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ABSTRACT

As the earliest stage of planet formation, massive, optically thick, and gas rich protoplanetary
disks provide key insights into the physics of star and planet formation. When viewed edge-on, high
resolution images offer a unique opportunity to study both the radial and vertical structures of these
disks and relate this to vertical settling, radial drift, grain growth, and changes in the midplane temper-
atures. In this work, we present multi-epoch HST and Keck scattered light images, and an ALMA 1.3
mm continuum map for the remarkably flat edge-on protoplanetary disk SSTC2DJ163131.2-242627, a
young solar-type star in p Ophiuchus. We model the 0.8 ym and 1.3 mm images in separate MCMC
runs to investigate the geometry and dust properties of the disk using the MCFOST radiative transfer
code. In scattered light, we are sensitive to the smaller dust grains in the surface layers of the disk,
while the sub-millimeter dust continuum observations probe larger grains closer to the disk mid-
plane. An MCMC run combining both datasets using a covariance-based log-likelihood estimation was
marginally successful, implying insufficient complexity in our disk model. The disk is well characterized
by a flared disk model with an exponentially tapered outer edge viewed nearly edge-on, though some
degree of dust settling is required to reproduce the vertically thin profile and lack of apparent flaring.
A colder than expected disk midplane, evidence for dust settling, and residual radial substructures all
point to a more complex radial density profile to be probed with future, higher resolution observations.
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1. INTRODUCTION

The evolution of young stellar objects with gas rich
envelopes to dust-dominated, optically thin disks (i.e.
from Class I - III systems) is not a simple homologous
reduction in disk mass for a fixed disk geometry. As the
disk evolves, large changes in the disk structure are ex-
pected to occur (e.g. Kenyon et al. 1996; Armitage et al.
1999). Once accretion onto the central star is disrupted,
the gas is expected to dissipate quickly. Disk evolu-
tion through magnetospheric accretion and photoevapo-
ration will move the inner edge of the disk to larger radii,
creating disks with large inner disk holes. Additionally,
one of the key theoretically predicted stages of planet
formation is dust settling, whereby large grains migrate
preferentially to the disk midplane, causing dust disks
to become geometrically thin (Weidenschilling 1977; Ga-
raud & Lin 2004). Both processes leave clear observa-
tional signatures in scattered light images and the spec-
tral energy distribution (SED) of the disks (Dullemond
& Dominik 2004; D’Alessio et al. 2006). Recent millime-
ter observations of the HH 30 (Madlener et al. 2012) and
HL Tau (Pinte et al. 2016) disks show significant dust
settling of the larger grains to the disk midplane with
very flat surface density distributions.

When viewed close to edge-on (typically within 15°
with a strong dust mass dependence), observations of
dust rich protoplanetary disks provide a unique oppor-
tunity to study the vertical and radial structures in
these systems. The central star is occulted at wave-
lengths where a coronagraph would typically be re-
quired and issues of inner working angle or PSF sub-
traction artifacts are avoided. In scattered light, the
shape of the flared surface of the disk can be directly re-
lated to the mid-plane gas temperatures (Watson et al.
2007). Observations at longer wavelengths probe struc-
tures closer to the disk midplane. When combined with
radiative transfer modeling, disk observations at optical
through millimeter wavelengths have been used to con-
strain disk geometries (inclination, radius, scale height),
dust masses, and grain properties (for examples see Wolf
et al. 2003; Sauter et al. 2009; Madlener et al. 2012).

This work is part of a larger Hubble Space Telescope
(HST) observation program designed to double the sam-
ple of edge-on protoplanetary disks resolved in scattered
light. Targets were selected from young, nearby sources
based on a characteristic double-peaked spectral shape
from literature compiled spectral energy distribution.
The results are summarized in Stapelfeldt et al. (2014).
Followup ALMA continuum observations were also ob-
tained for select sources to probe the larger dust grains
in the disk midplane and are presented in Villenave et al.
(2020). In this work, we focus on characterizing the dust

in the individual source, 2MASS J16313124-2426281. In
a companion paper, Flores et al. (in prep; hereafter Pa-
per II) focus on the gas content of the disk, using CO
maps to examine its underlying temperature structure
and use optical and IR spectra to determine that the
central source is roughly a solar mass star.

2MASS J16313124-2426281 (hereafter Oph163131)
was first identified by Dunham et al. (2008) during a
survey of embedded sources in the Ophiuchus star form-
ing region (SFR). However, the authors determined it
was unlikely to be a low-luminosity embedded source
because it was not located in a region of high volume
density within Ophiuchus. Evans et al. (2009) later con-
firmed this was a young stellar object in Ophiuchus be-
cause of the IR excess greater than 30 at 8um. The
extremely weak optical and near-infrared fluxes relative
to Ophiuchus YSOs of similar type make it a candidate
edge-on disk, since these are typically underluminous by
3-5mag compared to directly visible young stars in the
same star-forming region (Stapelfeldt et al. 1997).

Ortiz-Ledn et al. (2017) establish the distance to the
Ophiuchus SFR from trigonometric parallaxes using the
VLBA as part of the Gould’s Belt Distances Survey.
Oph163131 sits closest to the Eastern streamer of Ophi-
uchus (L1689) for which the authors provide a distance
of 147.3+3.4 pc. More recently, GAIA has provided very
precise distance determinations. Unfortunately, paral-
lax data for Ophl163131 is not yet available, but the
distances to co-located Ophiuchus cloud members sug-
gest a distance of ~ 144 pc, which agrees well with the
Gould Belt Survey results (Ortiz-Ledn et al. 2018). We
adopt a distance of 147 pc for this source.

While Ophiuchus is thought to be one of the youngest
nearby SFRs (0.1 - 1 Myr; Luhman & Rieke 1999), the
constituents outside of the dense core are older with a
median age of 2.1 Myrs (Wilking et al. 2005). Erick-
son et al. (2011) report a disk fraction in Ophiuchus of
27 + 5% based on Spitzer MIR excesses. Even at such
a young age, the disks in Ophiuchus show signs of dust
evolution. Furlan et al. (2009) find a higher rate of disk
evolution (as characterized by IR excesses and the equiv-
alent width of the 10 um silicate emission feature) in the
off-core region of Ophiuchus than other SFRs of similar
ages (e.g. Chamaeleon I; Luhman 2004).

In this work, we investigate the geometry and dust
properties of Oph163131 and relate the flattened appear-
ance to the temperature and evolutionary stage of the
disk. Section 2 presents a comprehensive set of obser-
vations for Oph163131 including scattered light images
obtained with the Hubble Space Telescope (HST) with
the F475W, F606W, and F814W filters and Keck at 2.2
pm, ALMA continuum observations, and a spectral en-



OPHIUCHUS 163131 RADIATIVE TRANSFER MODELING 3

10-Y7

10-18

1071

Offset (arcsec)

10-20

1.0
10-17

1078

o
o

10°19

Offset (arcsec)

1020

e
o

1.0

-1.0 0.0

Offset (arcsec)

W/m?2

W/m

Offset (arcsec)

Offset (arcsec)

107
o
£
107182
1071
1.0
107V
o~
0.0 £
.
-1.0
10—19

-1.0

1.0

0.0
Offset (arcsec)

Figure 1. HST scattered light observations obtained for Oph163131. For a complete description of the observations, see Table
1. Filters and instrument are shown, and scale bars are provided assuming a distance of 147 pc.

ergy distribution compiled from the literature. In Sec-
tion 3 we describe the disk model and our scheme for the
radiative transfer modeling of both the HST scattered
light and ALMA continuum maps. The results are pre-
sented in Section 4. Implications for the structure of
the Oph163131 including dust settling are discussed in
Section 5. Finally, a summary of our results is provided
in Section 6.

2. OBSERVATIONS AND ANALYSIS
2.1. HST Scattered Light Images

Scattered light images of the Oph163131 disk were ob-
tained using HST ACS in both the F814W and F606W
broadband filters on March 4th, 2012 in Cycle 19 as part
of the program GO 12514 (PI: Stapelfeldt). The total
exposure times were 1320.0s for F606W and 800.0s for
F814W, with each filter’s exposure split into two inte-
grations for cosmic ray rejection. Follow-up observations
were conducted in HST Cycle 22 with WFC3 on October
3rd, 2014 as part of program GO 13643 (PI: Duchéne)
in the F475W and F814W filters with exposure times
of 2190.0s and 300.0s, respectively. Table 1 provides
a summary of HST observations, while Figure 1 shows
the resolved disk images for each instrument/filter com-
bination. The WFC3 data shown are the calibrated data
products produced by the default HST pipeline available

via the Mikulski Archive for Space Telescopes (MAST)
(Gennaro et al. 2018). Due to the unfortunate coinci-
dence of a bad column on the ACS CCD with our disk
observations, the MAST data products were re-drizzled
using the DrizzlePac python package to combine the in-
dividual exposures with optional subsampling (Gonzaga
et al. 2012). The ACS datasets have a pixel scale of
0.05 arcseconds per pixel while the WFC3 datasets have
a pixel scale of 0.039 arcseconds per pixel.

Each image shows the characteristic double nebula
structure typical of an optically thick protoplanetary
disk viewed nearly edge-on. However, the disk has a
clear left /right (SW/NE) asymmetry that shifts between
the two epochs spaced 19 months apart. The left/right
flux ratio between the two nebulae is ~ 1.2 across all the
scattered light observations (Table 1). Figure 2 shows
an image difference between the two F814W epochs that
has been scaled to highlight the variations. The bottom
nebula surface brightness peaks ~ 1” to the northeast
of the center in the WFC3 images and to the southwest
in the ACS images. This implies some structure in the
inner regions of the disk is producing variable illumina-
tion at the disk’s outer surface, as has been observed in
HH30 (Watson & Stapelfeldt 2004). The top/bottom
integrated flux ratio is 3.5 £ 0.9 for both ACS images
and approximately twice this value for the WFC3 im-
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ages, though the values are consistent within 1o uncer-
tainties (see Table 1). The higher SNR ACS data is
more sensitive to low surface brightness disk emission.

The disk is atypically flat for a source of such a young
age when compared across our HST sample (Stapelfeldt
et al. 2014). To quantify this, we introduce an aspect
ratio metric defined as the maximum radial extent di-
vided by the maximum vertical extent of the disk dark
lane. An example of this measurement is provided in
Villenave et al. (2020, Appendix D). Oph163131 has an
aspect ratio of ~ 4.5 while most other edge-on disks have
an aspect ratio under 3, though HK Tau B and LkHa
263C are notable exceptions with aspect ratios of 4.4
and 5, respectively. Like Oph163131, both HK Tau B
and LkHa 263 C are uncharacteristically flat (McCabe
et al. 2011; Jayawardhana et al. 2002). This has inter-
esting implications for the temperature structure and
evolution of the disk that will be discussed further be-
low. Also notable is the lack of any jet emission visible
in the F606W filter. For a disk of this age, we would ex-
pect the central star to be actively accreting with stellar
jets observed perpendicular to the disk in Ha or forbid-
den line emission (Appenzeller et al. 2005). In Paper
II, we find very little in the emission line spectrum of
the source that supports ongoing accretion and no other
conclusive signatures of accretion have been published
for this source. It is possible that some mechanism has
cut off accretion onto the central star (e.g., an embedded
proto-planet or disk gap) but there is no clear evidence
for an inner clearing of disk material in the spectral en-
ergy distribution (see Section 2.5).

