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Abstract

High-resolution, millimeter observations of disks at the protoplanetary stage reveal substructures such as gaps,
rings, arcs, spirals, and cavities. While many protoplanetary disks host such substructures, only a few at the
younger protostellar stage have shown similar features. We present a detailed search for early disk substructures in
Atacama Large Millimeter/submillimeter Array 1.3 and 0.87 mm observations of ten protostellar disks in the
Ophiuchus star-forming region. Of this sample, four disks have identified substructure, two appear to be smooth
disks, and four are considered ambiguous. The structured disks have wide Gaussian-like rings (og/Rgisk ~ 0.26)
with low contrasts (C < 0.2) above a smooth disk profile, in comparison to protoplanetary disks where rings tend to
be narrow and have a wide variety of contrasts (o0g/Rgisx ~ 0.08 and C ranges from 0 to 1). The four protostellar
disks with the identified substructures are among the brightest sources in the Ophiuchus sample, in agreement with
trends observed for protoplanetary disks. These observations indicate that substructures in protostellar disks may
be common in brighter disks. The presence of substructures at the earliest stages suggests an early start for dust
grain growth and, subsequently, planet formation. The evolution of these protostellar substructures is hypothesized
in two potential pathways: (1) the rings are the sites of early planet formation, and the later observed protoplanetary
disk ring—gap pairs are secondary features, or (2) the rings evolve over the disk lifetime to become those observed
at the protoplanetary disk stage.

Unified Astronomy Thesaurus concepts: Circumstellar disks (235); Star formation (1569); Protostars (1302);
Young stellar objects (1834); Millimeter astronomy (1061)

, John J. Tobin’

)

1. Introduction

The advent of high-resolution millimeter observations with
the Atacama Large Millimeter/submillimeter Array (ALMA)
has demonstrated that protoplanetary disks can host significant
substructures (e.g., ALMA Partnership et al. 2015;
Andrews 2020). Substructures range from rings, gaps, arcs,
to spirals and have been observed in dust and CO isotopolo-
gues (e.g., ALMA Partnership et al. 2015; Andrews et al. 2016;
Isella et al. 2016; Cox et al. 2017; Andrews et al. 2018; Huang
et al. 2018; Long et al. 2018; Francis & van der Marel 2020;
Teague et al. 2021; van der Marel et al. 2021; Pinte et al. 2022).
The findings of different substructure features have motivated
many diverse theoretical substructure-forming mechanisms
(see review by Andrews 2020), including envelope infall
(e.g., Bae et al. 2015; Kuznetsova et al. 2022), zonal
flows (e.g., Johansen et al. 2009; Uribe et al. 2011;
Bai & Stone 2014), dead zones (e.g., Regdly et al. 2012;
Dzyurkevich et al. 2013), snow lines (e.g., Stevenson &
Lunine 1988; Stammler et al. 2017; Owen 2020), photoeva-
porative clearing (e.g., Clarke et al. 2001; Alexander et al.
2014; Ercolano & Pascucci 2017), gravitational instabilities
(GI; e.g., Toomre 1964; Kratter & Lodato 2016), gravitational
perturbations from a companion (e.g., Cuello et al. 2019;
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Offner et al. 2022), and planets (e.g., Lin & Papaloizou 1979;
Goldreich & Tremaine 1980; Dong et al. 2015; Paardekooper
et al. 2022).

Disk substructure has been primarily studied in large and
nearby (<150 pc) protoplanetary disks, which are generally
envelopeless, optically thin (ring-like substructures may be
optically thick), and there is a large contrast between the gaps
and rings, making it easier to directly detect substructures at
high resolution (ALMA Partnership et al. 2015; Andrews et al.
2018; Huang et al. 2018). From an observational perspective of
protoplanetary disk demographics, van der Marel & Mulders
(2021) find that the stellar mass, disk substructures, and giant
planet occurrence are closely linked. This study suggests that
the correlation between stellar mass and significant disk
substructures leads to higher occurrence rates of giant planet
formation. While the properties of the host disk likely dictate
the types of planets that will ultimately form, the formation of a
giant planet can greatly influence the disk’s longevity and the
formation of any additional planets (e.g., Mulders et al. 2021a;
Michel et al. 2021). However, it is also likely that the type of
planet that is first formed is linked to the original disk
properties.

