datasets
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(Evans et al., 2009; Gutermuth et al.; 2009), so we believe these measurements to
be reliable.

We also include the the SL, SH, and LH calibrated Spitzer IRS spectrum from
the CASSIS database in our SED(Lebouteiller et al., 2011}, [2015). We find that we
need to scale the IRS spectrum by a factor of 3 to align it with the IRAC/MIPS
photometry for the system. When scaled up the IRS spectrum also nicely matches
ground-based 10 pm photometry of the silicate absorption feature. This factor may
be needed due to issues in the flux calibration or the pointing towards the source.

For the purposes of assessing the quality of model fits to the SED we assume
a 10% uncertainty on all flux measurements when computing x?. We also sample
the IRS spectrum at 25 points evenly spaced across the spectrum to minimize the
number of individual wavelengths at which radiative transfer flux calculations, which

can be time intensive, must be done.

5.3 Results

Our 3 mm map of WL 17, shown in Figure shows a well detected, compact
source with a hole measuring ~ 0.2” in diameter in the center. At the distance of
Ophiuchus, which we assume to be 137 pc, the hole is 27 AU across (~13 AU in
radius). Emission at the center of the hole peaks at ~ 250 uJy, which suggests that
there may still be material remaining inside the transition disk cavity. Alternatively
this could be emission from magnetic activity at the surface of a young star.
Studies that have found holes in the centers of many other protoplanetary disks,
dubbed “transition disks” (Espaillat et al.; 2007} [Isella et al., 2010; Muzerolle et al.
2010; |Andrews et al., 2011a; Espaillat et al., 2014). Transition disks are typically
found in the population of Class II protoplanetary disks, which represents older
disks that are no longer embedded in envelopes. Unlike these previous detections,
WL 17 has an SED (shown in Figure that peaks at mid-infrared wavelengths
and looks very much like a Class I source. WL 17 must be embedded in some

obscuring material, but stars form in giant clouds of gas and dust, so it is reasonable
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to think that WL 17 could be a Class II source made to look like a Class I by
foreground extinction from this cloud. Transition disks have been previously found
with significant amounts of extinction from foreground material (e.g. Boogert et al.,
2002; Brown et al., 2012). It is also possible to mistake edge on Class II disks as
Class I sources (e.g. |Chiang and Goldreich, [1999)).

As such, a disk model that includes foreground extinction is a good first guess
for attempting to reproduce the combined ALMA 3 mm visibilities and broadband
SED dataset. To do so we use detailed radiative transfer models, run using the
Monte Carlo radiative transfer codes RADMC-3D and Hyperion (Robitaille, 2011}
Dullemond}, 2012), to produce synthetic visibilities and SEDs and attempt to match
the data with the models. We give a brief description of the models here, but refer
to |Sheehan and Eisner| (2014) for a more detailed account.

Our model assumes a central protostar with a M3 spectral type (7" = 3400K;;
Doppmann et al.; 2005), although we allow the luminosity of the protostar, L., to

vary. We include a disk with a power law surface density,

P (Rﬁ) P (‘% [h&z)r) 51)

where R and z are in cylindrical coordinates. h(R) is the disk scale height at a given

radius,

h(R) = ho (%)B. (5.2)

We truncate the disk at some outer radius, R4, and specify a gap radius, Rgqp,
inside of which the density is decreased by a multiplicative factor, 0. «, (3, hg, and the
disk mass My, are also left as free parameters, as are the inclination and position
angle of the system. We supply the model with dust opacities from [Sheehan and
Eisner| (2014)), but allow the maximum size of the dust grain size distribution, @,
to vary. We extinct the synthetic SED by some number of K-band magnitudes, Ay,
using the McClure| (2009) extinction law. The model visibilities are unaffected by
this extinction because extinction at millimeter wavelengths from foreground dust
is negligible. Moreover, our millimeter observations resolve out large scale emission

from the foreground cloud.
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Figure 5.2: Examples of models that fit the combined WL 17 3 mm visibilities
(left) + SED (right) dataset. We show our broadband SED and the 1D azimuthally
averaged visibilities as black points, and the IRS spectrum is shown as a black line.
In gray we show the disk+foreground extinction model that does not fit the data
well. In red, green, and blue red and blue we show three possible disk+envelope
models that can well fit the data with a range of values for the envelope mass and

radius. Parameter values for these models, as well as metrics to assess the quality
of the fits, are listed in Table .

We show the best fit disk+extinction model in Figure [5.2] and list the best
fit parameter values in Table [5.2] Although the model well reproduces the 3 mm
visibility profile, it cannot produce a good fit to the SED as it under-predicts the
mid-infrared flux. This is because, with an inner radius of 12 AU, there is not enough
hot material close to the star to overcome foreground extinction and produce the
necessary mid-infrared flux. The model also slightly over-predicts the amount of
near-infrared flux. Moreover, Ax ~ 4 (Ay ~ 30 for the McClure, (2009) extinction
law) is needed to properly extinct the near-infrared SED. Boogert et al.| (2002) found
two foreground clouds that contribute Ay ~ 11 in the region near WL 17, but this is
not enough to explain the Ay ~ 30 needed to match the SED. Such high extinction
seems unlikely to come from foreground extinction from nearby star forming regions.

A more natural explanation for the extinction towards WL 17 is that it is still

a young disk embedded in its natal envelope. To test this hypothesis we consider
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a disk+envelope density distribution model to see whether it can reproduce our
dataset. We use the same prescription for the disk, but embed the disk in a rotating
collapsing envelope (Ulrich| [1976). The density profile for the envelope is given by,

p= % (GM*T?’)_% <1+:0>2 (/ﬁ;+2u3}:€>17 (5.3)
where 1 = cosf and r and 6 are in spherical coordinates. Here the mass and radius
of the envelope (M., and R.,,) are left as free parameters and the envelope is
truncated at an inner radius of 0.1 AU. The critical radius R, represents the radius
inside of which the density distribution flattens into a disk-like structure, with the
majority of material being deposited at R.. This makes the most sense physically
if R. ~ Rgsk, so we provide this constraint to our modeling. We still allow for a
small amount of extinction towards WL 17 in the disk+envelope model because of
the known foreground clouds in the region.

Our disk+envelope model is able to produce good fits to the combined 3 mm
visibilities and broadband SED dataset. We show a few examples of these fits in
Figure [5.2 These models were found by taking the disk+extinction model disk
parameters, adding an envelope, and adjusting the parameters by hand to find
models that produce better x? values. These models are not “best fits” because no
optimization was done, but their x? values (see Table are clearly better than
that of the disk+extinction model.

In Figure [5.3] we compare the 3 mm ALMA map with a representative image of
the disk+envelope model, which we produced by sampling a synthetic 3 mm image
from our radiative transfer model at the same spatial frequencies as the ALMA data
before making the image. Unlike the disk+extinction model, which under-predicts
the mid-infrared flux, the disk+envelope model is better able to fit the mid-infrared
spectrum of WL 17. This is because the envelope allows for more hot material close
in to the protostar, boosting the mid-infrared flux.

There is a significant degeneracy between envelope mass and radius in these
models; both large, high mass and small compact envelopes can produce the ex-

tinction needed to match the SED. Our millimeter observations resolve out scales
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Figure 5.3: (left) ALMA 3 mm map of WL 17 with the best fit disk+-envelope model
as contours to demonstrate the good match of the model to the data in the image
plane. (right) Residual map produced by subtracting our best fit model from the
3 mm map in the visibility plane and inverting to produce an image. The peak
residual is at a Ho level, but the rest are < 30. The large residual level comes from
the somewhat clumpy structure seen in the image. We employ a fairly simple model
that assumes the disk structure is smooth, so we cannot expect to fully reproduce
this clumpy structure with our model.

larger than ~20”, or radii larger than ~1300 AU, so our data is not sensitive to
large scale envelope structure. Moreover, the visibilities lack the sensitivity at inter-
mediate scales to detect faint emission from a more compact envelope. As such, our
modeling cannot well distinguish between compact low mass envelopes and larger

and more massive envelopes.
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5.4 Discussion & Conclusion

In order to provide a quantitative assessment of the quality of fit of our models, we
have computed the x? value for each of the models listed in Table for both the
SED and the 3 mm visibilities. We find that for all four models, including both
our disk+extinction and disk+envelope models, the quality of the fit to the 3 mm
visibilities is indistinguishable; all models are able to reproduce the observed 3 mm
visibilities of WL 17. The disk+extinction model, however, has a much worse y?
value for the SED than the disk4envelope models. Only the disk+envelope models
can well reproduce both the visibilities and the broadband SED simultaneously.
The disk+extinction model cannot simultaneously reproduce both datasets, and
moreover the best fit disk+extinction model requires Ay ~ 30, which is quite high
for foreground extinction.

The good fit of the disk+envelope models, as well as the high extinction required
of the disk+extinction model, indicates that the extinction seen towards WL 17 is
the result of it being embedded in an envelope of dusty material. This matches
nicely with previous studies of the system, discussed above, that have hinted at its
youth (van Kempen et al., 2009; van der Marel et al., 2013).

As such, we suggest that WL 17 is a young source still embedded in the remnants
of its natal envelope. It may be, if the envelope remnants are low-mass, that the
system is in the process of shedding the final layers of envelope and will soon be
exposed as a more traditional transition disk system. However, the presence of even
a low-mass remnant envelope indicates youth. Moreover, substantially more massive
envelopes cannot be ruled out.

Regardless of the exact nature of the envelope, the discovery of a transition
disk still embedded in its envelope raises interesting questions. There are a few
explanations for such a hole, including photoevaporation of the inner disk by the
central protostar, dust grain growth in the inner disk, and a dynamical clearing of the
inner disk by large bodies (e.gDullemond and Dominik, 2005; |Alexander et al., 2006;
Dodson-Robinson and Salykl, 2011). Embedded protoplanetary disks are thought



136

to be only a few hundred thousand years old (e.g. |/Andre and Montmerle, [1994a;
Barsony, 1994), so any explanation of the presence of the hole must be compatible
with a young age.

Photoevaporation tends to be ineffective early in the lifetimes of disks, when the
accretion rate exceeds the photoevaporation rate; furthermore, once a gap is opened,
the disk is dispersed quickly (e.g. Alexander et al., 2006)). Photoevaporation models
that include the influence of FUV and X-ray photons produce significantly higher
photoevaporation rates, and could explain the presence of a large hole early in the
lifetime of a disk (e.g. (Gorti and Hollenbach| [2009a; Owen et al. [2010; Armitage),
2011). Still, these models require low accretion rates to be effective, and if this
system is embedded in an envelope, the accretion rate is unlikely to be low.

Dust grain growth in the inner disk could be possible. Our millimeter obser-
vations show a dearth of millimeter sized bodies within the hole, but it is possible
that this hole is indicating that even larger planetesimals have formed here. That
said, dust grain growth may have challenges reproducing the sharp inner edge seen
in Figure (e.g. Birnstiel et al., [2012)).

If the disk is dynamically cleared, it may be that WL 17 is a compact binary
system. Radial velocity searches of the system have been done and no evidence of a
companion has been found (Viana Almeida et al., 2012)), although the limits are not
strong. For a companion just inside the disk at 10 AU and a sensitivity to changes

! we estimate an upper limit on the mass of

in radial velocity of ~ 4 — 6 km s~
a companion of < 0.25 — 0.4 Mg, although the true limit is likely worse given the
sparse sampling of the data. Another, perhaps more exciting possibility, is that this
hole may be cleared out by a planet or multiple planets.

It may seem surprising to find a young disk with a large hole as it may require
the presence of planets at a very young age. Planets can, however, form quickly in
massive disks (e.g. [Pollack et al., [1996). Indeed, multiple gaps have been found in
the disk of HL. Tau, another young and possibly embedded protostar likely between
the Class I and II stages (ALMA Partnership et al., 2015). The gaps in the HL

Tau disk, however, can be produced by Saturn-mass objects (e.g.|Dong et al.; 2015)
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whereas transition disk holes like the one seen in WL 17 may need planets of a
Jupiter-mass or larger (e.g. Dodson-Robinson and Salyk, |2011). The existence of
gaps and holes in young embedded disks seems to indicate that the processes that
govern planet formation must happen quite quickly, as planets must grow to large

enough masses to clear out holes in their disks in a short amount of time.
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CHAPTER 6

Multiple Gaps in the Disk of the Class I Protostar GY 917

We present the highest spatial resolution ALMA observations to date of the
Class I protostar GY 91 in the p Ophiuchus L1688 molecular cloud complex. Our
870 pum and 3 mm dust continuum maps show that the GY 91 disk has a radius of
~80 AU, and an inclination of ~40°, but most interestingly that the disk has three
dark lanes located at 10 AU, 40 AU, and 70 AU. We model these features assuming
they are gaps in the disk surface density profile and find that their widths are 7
AU, 30 AU, and 10 AU. These gaps bear a striking resemblance to the gaps seen in
the HL Tau disk, suggesting that there may be Saturn-mass planets hiding in the
disk. To constrain the relative ages of GY 91 and HL Tau, we also model the disk
and envelope of HLL Tau; its higher disk/envelope mass ratio suggests it is somewhat
older than GY 91. Although snow lines and magnetic dead zones can also produce
dark lanes, if planets are indeed carving these gaps then Saturn-mass planets must

form within the first ~0.5 Myr of the lifetime of these protoplanetary disks.