We measure the position angle (PA) of the disk by
minimizing the difference between the left and right
sides of the nebula as a function of the angle. The PA is
49 £ 1 degrees in all bands measured relative to North.
The disk is red with both the peak and integrated flux
of the disk increasing with longer wavelengths. Table
1 lists these values for each HST scattered light im-
age. We construct a noise map combining both back-
ground and the photon noise for each HST scattered
light image. The integrated flux was computed from
the weighted sum of the pixels above a 5o uncertainty.
The two F814W measurements agree within the uncer-
tainties. Using the ACS/F814W flux density, this gives
AB magnitude colors of [F606W]-[F814W]|=1.5 mag,
[FA75W]-[F814W]=2.6 mag, and [F475W]-[F606W]|=1.1
mag. For a conservative estimate of the outer disk ra-
dius, we determine the outermost point at which the
disk flux is above the 3¢ noise level and average this
value for the four instrument/filter combinations to ar-
rive at a value of 191 & 8 au, or ~ 1.3"” at a distance of
147 pc. The vertical extent of the disk is more difficult

to quantify and we discuss this in more detail with the
Keck data below.

| _ | |
|
- ﬂ | | - 5
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Figure 2. Difference image between the two F814W data
epochs. The WFC3 image has been recentered to the ACS
image using an FFT-based sub-pixel algorithm. The top and
bottom nebulae have been scaled separately prior to subtrac-
tion of the two epochs to highlight different features. The
top/bottom panels have been scaled to the peak value in
the top/bottom nebulae. The bottom nebula shows a verti-
cal shift between the two epochs resulting from the different
top/bottom flux ratios between the two datasets (See Figure
4). The ACS data is more sensitive to low surface brightness
disk emission. Both panels show a left/right asymmetry in-
dicating variability.

2.2. Keck Image
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Figure 3. Keck K’ band scattered light image obtained
as part of the edge-on disks campaign. These data exhibit
a more pronounced halo of light outside of the disk and a
narrower dark lane than the lower wavelength HST scattered
light images. The Keck PSF is shown in the lower right
corner. The asymmetric PSF is likely a result of using a
faint extended source as an AO guide star.
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Table 1. Summary of HST Observations

Date of Instrument/  Exposure Peak Surface Brightness Integrated Flux Top/Bottom Left/Right
Observation Filter Time (s) (mdJy/sq") (mJy) Flux Ratio  Flux Ratio
2014-10-03  WFC3/F475W 2190.0 1.1 £ 0.1 0.2 4+ 0.1 6.7 + 0.2 1.1 £0.1
2014-10-03 WFC3/F814W 300.0 8.2 4+ 0.5 1.7+ 04 5.5 4+ 0.2 1.2+ 0.2
2012-03-04 ACS/F606W 1320.0 3.14+0.2 0.6 &+ 0.1 3.7+ 0.2 1.1 + 0.2
2012-03-04 ACS/F814W 800.0 8.4 4+ 0.5 2.1 4+0.2 3.5+ 0.2 1.3 +£ 0.2
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Figure 4. Vertical profile for the scattered light images of
Oph163131. While the HST data shows no strong change
in the darklane width, the Keck data show a much narrower
profile. Both the depth of the darklane and the top/bottom
flux ratio for the two disk nebulae increase with decreasing
wavelength. The vertical dashed lines indicate the extent of
the mask used when modeling the disk.

On April 25, 2019, we obtained a K’ (2.124 pm) im-
age of Oph163131 with the NIRC2 instrument, with its
Narrow camera (0700994 /pix), installed behind the fa-
cility laser-guided adaptive optics system on the Keck IT
telescope (PL: Duchéne). Observations were obtained at
the highest airmass accessible from Mauna Kea, z ~ 1.4,
under 075-0"6 seeing conditions. The target itself was
bright enough to use as the on-axis tip-tilt star. How-
ever, given its faint optical brightness (R ~ 17), the
adaptive optics correction was imperfect and we mea-
sured an FWHM of ~0709 from the images of point
sources in the field of view. Indeed, the PSF appears
elongated along the North-South direction (where the
FWHM approaches 0713), possibly as a consequence of

a double-lobed object being used for the adaptive optics
tip-tilt correction.

We obtained a total of 15 exposures, each with an in-
tegration time of 60s, using a 3-position on-chip dither
to obtain a simultaneous measurement of the sky back-
ground. Processing of the frames included sky subtrac-
tion, flat fielding, image registration based on the cen-
troid location of one of the nearby stars, and median
combination. The resulting final image is shown in Fig-
ure3 along with a PSF reconstructed using a nearby
bright point source. We note that flux calibration for
moderate-Strehl Keck adaptive optics images is imprac-
ticable and does not impact our model comparisons.

The Keck data show the same double nebulae struc-
ture as the HST scattered light images, with a diffuse,
roughly circular halo (likely induced by the AO PSF)
and a narrower dark lane. We estimate the disk PA us-
ing the same method described for the HST dataset and
find a consistent value of ~ 50 degrees. The left/right
asymmetry observed in the HST observations does not
appear in the Keck data with a flux ratio of 1.00. Either
the feature that is causing the asymmetry is less visible
at longer wavelengths, or was not active at the time of
the Keck observations. We find an integrated flux ratio
of 3.3 between the top/bottom disk nebulae.

The vertical extent of the disk in scattered light is con-
fused with a diffuse halo seen most clearly in the Keck
2.2 pm and WFC3/F814W images. These Keck observa-
tions show photons out to at least an arcsecond beyond
the disk mid-plane in the vertical direction. We expect
this to be a low-Strehl PSF feature rather than a phys-
ical halo of material associated either with the Ophi-
uchus cloud or the protostellar envelope. A true halo
from a nascent envelope or disk wind would be com-
prised of smaller dust grains and consequently, would
appear more prominent in the optical than the NIR.

Figure 4 shows the vertical profiles for all of the scat-
tered light images. Each dataset has been normalized
to the peak of the emission in the upper nebula. The
width of the dark lane does not change significantly in
the HST data, but is markedly narrower in the Keck
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2.2 um image where we are probing a population of
larger grains with a 7 = 1 surface closer to the disk mid-
plane. In the HST dataset, the depth of the darklane
and the top/bottom nebulae flux ratio both decrease
with increasing wavelength (with the exception of the
low-SNR, WFC3 F814W image). However, at 2.2 pum
while the depth of the darklane continues to decrease,
the flux ratio exhibits a slight increase. Previous multi-
wavelength scattered light observations of edge-on disks
generally exhibit a narrowing darklane and a decrease
in the top/bottom nebulae flux ratio at longer wave-
lengths (e.g. Watson & Stapelfeldt 2004; Duchéne et al.
2010). However, an increase in the flux ratio between the
top/bottom nebulae into the NIR was observed for HK
Tau B (McCabe et al. 2011) and interpreted as evidence
for a preferentially forward scattering grain population.

2.3. ALMA Continuum Map

We obtained ALMA band 6 continuum data (1.3 mm)
as part of a larger proposal to map the 2-1 transitions
of the three main CO isotopologues in two large edge-
on protoplanetary disks in nearby, young star forming
regions (Project 2016.1.00771.S, PI: Duchéne). These
disks were chosen to complement the existing high res-
olution HST data in scattered light. A full description
of the ALMA continuum data reduction processes and
results is presented in Villenave et al. (2020), where
we analyze a sample of 12 edge-on disks, including
Oph163131. In this work, we model the continuum emis-
sion to probe the degree of vertical stratification and
radial migration of the large dust grains in the system.

The ALMA continuum map (beam size of (/23 x 0713)
is shown in the left panel of Figure 5. Given the pro-
file of the disk (sharply peaked followed by a plateau
and a gradual taper; see Fig. 5), we were concerned a
gaussian profile would not provide an accurate estimate
of the flux in the image. Instead, we perform aperture
photometry in the CASA software package with a 30 cut
(with an rms of 0.134 mJy). Using this method, we find
a flux density of 44.8 4+ 4.5 mJy where we have assumed
a conservative flux error of 10%. Note that this is consis-
tent with the integrated flux value of ~ 47 mJy provided
by the CASA imfit package assuming gaussianeity. We
also find a deconvolved disk major axis FWHM of 1.22 £+
0.01 arcsec, a minor axis FWHM of 0.11 4+ 0.01 arcsec,
and a position angle of 49.0 & 0.1 degrees.

ALMA observations for this source have previously
been published. Cox et al. (2017) observed Oph163131
in band 7 as part of a high sensitivity survey of the Ophi-
uchus SFR and clearly show the elongated source with
size 1”3 x 0//16 for the major and minor disk axis with
a 0’2 beam. They reported an integrated flux of 124.8

+ 2.4 mJy which is included in the SED shown in Ap-
pendix A. Likewise, Cieza et al. (2019) provided a com-
prehensive ALMA survey of ~ 300 sources in Ophiuchus
in band 6. The flux and PA values are consistent with
our results within uncertainties, though they reported
a disk that is more radially compact and vertically ex-
tended. This is likely related to the larger beam (0728
x 0719) and lower sensitivity (10x smaller integration
time) of this dataset.

We measured the semi-major and semi-minor axis pro-
files, which we interpret as tracing the radial and vertical
distributions, respectively. The middle panel of Figure
5 shows the radial profile of the disk. The radial profile
shows a symmetric disk with a peak at the location of
the central star, a plateau of flux at 80% of the peak
value extending out to ~ 0”5 in radius, and an apparent
outer radius of ~ 1.2” (180 au). This outer radius is
smaller than inferred from the HST scattered light im-
ages (~ 190 au) signifying some amount of radial drift
for the larger dust particles. However, of all the disks in
our sample, Oph163131 has the smallest difference in the
outer radius measured in the HST and ALMA datasets
(Villenave et al. 2020). We note that in both cases, this
outer radius does not represent a sharp cutoff of mate-
rial but rather the point at which the surface brightness
drops below the noise level of each image. Thus this dis-
crepancy in the outer radius could be due to the different
datasets’ sensitivities, rather than a physical difference
resulting from e.g., radial drift.

The shape of the radial profile suggests the presence
of unresolved rings, though higher resolution observa-
tions are needed to confirm. For comparison, Figure 6
shows a composite image of the ALMA continuum map
(contours) and the 0.8 um scattered light image. In the
right panel of Figure 5, we show the FWHM derived
from a gaussian fit to vertical cuts of the data obtained
at different radii. The vertical FWHM of the disk does
not vary with radius with (FWHM) = 0.237”. For
comparison, the beam size is = 0.17” projected at the
orientation of the disk minor axis.

2.4. CARMA Detection

Oph163131 was observed in the 2.6 mm continuum
with the Combined Array for Research in Millime-
ter Astronomy (CARMA) under project ¢f0024 (PI:
Stapelfeldt). The observations took place with 23 an-
tennas on 13 May 2013. The synthesized beam was
2.5”x1.2”. The total observing time including calibra-
tors was 2.4 hours. The data show a putative detection
of the unresolved disk. We find a flux density of 7.2+4.2
mJy using the CASA imfit software package and inter-
pret this as a 30 upper limit of 13 mJy. This photometry
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is included in the spectral energy distribution (see Sec-
tion 4.4 and Appendix A).