If large planets induce substructures in protoplanetary disks, the
planet formation process, interconnected with substructure
formation, must start earlier during the protostellar phase
(Tychoniec et al. 2020; Cridland et al. 2022; Miotello et al.
2022). Detecting substructures in embedded protostellar disks is
more challenging due to confusion from the surrounding envelope
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Table 1

Programs Observing the Ophiuchus Protostellar Disks
ALMA A Program PI Beam rms Frequency Baselines” MRS
Band (mm) @) (1Iy) (M) (GHz) (m) @)
6 1.3 2015.1.01112.8 S. Sadavoy 0.27 x 0.21 30 1.5 233 17-2647 / 15-1124 14 /26
7 0.87 2015.1.00741.S L. Looney 0.15 x 0.11 220 4 345 15-612 / 15-460 14 /72
7 0.87 2015.1.00084.8¢ L. Looney 0.16 x 0.15 110 2 345 14-1450 23
Notes.

? Two sets of baseline ranges are reported due to the respective observation series.
Maximum recoverable scale (MRS). Two values are reported corresponding to the respective observation blocks.
¢ The mass sensitivity evaluated is based on an assumption of optically thin dust, using Equation (8) from Sadavoy et al. (2019). We use typical values such that we

have a distance of ~139 pc, a dust temperature of 20 K, and x, = 2.4 cm > g~ at 233 GHz, and k, = 3.5 cm® g~ ' at 345 GHz (Andrews et al. 2009).
d Only one source in our sample, VLA 1623W, was observed as part of this program.

and higher disk optical depths. Nevertheless, recent ALMA
observations have discovered annular substructures in some
protostellar disks, e.g., IRS 63 (Segura-Cox et al. 2020) and a
series of disks in Orion (Sheehan et al. 2020). IRS 63 hosts two
annular rings on top of the disk profile that are more like annular
flux enhancements than distinct rings (Segura-Cox et al. 2020).
The structured protostellar disks in Orion are significantly
different, with cavities and defined rings more akin to transition
disks (e.g., Francis & van der Marel 2020). Furthermore, warps,
spirals, flaring, and asymmetric features have also been found in
some protostellar disks (e.g., Tobin et al. 2016; de Valon et al.
2020; Sheehan et al. 2022b; Michel et al. 2022; Ohashi et al.
2022; Lin et al. 2023; Yamato et al. 2023).

This paper presents four structured protostellar disks from a
sample of ten Ophiuchus protostellar sources. Three structured
disks are new detections, and the fourth is IRS 63. In Section 2,
we present the ALMA 1.3 and 0.87 mm observations of the
protostellar disk sample and describe the methods used to
model the disks and identify substructures from the UV
visibilities. In Section 3, we present the results and categorize
the disks as structured, nonstructured, and ambiguous. In
Section 4, we examine the structured disk properties in the
context of theoretical predictions for disk evolution and planet
formation, and we compare these disks to other known
structured protostellar and protoplanetary disks. In Section 5,
we present our conclusions and different avenues for
future work.

2. Methods
2.1. Sample Selection

Ophiuchus is a nearby ~139 pc (Ortiz-Leén et al. 2018;
Esplin & Luhman 2020), young, and active star-forming region
(Wilking et al. 2008; Esplin & Luhman 2020; Gupta &
Chen 2022). The proximity of the region has enabled high-
resolution (Cieza et al. 2021), sensitive (Sadavoy et al. 2019),
and complete disk sample (Esplin & Luhman 2020) observa-
tions at different millimeter wavelengths. There are 25 Class
0/I individual protostellar sources with very high-sensitivity
ALMA observations at 1.3 or 0.87 mm (Harris et al. 2018;
Sadavoy et al. 2019). In Table 1, we outline the ALMA data
sets used and their details. The data sets are self-calibrated as
described in Harris et al. (2018), Sadavoy et al. (2019), and
Encalada et al. (2021). We averaged the data sets to a single
spectral channel and in 30 s time bins. The reported beam sizes
and rms values are obtained by imaging the sources using

tclean with Briggs robust of 0.5. Most sources were
observed at the phase center of the primary beam, where flux
calibration intrinsically has a 5%—-10% uncertainty. Addition-
ally, a few sources (e.g., GSS 30 IRS 3) were significantly
offset and thus are primary beam corrected during the imaging
process.