6.1 Introduction

Planets form in protoplanetary disks. When observed at high resolution with
ALMA, a number of these disks show interesting patterns in their millimeter emis-
sion profiles, in some cases including series of bright and dark rings (ALMA Partner-
ship et al| 2015; [Dong et al., 2015; /Andrews et al. 2016} [Isella et al.| 2016} Loomis
et al., 2017; Fedele et al., [2017). There are a number of explanations for such fea-
tures, including chemical processes that alter dust opacities and sticking/fracturing

processes near snow lines (e.g. Ros and Johansen| 2013; Zhang et al., [2015; |Banzatti

TThis chapter has been submitted for publication as Sheehan & Eisner 2017c.
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et al., 2015) as well as vortices created at the edges of magnetic dead zones (e.g.
Simon and Armitage, 2014; Flock et al., [2015), but the most exciting possibility is
that these features are tracing gaps opened in disks by forming planets (e.g. Dong
et al., 2015).

GY 91 is a M4 protostar (Doppmann et al., [2005) in the L1688 region of the
p Ophiuchus molecular cloud, located at a distance of 137 pc (Ortiz-Ledn et al.|
2017). GY 91’s broadband spectral energy distribution (SED) rises sharply in the
infrared and appears to peak at far-infrared wavelengths, although it has not been
detected between 35 pm and 870 pum. The infrared spectral index (arr = 0.45) and
bolometric temperature (T, = 370 K), as well as its association with a 1.1 mm
core, classify GY 91 as a Class I protostar (e.g. Enoch et al 2008; [McClure et al.,
2010; [Dunham et al., |2015)). This indicates that the protostar is surrounded by a
protoplanetary disk still embedded in its natal envelope of collapsing cloud material,
and is young (< 0.5 Myr; [Evans et al.,|2009)). The Spitzer IRS spectrum of the source
shows both silicate and ice absorption features, which are also commonly associated
with embedded protostars (e.g. Watson et al., 2004).

A few studies that consider alternate classification schemes have suggested that
GY 91 may not be embedded. [McClure et al. (2010) find that the 5-12 pm spectral
index is within the range found for disks with foreground extinction (ns_12 = —0.25).
However, their measured value is also on the border between disks with foreground
extinction and disks with envelopes (of ns_15 = —0.2), and the extinction corrected
spectral index (o/jz = 0.31) and bolometric temperature (7}, = 470 K) still qualify
the source as a Class I protostar (Dunham et al., [2015). van Kempen et al.| (2009)
also found HCO™ emission towards GY 91 that was bright enough to be above the
cutoff for an embedded source, but that emission seems to be associated with a
patch of cloud that peaks 30” away from the source.

Here we present new ALMA data, which when combined with the observed SED,
show that GY 91 is indeed a Class I protostar with a circumstellar disk embedded
in an envelope. Our 3 mm and 870 um images also reveal the presence of three

narrow dark rings in its disk that resemble those seen in HL. Tau and a handful
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Table 6.1. Log of ALMA Observations

Observation Date ALMA Band Baselines Total Integration Time Calibrators

(UT) (m) (s) (Flux, Bandpass, Gain)
Oct. 31 2015 3 84-16,200 169 1517-2422, 1625-2527
Nov. 26 2015 3 68-14,300 169 1517-2422, 1625-2527
Apr. 17 2016 3 15-600 58 1733-1304, 1427-4206, 1625-2527
May 19 2016 7 15-640 30 J1517-2422, J1625-2527
Sep. 11, 2016 7 15-3140 60 J1517-2422, J1625-2527

of other disks (ALMA Partnership et al., 2015; [Dong et al., |2015; Andrews et al.
2016; Isella et al., 2016; Loomis et al., 2017; [Fedele et al., 2017). We compare the
circumstellar structure of GY 91 to HL Tau, and argue that GY 91 is the youngest
source in which disk gaps have been detected. If caused by planets, these features

provide evidence for giant planet formation within 0.5 Myr.

6.2 Observations & Data Reduction

6.2.1 ALMA

GY 91 was observed with ALMA Band 3 (100 GHz/3 mm) in three tracks from 31
October 2015 to 17 April 2016, with baselines ranging from 14 m — 15.3 km. All
four basebands were tuned for continuum observations centered at 90.5, 92.5, 102.5,
104.5 GHz, each with 128 15.625 MHz channels for 2 GHz of continuum bandwidth
per baseband. In all the observations had 8 GHz of total continuum bandwidth. We
also observed GY 91 with ALMA Band 7 (345 GHz/870 pm) on 19 May 2016 and 11
September 2016, with baselines ranging from 15 — 3140 m. Two of four basebands
were configured for continuum observations centered at 343 GHz and 356.25 GHz,
with a total of 4 GHz of continuum bandwidth. The remaining basebands were
devoted to spectral line observations, although nothing was detected. We list details
of the observations in Table [G.1]

The data were reduced in the standard way with the CASA pipeline and the
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calibrators listed in Table [6.1] After calibrating, we imaged the data by Fourier
transforming the visibilities with the CLEAN routine. After our initial imaging, we
found that we could improve the sensitivity of the 345 GHz image by self-calibrating.
We ran four iterations of phase-only self-calibration on the compact configuration
track and a single iteration of phase-only self-calibration on the extended configu-
ration track. This improved the rms in an image produced with natural weighting
(i.e. a robust parameter of 2) from 0.36 mJy /beam to 0.27 mJy/beam. We were
unable to improve the 100 GHz image by self-calibration.

Our final images were produced using Briggs weighting with a robust parameter
of 0.5, which provides a good balance between sensitivity and resolution, to weight
the visibilities for both datasets. The 3 mm image has a beam of size 0.06” by 0.05”
with a P.A. of 81.9° and an rms of 36 uJy/beam. The 870 um image nas a beam
size of 0.134” by 0.129” with a P.A. of -9.4° and an rms of 0.31 mJy/beam. We

show the images in Figure [6.1

6.2.2 SED from the Literature

We compile a broadband spectral energy distribution (SED) for GY 91 from a
thorough literature search. The data includes Spitzer IRAC and MIPS photometry
as well as fluxes from the literature at a range of wavelengths (Wilking and Ladal,
1983; [Lada and Wilking, 1984} |Greene and Young), [1992; |Andre and Montmerle,
1994a; [Strom et al., [1995; [Barsony et al., 1997} |Johnstone et al. [2000; |Allen et al.|
2002; [Natta et al., 20006; Stanke et al., 2006 Alves de Oliveira and Casali, 2008;
Jorgensen et al., |2008}; Padgett et al., [2008; Wilking et al., |2008} Evans et al.;, [2009;
Gutermuth et al., [2009; |Barsony et al., 2012). When modeling the SED, as we discuss
below, we assume a constant 10% uncertainty on any photometry from the literature
to account for any flux calibration uncertainties between the measurements.

In addition to the broadband photometry, we also download the Spitzer IRS
spectrum of GY 91 from the CASSIS database (Lebouteiller et al. 2011} 2015]).
Rather than consider the entire SED, which can be computationally prohibitive for

the radiative transfer calculations described below, we sample the IRS spectrum at
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25 points ranging from 5 to 35 um. We also assume a 10% uncertainty on these

fluxes, like we do for the broadband photometry.

6.3 Results

We show our 3mm and 870 pum images of GY 91 in Figure [6.1] The 870 pum image
has a much higher signal-to-noise ratio, and it is fairly easy to identify, by-eye, two
concentric dark lanes that appear in the disk. The 3 mm image, which has a factor
of two better spatial resolution, also reveals a third dark lane in the inner regions
of the disk. To better illustrate the presence of these features, in Figure [6.2] we
show a one dimensional brightness profile for both the 870 ym and 3 mm images,
averaged in ellipses defined by the position angle and inclination of the disk to be
constant radius bins. The outer two dark lanes show up clearly in the 870 pym radial
profile, while the inner lane shows up clearly in the 3 mm profile. Moreover, there
appears to be a break in the 870 um profile at the location of the inner dark lane,

and there appears to be a dip in the 3 mm brightness profile that is consistent with

0.9" 0.9"
345 GHz 100 GHz
0.6" 0.6"
0.3" 0.3"
(9] [9)
8 o.0" 8 o.0"
< <
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ARA ARA

Figure 6.1: Our ALMA 345 GHz (left) and 100 GHz (right) maps of the GY 91
protoplanetary disk. Two dark lanes are readily apparent in the 345 GHz map,
while a third dark lane is also apparent in inner regions of the disk at 100 GHz
because of the higher resolution of our 100 GHz maps.



143

— 345 GHz |

— 100 GHz

— - 345 GHz Model
- 100 GHz Model

Mean Flux [m]y]

= L

1.2 14

Radius ["]

Figure 6.2: The one dimensional, azimuthally averaged, de-projected radial bright-
ness profile of the GY 91 disk at 345 GHz and 100 GHz, with the locations of
the dark lanes marked by vertical dashed lines. These gaps are readily seen in the
brightness profile. We also show the azimuthally averaged brightness profile of our
gapped disk+envelope model (see Figure , Table 2) at each wavelength.

the location of the middle dark lane, despite the noisiness of the 3 mm image that
prevents it from being detected by eye.

In order to study these features in greater detail, we fit a model to the data
to determine disk properties such as radius, position angle, and inclination, as well
as the locations, widths, and depths of the gaps. We use Monte Carlo radiative
transfer codes to produce synthetic observations of model protostars that can be fit
to our combined millimeter visibility and broadband SED dataset of GY 91. This
modeling procedure is described in further detail in [Sheehan and Eisner| (2014) and
Sheehan & FEisner (submitted), but we give a brief overview here.

Our model includes a flared protoplanetary disk with a physically motivated
surface density profile (e.g. Lynden-Bell and Pringle] [1974)) surrounded by a rotating
collapsing envelope (e.g. Ulrich} 1976)),

, (6.1)




pa = o (-3 [2]). (62)

R B
h=hy| —— .
(1ho) (63)
R P N AN N Y A
pem—4ﬂ_ (GM*T) <1+H0> <M0—|—2,u0 r> . (6.4)

In Equations 1, 2 & 3, R and z are in cylindrical coordinates, while in Equation 4,
4= cos 6 and r and @ are in spherical coordinates.

In this model the disk mass, My, inner and outer radii, R;, & Rg;s,, surface
density power-law exponent, vy, scale height power-law exponent, 5, and scale height
at 1 AU, hg, are left as free parameters. We also leave the envelope mass, M.,,,, and
radius, R.,,, as free parameters, and give the envelope an outflow cavity described
by feaw, the fraction by which the density is reduced in the cavity, and &, which
relates to the cavity opening angle. We supply the density structure with opacities
described in Sheehan and Eisner| (2014), leaving the maximum dust grain size, a,,qz,
and grain size distribution power-law exponent, p, as free parameters.

We model the dark lanes as gaps in the surface density profile, which are de-
scribed by their radius (Ryep,i), width (wgep;), and depth (dg44p;). The depth of
the gap is a multiplicative factor that represents the amount by which the surface
density is reduced in the gap. d = 0 corresponds to a complete absence of material
in the gap. Because of the computational intensity of this modeling, we make ini-
tial estimates of disk properties and the gap widths and depths by fitting a simple
geometric model to the 870 ym and 3 mm visibilities (see Figure . The param-
eters found from this simple geometrical fit are then used as initial guesses for the
radiative transfer modeling fit.

We use the Monte Carlo radiative transfer codes RADMC-3D (Dullemond,, [2012))
and Hyperion (Robitaille, 2011) to calculate the temperature throughout the density
structure, and then produce synthetic millimeter visibilities and broadband SEDs.
We fit these synthetic observations simultaneously to all three (870 pm visibilities,
3 mm visibilities, and broadband SED) of our datasets. We compare the gapped
disk+envelope model to the observed visibilities and SED in Figure and list the
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Figure 6.3: The best fit simple geometrical model for GY 91 compared with the data.
The model assumes the disk is flat, with a surface density described by Equation
1 and My = 0.36 Mg, r. = 71 AU, v = 0.3, ¢« = 39°, and p.a. = —19°. The
model uses a power-law temperature distribution with 7' = 46(R/1 AU)~%*. We
use the power-law millimeter opacity function described in Beckwith et al.| (1990),
k(v) = 0.1(r/1000 GHz)? cm? g=! with 8 = 1.8. Our model includes three gaps
with the following parameters: Rg,,1 = 10.4 AU, wgep1 = 5.9 AU, dgep1 =~ 0,
Ryapo = 40.3 AU, wyepo = 27.5 AU, dgapo = 0.15, Ryeps = 68.9 AU, wyep 3 = 10.7
AU, and d44p 3 ~ 0. Our modeling indicates that the first and third gaps are deep,
however as the data is noisy and not high enough resolution to well resolve the gaps,
the actual depths are quite uncertain. We show the one dimensional, azimuthally
averaged, visibility amplitudes on the left, model images in the center column, and
the residuals on the right. The peak residuals are 1.70 at 345 GHz and 3.50 at 100
GHz.

model parameters in Table 6.2, The images for our gapped disk+envelope model
look almost identical to those shown in Figure [6.3] although the residuals between
data and model are higher, not surprising since we are fitting the visibilities and
SED simultaneously here.