2.5. Spectral Energy Distribution

A well sampled spectral energy distribution (SED) has
been compiled from the literature. A full description of
the relevant observations is provided in Appendix A.
The SED exhibits the double peaked structure typical
of these optically thick disks when viewed nearly edge-
on. While this dataset is not included in the radiative

transfer modeling efforts, a comparison to the literature
SED is given in Section 4.4.

3. RADIATIVE TRANSFER MODELING

In this work, we aim to fit for the disk geometry and
dust properties simultaneously across two independent
datasets; the 0.8 pm HST/ACS scattered light image
and the 1.3 mm ALMA continuum map. The combi-
nation of heterogeneous datasets in this manner is not
often done because of the large variations in noise prop-
erties and degeneracies between the disk properties. For
a more in depth discussion of the problem, see Wolff
et al. (2017). In that work, we combined a scattered
light image with a spectral energy distribution using
a covariance-based likelihood estimation coupled with
an MCMC. Here we extend that framework to include
resolved interferometric millimeter continuum emission.
In the next sections, we describe the disk model and the
different modeling stages.

3.1. Stellar Properties

The stellar properties of sources embedded in opti-
cally thick protoplanetary disks are, by nature, difficult
to identify. There is no way to directly determine the
luminosity from observations because of the uncertain
amount of dilution of starlight by disk scattering. In
Paper II, we report mid-resolution optical and IR spec-
troscopy for Oph163131 and compare to template spec-
tral libraries to arrive at a spectral type of K4-5 for the
central star. We then construct a catalogue of K3.5—
K5.5 spectral type stars in the Ophiuchus SFR from the
literature (Wilking et al. 2005; Erickson et al. 2011), and
derive average values of 4500 K and 0.96 L, for the tem-
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perature and luminosity, with a corresponding radius of
and 1.7 Rg. Finally, a fit to the PMS tracks on the HR
diagram from Luhman et al. (2003, See Fig. 9) gives
a stellar mass of 1.0 & 0.1 M. This is consistent with
the dynamical mass of 1.2 + 0.2 M measured by Paper
IT based on ALMA !2CO observations. This source is
under-luminous for its location and spectral type, as ex-
pected for a star seen only indirectly via scattered light
from its edge-on disk.

3.2. MCFOST Disk Model

The MCFOST radiative transfer code (Pinte et al.
2006, 2009) was used to construct synthetic SEDs (un-
used when determining goodness of fit), 1.3 mm ALMA
continuum maps and 0.8 um HST scattered light images
to explore disk properties. Of the scattered light obser-
vations, we elected to fit only the F814W HST/ACS
image. We aim to maintain the scattered light and
mm continuum fitting on reasonably even footing, and
the inclusion of multiple scattered light images would
create systematic biases towards disk surface features.
The HST scattered light observations all display simi-
lar features (e.g., no pronounced chromatic change in
the darklane thickness, no strong jet signatures). Thus
we chose to represent the HST dataset with the F814W
HST/ACS image because it has the highest signal-to-
noise ratio. We chose not to include the Keck image in
the modeling because of the image artifacts character-
istic of the poor AO correction from guiding on a faint,
multi-lobed object. We compare the best fit model to
these observations in the discussion section.

We chose a tapered-edge axisymmetric disk model in
which the surface density X is described by a power law
in radius (R) with an exponential taper outside of the
critical radius Rg:'

sn(f) (8] o

The disk gas scale height is also defined as a power law
in radius by H(R) = Ho(R/Ro)? where 3 is the flaring
exponent describing the curvature of the disk surface
with a reference radius Ry = 100 au.

Several model parameters were held fixed to minimize
the degrees of freedom and to save computation time.
Values for these parameters were either measured di-
rectly from the HST images or taken from the literature.
The disk is assumed to be at a distance of 147 pc with
an inner radius fixed at 1 au and an outer radius of 191
au. We expect a protoplanetary disk of this evolutionary

I Note that previous works have used the notation a = —y. We
avoid this here to limit confusion with the a viscosity parameter.

stage to be optically thick in the inner few au at these
wavelengths and we choose not to populate the inner au
with dust in order to improve the speed of the radiative
transfer calculations. For comparison to data sets sen-
sitive to thermal emission in regions close to the central
star (e.g. the spectral energy distribution), a more con-
servative estimate of the inner radius is given by the sub-
limation radius Rgup = Rstar(Tstar/Teun)?t ~ 0.07au
where Ty, = 1600 K (Robitaille et al. 2006).

For a disk of this age, Oph163131 is uncommonly flat.
By coupling the scattered light and mm continuum ob-
servations, we are able to probe the degree of dust set-
tling within the disk. We use the Fromang & Nelson
(2009) prescription for settling in which dust is diffused
away from the midplane via MHD turbulence using a
vertically varying diffusion coeflicient to account for the
larger velocity fluctuations in the outer layers of the disk.
In MCFOST, this is parameterized using the a viscos-
ity parameter (Shakura & Sunyaev 1973). The stan-
dard Gaussian vertical profile is then multiplied by an
exponential term that depends both on the turbulent
properties of the disk and the grain size distribution.
In this way, the models are able to produce different
scale heights for different grain sizes. We expect that
the smallest dust grains should be well coupled with the
gas and the larger grains (probed by the ALMA data)
should have markedly smaller dust scale heights with
higm =~ H > himm. For a more detailed description
of how this is implemented in MCFOST see Pinte et al.
(2016).

The dust population is described by a single species
of amorphous olivine particles (Dorschner et al. 1995)
with a particle size distribution described by a power
law extending from a = 0.03 - 1000 pm in size: %ﬂg‘l) x
a~P with 70 grain size bins spaced evenly in log(a). We
assume non-porous grains.

The inclination (with the edge-on orientation defined
as 90°), gas scale height (Hy), dust mass (M), surface
density exponent (), disk vertical flaring exponent (/3),
dust grain size exponent (p), the viscous settling param-
eter («), and the critical radius (R¢) were left as free
parameters.

3.3. Model Likelihood Estimation and the MCMC
Framework

In order to quickly and efficiently explore the pa-
rameter space we employ a parallel-tempered Monte
Carlo Markov Chain approach using the emcee pack-
age (Foreman-Mackey et al. 2013) and the Affine In-
variant sampler (Goodman & Weare 2010). We antic-
ipate complex, multi-modal posterior distributions and
thus employ a parallel-tempered MCMC sampler where
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the posterior is modified by a temperature to artifically
broaden the distribution and avoid being grounded in
local minima. We couple this with the mcfost-python
package developed by our team to interface with MC-
FOST, parse datasets from different instruments, and
compute several goodness-of-fit metrics to be used in
conjunction with the MCMC. The code is publicly avail-
able on Github.

Radiative transfer modeling of optically thick disks ex-
hibits highly degenerate parameter relationships. Exac-
erbating this problem, is that we have two datasets with
wildly different noise properties and model sensitivities.
For a more complete understanding of the likelihood of
each dataset given our model, we conduct three inde-
pendent MCMC runs. We first perform individual fits
to (a) the HST scattered light 0.8 um image and (b) the
1.3 mm ALMA continuum image. In both cases we use a
x2-based log-likelihood estimation. In the final run, we
combine these observables using a covariance-based log-
likelihood to inform the MCMC. By combining the infor-
mation provided by both observables in a single MCMC,
we aim to find a consistent solution for the disk geome-
try and grain properties across both datasets including
settling and radial drift.

For the individual fits to the two datasets, we rely on
a x2-based log-likelihood estimation given by Equation
2.

N
In[P(D|O)] = —% {x2 + Z In(c?)+ Nln(2r)| (2)

Here, D and © represent the data and model, respec-
tively, NV is the number of data points, and ¢ is our
uncertainty. To determine the x? value for each model,
we first generate a synthetic image with MCFOST at
the specified wavelength, convolve this model with an
instrumental PSF, normalize the model to the sum of
the observed disk signal, recenter the model via cross
correlation with the science frame and compute the sum
of the x? values for each unmasked pixel. For the 0.8
pm instrumental PSF we use a simulated Tiny Tim PSF
(Krist 1995) and for the 1.3 mm PSF we use a 2D Gaus-
sian corresponding to the ALMA beam size. In order to
improve the computational efficiency, we mask each im-
age to include only those pixels that are 30 above the
background noise level. By marginalizing over the abso-
lute flux scaling, we aim to fit the shape and structure
of the disk without being limited by the relatively un-
certain properties of the central star (e.g., luminosity or
distance).

For both initial runs we use a parallel-tempered sam-
pler with 2 temperatures and 50 walkers. The number
of iterations varied between runs with 2000 required for

the F814W scattered light run and only 1000 needed for
the ALMA continuum run. A burn in stage of 100 iter-
ations was used in both cases. The priors are described
in Table 2. We use uniform priors for all parameters ex-
cept for the inclination (uniform in cosi), and the dust
mass and viscosity parameter where log-uniform priors
are used. Parameter values were chosen to be physi-
cally reasonable given the observations and analytical
description (e.g., no critical radii outside of our masked
image). These MCMC results are presented in Sections
4.1 and 4.2 for the 0.8 pm and 1.3 mm optimized runs
respectively. These results will also be used to inform
the covariance-based method used in the combined fit
as described below.

Table 2. MCMC Parameter Priors

Parameter Range
Inclination (¢ in degrees) 65.0 - 90.0
Scale Height (Hy in au) 5.0 - 25.0
Dust Mass* (M in Mg) 10°¢-1073
Surface Density Exponent (v) 0.0-2.0
Flaring Exponent () 1.0-2.0
Grain size exponent (p) 25-40
Viscous Settling Param.* (o) | 107° - 107"
Critical Radius (Rc¢ in au) 25.0 - 191.0

NoTE—Parameters marked with an * use log-

uniform priors. All other parameters use uni-
form priors.

The covariance-based method was first applied to an
astrophysical context by Czekala et al. (2015) for 1D
spectral fitting. In Wolff et al. (2017) we detail how
to expand this to 2D disk observations and describe the
benefits of including a global covariance in the modeling.
In the third and final MCMC run, we combine the 0.8
pm and 1.3 mm images using this framework to lever-
age the information inherent in both datasets without
preferentially biasing the fit towards one image or the
other.

The matrix formalism for a Gaussian likelihood distri-
bution describing the probability of the data given the
model can be written as shown in Equation 3.

In[P(D|O)] = —% ETC7'E +In(det ©)

+ NIn(27)| (3)



10 WOLFF ET AL.

where E represents the residuals (i.e., difference between
pixel values in the model and observed images), and C
is the covariance matrix defined below. In all cases, the
residuals are computed by first convolving the MCFOST
model with an instrumental PSF, normalizing the model
to the sum of the observed disk signal, recentering the
model via cross correlation with the science frame, and
subtracting from the observations. These masked resid-
uals are then flatted into a 1D array. For this combined
MCMC, the ALMA data was downsampled to match
the resolution of the HST image.