We selected the most massive single or wide (>350 au)
binary sources from the high-sensitivity disk samples to search
for early evidence of substructure. This corresponds to disks
with a total mass >1.8 MJupg and a peak signal-to-noise >300
at 1.3mm. For simplicity of analysis, we excluded the
close (<150 au) binary systems, IRS 43, IRS 67, and VLA
1623 A/B. The selection of isolated sources with deep
observations allows us to search for subtle variations in the
protostellar disk substructures (e.g., Gulick et al. 2021; Michel
et al. 2022). Table 2 presents the protostellar disk sample.

To identify substructures in these disks, we model the UV
visibilities (see Section 2.2). Before this, we corrected the UV-
visibility weights following Sheehan et al. (2020). The
visibility weights should follow oyis = /1/Xw;, where w; is
the weight of each visibility, and o is the root mean square of
the naturally weighted image. In this work, the data sets require
a 0.25 scaling factor for the visibility weights at both
wavelengths, so the noise matches the measured values from
the imaging. This scaling factor is consistent with the scale
factor found by Sheehan et al. (2020) and Michel et al. (2022).

2.2. Disk Models

This work will refer to substructures in protostellar disks as
gaps and rings over an underlying smooth disk model. A
variety of analytic profiles for geometric disk models are
available to fit UV visibilities (e.g., see Tazzari et al. 2021 for a
brief list). We use analytic 1D brightness profiles to describe
the protostellar source emission. For the fitting process, we
assume that we have geometrically thin protostellar disks with
no vertical height. We also assume that the emission can be
well fit with an axisymmetric brightness profile (e.g., Pinilla
et al. 2021; Tazzari et al. 2021; Sheehan et al. 2022a). We focus
on models using standard Gaussians, modified Gaussians with
flat tops, and a power-law core with an exponential tail (PLCT).

The Gaussian profile is a model frequently applied to fit a
variety of astrophysical observations flux distributions, including
millimeter disk observations (e.g., Ansdell et al. 2016, 2020;

8 Total masses are obtained assuming a dust opacity of 3.5cm® g at
345 GHz, a temperature of 20 K, and a dust-to-gas ratio of 1:100.
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Table 2
Ophiuchus Protostellar Disk Sample

Source Class System Peak | 3mm 013mm Peak .87 mm 00.87mm Toor” Loo”

(mJy) (1Jy) (mly) (pdy) (K) L)
Elias 29 I Single source 15.8 36 329 282 350 18
GSS 30 IRS 1 I Wide binary 12.5 36 25.1 292 300 8.7
GSS 30 IRS 3 I Wide binary 39.5 92 52.5 1998 300 0.13
IRS 37-A I Wide multiple 9.7 32 17.4 236 130 2.6
IRS 44 I Single source 10.7 33 20.9 213 180 15
IRS 63 I Single source 68.7 71 103.9 226 530 1.4
Oph-emb-1 0 Single source 10.4 30 23.8 222 49 0.3
Oph-emb-6 I Single source 17.8 35 31.1 222 170 0.2
Oph-emb-9 I Single source 222.4 34 40.6 226 280 >0.1
VLA 1623 West* 0/1 Unknown* 12.0 54 229 110 120 >0.04
Notes.

4 Bolometric temperature is provided as an independent indicator of youth, data from Evans & Dunham (2009).
® Bolometric luminosity is provided as a proxy for stellar mass (Dunham et al. 2014a; Fischer et al. 2017), data from Evans & Dunham (2009), except GSS 30 IRS 3,

which is from Friesen et al. (2018).