This model can simultaneously reproduce the 870 pm visibilities, 3 mm visibili-
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Figure 6.4: The gapped disk+envelope model for GY 91 compared with the data.
We show the one dimensional, azimuthally averaged, 870 pm visibility amplitudes
on the left, the 3 mm visibilities in the center, and the SED on the right.

ties, and broadband SED for GY 91. The GY 91 disk appears to be embedded in an
envelope with M., = 1.35 My... Gaps are found at radii of ~7 AU, ~40 AU, and
~69 AU, with widths of ~7 AU, ~30 AU, and ~10 AU. The gap depths for the inner
and outer gaps are not well constrained because they are not resolved well by our
observations. The middle gap appears to be wide and somewhat shallow, although

with higher resolution it is possible that it will break up into multiple gaps.

6.4 Discussion & Conclusion

GY 91 appears to be part of a growing population of protoplanetary disks that have
ring-like features in their millimeter emission profiles. The 870 pym image resembles
the disks of HL Tau, AA Tau, TW Hya, HD 162953, and HD 169142, all of which
have several gaps visible in their millimeter emission profiles (ALMA Partnership
et al., 2015; |[Andrews et al., 2016; [sella et al. 2016} |[Loomis et al., 2017} |[Fedele
et al., 2017). Closer inspection of these systems, however, reveals differences in the
appearance of the features in each disk. The bright and dark rings seen in TW Hya
are narrow (sizes < 2 AU) and shallow (Andrews et al., [2016]). Only the innermost
gap, at 2 AU, has a significant depth. The gaps found in AA Tau, HD 162953, and
HD 169142, on the other hand, are all very wide and deep, with widths of 22 — 55
AU (Isella et al., 2016; Loomis et al., 2017; [Fedele et al., 2017). The gaps found
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Table 6.2. Gapped Disk+Envelope Model Parameters

Parameters  Values

Lgiar [Lo] 0.16
Maisk [Mo)] 0.12
R;,, [AU] 0.3
Rgisi [AU] 81
ho [AU] 0.18
vy 0.10
Ié] 0.60

Moy [Mp]  0.158
Reny [AU] 3483

Jfeav 1.00
¢ 0.96
i [°] 40
p.a. [°] 110

Amag [pm] 70481
Rgap1 [AU] 10.0
Wyap,1 [AU] 7.0

Sgap 0.01
Ryap2 [AU] 40.5
Weap2 [AU]  30.0
Sgap:2 0.22
Ryaps [AU] 691
Wgap,3 [AU] 10.0
Sqap 0.01
p 3.40
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in HLL Tau appear to be deep, with moderate widths of ~ 5 — 20 AU (e.g. ALMA
Partnership et al., 2015; |Zhang et al., 2015]).

The innermost and outermost gaps we find in GY 91’s disk appear to be quan-
titatively the most similar to the HL Tau gaps as they are somewhat narrow, with
widths of ~7 AU and ~10 AU, while the middle gap appears to be large like the
gaps found in AA Tau, HD 162953, and HD 169142.

6.4.1 Planets Carving Gaps?

Although there are a number of potential origins of these features, the most exciting
possibility is, perhaps, that these gaps are carved by proto-planets embedded in the
disk. Dong et al.|(2015) found that the gaps in the HL. Tau disk could be sculpted
by planets with masses as small as a Saturn-mass. |Isella et al.| (2016) found similar
results for HD 162953, although the gaps are much larger in that disk.

We can estimate the masses of planets that are needed to produce the gaps we see
in GY 91’s disk. Simulations suggest that planets should open gaps whose widths

are a few times larger than the Hill radius of the planet,

Mo\ Y3
W ~8x R, (Mp) (6.5)

(Rosotti et al [2016). Although the protostellar mass of GY 91 is not constrained
well, it is thought to be a M4 protostar with a temperature of 3300 K (Doppmann
et al., 2005)), which evolutionary models predict should have a mass of ~ 0.25 M, at
~ 0.5 Myr (Baraffe et al.;|2015]). Using these assumptions, we estimate that planets
of masses ~ 0.2 M, ~0.2 M, and ~0.002 M; are needed to produce the observed
gaps.

The mass estimated for the outermost planet highlights the limitations of these
simple estimates, as it seems unlikely that an Earth-mass planet is opening such a
gap. Recent studies have suggested that for low-mass planets, the gap width may
be a constant multiple of the scale height and therefore independent of planet mass
(e.g. Duffell and MacFadyen, |2013; Dong and Fung, |2017). Further studies suggest

that the mass of a gap-opening planet is best constrained by measurements of the
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gap width and depth in the gas distribution, combined with a measurement of disk
viscosity (Fung et al.,|2014; Kanagawa et al., 2015} |Dong and Fung;, 2017)). Without
knowledge of the gas distribution, however, we cannot place stronger constraints on
the potential planet masses. It also should be noted that a single planet can open

multiple gaps in a disk (Bae et al., 2017)).

6.4.2 Other Causes of Dark Lanes

Planets aren’t the only possible cause of these features. One alternative that should
be common in protoplanetary disk is the variation in dust opacities and collisional
fragmentation/coagulation properties that is expected to occur at snow lines. As
dust grains radially drift inwards due to the loss of angular momentum from a
headwind of sub-Keplerian gas (Weidenschilling, 1977), they will cross a series of
snow lines for various volatiles. When they cross a snow line, that volatile sublimates
back into the gas phase. As the sublimated gas radially diffuses, it can re-condense
onto particles outside of the snow line. The icy particles outside of the snow line can
efficiently grow to decimeter or larger sizes, while solids inside the snow line tend to
fragment (Cuzzi and Zahnle, 2004; |Ros and Johansen| 2013; Banzatti et al., [2015)).
The change in the optical properties of dust grains across the snow line could cause
features like those seen in HL, Tau or GY 91 (e.g. [Zhang et al 2015).

We compare the midplane disk temperature inferred from our model of GY 91
with the temperatures of snow lines of common volatiles as calculated by Zhang
et al.| (2015). The outermost gap does roughly match the freeze out region of No,
and the middle gap may have some overlap with the snow lines of CO and CH4. No
obvious counterparts are seen for the innermost gap, although it does fall near the
snow line for HyS. These estimates are, however very sensitive to chemical models
and the disk temperature profile. Without direct observations of snow lines in the
disk, we cannot rule out snow lines as the drivers of these features, and even direct
observations require complicated chemical models to interpret (e.g. van’t Hoff et al.,
2017).

Alternatively, the “sintering” of dust grains, in which volatiles sublimate
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and re-condense to form thick necks between fused particles just below
the sublimation temperature, produces brittle grains that fragment more readily
and therefore grow to smaller sizes just outside the snow line. Because the sintered
grains have smaller sizes, they undergo slower radial drift, causing pile ups near
snow lines. This process could also produce features similar to those seen in HL. Tau
or GY 91 (Okuzumi et al., [2016]).

Zonal flows produced by magneto-rotational instability driven turbulence (Jo-
hansen et al., |2009) have also been shown to produce axisymmetric pressure bumps
that can trap large dust grains and may produce gap-like features in millimeter im-
ages (Pinilla et al., [2012; [Dittrich et al.| 2013; [Simon and Armitage, [2014). In this
case, the pressure bumps are created by large scale variations in the magnetically
driven turbulence that produce variations in the mass accretion rate that in turn
causes material to pile up. This effect can also be seen at the outer edge of magnetic
dead zones, where there is strong radial variation in the mass accretion rate. These

flows can produce gap-like features in disks (Pinilla et al., 2012; Flock et al., [2015).

6.4.3 Comparison with HL Tau

If planets are indeed carving gaps in GY 91’s disk, the masses of those planets
would place strong constraints on the timescales for planet formation in disks. As
a Class I protostar, GY 91 likely has an age of ~ 0.5 Myr (Evans et al, 2009),
so planets must grow to masses of ~ 0.2 M; on these short timescales. Similar
constraints have been placed on the timescale for planet formation by the gaps in
HL Tau’s disk, as it is also thought to be young and possibly still embedded (e.g.
Robitaille et al., [2007)). To the best of our knowledge, however, a detailed radiative
transfer modeling fit to the combined HL Tau millimeter visibilities and SED has
not been done since the ALMA Science Verification data was acquired. We use the
disk+envelope modeling procedure described above to fit a disk+envelope model
to the HL. Tau ALMA millimeter visibilities and SED. For simplicity, though, we
ignore the gaps and consider only a smooth density distribution. The best fit model

is shown in Figure |6.5
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Figure 6.5: The disk+envelope model for HL. Tau compared with the data. In
the first row we show the one dimensional, azimuthally averaged, 870 um visibility
amplitudes on the left and the SED on the right, with the model as a green curve
in both. The second row shows the 345 GHz model and residual images. We did
not include gaps in this model, which is why they can be seen in the residual map.
The model has a disk with a mass of 0.2 Mg a radius of 120 AU, a surface density
power law exponent of v = 1.7, and an inclination of 44°. The envelope has a mass
of 0.04 M, and a radius of 1800 AU.
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Our model for HL Tau has M,,, = 0.2 My, smaller than what we find for GY
91 (Mepy = 1.35 My;sr,). This may indicate that a larger fraction of the HL Tau
envelope has been depleted onto the disk or central protostar. This is in agreement
with the classification of HL. Tau as a “flat spectrum” object, indicating it is likely
in transition from the Class I to Class Il stage. In contrast, GY 91 has a more sub-
stantial envelope remaining relative to its disk mass. If we assume that Me,, /Mg
is an evolutionary indicator (e.g. Crapsi et al., [2008), this suggests that GY 91 is
younger than HL Tau. If planets are indeed carving the holes in GY 91’s disk,
measurements of their masses could place stronger constraints on the timescales of

planet formation than planets in the HL. Tau disk.

Regardless of whether these dark lanes are formed by planets, zonal flows, or
chemical variations produced by radial drift, the presence of these features is likely
an indication that planet formation is well underway at early times. Both zonal
flows and chemical effects have been suggested to enhance the growth of particles
in disks (e.g. [Simon and Armitage, 2014; Ros and Johansen, [2013), and may be key
elements in how planets are formed. Further high resolution studies of these young

disks are crucial for understanding the early stages of planet formation.
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CHAPTER 7

A VLA Survey For Faint Compact Radio Sources in the Orion Nebula Cluster!

We present Karl G. Janksy Very Large Array (VLA) 1.3 c¢m, 3.6 cm, and 6
cm continuum maps of compact radio sources in the Orion Nebular Cluster. We
mosaicked 34 square arcminutes at 1.3 cm, 70 square arcminutes at 3.6 cm and 109
square arcminutes at 6 cm, containing 778 near-infrared detected YSOs and 190
HST-identified proplyds (with significant overlap between those characterizations).
We detected radio emission from 175 compact radio sources in the ONC, including 26
sources that were detected for the first time at these wavelengths. For each detected
source we fit a simple free-free and dust emission model to characterize the radio
emission. We extrapolate the free-free emission spectrum model for each source
to ALMA bands to illustrate how these measurements could be used to correctly
measure protoplanetary disk dust masses from sub-millimeter flux measurements.
Finally, we compare the fluxes measured in this survey with previously measured
fluxes for our targets, as well as four separate epochs of 1.3 cm data, to search for

and quantify variability of our sources.

7.1 Introduction

The Orion Nebular Cluster (ONC) presents an excellent example of star formation
in a richly clustered environment, typical of star formation in our galaxy. Near-
infrared surveys of the ONC find >700 YSOs, most of which are likely to harbor
protoplanetary disks (Hillenbrand and Carpenter} 2000)). Hubble Space Telescope
(HST) images of the ONC also reveal ionized disks and dusty disks sillhoutetted

tThis chapter has been published previously as Sheehan et al./2016
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against the backdrop of nebular emission (e.g., O’Dell and Wen, 1994; Bally et al.,
11998a; [Smith et al., [2005; Ricci et al., 2008).

The O6 star #* Ori C, located in the central Trapezium Cluster, produces in-
tense UV radiation that photoevaporates many of the nearby protoplanetary disks.

The hot gas ionized by this intense radiation expands freely and flows away at the

local sound speed into lower pressure regions (e.g., Henney and Arthurj 1998). The

ionized winds from the protoplanetary disks emit strong free-free emission at radio
wavelengths (e.g., Garay et al., |[1987; |Churchwell et al., [1987).