The covariance matrix C' (of size Npiy X Npjp) com-
bines both the noise in each individual pixel (¢7;) and a
global covariances (KZGJ) between adjacent pixels (rep-
resented by K¢): C; ; = 6; j07; + K{;. The global co-
variance can encode correlated noise in datasets (for ex-
ample any correlations between neighboring pixels from
an instrumental PSF or beam) as well as any global
limitations of the model to fit the data. To illustrate
the power of this technique, consider the ability of these
datasets to constrain the dust mass and flaring expo-
nent. One would expect the ALMA continuum image
to place a stronger constraint on the dust mass than the
scattered light image. However, millimeter observations
probing larger dust grains that have settled to the disk
midplane are not sensitive to e.g. the flaring exponent
and upper layers of the disk structure. Conversely, the
scattered light image probes the disk flaring and verti-
cal structure directly, but has a poor constraint on the
mass since much of it is hiding in the optically thick in-
terior and in the larger dust grains. Here the familiar
relationship between scattered light brightness and disk
mass breaks down, but the structure of the nebula still
provides a way to estimate the disk mass.

In order to quantify the limitations of our model at
each wavelength, we return to the results of the first two
individual MCMC runs. These provide a wavelength-
dependent estimation of the global limitation of the cho-
sen disk model to fit the observations. We quantify this
via an autocorrelation function derived from the resid-
uals. We generate an autocorrelation map by selecting
1000 models drawn from the MCMC chain, computing
the observation - model residuals, and autocorrelating
those residuals. To convert this map into a 1D auto-
correlation as a function of offset, we take the azimuthal
average of slices through the map center. This process is
visualized in Figures 7 and 8. This differs slightly from
the technique used in Wolff et al. (2017) in that the hor-
izontal slice through the autocorrelation map was used
to describe the 1D global covariance rather than an av-
erage. In that case, the ESO Ha 569 disk was farther
from edge-on and the peak in surface brightness from

the central star was more pronounced in scattered light
than for Oph163131.

Structure in the autocorrelation map can point to-
wards systematic deficiencies of the model to accurately
describe the data, though this is difficult to interpret.
Oph163131 is quite a flat disk, with a relatively narrow
darklane. This produces the horizontal banding seen in
this map as the dark lane and top/bottom nebulae con-
structively and destructively interfere with each other.
Additionally, the ALMA data show complex structure
along the horizontal axis, possibly pointing towards a
more complex radial structure than allowed for in our
disk model.

Finally, for each pair of pixels 4,j the contribu-
tion from the global covariance K is computed
by interpolating the analytic autocorrelation func-
tion at the distance between the two pixels r;; =
V(@i —2;)% + (y; — y;)?, with a cutoff outside of 8 pix-
els to make computations of Cj ; tractable. The result-
ing covariance matrices are shown in Figures 7 and 8.
Note that, in the case of the ALMA image, the auto-
correlation map and all ALMA data products were first
downsampled to match the spatial resolution of the HST
images.

For the combined run, we use a parallel-tempered sam-
pler with 2 temperatures, 50 walkers, and 2000 itera-
tions. Here we required a longer burn in stage of 250
iterations. The priors were the same as in the individ-
ual fits (Table 2) with one exception. Both individual
MCMC runs produced values for the grain size exponent
(p) consistent with the canonical value of 3.5 for the ISM
(Mathis et al. 1977). For the combined MCMC run we
keep this value fixed at 3.5 to further limit parameter
degeneracies.

In summary, we conduct three independent MCMC
runs to optimize for different observables: the F814W
scattered light image alone, the ALMA millimeter con-
tinuum alone, and a combined fit. For the individual
dataset runs, we use a more familiar y? based log like-
lihood estimation and for the joint fit we employ the
covariance framework. In all cases, we use a parallel-
tempered sampler with 2 temperatures and 50 walkers.
The number of iterations varied between runs with 2000
required for the F814W scattered light run, only 1000
needed for the ALMA continuum run and 2000 itera-
tions for the joint fit. A burn in stage of 100 itera-
tions was used for the ALMA and F814W individual
fits, while a longer burn in of 250 iterations was needed
for the joint run. The results are presented in Section 4.

4. MODELING RESULTS
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Figure 7. Here we illustrate how the covariance matrix is generated from the initial MCMC fit to the F814W image using a x?
- based log likelihood estimation. Left: Average autocorrelation map of the F814W observations - MCFOST model residuals
for 1000 models drawn from the MCMC sampler. Middle: Vertical and horizontal slices through the autocorrelation map are
shown in red, the PSF is given in blue, and the computed azimuthally averaged profile is given in grey. A cubic spline fit to
the azimuthal average is shown in yellow. This was then used to describe the covariances between neighboring pixels when the

covariance matrix is generated. Right: The resultant covariance matrix for the F814W dataset.

...... Horizontal Slice
---Vertical Slice
—— PSF

1.2

Pixel Offset
°
N
Mean Autocorrelation

-0.2

-0.4

-0.4

Cubic Spline Fit
¢ Azimuthal Average

Pixel Offset

40 60 80
Pixel Offset

100 120 140 0 5 10 15

20 25 30 35 400 600 0.0
Pixel Offset

Pixel Offset

Figure 8. Here we demonstrate how the covariance matrix is generated for the ALMA dataset in the same way as Figure 7.
Radial substructure in the autocorrelation map hints at a more complex radial structure in the ALMA data than was allowed

for in the disk dust models.

Here we describe the results from the three indepen-
dent MCMC runs. The full posterior distributions are
given in Appendix B and the parameter values are given
in Table 3 with uncertainties given by the 16th and 84th
percentiles. To facilitate comparisons between various
observables, we draw a representative model from each
MCMC run. Models A, B and, C represent characteris-
tic ‘well-fit” models drawn from the posteriors generated
from the F814W scattered light image, the ALMA con-
tinuum image, and the combination, respectively (Fig-
ure 9). These parameter values are also given in Table
3. Here we describe the results of each run individually
and compare these models to the Keck 2.2 ym image
and the literature compiled SED. Section 5 gives a full

discussion of the constraints this places on the individual
parameters.

4.1. Scattered Light Image

The results for the MCMC run of the F814W scat-
tered light image are presented in Figure 10 where we
show a median of the 1000 models with the lowest x?
values. The posterior distributions and parameter cor-
relations are shown in Figure 17. In this case, the pos-
terior distributions are wide and it is difficult to place
tight constraints on any of the free parameters. The in-
clination is the best constrained parameter with a best
fit value of 83°.6723. The scale height and grain size
exponent are both marginally constrained with values
of 9.7735 au and 3.43%533 respectively. Posterior distri-
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Figure 9. Model images for Models A, B, and C as described in Table 3. The top row shows images at 0.8 um (simulation of
the F814W HST scattered light image) and the 1.3 mm models are shown on the bottom (simulation of the ALMA continuum
image). The observations have been normalized to the peak intensity.

butions for the surface density exponent, flaring expo-
nent and critical radius are nearly flat, while both the
dust mass and the viscous settling parameter are pushed
up against the upper limits imposed by the log uniform
prior distributions.

At first glance, the flat posterior for the R parame-
ter is puzzling, as the outer edge of the disk is evident
in the HST images. Several factors contribute to this
effect. First, recall that the critical radius and the outer
radius describe different features of the disk. The R¢
value represents the radial scale of the exponential de-
cay in the outer disk (See Eq. 1), and is also related
to the turning point in the radial slope of the surface
density distribution. Previous efforts to fit the geom-
etry of edge-on disks using radiative transfer modeling
(and a sharp edged disk model) show that the flatter
the disk, the less tight of a constraint can be placed on
the disk geometry and, specifically, the surface density
exponent. For an example of this, compare the derived
geometries for a single wavelength fit to HH 30 (Watson
& Stapelfeldt 2004) and the more vertically compact HK
Tau B (McCabe et al. 2011). Finally, while it may seem
straight forward to chose an outer radius for the disk,
it is difficult to disentangle the exact edge of the flared
disk from the surrounding material in the Ophiuchus
SFR and the ’halo’ observed in the Keck 2.2 ym and
HST 0.8 um images. Here we employ a mask includ-
ing only those pixels containing > 3¢ disk flux in our
goodness of fit metric. A less conservative mask would

probably allow a tighter constraint on the R parameter
but would also have unforeseen consequences on other
parameter results.

We compute an effective sample size (ESS) for each
parameter to test the convergence of the chain. This
provides a measure of the effective number of indepen-
dent samples in a correlated chain, using the relation
ESS = Nsamples/(27;) where 7, is the integrated auto-
correlation time. We compute the autocorrelation time
via the method described in Goodman & Weare (2010)
and find values ranging from 0.92 - 1.03 with correspond-
ing ESS values of ~ 50000 for all parameters.

The resulting scattered light model does a decent job
of fitting the observations. The largest discrepancy can
be seen in the width of the dark lane (Figure 10, second
panel) where the larger disk vertical extent preferred
by the models misplaces the flux in the bottom nebula.
This could indicate that the true disk scale height is
smaller than our model predicts. However, it is very
difficult to decouple this from the effects of the disks’
inclination and dust opacities.

On average, the models preferred by the scattered
light observations with the lower dust masses and farther
from edge-on inclinations do not allow sufficient disk ma-
terial along the line of sight at millimeter wavelengths
to reproduce the ALMA observations at 1.3 mm. Note,
however, that some well-fit models within the wide pos-
terior distributions do provide a good fit to the ALMA
observations. Model A (Figure 9) was chosen specifically
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Table 3. MCMC Disk Parameter Results

Parameter Scattered Light Only mm Continuum Only Combined MCMC
Posterior Model A | Posterior Model B | Posterior Model C
i (°) 83.6755 84.5 | 87317931 87.2 88.679% 86.7
Hy (au) 9.7353 7.2 9.272 1 9.5 51119 4.0
logM (Mg) | > —4.5 -3.3 —-3.8701 -3.6 | —5.1775%  —3.6
v 1.01+5:88 1.01 <0.64 0.1 0.7870 %4 0.8
B 1.481057 1.50 1.6610:35 1.54 1.291099 1.15
p 3431053 3.5 3.3310%% 3.3 —a 3.5
log a > 2.5 2.3 > 2.1 1.1 —2.575% —2.9
Re (au) 111.8+%6°5 89 74574, 74.5 120738 98.7
X0 8pm - 11 - 10 - 37°
Xim - 5.9 - 1.2 - 16°

Note: For each MCMC run we provide the best fit results with uncertainties and a representative model drawn from the
chain. The posterior results present the 50th percentiles of the samples in the posterior distributions with uncertainties given
by the 16th and 84th percentiles. In cases where the posterior distributions peak at the edge of the allowed parameter range,
upper/lower limits are used quoting the 50% quantiles. For models A, B, and C, the reduced x* values for each observable are

provided.

2 This quantity was held at a fixed value of 3.5 during the com-
bined MCMC run.

b In the joint fit, the model likelihood is not the sum of the x2
values (see Section 3), and the individual x? values for Model C
are reported for comparison to Models A and B only.

to demonstrate that there is a subset of models within
the scattered light results that are able to provide a good
fit to both observables. To recreate the more extended
ALMA structure and the observed plateau, we require
the disk model to be more optically thick at mm wave-
lengths. This could be accomplished with smaller disk
scale height, a more edge-on inclination, or a more set-
tled disk. However, these parameters also have a marked
effect on the amount of light from the central star com-
ing through the upper disk surface which would nega-
tively impact the scattered light model fit given that this
is the highest SNR region.

The flux scaling used in the y? calculation (the to-
tal intensity of each model is normalized to the 0.8 ym
observed image) can also be used to diagnose these dis-
crepancies. We find values around unity for the 0.8 ym
image. However, if we compute the 1.3 mm images for
these models and compare them to the ALMA observa-
tions, we find we are under-predicting the flux at mil-
limeter wavelengths by several orders of magnitude.