¢ The VLA 1623 West field contains VLA 1623 Aa, Ab, and B. While these sources were removed from the visibilities (see Michel et al. 2022), some residual

emission remains.

4 The exact nature of VLA 1623 West relative to its nearby companions VLA 1623 Aa, Ab, B system is under debate. Harris et al. (2018) consider it to be an ejected
source from the triple system, whereas the source could also be an unrelated object or noncoeval with A and B (Murillo et al. 2016). It is nevertheless found to be
spatially and kinematically connected with A and B through accretion streamers (Mercimek et al. 2023).

Tazzari et al. 2021). The profile used it,

I(R) = Iyexp —0.5(—) ) (D
ag

where I(R) is the intensity as a function of radius R, I, is the
peak intensity at the center, o is the standard deviation width,
and ¢ is the exponent dictating the rate of the radial drop. An
exponent of ¢ =2 is for a regular Gaussian, but we can also
recover a modified flat-topped Gaussian (FTG) model when ¢
is a free parameter greater than 2. This sharper-edged model fits
emission from objects with high inclinations and optical depths
as these appear to have a constant flux along the major axis
(e.g., Michel et al. 2022). We also employ a large-scale
Gaussian to represent the surrounding envelope structure and fit
the shortest UV distances for some more embedded sources.
For the large-scale Gaussian envelope component, we assume
that it is spherical and fix the inclination and position angle to
0°. For the envelope profiles, we do not account for any
primary beam attenuation; however, most envelopes are
compact and toward the phase center, which will make this
correction mostly negligible.

The PLCT profile is motivated by the viscous disk accretion
theory (Lynden-Bell & Pringle 1974) where the two-comp-
onent power law and exponential tail can describe embedded
protostellar disks (Andrews et al. 2009; Segura-Cox et al.
2020). We use this profile and interpret the components such
that it roughly represents the inner protostellar disk, and the
exponential trail addresses the edge of the outer disk and the
inner envelope component. The PLCT profile is given by

-7 27
wedfg) (@) e

where I(R) is the intensity as a function of radius R, I is the
peak intensity at the center, and o is the standard deviation
width, R, is the characteristic protostellar disk radius, and +y is
the surface density gradient. When the PLCT exponent v =0,
we recover a standard Gaussian.

High-resolution observations of protoplanetary disks reveal a
variety of substructures, including rings, gaps, asymmetries, and
spirals (Andrews et al. 2018; van der Marel et al. 2021). Some of
these features can be analytically described using simple Gaussians
that are offset from the source center (e.g., Segura-Cox et al. 2020)
as

2
I(R) = +I; exp(o.s(w) ) 3)
g
where the £ variation allows us to simulate a ring (+) or a gap
(—), I is the peak intensity at the center of the annular feature,
and locy is the offset from the disk center on which the
Gaussian structure is centered.

In Table 3, we present the free parameters we use to define
the analytic functions. For each source, we fit the model free
parameters and the inclination i of the disk along the line of
sight, the position angle P.A., and the source offsets from the
field center AR.A. and Adecl. The visibility profiles and
imaged observations, models, and residuals are then modeled
based on this source center.

We have parameter spaces that range from 6D to 15D
depending on the model and the number of substructures. We
explore these parameter spaces with a Bayesian approach using
an affine-invariant Markov Chain Monte Carlo (MCMC)
ensemble sampler, emcee v 2.2.1 (Foreman-Mackey et al.
2013), within the GALARIO Python package (Tazzari et al.
2018). We find the optimal fit parameters using 60 walkers over
5000 steps distributed using MPIPool for a R = 5" grid with a
10~ arcsecond cell size. This setup provides quick conv-
ergence without sacrificing the search space and the acceptance
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Table 3