Compact radio sources have long been known in the ONC (e.g., Moran et al.,
[1982; (Garay et al. [1987; |(Churchwell et al., 1987} [Felli et al.| [1993a} [Zapata et al.,
2004alb)). They were first identified as free-free emission by Garay et al/ (1987), and
suggested to be the ionized material evaporated from protostellar disks by
well et al.| (1987)). Observations of the ONC with the Hubble Space Telescope firmly

established these compact structures as externally ionized protoplanetary disks (e.g.,
\O’Dell et al., [1993).

Measurements of the masses of protoplanetary disks are crucial for understanding

evolution, as well as potential for planet formation. Disk mass measurements are
typically made by observing dust continuum emission at long wavelengths, where
the emission is optically thin and probes the entirety of the disk (e.g.,
. Towards this end, a host of millimeter interferometric surveys of the
ONC have previously been carried out (e.g Mundy et al., |1995; Bally et al.l |[1998b;
Williams et all, 2005} [Eisner and Carpenter], [2006; [Eisner et al.| [2008; Mann and|
Williams, 2009, 2010 Mann et al, 2014).

These surveys are complicated by potential contamination of the millimeter dust
continuum emission by free-free emission from ionized disk winds. Disk mass mea-
surements are facilitated at shorter wavelengths, of 1.3 mm or 870 um, where the
ratio of dust emission to free-free emission is expected to be more favorable. Even
here, however, free-free emission can contribute significantly to the observed bright-

nesses of the sources (e.g., |[Eisner et al. 2008; Mann and Williams|, 2009} 2010; [Mann|

7‘
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Observations at longer radio wavelengths can help to constrain the free-free con-
tribution at shorter wavelengths. Free-free emission has a flat spectrum (F, oc v7%1)
when optically thin, as is expected to be true at millimeter and centimeter wave-
lengths (e.g. Eisner et al., 2008; Mann and Williams, 2009, 2010; Mann et al. [2014)).
Optically thick free-free emission can span a range of spectral indices, but the emis-
sion usually only becomes optically thick at wavelengths longer than ~ 10 cm (e.g.
Eisner et al., 2008). Dust emission, however, has a steep spectral index (F, o v2*#,
B = 0 — 2) which falls off rapidly at longer wavelengths. Free-free emission can
therefore be constrained at longer radio wavelengths where the contribution from
dust emission to the flux is small. Radio fluxes may also in some cases be affected
by magnetospheric flaring from young stars, exhibiting gyrosynchrotron emission
with a steep negative spectral index when optically thin (F, o< v7%7; e.g. [Feigelson
and Montmerle|, [1999; Rivilla et al., 2015)), or a steep positive spectral index when
optically thick at lower frequencies (F, oc v*?).

Previous studies have used the VLA to search for compact radio sources in
the ONC (e.g., Felli et al 1993a; Zapata et al.| 2004al), and fluxes produced by
those studies have been used to correct for free-free contamination in disk mass
studies (e.g., Eisner et al., 2008; Mann and Williams, 2010; Mann et al, [2014)). The
expanded capabilities of the VLA correlator (Perley et al., 2009), now enable surveys
of much higher sensitivity than were previously possible. More recent surveys have
taken advantage of this increase in sensitivity to map star forming regions, including
the ONC at 4.5 GHz and 7.5 GHz (Dzib et al.; 2013; |[Kounkel et al., 2014; [Forbrich
et al.; 2016). This enhanced sensitivity is well-matched to the deeper observations
now enabled with ALMA.

Here we present new high resolution Karl G. Jansky Very Large Array (hence-
forth JVLA to avoid confusion with previous surveys using the original VLLA) maps
of the ONC at 1.3 cm, 3.6 cm, and 6 cm to study the free-free emission from ONC
cluster members. In Section 2 we describe our observations and maps of the ONC.
In Section 3 we detail our methodology for searching for compact radio sources, as

well as our model for characterizing the free-free emission. In Section 4 we compare
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our results to previous catalogs of compact radio sources in the ONC, discuss the
nature of the sources we detect, and show that our measurements are crucial for
accurately measuring disk masses of protoplanetary disks from both current and

future submillimeter surveys.

7.2 Observations & Data Reduction

We imaged the Orion Nebula Cluster in 1.3 c¢cm, 3.6 cm, and 6 ¢cm wavelength
continuum emission with the JVLA between November 2013 and May 2014. The
3.6 cm and 6 cm maps were observed using the ‘A’ configuration (baselines ranging
from 680 m to 36 km), and the 1.3 cm data were taken in three epochs with the ‘A’
configuration and one epoch with the ‘B’ configuration (baselines ranging from 210
m to 11 km). Details of the observations and maps are provided in Table .

The 3.6 cm and 6 cm data were taken simultaneously in 32 128 MHz bands, split
evenly between 3.6 cm and 6 cm. Each band contained 64 2 MHz channels, and the
bands were arranged continuously from 4.488 - 6.512 GHz at 6 cm and from 8.116
- 10.012 GHz at 3.6 cm, for a total of 2 GHz of continuum bandwidth each.

The field of view of the JVLA antenna primary beam at 6 cm, FWHM of 9’, en-
compasses all 778 YSOs from Hillenbrand and Carpenter| (2000)), and 196 of the 196
HST detected proplyds (Ricci et al., |2008). 141 of the 196 HST detected proplyds
are also detected as sources in Hillenbrand and Carpenter| (2000). We therefore
use a single pointing to image the field at 6 cm. At 3.6 cm the field of view is
5, so we imaged the field with two pointings that encompassed 778 YSOs and 187
HST-detected proplyds.

For a rectangular mosaic the Nyquist sampling theorem suggests that a pointing
spacing of FWHM /2 or better is needed (e.g. (Cornwell, 1988), but since we are
interested in compact sources, Nyquist sampling is not crucial (e.g. Eisner et al.,
2008). At 3.6 cm the FWHM/2 is between 2.1” and 2.6” across the band. The two
3.6 cm pointings are separated by 2.4’, so the map is sub-Nyquist sampled at the
low frequency end of the band, but not at the high frequency end of the band.
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The 1.3 cm data were taken in 64 128 MHz bands arranged from 17.976 - 26.024
GHz. Each band was composed of 64 2 MHz channels, for a total of 8 GHz of
bandwidth. Most of the data, however, from 17.976 - 22.024 GHz is affected by
significant RFI, so we exclude that data from our analysis. The 1.3 cm data therefore
has an effective bandwidth of 4 GHz.

A field of view containing 778 YSOs and 193 HST detected proplyds was mo-
saicked using 7 pointings. A two dimensional map is Nyquist sampled if the pointing
spacing is FWHM/ /3 or better, but since we are interested here in compact sources,
Nyquist sampling is, again, not crucial. At 1.3 cm FWHM/+/3 is between 1.2” and
1.4" across the band. The mosaic spacings range between 1-2’, so the map is largely

not Nyquist sampled. We show the field of view of our observations for each band

in Figure

5018 F
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Figure 7.1: The fields we image, out to the 20% gain contour at 6 cm (solid) and
the 10% gain contour at 3.6 cm (dashed) and 1.3 cm (dash-dotted) observations,
with a yellow star representing the location of #' Ori C. On the left we show all of
the sources we detected in at least one of our bands with red plusses and the known
sources surveyed but not detected with grey circles. On the right we show sources
found to be variable with blue rectangles whose size is proportional to how variable
the source is. The largest symbols represent a variability amplitude of 900% while
the smallest represent an amplitude of 20%. The detected sources which are not
variable are shown again with red plusses.
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The data were calibrated and imaged using the CASA software package.
Antenna-based complex gains were calculated using periodic observations of the
quasar J0541-0541. Bandpass solutions for each antenna were calculated from obser-
vations of the quasar J0319+4130, and the overall flux density scale was calculated
using models included in CASA for 3C48.

We produced maps of the ONC at each frequency by Fourier transforming the
complex visibilities, using the mosaicking modes for the 1.3 ¢cm and 3.6 cm maps.
We weighted the data with a robust parameter of 0, which provided a good balance
between the high sensitivity of normal weighting and the high spatial resolution
of uniform weighting. Our goal is to search for compact structures in the Orion
Nebula, so we removed baselines shorter than 100 kA from our data before inverting
the visibilities. The spatial scales eliminated by this cut correspond to structures
greater than 2”, meaning that large scale structure from the Orion Nebula has been
resolved out of our maps. For these observations our reference frequencies are 5.5
GHz for the 6 cm map, 9 GHz for the 3.6 cm map, and 22.5 GHz for the 1.3 cm
map. We image the 6 cm data out to the 20% gain contour at 5.5 GHz, and the
smaller 3.6 cm and 1.3 cm maps out to the 10% gain contour at 9 GHz and 22 GHz
respectivelyﬂ. We imaged each 1.3 cm epoch separately to study the variability of
the bright sources, and together to increase our sensitivity to look for faint sources
in the map.

We CLEANed the images using the Clark algorithm (Clark, [1980). Sources
above 100 were initially identified for CLEANing by visual inspection. The maps
were CLEANed down to the rms, as measured in source-free regions of the maps,
listed in Table [7.I] Post-source detection, we could re-CLEAN the image using
the new detections, however the sidelobes of these sources are low enough to be
below the noise level, and the improvement by CLEANing them is minimal and the

computational requirements are significant.

!These correspond to the 33 and 10% gain contours for the low and high frequency 6 cm band
edges respectively, the 16 and 6% gain contours for the 3.6 cm band edges, and the 14 and 6%

gain contours for the 1.3 cm band edges.
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We used a single iteration of self-calibration on the 6 cm data, correcting for just
the phases of our data from a model produced by an initial CLEANing of the data.
This improved the rms (~ 50 uJy to ~ 40 pJy) in crowded regions of the map or
near bright sources with significant beam artifacts.

We self-calibrated the data using a model produced from both fields simulta-
neously. We find that self-calibrating the fields separately and then imaging them
jointly produced ringing in the image that was removed by self-calibrating the data
together. We used two iterations of self-calibration, first solving for the phases from
our initial model, and then solving for the amplitudes and any residual phase errors
in a second iteration. We apply amplitude self-calibration because it helps to remove
residual artifacts around bright sources in our map. It does not change the flux in
our maps markedly. This improved the rms from ~ 80 pJy near bright sources with
significant beam artifacts to ~ 45 pJy.

We self-calibrated fields including the brightest sources together, which is nec-
essary to remove ringing like in the 3.6 cm maps, using a single iteration of self-
calibration to correct phase errors in the data. The self-calibration improved the
rms by as much as a factor of 3 near bright sources with significant beam artifacts
(e.g. ~ 50 puJy to ~ 20 pJy for the combined 1.3 em map, ~ 100 pJy to ~ 35 pJy
for the 1.3 cm data taken on March 3, 2014).

After CLEANing, each map was corrected for attenuation by the primary beam,
using the primary beam at the central frequency of each band. The bandwidth of
our observations is a significant fraction of the central frequency, however, so the
primary beam correction may vary significantly over the band. We have computed
the error induced in wideband fluxes measured when correcting by the primary beam
of the central frequency, rather than the appropriate primary beam for each channel,
and find that this error is <5% for realistic spectral indices (-0.1-2).

Finally, we restored each map with a CLEAN beam whose size is determined
by a Gaussian fit to the central peak of the dirty beam for that map. The size
of this beam is given approximately by A/B,.. for the map, but the exact size

and shape depend on the distribution of baselines in the wv-plane and the choice
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of weighting function. We list the beam sizes for each map in Table After
our initial CLEANing of the data we self-calibrated on the brightest sources in our
maps to remove residual beam structure and improve the sensitivity, particularly in

crowded regions.

7.3 Analysis

7.3.1 Source Detection

In each of our VLA maps we search for sources detected above a certain signal-to-
noise threshold. Our maps contain > 10% synthesized beams (see Table [7.1)), so we
must employ a relatively conservative threshold to ensure that we do not select noise
spikes in the images as real detections. The noise in each map follows a Gaussian
distribution (see Figure, so we expect <1 noise spike to fall above a 60 detection

threshold. We therefore use 60 as our detection limit.