4.2. ALMA Continuum Map

The results for the MCMC run for the ALMA mil-
limeter continuum image are shown in Figure 11 with
the posteriors in Figure 18. In general, the fit to the
ALMA data shows tighter posteriors than the scattered
light fit. While still optically thick at 1.3 mm, the lower
opacity of the larger grains leads to fewer parameter de-

generacies. All parameters have clearly peaked posterior
distributions except for the surface density exponent and
the viscous settling parameter, which both prefer values
at the edge of the parameter range allowed by the prior
distributions. We provide 3o limits for these parameters
of < 0.64 and > —2.1, respectively. All best-fit param-
eter values are consistent across the scattered light and
continuum image fits within the (admittedly large) 1-2
o uncertainties. We take this as evidence that a joint
fit to both observables should be possible within this
disk model formalism. We confirm convergence using
the same method described in 4.1. The integrated auto-
correlation times (7,) varied between 0.8 and 1.2 for all
parameters with an associated ESS ranging from 20000-
30000.

The best fit models for the ALMA MCMC run are
presented in Figure 11. The ALMA data are well repro-
duced by the models. The observation - model residuals
for the 1.3 mm image (right panel of Figure 11) show
that the models generally under-predict the flux at the
location of the central point source (seen at an ampli-
tude of ~ 5-10%), over-predict the flux in the plateau
region (by < 5%), and are more radially extended than
the observations. The residuals are all under 10%, which
is on par with the uncertainties in the observations.

This substructure could point towards a global limi-
tation in our model. A similar pattern is seen in the
autocorrelation map first introduced in Section 3.3 and
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Figure 10. Here we illustrate the results of the MCMC run optimized for the HST scattered light alone. The left panels show
the observations, the middle panel represents the model images and corresponding residuals are shown on the right. To present
the full complement of well-fitting models (see 3) we show the mean of 1000 models drawn from the top 10% of the MCMC
chain rather than the single best fit model. The model images have been convolved with a PSF, recentered, and scaled to match
the observations. The 0.8 um imags are shown on the top and the 1.3 mm images are shown on the bottom. The observations
have been normaized to the peak intensity. Residuals have been scaled to highlight features. Note also that the 0.8 um image
is displayed on a linear scale while previously shown on a logarithmic scale in Figure 1. The simulated scattered light images
provide a good fit to the observables, but the corresponding millimeter images are clearly inconsistent with the data.

shown in Figure 8. A bright peak at the location of the
central star is followed by symmetric dips at the loca-
tion of the flux plateau and lastly by correlated limbs,
moving radially outward. If we had allowed for a more
complex radial structure with higher density rings of ma-
terial rather than a smooth distribution, we would likely
obtain a better fit to the ALMA observations. This is
discussed further in Section 5

The 0.8 um average models and residuals correspond-
ing to the ALMA MCMC results are also shown in the
top panel of Figure 11. Generally, the models preferred
by the ALMA data tend to leave a free optical path
to the central star, which the HST observations clearly
rule out. These models over-predict the flux in the top
nebula and under-predict the flux in the bottom neb-
ula which implies that the slightly lower scale height
and, more importantly, the closer to edge-on inclination
preferred by the ALMA image are too extreme to over-
come the smaller residuals seen in Figure 10. There is
also a residual arced wedge on either side of the disk
on the top nebula that indicates a poor fit to the disk

flaring exponent and/or the surface density exponent.
It is worth noting that the compact disk preferred by
ALMA produces roughly the same X3 g,,,m value as
the HST optimized fits (Table 3). In the ALMA case,
the disagreement is concentrated to the central region
where the photon noise is highest, whereas the faint
over-subtraction seen with the more extended disk pre-
ferred by the scattered light observation encompasses
more pixels in a lower noise region.

The mean flux scaling factor for the 1.3 mm models
was 1.1 while the corresponding 0.8 pm models had a
mean flux scaling value of 0.4. The lower scaling factor
for the 0.8 pm models is presumably due to the more
compact and centrally peaked structure. Ultimately,
given the large degeneracies in the parameters when
compared to the optically thick scattered light image
as visualized in the MCMC densities shown in Figure
17, it is difficult to link any feature seen in the residual
map to a single modeled parameter.

4.3. Scattered Light and mm Continuum Combined
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Figure 11. The same as Figure 10 but with the fit optimized for the ALMA millimeter continuum image. In this case, the 1.3
mm model is a very good fit to the observations with no remaining structure in the residual map. The scattered light image,
however, is too compact with a more concentrated peak in intensity.

Before we discuss the combined MCMC results below,
we first examine if the results for the individual fits con-
tradict each other to an extent that would prohibit a
single joint fit to explain both datasets. Specifically, we
are concerned about the critical radius (R¢). We would
expect strong radial drift to result in a markedly smaller
critical radius (R¢) for the millimeter size dust grains
probed by the ALMA observations than the micron sized
grains seen in scattered light. No such discrepancy is ob-
served, though the posterior distribution for the critical
radius seen in the scattered light MCMC results is very
flat (see discussion in Section 4.1). In the ALMA re-
sults, the lower preferred value of  results in a density
profile which drops very fast outside of R¢, resulting in
a more sharply peaked posterior distribution. While we
find that a single critical radius can accurately describe
both datasets, we cannot rule out mechanisms such as
radial drift, or more complex radial density structures.

Finally, in both the 0.8 pm and 1.3 mm individual
MCMC runs, the dust particle size exponent was con-
sistent with the canonical value of 3.5. Allowing this
parameter to vary appears to broaden all parameter dis-
tributions while adding an extra degree of freedom to our
covariance framework. In order to improve the compu-
tation time in the combined MCMC we choose a value
of p = 3.5 and fix this parameter.

The results for the MCMC run using the covariance
framework with the combined HST scattered light and
ALMA millimeter continuum datasets are shown in Fig-
ure 18. The best fit parameter values are shown in Ta-
ble 3 and Figure 12 shows the model and residuals for
both datasets using the best fit values from the com-
bined MCMC run. Clearly, this framework provides a
markedly worse fit to both the scattered light and mil-
limeter continuum observations than either of the indi-
vidual fitting efforts described above. These results give
us insight into the unresolved substructures of the disk
and provide direction for future modeling efforts with
higher resolution datasets. It is apparent that the simple
disk model we have employed here lacks sufficient com-
plexity to explain both datasets simultaneously. Nev-
ertheless, we present the combined MCMC results here
and discuss the implications further in Section 5.

The posterior distributions shown in Figurel9 are
complex and demonstrate a strong bimodality most no-
table in the dust mass, but also showing degeneracies
with the inclination, surface density, and settling param-
eters. Using the convergence test described in Section
4.1, only the inclination and surface density exponent
remain unconstrained with ESS values of 8 and 20, re-
spectively. The surface density exponent is peaked at
the lower edge of the allowed parameter space, but also
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exhibits a flat distribution above v = 0.5. The poste-
rior distribution for the inclination is narrow with values
confined to 85°—90° in agreement with the other MCMC
results. A more detailed discussion of the surface density
results is presented in Section 5.1.

The scale height, flaring exponent, and critical ra-
dius all display sharply peaked posterior distributions
with best fit values of 5.1717 au, 1.370%, and 120135 au.
In the case of the gas scale height, this is inexplicably
smaller than the value preferred by either of the previous
fits, though consistent within 1o uncertainties.

The dust mass posterior distribution is strongly bi-
modal with peaks at both ends of the allowed parameter
range. The lower dust mass is preferred, but this does
not agree with the best fit dust mass values from either
of the individual dataset MCMC results, and one might
expect the ALMA-preferred mass to be more reliable.
This dichotomy is discussed in more detail in Section 5
and in Appendix B. To diagnose the source of this dis-
cord, we examine the flux scaling values used when com-
puting the residuals. We find that models with a mass
of log M(Mg) ~ —5 require a scale factor of ~1 for the
0.8 um image and a factor of ~9 for the 1.3 mm image.
For log M(Mg) ~ —3.6, this trend is reversed with a
scale factor for the ALMA data near unity and the HST
data being under-luminous by a factor of ~9. Superfi-
cially, this bimodal structure appears to be a trade-off
between the dust masses preferred by the two datasets
with the ALMA data preferring a higher mass disk and
the scattered light preferring a lower mass disk. How-
ever, recall that both datasets are probing optically thick
disks, and thus a direct relationship between integrated
flux and dust mass cannot be drawn. Indeed, in scat-
tered light, the integrated brightness is most strongly
affected by the flaring exponent. The set of lower dust
mass models also tend to have a higher flaring exponent
and a correspondingly brighter scattered light disk.

Lastly, the viscous settling parameter posterior dis-
tribution is fairly flat for loga > —3.5, but the lowest
values of o are ruled out and some degree of settling
is certainly required to explain the variation in the ap-
parent dust scale height between the scattered light and
mm continuum datasets. Upon closer inspection, there
is a strong correlation with dust mass, where the more
plausible higher mass models require less dust settling
(loga ~ —3.1) than the lower mass models (see Ap-
pendix B). This disagrees with the values for « preferred
by the individual MCMC fits, though we don’t expect
a resolved image at a single wavelength to place a tight
constraint on the dust settling parameter. The implica-
tions for dust settling are discussed further in Section
5.2.

As the modeling framework increases in complexity,
it becomes more difficult to disentangle the correlations
between parameters and how these relate to features in
the datasets. Returning to Figure 12, we see that the
scattered light image model misses the bottom nebula
entirely while the ALMA model is too centrally concen-
trated. Another way to express the bimodality in rela-
tion to the model subtracted residuals is as a compro-
mise between fitting for the central peak in the ALMA
dataset, requiring a low mass and high inclination, and
the less turbulent, higher mass disk with a steeper den-
sity profile required to reconcile the ALMA and HST
observations. Ultimately, the results of an MCMC are
limited by how well the model describes the data. In this
case, our assumption of a tapered power law in surface
density clearly lacks the degree of complexity needed to
approach the true disk structure. The smooth formalism
for dust settling across observations probing sub-micron
to millimeter dust grain sizes may also be a culprit. We
discuss this further in Section 4.6.

4.4. Comparison to the SED

We compare the SEDs produced by the representa-
tive models for all three MCMC runs in Figure 13. The
model preferred by the ALMA data (Model B) provides
the best fit to the SED with a x2 value of 3.1. The best
fit model produced by the 0.8 pm MCMC run (Model
A) has a comparable fit (x? = 3.9) and over-predicts
the flux slightly at longer wavelengths. The combined
MCMC run SED (Model C) has a x? value of 22 and
under-predicts the disk flux at all wavelengths. Of the
examples, Model C is the closest to edge-on, most ver-
tically compact, and less flared. As the disk models
become less flared, the grazing angles of the stellar pho-
tons decrease, lowering the number of low energy pho-
tons that penetrate down to the disk midplane. Con-
sequently, less heat is absorbed into the midplane and
the temperature decreases resulting in a lower millime-
ter continuum flux.