Analytic Model Parameters and Priors
Parameter Unit Description Prior*
Fy mly Integrated flux of the PLCT model —4 <log, o <0
04 Surface density gradient 001 <vy<2
R. " Characteristic disk radius 001 <R.<2
Fp mJy Integrated flux of a Gaussian disk model —4 <log,,Fp <0
op " lo radius of the Gaussian disk model 00l <op<1
1) Exponent of the radial drop for the FTG model 2<¢<10
Fr mly Integrated flux of a Gaussian ring model —4 < log, g <0
oR " lo radius of the Gaussian ring model 0.01 < og < 0.5°
locg " Gaussian ring offset from the center 0.01 < locg < 1°
Fr mly Integrated flux of a Gaussian envelope model —4 <log,,Fp <0
g " lo radius of the Gaussian envelope model 05<op<5
i ° Inclination of the disk 0<i<90
P.A. ° Position angle of the disk 0<P.A <180
AR.A. " R.A. offset from the field center €
ADecl. " Decl. offset from the field center €
Notes.

 The prior ranges are adjusted for particular sources where the literature provides constraints.

b Depending on the source and the structure of the real UV visibilities and the imaged residuals of a simpler model, the Gaussian ring and Gaussian gap priors are
adjusted to focus on particular solutions that yield improved fits of the synthetic visibilities to the observed data.

¢ AR.A. and Adecl. are measured relative to the phase center. For each disk, we initially fit a 2D Gaussian in the image plane in CASA to obtain an initial guess to the
offsets and allow Galario to fit for the best offset within a 0”2 range of the initial guess.

fraction (Foreman-Mackey et al. 2013). GALARIO performs a
Fourier transform of the 2D geometric models we generate and
creates synthetic visibilities using the observed baseline pairs.
The observed real and imaginary visibilities are compared to
the synthetic equivalents, and the y” and prior probability is
minimized.” We obtain the residuals by subtracting model
visibilities from the observed visibilities and then imaging the
difference in CASA. This last step allows us to examine the fit
quality visually and study features that do not follow our disk
model assumptions.

2.3. Statistically Assessing the Model Fits

We use statistical tests, including the Akaike Information
Criterion (AIC; Akaike 1974), and the Bayesian Information
Criterion (BIC; Schwarz 1978), to qualitatively assess the
model fits similar to those from Michel et al. (2022). The AIC
is defined as

“)

AIC = 2k + nln(RSS)

n

where k is the number of free parameters, n the number of data
points, and RSS is the residual sum of squares. The BIC is
evaluated as

BIC = kIn(n) + nln(RSS), 5)
n

which is similar to the AIC except that it has a slightly higher

penalty for models with more parameters. For our models, k

° The minimization is applied on féxz + logp(@#)  where

X2 = Z?’:][(Reobst/‘_Remod,i )2 + (Imobs,j_lmmod,i)z]wj, and 17(0) is the prior
probability for the parameters used in the model to find the optimal disk
parameters.

ranges from 6 to 15 while n ~ 60,000 and n ~ 5000 for the 1.3
and 0.87 mm observations, respectively.'®

We evaluate AAIC and ABIC between models to provide a
quantitative comparison and determine which model is most
statistically favored. Kass & Raftery (1995) quantified
3 < ABIC < 20 to be positive evidence in favor of the model
with the lower BIC value, 20 < ABIC < 150 as strong
evidence, and >150 as decisive evidence. We use the same
comparison scale for AAIC. All AIC, BIC results, and
comparisons are found in Appendix D.

3. Results

We classify the disks into three categories: structured
(Figure 1), nonstructured (Figure 2), and ambiguous disks
(Figure 3). Our classification system is based on the UV-
visibility fitting results used to construct an intensity profile
rather than examining the image plane intensity distribution. A
nonstructured disk has a smooth UV-visibility profile that
shows no significant deviations, such as a gap or ring and has
negligible residuals. A structured disk requires a Gaussian ring
or Gaussian gap feature to fit the disk-scale UV visibilities, and
smooth disk profiles result in symmetrically structured
residuals. An ambiguous disk has complex UV visibilities
and significant residual features such that we cannot rule out
the presence or absence of substructure.