16 x 109

14 x 10 |

12 x 10% |

10 x 109 |

8x10° |

Count

6x10% |

4x10%

2x10° |

0x 10° - - -
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Figure 7.2: We show a histogram of all the pixel values within the 50% gain contour
of our 6 cm residual map. We also show the best fit Gaussian to the distribution with
the dashed line. Here we show only the 6 cm map, but we have produced similar
figures for the 3.6 cm and 1.3 cm maps and find that both of those distributions are
also Gaussian, so we can use a o-cut to confidently distinguish between real sources
and noise spikes in our images.
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We can also use catalogs of previously known source positions to target our
search. We search our maps at the positions of >700 near-infrared detected sources
(Hillenbrand and Carpenter, |2000)) and ~200 H ST detected proplyds (Ricci et al.|
2008, with an overlap of about ~150 of the near-infrared detected sources). We
also search the coordinates of known submillimeter sources detected with the SMA,
CARMA, and ALMA that lack counterparts at infrared wavelengths (Eisner et al.
2008; Mann and Williams, 2010; Mann et al., [2014]). Finally, we search for compact
radio sources which were detected with the VLA by previous surveys (Felli et al.
1993a; Kounkel et al.; 2014). Due to the smaller number of synthesized beams
being probed (~ 800), we expect <1 noise spike to fall above a 4.5¢ level. For each
previously identified source we search for a detection above 4.5¢0 within a radius of
0.5”, typical of the sizes of beams from these previous studies.

The rms at each pixel is calculated from a 128 by 128 pixel box surrounding that
pixel in the residual map. The rms in the map is generally low (~25 pJy in the
1.3 cm maps, ~ 30 pJy at 3.6 cm, and ~ 37 pJy at 6 cm). However, the central
region of each map exhibits beam artifacts from a cluster of bright sources and poor
sampling of large scale emission. The rms in these regions can be much higher than
the rest of the map (~ 100 pJy in the 1.3 cm maps, ~ 70 pJy at 3.6 cm, and ~ 150
nJy at 6 cm; see Table [7.1]).

We list the total number of sources detected in each map in Table[7.I} For each
map we also provide a breakdown of the number of sources detected in our blind
search as well as the additional number of sources detected from the catalog driven
search. We detect 108 objects in our 6 cm map, 98 objects in our 3.6 cm map, and
a total of 144 objects across all of our 1.3 cm maps. In all we detect 175 distinct
sources across all of our maps. We show the position of every detected source in our
maps in the left panel of Figure [7.1]

Of the 175 unique compact radio sources, 120 sources are associated with YSOs
detected in near-infrared surveys (e.g. Hillenbrand and Carpenter], 2000)), and 67
sources are associated with HST detected proplyds. 149 have previous radio de-

tections, and 40 have been previously detected at millimeter wavelengths. We also
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Figure 7.3: Contour images of sources detected in our 6 c¢m, 3.6 cm or 1.3 cm
continuum maps. Each row shows a single source in each band. At 1.3 cm we show
only one epoch as a representative image of the source. Contour increments are
1o, beginning at +20, where o is determined locally for each object. This figure is
continued at the end of the text.



164

report the detection of 11 sources here for the first time at any wavelength.

We fit every detected source with a two dimensional Gaussian to determine
position, extent, and total source flux. For sources identified in the previously
mentioned catalogs that are not detected in our maps, we also integrate over a 1”
aperture centered on the known source position to produce an unbiased estimate
of the signal (or noise) towards that position. We include a 10% error on the
measurement to account for systematic errors in the band-to-band flux calibration.
These intensities, measured towards all cataloged objects in our field of view, are
presented in Table [7.2] The print version of this paper presents only the first page
of that table. We also plot images of those sources in Figure

Our catalog of sources, as presented in Table|[7.2]is sorted by right ascension and
then given a catalog ‘ID’, which we list in Table We refer to each source by
this ID throughout the remainder of the text and figures. In Table we also list
the proplyd name, identification from early ONC radio surveys (e.g., Garay et al.,
1987} [Felli et al., [1993b), identification from Zapata et al.  (2004al), or identification
from Hillenbrand and Carpenter| (2000) when applicable.

7.3.2 Estimating the Free-Free Emission Spectrum

Evidence suggests that the proplyds are undergoing mass loss from photoevaporation
by the nearby O star §* Ori C, so the free-free emission we detect here is likely due
to a wind (e.g., (Churchwell et al., |1987; Henney and Arthur, 1998)). For emission
from a spherically symmetric wind with an arbitrary n oc r=® density profile the

expected spectral dependence of free-free emission is

—0.1
v
Fu,turn ] v 2 Viurn
Vturn

(4a—6.2)/(2a—1)
Fu,turn <_>

Viurn

F = (7.1)

v < Viurn

(Wright and Barlow, [1975)). vy, is the frequency where the wind becomes partially
optically thick, and is determined by the radius of the inner boundary of the ionized

envelope. High turnover frequencies indicate more compact inner boundaries. When
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the wind becomes fully optically thick at very low frequencies the spectrum follows
the typical F, o % spectrum expected for optically thick thermal emission.
For a fully ionized wind with a constant mass-loss rate we expect o = 2 and the

spectral dependence of free-free emission is

—0.1
FI/ turn 14 2 Viurn
’ Vturn

0.6 ) (7.2)
Fl/,turn (ﬁ) V < Viurn

Fogp=
Steeper density profiles may lead to steeper spectral dependences below the turnover
frequency (e.g., [Plambeck et al., [1995). Here, for simplicity, we adopt the solution
for a fully ionized wind with a constant mass-loss rate. Many of our sources show
evidence for a free-free turnover (see Figure , so we adopt a model including a
turnover in the spectrum.

At higher frequencies, dust emission is expected to dominate. The differences
in the expected spectral slopes between dust and free-free emission allows us to
characterize each separately by observing our targets at a range of wavelengths. For
each of our detected sources we fit a simple model to the known radio, millimeter,

and sub-millimeter photometry:

v )M (7.3)

Fl, = Fy Fz/ us z <—
ff T v dust,2306H 230G Hy

Here we assume 3 = 0.7, consistent with previous studies of protoplanetary disks in
other star forming regions (e.g., |[Rodmann et al., 2006} Ricci et al., 2010a,b]).

We fit the SED of each source by searching a grid over a large range of parameter
space of Viyrn, Fypurn, and Fy, gust 2306 for a minimum in 2. We then use a second,
finely spaced, grid search based on the initial search to find the best y? fit.

Viwrns Fypurn a0d F), gy 2306H- are left as free parameters in the grid search. If
a source has no submillimeter detections (> 90 GHz; Eisner et al., [2008; |Mann
and Williams, 2010; Mann et al., 2014)), we assume that F, gust230cm. = 0. In
that case we also require 5.5GHz < vy, < 22GHz, because outside of this range
we cannot constrain vy,.,. If a source does have sbmillimeter detections we only

require 5.5GHz < vyn.



166

10° g

102: 11 i1 F 18 F 69 1F 76 E 77 ]
E T F 3 3 T F E
310k 1F s 1k 1F 2
£ )L’\_ E E El 3 E 3
< 10°F 4F - 4 F ° 3 2
E 3E E 1F = E E

107 1F 3 E EN; E
10-2: FEETTT R ......f E | PETTT IR E P YOV ! IO ......: C vl dvvnnl ......f E | AT ......f
103E e T s e e T i T s e e T Eaa
,F 97 1 F 103 1 F 109 i F 115 1 F 134 ]

10% 1F EN- 3
= 10'F 1F : . 2
£ El E E E
w 10°F 1r 3 3 3
10? =3 s - 2
102 wl T : L E Y ITY N : il AT :
103§ it na i et T A N Wi st e T e e mamai T st AL B
,F 148 i F 151 i F 154 i F 161 i F 173 ]

3 10'F 1k 1k - 1k 2
£ El- E /.9_’\ E E
' E . - :

10—2: i PRI BRI

10° g

F 190

213

N
o
o

T

Ty

F, [mjy]

-

o

T

U]
sovd 3ol 3l
slvd 3ol 3yl

LLLL L B AL SR L |
sl dvod 3ol
Ty
sl Do 3ol 3vel

LALLL BRRLLL L

3

Lol

10° p—rrrrm—r—rrrm—r A

£ 219

229 E 232 235

222

v
T
T
T

E

vl 3ol 3
AR L
vl 3ol 3

F, [m)y]

E

11yl

PRTTITT IERTTY IERTTTTT WERTTT MR

T |

Ty
PRTTT |

10700 10! 10° 10i0° 10! 10° 1010° 10! 10° 10i0° 10! 10° 10! 10? 103
v [GHz] v [GHZ] v [GHz] v [GHz] v [GHZ]

Figure 7.4: The millimeter and radio SEDs for all of the sources detected in our
maps. We also show the best fit dust + free-free emission model for each source, as
described in Section 3.2. Black, yellow and grey points are the 6 cm, 3.6 cm, and 1.3
cm flux measurements for objects detected in our maps. Circles with colored faces
indicate that the source was detected by our search routines, while open face circles
are fluxes measured in an aperture around a known source position. Orange data
points are 3mm, 1.3 mm, and 870 ym fluxes from Eisner et al. (2008, and references
therein). Green data points are 870 pum fluxes from Mann and Williams| (2010)), and
red data points are 870 pm fluxes from Mann et al| (2014). The fluxes shown here
are all measured with one of the SMA, CARMA, ALMA, OVRO, or the VLA. This
figure is continued at the end of the text.
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Sources 281, 391, 416, 423, 430, 433, 442, 512, 516, 537, 564, and 595 are all
extended sources that are marginally resolved by our 3.6 cm and 6 ¢cm maps, as
well as in our B-configuration 1.3 cm observations. In our A-configuration 1.3 cm
observations, however, these sources are very well resolved. In fact, they are so
well resolved that much or all of the emission from the source is resolved out. As
such we exclude the A-configuration flux measurements from our SED fitting, as
flux variations are likely due to structure being resolved out rather than actual
variability.

Some of our sources are variable across our multiple epochs of 1.3 cm data
(see Section 4.2). We account for this variability in our modeling by including the
measured flux at each epoch and allowing the variability to influence the uncertainty
of our parameter estimation. Sources that are more variable will also have more
uncertainty in model fits.

We list the parameters of our best fit models to each source detected in our
maps in Table[7.3] The photometry, along with the best fit model, for each source
is plotted in Figure

The origin of the radiation ionizing these sources has been the subject of much
debate. Early radio studies of the region disagreed as to whether these sources
were externally ionized by radiation from #' Ori C or ionized internally by a young
massive star, and as to whether these objects are dense neutral condensations or pro-
toplanetary disks (e.g., |Garay et al.| [1987; Churchwell et al., [1987)), although these
studies are complicated by the fact that only projected, and not actual, distances
from 6 Ori C are known. Since these early studies, HST imaging (e.g., O’Dell et al.,
1993) and detailed modeling of those images (e.g. Henney and Arthur, [1998) has
favored protoplanctary disks ionized by ' Ori C.

Free-free emission powered by ionizing radiation from ' Ori C should decrease
with increasing separation from 6' Ori C. We show the measured flux versus distance
in the left panel of Figure[7.5] For most sources there is a trend of decreasing radio
flux with increasing separation, suggesting that they are exhibiting free-free emission

from gas ionized by ' Ori C. We also find that the difference in their 1.3 cm and
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Figure 7.5: (left) The measured radio flux of each of our detected objects at 1.3
cm (green diamonds), 3.6 cm (blue squares), and 6 cm (red circles) as a function
of projected distance from 6' Ori C. (right) Difference in measured 1.3 cm and 6
cm fluxes as a function of projected distance from ' Ori C. With the exception
of a few outliers, we find that radio fluxes for our targets decrease with increasing
projected separation, as we would expect for free-free emission driven by the powerful
ionizing radiation of #* Ori C. This is also consistent with the difference in 1.3 cm
and 6 cm fluxes, which falls near zero for most sources. Optically thin free-free
emission is expected to have a roughly flat spectrum at these wavelengths, so we
would expect the differences in those measurements to fall near zero.We label the
significant outliers with the source ID for reference in future sections.

6 cm flux is close to zero, as expected for optically thin free-free emission, which
has a roughly flat spectrum (see the right panel of Figure . We note that here
we report projected distances. Actual separations are greater than or equal to this
number. We discuss the outliers of these trends below, in Section 4.3.

For this study, we are only concerned with whether these sources are emitting
thermal free-free emission or not so that we can characterize the emission and remove
it from dust emission for disk mass studies, but on the surface Figure 5 would seem to
suggest that these sources are externally ionized by 6 Ori C. The detailed structure
of these compact objects is beyond the scope of this paper, as the radio emission

can be well characterized without that knowledge, but we will revisit the subject in
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a more detailed study in the future.

7.4 Discussion

7.4.1 Comparison with Previous Radio Surveys

Many compact radio sources have previously been identified at a range of wave-
lengths in the ONC through VLA surveys of the region. The earliest searches for
compact radio sources in the ONC were conducted primarily at 20 ¢m, 6 cm, 2 cm,
and 1.3 cm (e.g., Garay et all (1987 |Churchwell et al., |1987; [Felli et al., |1993a,b)).
These surveys were state of the art at the time, with rms as low as 0.18 mJy beam™!
at 2 ecm (Churchwell et al.| [1987; [Felli et al,[1993al)), 0.23 mJy beam~! at 6 cm (Felli
et al.l [1993b)), or 1.0 mJy beam™' at 1.3 cm (Garay et al., [1987). These searches
identified 49 compact radio sources in the ONC.