Despite not including the SED in the model optimiza-
tion, the independently driven HST 0.8 pm and ALMA
MCMC results (represented by Models A and B) provide
a decent fit to the spectral information. All three fits suf-
fer at shorter wavelengths where both extinction and our
assumption of an inner radius of 1 au have the biggest
impact. However, despite allowing for a normalization
factor in our fit to the millimeter continuum observa-
tions, Models A and B reproduce the longer wavelength
fluxes seen in the SED, providing further confidence in
our dust mass estimates. Of the parameters we tested,
the SED is most affected by the disk inclination and to
a lesser extent the total dust mass. The SED appears
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Figure 12. The same as Figure 10 but with the fit optimized for a combination of the HST scattered light image and the
ALMA millimeter continuum image using the MCMC covariance framework. These models represent a compromise between
the two datasets. At 0.8 pum the horizonatal slice to the top nebula is a good match, but the curvature is not reproduced and
the small scale heights neglect the bottom nebula entirely. At 1.3 mm the general shape of the disk is replicated, though the

central peak and plateau isn’t exact.
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Figure 13. The modeling results are compared to the liter-
ature compiled spectral energy distribution for Oph163131.
This also includes HST, ALMA, and CARMA data presented
in this work. See Table 4 for a complete description of the
data and uncertainties. The models from the three separate
MCMC runs are shown assuming 2 magnitudes of extinction.

to favor models with an inclination below ~ 88° and a
dust mass of a few x107% M.

4.5. Comparison to the 2.2 ym Image

While we do not model the Keck scattered light image
directly, we relate this data to the best fit Models A, B
and, C evaluated at a wavelength of 2.2 um in this sec-
tion. Figure 14 shows the model image for each of the
three MCMC runs at 2.2 um and compares vertical pro-
files to the Keck observations. The model images have
been convolved with the asymmetric PSF (see Figure
3), recentered, and scaled to match the integrated flux
of the observations.

No single model reproduces both the width of the
darklane and the top/bottom flux ratio. The HST-
optimized model (Model A) is able to closely reproduce
the top/bottom nebulae flux ratio, but over-predicts
the width of the dark lane. Conversely, the ALMA-
optimized model (Model B) does a very good job in fit-
ting the width of the darklane, but the ratio between the
top and bottom disk nebulae is under-predicted by a fac-
tor of & 2. The same effect is seen in Model B evaluated
at 0.8 um when compared to our HST images. Gener-
ally, in scattered light the flux ratio is driven primarily
by the phase function and the observed inclination. At
the higher inclination (closer to edge-on) preferred by
the ALMA dataset, one naturally gets a closer to 1-to-
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1 flux ratio. Model C is far too vertically compact to
reproduce the Keck results. When convolved with the
2.2um PSF| the top and bottom disk nebulae are indis-
tinguishable.

Moving to longer wavelengths in scattered light, we
would expect the apparent vertical height of the disk
surface to decrease as we probe larger dust grains and
the opacity decreases. This effect is seen in the observa-
tions (Fig. 4). The magnitude of this change depends
most significantly on the dust properties (these have the
largest effect on opacity), the settling parameter and the
observed inclination of the disk. Comparing the param-
eter values across the two most comparable models, we
find that some combination of a 3.3 — 3.5 grain size ex-
ponent, an inclination of 84 —87°, and a viscous settling
parameter of 5 x 1073 — 1072 is required, but degenera-
cies limit further constraints.

4.6. Towards Comprehensive Multi- Wavelength
Modeling

In recent years, ground based ExtremeAQO instruments
(GPI, SPHERE) sensitive to scattered optical and near-
infrared starlight scattered off of disks’ surfaces and mm
interferometers (ALMA) probing thermal emission from
larger dust grains in disk midplanes are producing re-
markable disk images with unprecedented spatial reso-
lution. Future instruments like JWST will provide mid-
IR spectral information and probe grains of interme-
diate sizes, allowing a comprehensive understanding of
disk physics and putting pressure on the simplistic as-
sumptions about disk structures currently in use. Each
of these observables probe different disk regions and are
sensitive to different aspects of the ongoing physical pro-
cesses. The ability to reconcile different datasets into
a single global model would provide the strongest con-
straint on disk properties, but this is non-trivial.

For edge-on disks, this process is further complicated
given that the disks are optically thick even at mm wave-
lengths. Combined radiative transfer modeling for scat-
tered light and thermal images of edge-on disks have
been conducted for several systems. Madlener et al.
(2012) combine Hubble Space Telescope (HST) images
of the HH 30 disk with a continuum map from the
Plateau de Bure Interferometer (PdBI) at 1.3 mm, and
an SED measured with IRS on the Spitzer Space Tele-
scope in the mid-infrared. The authors find evidence
for a partially cleared depletion zone and dust evolution
using a simulated annealing modeling approach. CB 26
was characterized in Sauter et al. (2009) via a HST im-
ages, a Sub-millimetre Array SMA map, and an SED. In
this case, the SMA map is only marginally resolved and
is represented by a peak flux and 1D radial profile. Wolf

et al. (2003) investigates an HST scattered light image
and an OVRO Millimeter Array map at 1.3 and 2.7 mm
for the “Butterfly Star,” TRAS 04302+2247. The au-
thors used a grid modeling approach and found that the
envelope and embedded disk must have different dust
properties.

In all cases, the combination of scattered light and
thermal continuum observations provided more strin-
gent constraints on the disk properties than either alone.
It is worth noting here, however, that all the thermal
continuum maps discussed above had a resolution of 3-
5 beams along the disk major axis, and none were re-
solved in the vertical direction. With the higher resolu-
tion data now available more complex modeling of ra-
dial structures in circumstellar disks must be employed
at earlier evolutionary stages. As the model complexity
increases, the computational problems also become more
difficult. The covariance framework presented here pro-
vides a means of combining different observables and ac-
counting for differing model sensitivities, but falls short
of a complete description of the disk structure. While
it is possible to include more complex surface density
distributions within this framework, it would require a
drastic increase in the already prohibitive computation
times.?

5. DISCUSSION

Here we compare the results across all MCMC runs
and discuss the constraints we are able to place on the
individual parameters. We relate the parameter values
to the ongoing physical processes within the disk and
compare the inferred temperature structure to results
from ALMA CO observations as presented in the com-
panion paper (Flores et al., in prep.).

First, we compare the best fit parameter estima-
tions across all MCMC runs and describe the global
constraints. The radial and vertical structures are dis-
cussed in Sections 5.1 and 5.2, respectively.

Inclination: The disk is nearly edge-on in inclination
with a range of accepted values from 84 — 89 degrees.
The estimates for the inclination agree to within lo
across all MCMC runs, with the ALMA data preferring
slightly larger values than the HST data. In scattered
light, the flux ratio between the top and bottom nebula
provides some information about the disk inclination
but also depends on the scattering properties of the
dust grains. The ALMA data is less optically thick and

2 The modeling efforts presented in this paper represent ~ 4
months of CPU time parallelized on a 4 core Linux machine with
a Intel Xeon(R) CPU E3-1240 v5 processor.
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Figure 14. Here we compare the radiative transfer models for all three MCMC runs evaluated at 2.2 ym and compare the the
Keck scattered light image. The three model images are show on the left, while the vertical slices through these models are
compared the the vertical profile of the data on the right. None of the modeling efforts are optimized at this wavelength.

doesn’t require assumptions about the grain scattering
properties but the disk is not resolved in the vertical
direction, so the inclination is difficult to decouple from
the gas scale height, even without the complication of
dust settling. In the end, we find an inclination of
~ 87 £ 1° is most probable.

Disk Dust Mass: There are orders of magnitude dis-
agreement between the dust masses inferred from the
different observables, though the uncertainties are cor-
respondingly large. The integrated flux in an ALMA
continuum map is often used to directly determine the
value in the optically thin case, but this disk remains op-
tically thick even at 1.3 mm. The ALMA data prefers a
dust mass of ~ 2 x10™* M. The scattered light results,
having an optical depth far greater than the millimeter
continuum images are only able to place a lower limit
on the disk dust mass and require M > 3 x 107> M.

Great caution is needed when considering the grain
size distributions, as the HST and ALMA observations
not only probe grain sizes that differ by roughly three
orders of magnitude, but also very distinct locations in
the disk. Our prescription for the vertical density pro-
file, dust settling, and integrated size distribution allow
us to interpolate between these populations, but this
is likely done in too simplistic a fashion. To illustrate
the spatial variations in dust properties implied by our
model, we consider the opacity law in the midplane and
at the disk surface. If we examine Model A more closely,
we find that the midplane opacity law (measured at an
elevation of 0 au) is much shallower than the surface
opacity (at an elevation of 22 au) as seen in Figure 15.
Furthermore, at millimeter wavelengths, the integrated
opacity is roughly equivalent to that of the midplane,
since this is where the large grains are located. The sur-
face and mid-plane opacity slopes agree well with other
literature results assuming a grain size power law slope
of 3.5 (e.g. D’Alessio et al. 2001).

The dust mass posterior distribution for the scattered
light plus mm continuum MCMC is bimodal with peaks
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Figure 15. Opacities are presented for Model A (Table 3)
computed at a radius of 100 au. Dust settling allows for a
change in opacity from the disk surface (22 au in this case)
to the midplane (measured at 0 au).

at both 7x 107 and 3 x 107* M, the latter being more
consistent with the ALMA continuum results. When
compared to the spectral energy distribution (Section
4.4) the lower mass models are not able to reproduce the
> 20 um data, which requires a dust mass > 10745 M.
Villenave et al. (2020) provide a lower limit for the dust
mass of 7.7 x 107° M, under the assumption of isother-
mal dust emission and a characteristic dust temperature
of 20 K. Oph163131 is expected to be optically thick
even at mm wavelengths. Indeed, all of our models pro-
duce an optically thick disk at 1.3 mm. Precluding an
unusually cold disk (discussed further in Section 5.2),
this provides a robust lower limit for the dust mass.
Based on a visual comparison of model images, a dust
mass of > 1074 My, is required to block sufficient light
from the central star at inclinations below 89° to repro-
duce both the scattered light and mm continuum obser-
vations. For a closer look at the bimodality in the disk
dust mass, see Appendix B.

5.1. Radial Structure
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The radial structure of the disk as described in Equa-
tion 1 depends most critically on the surface density
exponent () and the critical radius (R¢).

Surface Density Exponent: The surface density
exponent remains unconstrained. The scattered light
observations place no constraint on this parameter,
while the ALMA continuum observations and combined
fit prefer the smallest allowed values. Low values of
~ correspond to a surface density distribution that is
either flat or increasing with radius with a very steep
exponential falloff of material at the critical radius.
This may point to the existence of a very optically thick
outer ring. In any case, it is likely that our assumption
of a tapered power law is too simplistic. The profile
could have significant substructures (i.e. gaps, ice lines)
that the model does not encapsulate. A more complex
prescription is left for future work (see Sec. 4.6).

Critical Radius: The MCMC preferred values for
the critical radius range from 75 - 120 au and agree to
within 20. Note that this is separate from the outer
radius which is defined by a 3o flux threshold in the
scattered light image to be 191 au. While the posterior
distribution for the scattered light fit is very broad, the
ALMA posterior is tighter with a correspondingly flat
disk. It is possible that a good fit for the ALMA obser-
vations requires a sharp outer edge which is forcing the
fit towards small values of v (steeper exponential falloff
of material). This could point towards a difference in
the outer radius in the scattered light and mm contin-
uum observations. Radial migration of the larger dust
grains could be the culprit, but this is not conclusive.