In Figures 1, 2, and 3, we compare the best-fit geometric disk
models to the observed data at 1.3 mm. The equivalent figures
for the 0.87 mm fit results are in Appendix B and generally
concur with the 1.3 mm data. For each source, we show the
visibility profile of the best-fit disk models overplotted on the
real UV data and figures showing the imaged data, models, and
residuals. While the visibility profiles show binned UV data,

19 The 0.87 mm data set used for VLA 1623 West has n ~ 480,000.
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Figure 1. Best-fit disk models applied to the 1.3 mm data for the structured disks, GSS 30 IRS 3, IRS 63, Oph-emb-6, and Oph-emb-9. The left column compares the
real UV-visibility data binned in 40 k) bins with different disk models. The statistically favored fit, as evaluated by AIC and BIC parameters, is always given in red.
The three other columns are images of the observed data, the best-fit disk model, and the residuals. All images were made using tCLEAN with a briggs = 0.5
weighting. In the residuals plots, the black contours represent +30, 5o, 100, 150 residuals where o is source dependent; see Table 2.

the modeling fits every single UV point. Generally, the
statistically favored best-fit disk models (see Appendix D)
match the sensitive observations with minimal residuals.

GSS 30 IRS 3 (Figure 1, top row) is fit by a PLCT and
Gaussian ring disk model. The real UV data indicates further
scatter and possible structure we do not account for in our best-
fit model. Upon examining the residuals, we find these to be up
to +2501 3;m and —100; 3,m, and these residuals are similar in
morphology to VLA 1623 West at 1.3 and 0.87 mm (see Figure
3 in Michel et al. 2022). The interpretation of the residuals of

VLA 1623 West is that it is a flared protostellar disk (Michel
et al. 2022). Thus GSS 30 IRS 3 may be not only structured,
hosting a ring at 22.8 au, but also flared in millimeter emission.

IRS 63 (Figure 1, second row) is the most structured disk in
the sample with double Gaussian rings and an inner Gaussian
over a PLCT disk at 1.3 mm. The complex disk model fits the
data well in the real UV plot (left), and the residuals are
<1501 3mm- The inner and outer rings are modeled as
Gaussians located at 26.5 and 51.0 au from the center with
widths of 2 and 13 au, respectively. These are consistent with
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Figure 2. Same as Figure 2, but for the nonstructured disks, IRS 37 and Oph-emb-1.

the higher-resolution data from Segura-Cox et al. (2020; see
also, Section 4). The inner Gaussian is a Gaussian function
with a small width of 5 au and is only found with the 1.3 mm
data. The imaged residuals highlight excess nonaxisymmetric
emission just south of the disk center spread east to west in a
banana shape. There are also residuals on the northern edge of
the disk. While the residuals are at <1507 3ym, they are low-
level compared to the disk, representing <1.5% of the peak
emission.

Oph-emb-6 (Figure 1, third row) and Oph-emb-9 (Figure 1,
bottom row) each have a single Gaussian ring over a PLCT
disk model. Both also have low-level residuals, <70 3ymm and
<901 3mm, respectively. The residuals are also slightly asym-
metric and are found within the disks and beyond the disk radii.
The rings are located at 32.7 and 21.8 au with 14 and 5au
widths for Oph-emb-6 and Oph-emb-9, respectively.

Figure 2 shows the sample of nonstructured disks where the
PLCT and Gaussian envelope model is a good fit for Oph-emb-
1 while IRS 37 is fit by a simple Gaussian disk. The residuals
are very small <50;3y,m, Which differentiates these from
ambiguous disks where the residuals are >50 3, and host
other irregularities.