A more recent survey mapped a 4’ x 4’ region of the the ONC at 3.6 cm using
the VLA. This survey achieved a sensitivity of 0.03 mJy beam™! and uncovered 77
compact radio sources (Zapata et al., 2004a)). Of these 77 sources, 38 were previously
known from the earlier studies mentioned above, while 39 were new centimeter
detections. |Zapata et al. (2004b)) also mapped a 30” x 30” region in OMC-1 South
at 1.3 cm with the VLA. They achieved an rms of 0.07 mJy beam™!, but due to the
limited area of their maps only detected 11 sources.

A recent survey mapped out a large region encompassing A Ori, Lynds 1622,
NGC 2068, NGC 2071, NGC 2023, NGC 2024, o Ori, the ONC, and Lynds 1641
with the VLA at 4.5 GHz and 7.5 GHz with a 60 pJy sensitivity (Kounkel et al.,
2014). They found > 350 sources over the area of their map, 54 of which overlap
with the area we survey. The majority of their detected sources also have spectral
indices consistent with flat spectra.

Here we compare these previous surveys with our own JVLA maps. In Figure
[7.6] we plot the distribution of fluxes for compact sources detected in our maps as
well as the distribution of fluxes for previously identified compact radio sources at

the same wavelength. The most extensive existing studies at 1.3 cm are limited
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Figure 7.6: Histograms of the fluxes of sources detected in each of our maps. We also
show a histogram of the compact radio sources detected in previous studies. Blue
shows the histogram of detected sources from this work. Green shows the histograms
of detected sources from [Felli et al. (1993b)) (6 cm), |Zapata et al. (2004a) (3.6 cm),
and |Zapata et al. (2004b) (1.3 cm). Red shows the 4.5 GHz (6 cm) and 7.5 GHz (3.6
cm) detections from |[Kounkel et al. (2014), and the 2 cm detections from [Felli et al.
(1993a). We do not show the [Forbrich et al. (2016) 6 cm sample, which includes
477 sources fainter than 0.3 mJy.

by either survey area or sensitivity so we also compare our 1.3 cm detections with
previous 2 cm detections.

Of the 49 compact radio sources detected by initial surveys (e.g. Garay et al.,
1987; (Churchwell et al., [1987; [Felli et al., 1993alb), we have detected 37 in our maps.
We have also recovered 64 of the 77 sources detected by |Zapata et al.| (2004a)), 9 of
the 11 sources found by |Zapata et al.| (2004b)), 42 of the 54 sources found by Kounkel
et al.| (2014), and 144 of the 556 sources found by [Forbrich et al.| (2016]). We detect
29 of the 35 sources that were previously detected at 2 cm. We also report the
detection of 135 sources that have not previously been detected at 1.3 cm, 34 at 3.6
cm, 4 at 6 cm, and 26 sources that have not previously been detected at any radio
wavelengths. The sources that were previously detected, but that we do not detect

in our maps, are likely variable given the deeper sensitivity in our JVLA data.
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7.4.2 Variability

Previous radio studies of the ONC explored multiple epochs of data to search for
evidence of source variability. [Felli et al.| (1993b) monitored the ONC at 2 cm and
6 cm for a period of 7 months and found 13 sources to be variable over that time
with flux variability of 20 — 80%. [Zapata et al.| (2004a) tracked the ONC at 3.6 cm
over four years, and identified 36 sources that are time variable by more than 30%.
More recently, Kounkel et al.| (2014) mapped a large region of the Gould Belt at
4.5 GHz and 7.5 GHz over three epochs each separated by a month, and found 32
variable sources in the ONC. Futhermore, Rivilla et al.| (2015)) studied a field in the
ONC at 0.7 cm and 0.9 cm and found 19 sources which are variable over long-term
(monthly) timescales, and 5 sources which are variable on short timescales (hours
to days). Moreover, very short timescale radio flares have been observed towards a
number of pre-main sequence stars (e.g., Bower et al., 2003; Forbrich et al., 2008;
Rivilla et all 2015)

Here we compare previously measured fluxes for detected compact radio sources
with the fluxes in our maps. Time-baselines are ~10 years at 1.3 cm and 3.6 cm and
220 years at 6 cm, and we cannot characterize shorter timescales for variability.
We thus seek to identify sources that may not have been detected as variable in
previous, shorter time-baseline studies (Felli et al., [1993b; [Zapata et al., 2004a). We
also use our multiple epochs of 1.3 ¢cm data to search for variability on timescales
of ~ 7 months, between November 10, 2013 to May 3, 2014.

As we discussed earlier, Sources 281, 391, 416, 423, 430, 433, 442, 512, 516, 537,
564, and 595 are very well resolved with the A-configuration at 1.3 cm. As such we
exclude these sources from our variability considerations at 1.3 cm, as flux variations
may be due to structure being resolved out rather than actual variability.

We define a variable source as one for which the flux measurements are 3o
discrepant from one epoch to the next, at any observed wavelength. AF/F quantifies
how variable a source is, where F is the mean flux of the source and AF is the

standard deviation of the fluxes. We show the results of this search in Table [7.4].
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For the sources detected in [Zapata et al.| (2004a)) and |[Zapata et al.| (2004b) we
include a 10% uncertainty on the flux on top of the uncertainties they quote to
account for a systematic flux calibration uncertainty across the datasets.

At 1.3 cm we find 30 sources that show some indication of variability, with AF/F
ranging from 20-900%. At 3.6 cm we identify 32 sources whose fluxes are variable,
including 3 sources not identified as variable in Zapata et al|(2004a)), because they
were too faint to be detected in individual epochs. The variability, as defined by
AF /F, of these sources ranges from 20-200%. Finally, at 6 cm we identify 5 variable
sources with AF/F ranging from 50-100%.

There were 13 sources detected by previous radio surveys of the ONC (e.g. [Felli
et al| (1993alb). Most of those sources were not detected in the same bands as
our observations, and so they are excluded from our variability analysis. However,
the 5 variable sources with 6 cm fluxes from |Felli et al.| (1993b) were undetected
in our maps, and have AF/F ranging from 50-100%. Given the high fluxes of the
remainder of the sources, we would have expected to detect them in our maps, so
those sources likely have similarly high variability amplitudes.

In all, we find that 55 of our sources are variable at one or more wavelengths.
Of the variable sources, 11 are characterized as variable at multiple wavelengths. 20
are found to be variable at one wavelength but not another, although many of our
constraints on AF/F are not strong. The remaining sources could only be analyzed
at a single wavelength.

We show the location of each variable source in the right panel of Figure[7.1] with
the strength of the variability (AF/F) represented by the size of the plot symbol.
We find that variability amplitude does not follow the same trend as free-free flux,
with variability decreasing with increased separation from @' Ori C. Instead we find
sources which are significantly variable out to large radii. Some of the most variable
objects can be found at large separations.

Variability of radio emission from these sources is likely to arise from a few
different mechanisms. It may be the result of gyrosynchrotron emission produced

by magnetospheric activity in young stars (e.g., Feigelson and Montmerle, [1999)).



173

These flares may be the result of magnetic reconnections on the protostellar surface,
which would produce radio flares on the timescales of minutes (e.g Dulkl [1985;
Bower et al., 2003; [Forbrich et al., 2008). Interactions between the magnetic fields
of the protostar and its disk could also produce flares on the timescales similar to
the rotation periods of young stars, which are typically days to weeks in the ONC
(e.g. Shu et al., [1997; [Forbrich et al.; [2006; Rodriguez-Ledesma et al., 2009).

Free-free emission may also be variable if the density distribution of material
being ionized is non-uniform causing the amount of ionized material to vary, or if
the incident ionizing radiation is varying. Studies have found that O-type stars have
winds that exhibit cyclical variability on timescales of hours to days (see review by
Fullerton), 2003). The visible, UV and X-ray intensity of §* Ori C varies with a
period of 15.4 days (e.g., Stahl et al.| (1993} |1996; Caillault et al.,|1994; Walborn and
Nichols| |1994), so the ionization level and therefore free-free flux might be expected
to vary on a similar timescale. The ionized region, however, is likely to be many
light days across or larger, so this variability may be washed out.

Inhomogeneities in the disk are unlikely to be brought into the ionized region on
timescales shorter than the dynamical timescale. For disks, the dynamical timescale
varies depending on location in the disk and the mass of the central star (e.g.,
Kenyon|, 2001)). Inner disk radii for young stars are found to be on the order of
0.1 — 1 AU (e.g., Eisner et al., [2007), so the smallest dynamical timescales we can
expect are on the order of weeks to half a year. Photoevaporation in disks tends
to produce winds at radii larger than the critical radius, where the photoionized
material has sufficient velocity to escape. For ionization by EUV photons this tends
to occur at radii of 2 5 AU (e.g., Hollenbach et al., [1994; Gorti and Hollenbach)
2009b), corresponding to dynamical timescales of a few years. Non-uniformities in
the disk are therefore likely to cause longer term variability in the free-free emission.

Aside from the timescale of variability, the SED of the source at each epoch might
be used to distinguish between free-free and synchrotron emission. As described
in Section 3.2, free-free emission is characterized by a flat spectrum with F, o

v~%1 Gyrosynchrotron emission however, is expected to have a spectral index
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0.7 We discuss constraints on the

that is significantly negative, typically F, oc v~
nature of some of these sources in Section 4.3. Further studies with concurrent
flux measurements at multiple wavelengths, however, are needed to fully distinguish
between these sources of emission.

Here we do not have simultaneous flux measurements at all bands for each epoch
of data, so it is difficult to constrain the spectral index of the emission at each epoch.
There are, however, a few sources which change flux significantly between the 1.3
cm observations on March 3 and March 7 2014. For example, on March 3, Source
529 had a 1.3 ecm flux of 7 mJy, but on March 7 it was down to a flux of 4.5 mJy.
By May 7th the flux was all the way down at 0.5 mJy. Such an extreme change in
flux may be indicative of gyrosynchrotron emission from a magnetic flare. Source
544 also shows a similar pattern. Source 587 has a flux of 1.7 mJy on March 3, but
on March 7 it’s flux increased significantly to 22 mJy, again possibly indicative of a
magnetic flare. For most sources, however, we do not have sufficient time resolution

to distinguish between daily, weekly, or even longer variability timescales.

7.4.3 Nature of Detected Sources

We detected emission in at least one of our maps from 67 HST identified proplyds
(Ricci et al., [2008; Mann and Williams, [2010; [Mann et al., 2014). Furthermore, we
have detected radio emission towards 120 sources that have been identified by near-
infrared imaging (Hillenbrand and Carpenter, |2000)). We also detect radio emission
from 2 sources dubbed ‘MM’ by [Eisner et al.| (2008), indicating that they have
previously only been detected at wavelengths longer than 1 mm. Finally, we have
detected 51 sources that are not associated with a known proplyd or near-infrared
detected source.

The majority of our targets, including all of the sources identified as proplyds,
are well fit by our free-free and dust emission model, in agreement with previous
conclusions that these objects are disks with winds driven by photoevaporation
(e.g., |[Churchwell et al., [1987; [Henney and Arthur, 1998). We detect a turnover in

the free-free emission spectrum for 40 objects, as evidenced by 5.5GHz < vy <



175

22GHz. There are at least 3 sources (Sources 374, 465, 473) that might even have
Vewrn > 22GHz, indicating that our maps are insufficient to fully characterize their
emission. With such high turnover frequencies, these objects must have small inner
boundaries to their ionized envelopes and are likely very compact and dense. Further
short wavelength observations are necessary to better constrain the free-free emission
spectrum.

Some sources have SEDs that appear to be fitted well by our free-free + dust
model with some variability included. Fluxes at all three wavelengths were measured
concurrently on March 3, 2014, and if we just consider those flux measurements, all
of our sources are fitted well by free-free emission models. Without simultaneous
3.6 cm and 6 cm measurements for the other 1.3 c¢cm epochs it is impossible to
say whether the SEDs at those epochs remain consistent with free-free emission,
although it seems probable.

Below we split the sources whose SEDs are not fitted well by our model and
therefore are not indicative of being free-free emission, or do not follow the expected

trend of decreasing centimeter flux with increasing separation from ' Ori C:

Strong Free-Free Sources

Source 418 is ' Ori A, a binary system with a B0.5 primary star and a low-mass
companion, possibly a T Tauri star (Levato and Abt, 1976} Bossi et al., [1989), which
is known to be highly variable (e.g., Felli et al., [1993b). Rivilla et al. (2015 suggest
that this variability may be twofold, (i) variations in free-free opacity from a stellar
wind from the interactions with the companion, and (ii) variations in the non-
thermal emission from stellar activity related to the distance between to binary,
similar to the case of WR 140 (e.g., [Williams et al., |1990)). Rivilla et al.| (2015)
suggest that while the former mechanism may be present, the latter is required to
explain previous observations.