Discrepancies between the model parameters pre-
ferred by the different observables point to a funda-
mental limitation in the parameterization of our model.
Inconsistencies exist in the surface density exponent
and the critical radius. It follows that the most likely
culprit is our prescription for the radial density dis-
tribution in the disk. Traditionally, radiative transfer
models of scattered light observations have used a single
power law density profile with a sharp outer edge. For
millimeter continuum observations, the tapered-edge
model was required to reproduce more diffuse material
in the outer regions of the disk (e.g. Williams & Cieza
2011). In Wolff et al. (2017) we demonstrated that the
tapered-edge model provided a superior fit for scattered
light observations of edge-on disks and continue this
practice here. However, the ever increasing diversity in
observations of young disk morphologies may require
the use of more complex density structures in order to

avoid hidden biases in the MCMC results. Here we
discuss possible avenues for future inquiry, though a
complete exploration of the surface density profiles is
left for future work.

Dust Growth and Radial Drift: Some mechanism to
decouple the radial profiles of the small and large dust
grains would allow us to reproduce both the sharp edge
seen at ALMA wavelength and the more radially ex-
tended scattered light observations. Work by Birnstiel
& Andrews (2014) suggests that the dust transport
processes in a viscous accretion disk produce a radially
dependent gas-to-dust ratio with significant gas deple-
tion and radial drift in the outermost regions of the
disk. In this case, our model assumption of a dust sur-
face density that is linearly dependent on the gas surface
density is incorrect. Gas observations for Ophl163131
are presented in Paper II and the gas is more radially
extended than the dust both at HST and ALMA wave-
lengths (see their Figure 8). While this strongly hints
at a radially variable gas-to-dust ratio, estimating the
latter is left for a future comprehensive modeling anal-
ysis. We note, however, that there remains significant
disagreement in the literature on how to parameterize
dust growth and radial drift (e.g. Testi et al. 2014).

Broken Power Law and/or Rings+Gaps: These types of
discontinuous structures have recently been observed in
many high resolution ALMA and scattered light images
viewed face-on even at early evolutionary stages. The
DSHARP sample of bright, nearby protoplanetary disks
found that the most common form of substructure is
concentric bright rings with dark gaps (Andrews et al.
2018). Ring/gap substructures are most commonly ob-
served in more extended disks and may be ubiquitous.
A recent ALMA survey of Taurus found that all disks
with effective radii larger than 55 au presented substruc-
tures with smooth inner cores that resembled their more
compact counterparts (Long et al. 2019). The scattered
light observations of Oph163131 are too optically thick
to probe the radial structure of the inner regions. How-
ever, the radial profile of the ALMA map with a central
peak, plateau, and gradual decline may hint at more de-
tailed structure. Higher resolution ALMA maps should
help to further illuminate the radial structure of the
disk.

5.2. Vertical Structure

In this section, we discuss how dust settling and mid-
plane temperature affect the vertical structure of the
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disk.

Scale Height: The best fit scale height values range
from 5 — 10au at a reference radius of 100 au, and lo
agreement for all three runs. From a visual inspection,
the best models at the low end of this range require low
inclinations and large dust masses that aren’t generally
preferred. Values of 7 — 10 au represent the data well.

Flaring Exponent ((3): The disk is flared with results
for the flaring exponent ranging from ~ 1.3 — 1.8. All
MCMC runs agree to within 1 — 20. Interestingly, the
individual fits to the HST scattered light and ALMA
continuum observations on average prefer unphysically
large values of 3, though the parameter is not well con-
strained. It is possible that the models are attempting
to compensate for a more diffuse halo surrounding the
disk with enhanced flaring (see discussion in Section
2.2). The covariance matrix framework used in the joint
fit tends to marginalize over more diffuse material in the
outer layers of the disk. There is also a known degen-
eracy between S and the surface density exponent ()
due to viewing geometry (Burrows et al. 1996; Watson
& Stapelfeldt 2004) that will also broaden these distri-
butions.

Dust Settling (a): Both of the MCMC results for
the individual HST and ALMA datasets prefer higher
values for the « settling parameter calling for a turbu-
lent disk (log« 2 —2.5) with moderate dust settling. It
is not obvious why the individual datasets would have
a preference for a high degree of dust settling. The
scattered light images is not expected to change with
dust settling as the smallest dust grains are well cou-
pled with the gas. For the ALMA dataset, the apparent
vertical extent of the disk could be changed by invoking
dust settling or by changing the dust scale height, and
it is unclear why a model with a little settling and a
lower scale height is preferred. The covariance-based
results are able to combine observations probing dust
particles of different sizes and place stronger leverage
on this dust settling parameter. In this case, the com-
bined MCMC run produces bifurcated results with the
higher mass models preferring a value of loga = —3.1
and the lower mass models preferring very high values
with loga > —1.9. Given that we only have two mea-
surements of a very complex process that likely varies
non-linearly as a function of grain sizes, and the disk
radial and vertical locations, we are not able to put a
tight constraint on the value for a. However, it is clear
that some degree of dust settling is required to reconcile

the two datasets.

Here we examine the vertical extent of our best fit disk
models and compare this to the midplane temperature
structures. If the small dust particles in the disk are
well coupled with the gas, their vertical distribution is
dictated by gas pressure support and depends on the
disk midplane temperature. For a vertically isothermal
disk, the vertical density distribution is described by
Equation 4 (Burrows et al. 1996):

where kp is the Boltzmann constant, we assume a re-
duced mass, p of 2.3, and m,, is the proton mass. The
midplane gas temperature profile, T'(r), is determined
via radiative transfer as part of the MCFOST output
for each model.

Figure 16 compares the scale height derived using Eq.
4 for Models A, B and C (see Table 3) to the scale
height defined in our disk model as H(R) = Ho(R/Ro)”?
(where Ry = 100 au) using the parameter values for Hy
and § given in Table 3. The temperature-derived scale
height profile is shallower than the parameterized scale
height would suggest for Models A and B (representing
the MCMC results for the individual HST and ALMA
datasets, respectively). For Model C (result of the com-
bined observable MCMC run) the slope is a better match
and agrees with the slope expected for a passive disk
(a temperature radial dependency of 1/ VR and corre-
sponding scale height radial dependency of R°/* using
Eq. 4). However, the absolute values for the gas tem-
perature inferred scale height are larger than predicted
by the model geometry in all cases.

To further illustrate this discrepancy, we verify the
grain size dependent dust scale heights by fitting a Gaus-
sian to the vertical density profiles in the MCFOST
populated dust grids (Figure 16). Unsurprisingly, the
0.8 um dust scale heights match the parameterized gas
scale height, while the 1 mm dust scale heights demon-
strate significant dust settling even for moderate turbu-
lence values.

There are two important caveats to consider when in-
terpreting Figure 16. First, our choice of the minimum
grain size will affect the apparent scale height for a given
midplane disk temperature. To test this effect, we re-
computed Models A, B, and C with a minimum grain
size of 1 um (compared to the modeled 0.03 pm value)
and found that this does result in a cooler disk. We
saw a 3-10% improvement in the percent difference be-
tween the temperature dependent and geometrically de-
termined scale heights at a reference radius of 20 au.
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However, this decrease was insufficient to account for
the observed discrepancy (50, 30 and, 29% for Models A,
B, and C). Secondly, the Gaussian vertical density pro-
file defined in MCFOST assumes a vertically isothermal
temperature distribution and is inconsistent with the ex-
pectation that the upper layers of a flared disk will be
warmer than the midplane. For a disk in hydrostatic
equilibrium, we would expect the warm upper layers to
be puffed up resulting in an even higher scale height for a
given disk midplane temperature, exacerbating the dis-
crepancy.

This difference between the height of the disk inferred
using the midplane gas temperature and the submicron-
sized dust modeled geometry implies that either 1) the
disk midplane is colder than would be expected for an
object of this stellar type or 2) even the submicron-sized
dust grains are settled relative to the gas.

In Paper II, we present a resolved ALMA map of the
gas in the system and use CO isotopologues to recon-
struct the temperature as a function of both height and
radius throughout the disk. We find that the vertical
extent of the gas matches the HST scattered light ob-
servations (though the gas is more extended radially).
Based on these results, scenario (1) appears most likely.

If indeed the midplane temperature is over-predicted,
either the luminosity we have assumed for the central
point source is incorrect, or there is some temperature
shielding mechanism. For a detailed discussion of the
spectral type and dynamical mass for the central star,
see Paper II. It is not possible to account for the ob-
served temperature deficiency within the uncertainties
in our stellar properties. Here we discuss the possibil-
ity that some structure in the innermost regions of the
disk could provide temperature shielding to the outer
disk midplane. As we’ve already demonstrated, this disk
likely has a more complex radial density structure (see
Sec. 5.1 especially in the outer regions past the ALMA
plateau (R 2 75 au). The central peak in the ALMA
continuum data requires warm dust down to at least ~
10 au but isn’t sensitive to the innermost regions of the
disk. Likewise, the SED shows no evidence for an in-
ner clearing or enhanced inner wall. There is, however,
evidence for variability operating on timescales much
shorter than the orbital timescales in the visible regions
of the disk. GATA photometry for this source shows vari-
ability on the order of 5% over 21 observations (Gaia
Collaboration et al. 2016). Additionally, the HST ob-
servations presented here show clear differences in the
left /right flux ratios between the two F814W epochs
spaced ~ 2.5 years apart (see Figure 2).

Various disk temperature screening mechanisms have
been proposed in the literature. Siebenmorgen & Hey-

mann (2012) demonstrate that a puffed up inner rim
can cause apparent ring+gap structures and midplane
temperature shielding. Self shadowing from an inclined
inner disk both lowers the midplane temperature and
causes variability in the outer disk. This mechanism
could be the result of an embedded protoplanet and has
been invoked to explain features seen in several young
disks including TW Hydrae (Poteet et al. 2018), HD
143006 (Benisty et al. 2018), and HD 139614 (Muro-
Arena et al. 2020). However, this mechanism is most
commonly invoked to explain surface features and it is
unclear what effect this would have on the azimuthally
averaged disk midplane temperature. Far infrared emis-
sion lines can also serve as gas coolants with up to
107! Ly of cooling observed in Class 0 objects (Gian-
nini et al. 2001), though this should be mitigated by the
large dust opacity in Oph163131.

10—1 1

H/R

1 —— Model A

—— Model B
10721 Model C
® hO.Sum
. hlmm

10! 102
Radius (au)

Figure 16. The radial scale height dependence of the disk.
Results are shown for the the three models presented in Table
3. The solid lines indicate the scale height computed using
the midplane temperature provided via MCFOST following
equation 4, while the dashed lines show the scale height using
the best fit values displayed in Table 3. The radiative trans-
fer temperature profile is shallower than the best fit flaring
parameters would suggest for all models. For comparison,
we show the dust scale heights for grain sizes probed by the
scattered light observations ho.sum and the millimeter con-
tinuum data himm for these three models.