Figure 3 shows the sample of ambiguous disks. These have
real UV-visibility data with significant scatter and deviations
from smooth disk profiles resulting in >50 3, residuals. The
best-fit models for Elias 29 (top row) and IRS 44 (third row)
account for most of the emission, but the binned real UV data
are intrinsically noisy and structured at UV distances >1000
k. IRS 44 also has an extra offset Gaussian component in its
optimal disk model, but this is not considered evidence of the
disk’s substructures (see Appendix A.2 for further details). For
GSS 30 IRS 1, there is noise at >500 kA making the
interpretation of the source of UV structure ambiguous. VLA
1623 West (bottom row) is complicated to model because the
disk is highly inclined at 80°, and the emission is likely
optically thick. As a result, its UV visibilities can be well fit

with a structured disk model that includes a gap and ring or a
sharp FTG model that requires no additional structure, where
the latter model is statistically favored (Michel et al. 2022).
Since we cannot completely rule out structure in this disk, we
consider it to be ambiguous. The residuals of <60 3,y are
symmetric about the major axis and are also detected at up to
~1309g7mm at 0.87mm (see Appendix B), which are
reminiscent of a flared disk (Michel et al. 2022).

Table 4 summarizes the resulting best-fit model for
each disk. Four protostellar disks (GSS 30 IRS 3, IRS 63,
Oph-emb-6, and Oph-emb-9; see Figure 1) are also structured
with ring-like features on a PLCT model. Two disks RS 37-A
and Oph-emb-1 (see Figure 2) are nonstructured disks well
fit by a PLCT model. Finally, four protostellar sources
(Elias 29, GSS 30 IRS 1, IRS 44, and VLA 1623 West; see
Figure 3) are ambiguous disks. For Elias 29 and IRS 44, the
disk-scale UV visibilities are affected by small- and large-scale
emission in the surrounding envelope that can be hard to
differentiate from the disk substructure. For VLA 1623 West,
the disk is nearly edge-on (80°) and appears flared; we cannot
account for the effects from a vertical scale height with our flat
disk models (Michel et al. 2022). For the best-fit model
intensity profiles, see Appendix C. To confirm that the
structured disks are not artifacts from simply being highly
inclined, which can appear as a structure in the UV visibility
space for edge-on protostellar disks (e.g., Michel et al. 2022),
we test the FTG model for each structured disk and find that it
is systematically disfavored; see Table 7.

In Table 5, we present the best-fit parameters for the optimal
model for each protostellar source based on the 1.3 and
0.87 mm data fits. The best-fit numbers represent the median
values of the posterior distributions from the last 500 steps of
the MCMC chains. The associated uncertainties represent the
68% inclusion interval. We choose the optimal model
according to the statistical tests in Section 2.3. The statistical
test results for each source are in Appendix D.
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Figure 3. Same as Figure 3, but for the ambiguous disks, Elias 29, GSS 30 IRS 1, IRS 44, VLA 1623 West.

4. Discussion

We find four structured disks (all Class I), two nonstructured
disks (one Class 0 and one Class I), and four ambiguous disks
(all Class I disks); see Table 4. We identify substructures in
Oph-emb-6, Oph-emb-9, and GSS 30 IRS 3 for the first time.
IRS 63 was previously identified to have structure from higher-
resolution data (Segura-Cox et al. 2020), and we recover the
locations of the two rings that were previously found even
though our data have lower resolution. Moreover, we have a
consistent ring width as Segura-Cox et al. (2020) for the outer
ring, but our inner ring is thinner due to our model including an
inner Gaussian, which is not in the Segura-Cox et al. (2020)

model of IRS 63. They fit the two rings from residual data after
subtracting a radiative transfer best-fit smooth disk model.
They do not include an inner Gaussian component in fitting the
residuals. However, an inner feature can be seen in their
residual profile (see their Figure 3). The consistency of the ring
locations and the outer ring width highlight the power of UV-
visibility fitting of highly sensitive data at subbeam scales and
provide a benchmark for the quality of our fits with coarser
(35 au) resolution observations.