Sources 279 and 308 each have radio spectra that are steeper than v%6. Source
279 is the Becklin-Neugebauer Object, and is thought to be a runaway B star, ejected

from a system with Source I (our Source 308) in an explosive event 500 years ago
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(e.g., |[Plambeck et all (1995; |(Gémez et al., 2008; Plambeck et al) 2013). The BN
Object has a spectral dependence of v below 100 GHz, above which it flattens,
and is suggested to be free-free emission from a dense, hypercompact HII region.
Source I has a spectral dependence of v and is most easily explained by H™ free-free
emission in a disk (e.g., Plambeck et al., 2013). Both sources have massive stars
driving ionizing circumstellar material and driving the free free emission we detect,

explaining their significant fluxes despite their distance from ' Ori C.

Dust-Only Sources

Sources 134, 236, 246, and 301 have millimeter (850 pym or 1.3mm) detections
and are detected at 1.3 cm in our maps, but are undetected at 3.6 cm and 6 cm.
The SEDs for all of these sources are well fit by a model that is predominantly
dust emission at 1.3 cm (and perhaps a minor contribution from free-free emission).
Sources 236 and 246 are identified by Eisner et al. (2008)) as “MM” objects (MM21
and MMS respectively), which lack near-IR counterparts. Source 301 is also iden-
tified by |Eisner et al. (2008) as LMLA 162. All three of those sources (236, 246,
and 301) are among the most massive known sources in the ONC (> 0.2 M, Eisner
et al., 2008)). They are likely highly embedded young objects, and may be candidate
Class 0 or I objects as suggested by [Eisner et al.| (2008).

Non-Thermal Radio Sources

Sources 11 and 617 each have spectra with steep negative spectral indices (see
Figure, which may indicate that they are emitting synchrotron radiation. Source
11 is not associated with any previous detections in our reference catalogs, and is
found to be variable at 3.6 cm. Source 617 has previously been detected, and is
commonly referred to as F (e.g., Churchwell et al. [1987; (Garay et al., [1987; |Felli
et al.; 1993a)). It has previously been found to experience radio flares on timescales
as short as hours and possibly as long as months (Rivilla et al., 2015).

Sources 154, 394, 437, 440, 529, 544, 587, and 730 are highly variable
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sources, showing significant changes in flux over just a few days between our observa-
tions on March 3, 2014 and March 7, 2014. All are significant outliers in Figure [7.5]
Source 154 has previously been identified as A (e.g., |Churchwell et al., |1987; (Garay
et al., 1987} |[Felli et al., [1993a)), and [Zapata et al.| (2004a) find the source to show
large percentages of circular polarization, and suggest that the emission may be
gyrosynchrotron in nature. |[Felli et al| (1993b) also classify Source 587, also known
as G, as a non-thermal variable emitter. All of these sources are associated with
infrared detected objects (Hillenbrand and Carpenter, 2000). These sources may be
indicative of radio flares of gyrosynchrotron emission, but further observations with
concurrent flux measurements at multiple wavelengths are needed to confirm this.

Source 903 is located far from #' Ori C, and is only detected at 6 cm, but it has
a high flux given it’s significant separation (see Figure . It is out of the field of
view of our 1.3 cm data, and right on the edge of our 3.6 cm map, but undetected.
It is associated with the proplyd 281-306, which is a disk seen only in silhouette
with HST (Ricci et al., |2008). Radio emission from this source may be attributed
to magnetic activity from the young star or free-free emission from material ionized
by the star itself, as it is likely too far to be material ionized by ' Ori C.

Source 904 is also located far from ' Ori C, with a high flux given it’s separa-
tion (Figure , and is outside the field of view of our 1.3 cm map. It’'s 6 cm and
3.6 cm fluxes are consistent with free-free emission, but do show indications that the
spectral index may be significantly negative. It is unassociated with any previous

catalog.

Extragalactic Sources

Given the large survey area of our maps, it is possible that some of our detections are
extragalactic in nature. Following Fomalont et al. (1991), at 6 cm we would expect

the number of extragalactic contaminants greater than 156 pJy (our 6o threshold)

2

in our 109 arcmin® survey area to be 6.5 + 2.3. At 3.6 cm, using Fomalont et al.

2

(2002)), we estimate 1.1 £ 0.2 extragalactic sources in our 70 arcmin® survey area to

above 216 pJy. No similar survey exists at 1.3 ¢cm, so we use the 3.6 cm numbers
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to estimate that in our 1.3 cm map we would expect 1.8 4+ 0.2 contaminants in our

34 arcmin?

survey area above 72 pJy. As most of these sources show non-thermal
emission with negative spectral indices at these wavelengths (Condon, 1992) they
should be fainter at 1.3 cm than at 3.6 cm and therefore we would expect the

contamination at 1.3 cm to be even smaller than this.

7.4.4 Free-free Contamination of Sub-millimeter Dust Masses

At submillimeter, millimeter and radio wavelengths, the light emitted by dust grains
is expected to be largely optically thin and the flux is directly proportional to the
amount of dust present (e.g., Beckwith et al., [1990). As such, submillimeter flux
measurements of protoplanetary disks are commonly used to measure the mass
of those disks (e.g., |Andrews and Williams, [2005; [Eisner et al., 2008; Mann and
Williams|, 2010; Andrews et al., 2013; Mann et al) 2014). A number of previous
surveys across millimeter and submillimeter wavelengths have employed this method
to measure disk masses for protoplanetary disks in the ONC (e.g., Mundy et al.,
1995; Bally et al., [1998b; Williams et al., |2005; Eisner and Carpenter], [2006; Eisner
et al., 2008; Mann and Williams|, 2010; Mann et al., 2014]).

The proplyds, however, are located near the Trapezium cluster of young massive
stars that are photoevaporating the disks (e.g., Churchwell et al., [1987)). The ionized
material produced in the proplyds emits free-free emission, which can be bright at
the same wavelengths used to measure disk masses. In order to accurately measure
disk masses, it is therefore important to separate the dust and free-free contributions
to sub-millimeter and millimeter fluxes. This is particularly true with the advent of
ALMA, which will detect disks in the ONC much fainter than those that have been
previously detected.

In this work we characterized the free-free emission from a collection of compact
radio sources in the ONC. In Table [7.3| we use the best fit free-free emission spec-
trum model from Section 3.2 to calculate the expected free-free flux at all ALMA
bands. This table can be used to correct measured millimeter fluxes for free-free

contamination, and accurately measure the sub-millimeter dust flux and thereby the



179

dust mass.

For most sources this extrapolation provides a good estimate of the free-free con-
tribution of the source at ALMA wavelengths. This is not true, however, of sources
for which the model fit is poor as was discussed in the previous section. Further-
more, the extrapolation to ALMA bands for sources whose turnover frequency is
designated as > 22 GHz is also very uncertain. Many of these sources were only
detected at 1.3 cm, and a few have radio photometry that is best fit by a %% power
law. Our extrapolation for these sources assumes vy, = 22 GHz, but if v, > 22
GHz the free-free flux at ALMA bands would be greater than our current predic-
tion. Further radio or millimeter observations are necessary to constrain v4,,.,, before
accurate ALMA free-free fluxes can be predicted.

Variability is also a significant source of uncertainty in determining how well
free-free emission from disks can be constrained and removed from disk mass mea-
surements, if the free-free flux to dust flux ratio is large. For example, the measured
230 GHz flux of Source 439 is 8.8 mJy and the model free-free flux at 230 GHz is
2.8 mJy, with a variability of 24%. So free-free emission makes up 32+ 8% of the
total 230 GHz flux. Source 466, however, has a measured 230 GHz flux of 7.7 mJy,
0.3 mJy of which is due to free free emission with 50.8% variability, so the free-free
emission makes up 54 2% of that flux. Because of the smaller free-free flux to total
flux ratio of Source 466, the dust flux can be better constrained, even though Source
466 is more variable.

ALMA, however, will be able to detect disks which are much fainter than has
previously been possible, For these sources, variability may be a significant problem.
Source 469 has a 230 GHz free-free flux of 0.33 mJy with a variability of 108%. Al-
though it has no previous millimeter detections, if it were found to have a millimeter
flux of 0.5 mJy, the dust mass calculation would be highly uncertain because the
free-free flux would make up 654+70% of the total 230 GHz flux.

An accurate estimate of the uncertainty associated with variability of our
sources, however, likely requires further monitoring of the sources to characterize

the timescale and amplitude of the variability. Sources with significant variability
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may even require concurrent millimeter and radio flux measurements in order to
measure the free-free contribution to millimeter flux measurements.

While not important for some objects, the correction for free-free emission is
often crucial for correctly measuring disk mass. For example, the free-free emission
from sources 391, 408, 416, 418, 421, 423, 430, 438, 439, 442, 446, 460, 465, 484, 491,
494, 499, 512, 516, 518, 535, 537, 555, 564, 605, 612 and 617 contributes >50% of the
measured 3 mm fluxes. Free-free emission also contributes >40% of the measured
1.3 mm fluxes for sources 408, 416, 418, 421, 423, 438, 442, 460, 465, 484, 491, 494,
499, 516, 518, 535, 564 and 617 and >30% of the measured 850 um fluxes for sources
408, 421, 423, 438, 460, 465, 484, 491, 494, 499 and 617. Without these corrections,
disk mass estimates from these sub-millimeter bands would be off by a significant

amount.

7.4.5 Future Work

While our radio dataset is tremendously useful for finding radio sources and charac-
terizing their free-free emission for ALMA disk mass studies in the ONC, the data
also has a number of other applications which we will explore in future work.

Due to the high resolution of our maps, particularly at 1.3 cm, many of the
sources detected in our maps are well resolved. The morphologies of these objects
show interesting features, particularly when matched up with high resolution HST
images of the proplyds. For many sources structure in HST maps is well matched
with features in our maps.

Furthermore, we can use resolved images to measure mass loss rates for the
protoplanetary disks. The free-free emission we detect here originates from ionized
cocoons of gas which are flowing away from their associated disks under the intense
radiation pressure from the star ! Ori C. The flux of this free free emission coupled
with measured sizes of these cocoons of gas is sufficient to measure disk mass-loss
rates. Mass loss rates have previously been measured for a handful of disks in the
ONC (e.g., (Churchwell et al., |[1987), but the improved sensitivity and resolution of

our maps will allow us to make this measurement for many more sources.
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7.5 Conclusions

We have produced new high spatial resolution maps of the Orion Nebula at 1.3 cm,
3.6 cm and 6 cm with significantly improved sensitivities compared with previous
radio studies of the region, using the JVLA. In these maps we search for compact
(<2”) radio sources, and use these detections to constrain the properties of free-
free emission from protoplanetary disks in the ONC. Free-free emission is emitted
from the ionized winds driven by the nearby massive star 8! Ori C. Constraints on
this free-free emission are crucial for studies aiming to measure disk masses for the
proplyds from sub-millimeter fluxes.

We detect 144 sources at 1.3 cm, 98 sources at 3.6 cm, and 108 sources at 6 cm,
for a total of 175 unique sources. Of these 175 detections, 149 have previously been
detected at radio wavelengths, 67 are associated with HST detected proplyds, 120
with near-infrared detected YSOs, 40 with sources detected previously at millimeter
wavelengths, and 11 are detected for the first time at any wavelength.

For each source detected in our maps we report its position and flux, as measured
by fitting a gaussian to the source, in Table [7.2] For previously identified sources
not detected in one or more of our maps we also report the integrated flux in an 17
aperture measured towards the source. This information is presented in an extended
version of Table [.2] that is available in the online materials.

We fit each of our source spectra with a combined dust + free-free emission
model. The majority of our targets are fitted well by this dust + free-free model,
with many showing evidence for a turnover in the free-free emission. Further studies
of free-free emission may benefit from longer wavelength flux measurements to better
constrain the free-free turnover. Four of our detected sources (134, 236, 246, and 301)
have SEDs that are consistent with being produced entirely by dust emission and
are likely highly embedded young objects. We also detect the Becklin-Neugebauer
Object, it’s alleged counterpart Source I, and 6* Ori A.

Many of our sources have previously measured radio fluxes, so we can investigate

variability. We find that 30 sources are variable at 1.3 cm, 32 at 3.6 cm, and 5 at
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6 cm. 55 of our detected sources are variable at one or more wavelengths. For
sources that are variable we define a metric, AF/F, to quantify the variability, and
find that AF/F ~ 20 — 900% for our targets. 13 are variable at > 100%, suggesting
that any sub-millimeter measurements will be very uncertain. The time sampling is,
however, poor, so more dedicated monitoring of our targets is necessary for better
understanding this variability.

Finally, the free-free emission properties derived from our modeling can be ex-
trapolated to sub-millimeter wavelengths to estimate the free-free contribution to
sub-millimeter fluxes. This is necessary for correctly distinguishing dust emis-
sion and free-free emission at sub-millimeter wavelengths, particularly when sub-
millimeter fluxes are used to calculate disk dust masses. This will be crucial for
future studies of dust emission from protoplanetary disks in the ONC with ALMA.
We provide free-free flux estimates for each detected source at each ALMA band in
Table [7.3] Variability is a significant source of uncertainty in correcting millimeter
flux measurements for free-free emission if the free-free flux to dust flux ratio is
large, so understanding this variability is an important future direction.