The degree of dust settling will also impact the ap-
parent vertical height of the disk. It is clear from our
modeling efforts that some amount of settling is required
to explain the discrepancy in the apparent vertical ex-
tent of the scattered light and mm continuum observa-
tions. The exact degree of settling is difficult to quantify
since the vertical height of the disk in the ALMA data
is not resolved. Our best fit values range from a few
x1073 — 10~2 which agrees well with values presented
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in the literature for other members of the Ophiuchus
SFR (« = 0.0005 — 0.08; Andrews et al. 2009) and more
generally (e.g. Andrews & Williams 2007; Birnstiel et al.
2010). The corresponding millimeter scale heights (at a
reference radius of 100 au) for Models A, B, and C are
himm = 3.3, 4.2, 0.3 au, respectively as shown in Figure
16 (compare to ho.gum = 7.1, 9.4, 3.2 au for models A,
B, and C at 100 au). The combined model calls for by
far the strongest degree of settling, but without resolv-
ing the disk vertically at mm wavelengths, this is likely
only an upper limit. If we compare this to similar work
for the HL Tau disk with an initial scale height Hy = 10
au, the millimeter scale height values were hyi,mpy = 2.1
and 0.7 au with associated disk viscosity values of o =
3 x 1072 and 3 x 1074, respectively (Pinte et al. 2016).
It is clear that even relatively turbulent disks can have
markedly reduced millimeter scale heights.

The degree of settling depends on both the viscous
« parameter and the Stokes number for grains of a
given size. As a consistency check, we compute the
Stokes numbers for Models A, B and C following Birn-
stiel et al. (2016) for a given grain size (a) where St =
a 2;5 pg,jjdhg for a material density p, = 1.8¢g/cm?
from Rouleau & Martin (1991) and a midplane gas den-
sity (pgmid) and gas scale height (hy) taken from the
models. We find Sto8um 1000 = 3 x 1076,2 x 1072,
and 8 x 1076 and StO.S/Lm,looau =8 X 1075, 1x 1074,
and 1 x 107* for Models A, B and C respectively. If
we expect settling to become significant in models with
St > 1072 (see for example Dubrulle et al. 1995; Fro-
mang & Nelson 2009; Lin 2019), this confirms that the
small dust grains are well coupled with the gas even
in the outermost regions of the disk. Likewise, we find
Stimm,10au = 4 X 1073,2 x 1072, and 1 x 1072 and
Stlmm,lOOau =1x 1071,2 X 1071, and 2 x 10~ for the
larger grains. As expected, the millimeter sized dust
grains experience strong settling most notable in the
outer regions of the disk.

A measurement of the accretion rate may place ad-
ditional constraints on the turbulent properties of the
disk. Unfortunately, Oph163131 exhibits only marginal
accretion signatures and a measurement of the accretion
rate is not yet possible. For a more complete discussion
of accretion in this system see Paper I1. A non-accreting
disk is also expected to be less turbulent (smaller «)
with stronger settling.

6. SUMMARY AND CONCLUSIONS

In this work we perform a multi-wavelength model-
ing study of the protoplanetary disk Oph163131 viewed
edge-on and resolved in scattered light for the first time.
Here we summarize the results.

. We present scattered light images from the Hub-
ble Space Telescope at 0.8, 0.6, and 0.48 pum, Keck
observations at 2.2 ym, an ALMA 1.3 mm contin-
uum map (Villenave et al. 2020), and a spectral
energy distribution compiled from the literature.

. We perform radiative transfer modeling using an
MCMC to constrain the geometry and dust prop-
erties of the disk. Separate MCMC explorations
were performed against the 0.8 pm and 1.3 mm
and we find that a relatively flat disk with some
degree of dust settling is required to explain the
vertical structure in both datasets.

. A global fit to both observables using a covariance-
based log-likelihood estimation with a parallel-
tempered MCMC was marginally successful. Bi-
modal posterior distributions are characteristic of
a highly degenerate parameter space and likely im-
ply a more complex underlying disk structure.

. When combined with temperature profiles ex-
tracted from ALMA CO gas maps in a companion
paper (Paper II) inconsistencies in the radial den-
sity profile, a colder than expected disk surface,
and evidence for dust settling all point to complex
structures hidden in the disk midplane.
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APPENDIX

A. SPECTRAL ENERGY DISTRIBUTION

Table 4 provides a complete description of these ob-
servations including references. In filters where multiple
observations are available, the flux values from the work
with the highest signal to noise was chosen. In cases
with low uncertainties, we have included a systematic
5% error to account for variability in this young source.

B. MCMC RESULTS

Here we provide the resultant triangle plots for each
of the three MCMC runs. The results represented here
are given in Table 3. Blue crosshairs show parameter
estimates based on the 50th percentiles of the samples
in the posterior distributions with uncertainties shown
with dashed lines given by the 16th and 84th percentiles.
The red crosshairs indicate the parameters used in the
characteristic models A, B, and C to represent the HST,
ALMA and combined MCMC runs, respectively.

The results for the covariance based MCMC run us-
ing the combined ALMA and F814W datasets show a
bimodal parameter distribution as presented in Section
3.3 and further discussed in Section 5. This is most ap-
parent in the disk dust mass parameter, but ultimately
points to the existence of two discrete classes of mod-
els preferred by the two different datasets. To better
demonstrate the locations of these two sub-populations

within the other parameter distributions, we present a
color coded triangle plot in Figure 20 (adapted from
Figure 19). The best fit values to the posterior distri-
butions are also separated in Table 5. We conclude that
the higher mass population is most likely; a conclusion
driven in part by the constraints on the dust mass pro-
vided by the 1.3 mm continuum observations. Further-
more, for the higher mass modeling subset we find that
1. the associated parameters are more in line with the
individual fits (see in particular the inclination and disk
mass) and 2. the flaring exponent associated with the
low-mass models is unreasonably high.

The subset of high mass models produce better con-
strained posterior distributions for nearly all parame-
ters. The sole exception is in the critical radius where
the difference is marginal and both the high and low
mass models prefer a critical radius of ~ 120 au. The
low mass models hit the allowed parameter boundaries
for the inclination, surface density exponent and the
viscous settling parameter. It is unclear why the co-
variance modeling framework has a slight preference for
the lower mass models when our expectation from the
dataset is for a higher mass disk. This further illus-
trates the challenges of modeling the interiors of opti-
cally thick disks while invoking physical processes that
generate wavelength-dependent morphologies.
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Figure 17. The results of the F814W scattered light image MCMC run. The blue crosshairs indicate the best fit value for
each parameter, taken as the median. The red crosshairs give the parameter values in Model A. Contours are drawn at the 1-40
levels. Inside of the contours, the density of the parameter space sampling is shown. Dashed vertical lines represent the 16th,
50th, and 84th percentiles of the samples in the posterior distributions. Only the inclination is well constrained, while the dust
mass and viscous settling parameter both favor the highest allowed values.
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Table 4. Spectral energy distribution photometry and references.

WOLFF ET AL.

Alpm)  Flux (mJy) Source Instrument:Filter Bandwidth (um)
0.343 0.014 £+ 0.001 Page et al. (2012) XMM-OT:U 0.086
0.475  0.15 £ 0.008 This Work HST/WFC3:F475W 0.13
0477 0.14 £ 0.007 Flewelling et al. (2016) PAN-STARRS/PSl:g 0.13
0.606  0.45 £ 0.023 This Work HST/ACS:F606W 0.22
0.613  0.54 £ 0.028 Flewelling et al. (2016) PAN-STARRS/PSl:r 0.14
0.671 0.45 +£ 0.02  Gaia Collaboration et al. (2016) Gaia:G 0.44
0.748  1.04 £ 0.05 Flewelling et al. (2016) PAN-STARRS/PS1:i 0.13
0.814 1.61 + 0.08 This Work HST/ACS:F814W 0.15
0.865 1.80 + 0.09 Flewelling et al. (2016) PAN-STARRS/PS1:z 0.10
0.960 219 £ 0.11 Flewelling et al. (2016) PAN-STARRS/PSl:y 0.06
1.0 3.0+ 0.2 Lawrence et al. (2007) UKIDSS:Y 0.10
1.2 5.0 £0.2 Cutri et al. (2003) 2MASS:J 0.16
1.2 4.2+ 0.2 Lawrence et al. (2007) UKIDSS:J 0.16
1.6 7.1+04 Cutri et al. (2003) 2MASS:H 0.25
1.6 5140.3 Lawrence et al. (2007) UKIDSS:H 0.29
2.2 6.0 £ 0.3 Cutri et al. (2003) 2MASS:Ks 0.26
2.2 4.5+ 0.2 Lawrence et al. (2007) UKIDSS:K 0.34
3.3 2.5 +£0.1 Cutri & et al. (2013) WISE:W1 0.66
3.6 3.2+ 0.2 Evans et al. (2009) Spitzer/IRAC:3.6 0.75
4.5 24 +0.1 Evans et al. (2009) Spitzer/IRAC:4.5 1.02
4.6 1.7+ 0.1 Cutri & et al. (2013) WISE:W2 1.04
5.8 19+ 0.1 Evans et al. (2009) Spitzer/IRAC:5.8 1.43
8.0 19+ 0.1 Evans et al. (2009) Spitzer/IRAC:8.0 2.91
12 1.1+ 0.1 Cutri & et al. (2013) WISE:W3 5.51
22 65.0 £ 3.2 Cutri & et al. (2013) WISE:W4 4.10
24 37.0 + 3.4 Evans et al. (2009) Spitzer /MIPS:24 5.3
70 290 £ 34 Evans et al. (2009) Spitzer /MIPS:70 19
70 574 £ 2.9 Poglitsch et al. (2010) Herschel/PACS 10.6
100 595 £ 43 Poglitsch et al. (2010) Herschel/PACS 17.0
160 709 £ 85 Poglitsch et al. (2010) Herschel/PACS 30.2
250 700 £ 70 Griffin et al. (2010) Herschel/SPIRE ~ 85
350 510 £ 89 Griffin et al. (2010) Herschel/SPIRE ~ 117
500 317 £ 64 Griffin et al. (2010) Hershcel/SPIRE ~ 167
870 124.8 £ 2.4 Cox et al. (2017) ALMA:Band 7 -
1300 44.8 £ 4.5 This Work ALMA:Band 6 -
2600 <13 This Work CARMA -

NoTE— Note that we have increased photometric uncertainties to 5% where appropriate to account for the variability of young

stellar systems.
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Figure 18. The results of the ALMA millimeter continuum image MCMC run. Markings are the same as shown in Figure 17.

Here the red crosshairs give the parameter values in Model B. The ALMA data places a much tighter constraint on nearly all

of the parameters when compared with the F814W image alone.
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Figure 19. The results of the MCMC run for the composite dataset (both the scattered light and mm continuum). Markings
are the same as shown in Figure 17. Here the red crosshairs give the parameter values in Model C. The results represent a
compromise between the two datasets. The inclination, scale height and alpha viscosity parameter remain unconstrained.
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Figure 20. The results of the MCMC run for the composite dataset (both the scattered light and mm continuum). Here
we plot individual points for each model color-coded to distinguish between the low mass model with Mgyt < 10~* shown in
magenta and the high mass models with Mg,s; > 10~* shown in cyan. The histograms have been smoothed with a 1o Gaussian
kernel (this results in the overlap in the mass histograms in column 3).



30 WOLFF ET AL.

Table 5. Covariance based MCMC Results show two fam-
ilies of models split by Dust Mass at 10™* M.

Parameter  High Mass Results Low Mass Results

i(°) 86.0705 > 89.0
Hy (au) 4.8%59 6.6157
log M (Mo) ~3.7403 —5.4192
v 11793 <04
B 12553 14153
log o —-3.1792 > —1.9
Re (au) 119755 122435

NOTE—In cases where the posterior distributions peak at
the edge of the allowed parameter range, upper/lower
limits are used quoting the 50% quantiles.
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