In the future we will use this dataset to study the morphologies of the sources
resolved in our high resolution VLA maps, particularly as compared with HST
images of the proplyds. We will also measure the rate at which material is being
photoevaporated and lost from the disks of these sources under the intense radiation
and winds from #' Ori C and the Trapezium Cluster, and therefore derive disk

lifetimes for the protoplanetary disks in the ONC.
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Table 7.4. Variability of ONC Sources

1.3 cm Variable?

(AF/F)1.3cm

3.6 cm Variable?

(AF/F)3.6cm

6 cm Variable?

(AF/F)6cm

11

76

7
102
103
115
134
151
154
173
199
200
209
213
219
222
229
235
236
237
238
243
246

281
284
286
287
289
294
297
301
307
308
313
315
319
325
330
331
332

z 'z Z

Z 'z 2Z <22 < 2|

K Z KK 2222 2<22<I

Z

Z <

222 22~ <K 222222

Z

78 + 102

37 £ 10

158 + 68

29 + 574

64 £ 9
45 + 22

122 + 72
125 + 74

129 + 21

20 + 26

29 + 27

38 £ 19
19 £+ 30

Z Z = ~<

< 2

< Z =

<K

=<K

20 + 28

144 + 25

152 + 3

1+7

77 £ 29

28 + 12

52 + 22
25 + 21
67 £ 8
38 + 14

100 + 4

214



Table 7.4 (cont’d)

ID

1.3 cm Variable?

(AF/F)1.3cm

3.6 cm Variable?

(AF/F)3.6cm

6 cm Variable?

(AF/F)ecm

341
344
357
358
364
365
371
373
374
380
382
383
384
386
389
391
393
394
399
400
401
407
408
409
411
413
414
416
418
421
423
427
428
430
433
437
438
439
440
442
444
460
465
466
469
473
477
481
483
484
491
492

= z z Z

Z

Iz z

2K 22221 k<2<

<z 22z 2z

51 + 10

72 +£9

41 4+ 14

88 £ 5

284 £ 45

24 + 32
299 £ 89

108 + 21

57 £ 13

Z Z <K K Z K Z Z 'z 222

-

I KK KZ2Z2Z< 1 22Z2Z<KK2Z 1 K2Z2~<22~<.]

Z 'z z

55 + 13

73 £ 16

39 £ 17

36 + 20

70 £ 4

60 = 16

31 + 21

63 £ 10

33 + 13

39 + 13
215 + 46

29 £+ 17

51 + 13

55 + 11
60 £ 16

Z ~

z z

Z

91 £ 7

101 + 3

215



Table 7.4 (cont’d)

ID

1.3 cm Variable?

(AF/F)1.3cm

3.6 cm Variable?

(AF/F)3.6cm

6 cm Variable?

(AF/F)6cm

493
494
499
501
512
516
518
519
529
530
535
537
544
546
549
555
564
587
595
599
605
608
616
617
621
649
658
665
668
690
715
730
737

786
821
835
842
848
859
862
891
897

Z < Z

Z 2z Z < Z

-

222 22 222 22K <K 222 222<222Z2z

28 + 22

99 + 11

102 + 4

136 £ 3

24 + 14

92 + 24
51 £ 9
905 £ 487

Z <2z 1 222222

Z

Z K Z 'z

27 + 22

31 + 19

69 £ 6

38 + 18

49 £+ 12

50 £ 6

z Zz

Z

102 + 3

47 £ 11

216
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CHAPTER 8

CONCLUSION

8.1 Summary of Thesis Work and Conclusions

In summary, I have carried out a survey of 10 of 12 protostars that are consistently
identified as Class I across multiple independent surveys with the goal of charac-
terizing their structure and disk masses. I find that Class I disks in Taurus are, on
average, more massive than the older Class II disks in the same region, which is
likely an indication that dust grain processing occurs between the Class I and Class
IT stages. It remains unclear, however, whether Class I disks have enough mass on
average to form giant planets. If this is the case, it may be that planet formation
is already underway, even at the early ages probed by Class I protostars. In this
scenario, Class 0 disks, if such disks are common, may be a better representation of
the initial mass budget of disks for forming planets.

Of course, what a typical exoplanetary system looks like, and therefore how much
mass is needed to form it, remains an open question. When I started this thesis,
the majority of known planets were massive, Jupiter-like planets and our own Solar
System was the best characterized system. While the latter remains true, the Kepler
mission has led to the discovery of thousands of planets and planet candidates that
have updated our picture of typical exoplanetary systems since that time. Studies
of the planets found by the Kepler mission have suggested that Neptune-like planets
may be much more common than Jupiter-like planets (e.g. [Malhotra;, 2015)), a result
that is also corroborated by microlensing surveys (e.g. |Clanton and Gaudil [2014)).
Although Kepler primarily probes close-in planets, if these results extend to large
orbital radii then the amount of matter needed to form giant planets may need to
be revised. Still, Neptune and Uranus require a similar amount of mass as Jupiter

to form (e.g. Weidenschilling, 1977; Desch, 2007), and these estimates still assume
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a relatively efficient planet formation process.

Taurus is a region of low mass star formation, with stars that are typically less
massive than our own Sun (e.g. Andrews et al. 2013)). Studies have shown that the
frequency of Jupiter-mass planets is correlated with stellar mass, with frequencies
as low as 3% for M stars (e.g. [Johnson et al., 2010; Clanton and Gaudi, 2014)).
As most of the young stars studied in Taurus by |Andrews et al.| (2013)) are indeed
low-mass stars, this may ease tensions with the number of disks that have enough
mass to form Jupiter-mass planets. Neptune- and Uranus-mass planets, though,
are found to be much more common around M stars and may still require a large
amount of material to form. My study was done in Taurus because it is nearby and
easy to study, but larger samples with a significant number of Sun-like protostars
are needed to better understand whether their disks can account for the ~ 20% of
Sun-like stars with Jupiter-mass planets (Cumming et al., 2008)).

The lower occurrence rate of Jupiter-mass planets around low mass stars may
ease tensions between the number of protoplanetary disks in Taurus that have suf-
ficient mass to form Jupiter-like planets and the occurrence rates of Jupiter-mass
planets. However, it remains the case that the early Solar nebula must have had a
significant amount of mass present, and we also know that Jupiter-mass or larger
planets are formed in exoplanetary systems. As of yet, very few protoplanetary
disks have been found with sufficient mass to form a planetary system like our own,
although my work suggests we may have not yet identified disks with the majority of
their material in a pristine state. Further constraints on the initial mass budget for
forming planets in disks will therefore help us to understand how common planetary
systems like our own are.

Perhaps more excitingly, I have found several interesting Class I disks from an
ongoing survey of Class I disks in p Ophiuchus that could be already in the process of
forming planets. WL 17 has a compact (Rgisx ~ 25 AU) disk that has a large cavity
(Reay ~ 12 AU) that is depleted of dust, which may be an indication that multiple
massive planets are forming and have cleared out the disk. Moreover, GY 91’s disk

is found to have three narrow gaps in it’s disk that may be produced by young
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Saturn-mass planets. Although these features cannot yet be definitively shown to
be produced by planets, the presence of such features is likely an indication that the
processes that govern planet formation are all already underway, even at these early
ages. If planets are indeed forming in these disks, they would place strong limits on
the timescales of giant planet formation.

Finally, while Class II disks masses have been well studied for many star-forming
regions, one aspect of these studies that has not received much attention is the
contribution from free-free emission that may contaminate disk mass studies of rich
clusters at millimeter wavelengths. These clusters are important for studying the
typical mode of star formation, and they are similar to the environment that our
Solar System may have formed in. In these regions, ionizing radiation from young,
massive stars can photoevaporate the protoplanetary disks around nearby stars, and
the resulting outflow of ionized material can emit strongly in free-free emission at
radio wavelengths. I have carried out a large survey with the updated VLA to map
the Orion Nebula at 1.3 cm, 3.6 cm, and 6 cm to search for signs of photoevaporating
disks and to characterize their free-free emission spectra. These measurements will

be crucial for ongoing and future disk mass surveys for disks in the ONC.

8.2 Future Directions

While some progress has been made towards understanding disk structures and
masses during the Class I stage, there remain a number of open questions. Class
I disks are, on average, more massive than Class II disks, but it remains unknown
whether their disk masses are correlated with protostellar mass, as is found for
Class 1T disks (Andrews et al., |2013; Pascucci et al., 2016; Barenfeld et al., 2016}
Ansdell et all 2016). Moreover, it has been suggested that the disk mass stellar
mass relation steepens with age, but it is unknown whether this remains true for
the youngest disks, or what the initial disk-mass-stellar-mass scaling relationship is
(Pascucci et al., 2016]). Also, if Class I disks do not have enough matter to form

giant planets, the Class 0 disk mass distribution may be the best representation of
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Figure 8.1: Four sources from my sample of Class I protostars in p Ophiuchus that
have been imaged with ALMA. We also show the broadband SED for each source.

the initial disk mass budget.

With the high sensitivity afforded by ALMA, detecting and spatially resolving
protoplanetary disks in large samples is easier than ever before. I have already
collected data for a preliminary sample of Class I protostars in the p Ophiuchus
star forming region (see Figures and for some initial results) to expand our
sample of measured Class I disk masses. Initial results from this survey confirm
our findings that Class I disks are on average more massive than Class II disks (see
Figure. The median Class I disk mass is also higher in Ophiuchus than in Taurus
(Maisk,opn ~ 0.035 Mg), but perhaps still too low for Class I disks to be on average
massive enough to form giant planets. In future observations this sample will be
expanded to every Class I protostar in p Ophiuchus with a known spectral type
in order to investigate the Class I disk mass-protostellar mass relation. I will also
expand the sample to include measurements of the Class 0 disk mass distribution,
as it may be a better representation of the initial mass budget for forming planets.

More excitingly, perhaps, is the possibility that planet formation is already un-
derway during the Class I stage, and yet little is known about the conditions and

distributions of solid and gaseous materials in these early disks. While there has
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Figure 8.2: Example fits for two of the Class I sources in my p Ophiuchus sample.
The left panels show the ALMA 3 mm visibilities and the central panel shows the
3 mm images. On the right we show the broadband SED from the literature. In all
three columns we show the current best-fit model in comparison with the data.

been some evidence of dust grain growth in the disks and perhaps envelopes of Class
0/1 protostars (Shirley et al.| 2011; Miotello et al.| 2014), the sample is limited in size
and only includes low spatial resolution observations. My ALMA survey of Class I
disks in p Ophiuchus includes disk observations at both 870 ym and 3 mm, which
can be used to measure dust grain growth in Class I disks and determine how far
along grain growth is at these early times for a much larger sample. Furthermore,
these observations have resolved the disks at both wavelengths, and so it is possible
to search for evidence of radial variations in maximum dust grain sizes, as has been
found for Class II disks (Pérez et al.; |2012, 2015)).

Whether planets themselves are the underlying reason for the features seen in
WL 17 and GY 91 is also still unknown. The current datasets have insufficient
information to constrain whether the features are, in fact, caused by planets, and

if they are, to place strong constraints on their masses. Observations of the gas
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Figure 8.3: Histograms of the disk masses of Class I (green) sources from our p
Ophiuchus ALMA sample and Class II (blue) sources in Ophiuchus from |Andrews
and Williams| (2007). The red lines show the range of lower limits for the Minimum
Mass Solar Nebula (e.g. Weidenschilling 1977). Although this is still preliminary,
we find that our Class I disks, on average, are more massive than the Class II disks.
This is in agreement with our results from Taurus protoplanetary disks (see Chapter

3).

in WL 17’s disk can be a powerful way to distinguish between possible causes of
cavities (de Juan Ovelar et all 2013 van der Marel et al., 2015)), and may help to
determine whether the locations of snow lines are coincident with disk gaps (e.g.
van't Hoff et al.; 2017). Moreover, observations of disk gaps in gas are the best way
to constrain the masses of planets sculpting the gas (Fung et al. 2014} |Kanagawa
et al., 2015; Dong and Fungj, 2017)). It may even be possible to directly image disks
around forming protoplanets in disk gaps with ALMA, and thereby show definitively
that planets are carving these gaps and holes (Eisner, 2015; Zhu et al., 2016). It
also remains unclear how common these features are, but larger and higher spatial
resolution surveys will help to answer this question.

Since the advent of ALMA, our understanding of the structure of protoplanetary
disks and the planets that are forming in them has been moving at a breakneck pace.

And yet, while much has been learned about protoplanetary disks, our understand-
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ing of the planet formation properties of the youngest disks still largely remain a
mystery. This thesis indicates that young disks are where the beginnings of planet
formation may be happening, and in the next decade ALMA will be able to study

these systems in much greater detail.
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