From our results, 4 out of 10 (40%) of the disks analyzed
show substructure, and 30% show substructure if we exclude
GSS 30 IRS 3; see Appendix A.l. In the context of all 25
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Table 4
The Presence of Substructures in the Ophiuchus Protostellar Disk Sample
Source Structured? Comment
Elias 29 Ambiguous Inner envelope
GSS30IRS 1 Ambiguous Inner envelope
GSS 30 IRS 3 v Gaussian ring
(+ Flaring)
IRS 37-A x
IRS 44 Ambiguous Unknown
IRS 63 v Two Gaussian rings
(+ Inner Gaussian)
Oph-emb-1 X
Oph-emb-6 v Gaussian ring
Oph-emb-9 v Gaussian ring

VLA 1623 West Ambiguous Flaring

identified Ophiuchus protostellar sources, we conclude that at
least 4/25 (16%), or 12% without GSS 30 IRS 3, of protostellar
disks host substructure, suggesting that substructures in
protostellar disks may be as common as at the protoplanetary
stage, even though we have small number statistics. In
comparison, the frequency of structured disks (rings, transition,
and extended) identified in the protoplanetary stage around
low-mass stars (0.1-1M.) is 14% (van der Marel &
Mulders 2021). The similar occurrence rate for substructures
in protostellar and protoplanetary disks could imply that
substructure-forming mechanisms in the younger stage are
responsible for the observed protoplanetary disk substructures.
The possible link between the substructures observed in the
protostellar and protoplanetary disks necessitates an underlying
substructure-inducing mechanism.

4.1. Formation of Substructure

Theoretical studies have proposed various mechanisms for
forming substructures in circumstellar disks, e.g., zonal flows,
envelope infall, dead zones, snow lines, gravitational instabil-
ities, and planets (Andrews 2020). More research is required to
identify which process(es) are likely to occur in protostellar
disks, but we summarily comment on the various mechanisms’
significance in the protostellar disk phases.

Zonal flows are caused when magnetic fields threading
through the disk repel ionized gas from regions of peak
magnetic stress to create pressure bumps (Uribe et al. 2011;
Suriano et al. 2018). The pressure bumps halt radial drift to
form rings, and the magnetized flows create adjacent gaps. This
mechanism has been mainly theorized and studied for
protoplanetary disks and speculated to operate in protostellar
disks (Suriano et al. 2018).

The envelope infall onto the protostellar disk is expected to
be periodic and asymmetric via accretion flows. Where
envelope material is deposited onto the disk, vortices from
Rossby wave instabilities (RWI) can form (Lovelace et al.
1999; Bae et al. 2015). These vortices induce azimuthal shear
and produce pressure bumps, which can halt radial drift of
millimeter dust. This theoretical mechanism has been simulated
for protostellar disks and successfully formed synthetic
millimeter dust rings (Kuznetsova et al. 2022).

Dead zones are the products of a turbulent to laminar
boundary between the inner and outer disks, where the density
gradient leads to decreasing shielding from UV photons
(Dzyurkevich et al. 2013). Vortices can form at the edges of
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the dead zone through RWI (Lovelace et al. 1999; Lyra et al.
2009). Protostellar disks are expected to be conducive to
forming dead zones because they are dense and have high
optical depths (see Section 4.4), which shields the inner disk
from photoionizing radiation, but most work has focused on
protoplanetary disks.

Snow lines can form annular substructures at varying
chemical species sublimation boundaries. While snow lines
exist in protostellar disks, they are difficult to identify
observationally, and estimates derived from stellar parameters
have not yet found a correlation between their positions and
known gaps and rings (van der Marel et al. 2019). Future
analyses that use chemical tracers from line observations
combined with chemical models (e.g., Bianchi et al. 2020;
Codella et al. 2021) will be needed to build more comprehen-
sive models of the structured disks and determine the locations
of their snow lines relative to the density enhancements.

Gravitational instabilities (GI) occur in disks that are so
massive that their own self-gravity causes instabilities and
spiral structures (e.g., Lee et al. 2020; Aso et al. 2021).
Protostellar disks are more massive than protoplanetary disks
(e.g., Tychoniec et al. 2020; Drazkowska et al. 2022), making
them more susceptible to undergoing GI. Spiral substructures
have been observed in a few protoplanetary disks at
millimeter wavelengths (e.g., Pérez et al. 2016; Rosotti
et al. 2020), Only a few studies have found spiral
substructures in protostellar disks, TMC-1A (Xu et al
2023), HH111 VLA1 (Lee et al. 2020), and a tentative
detection in L1527 (Nakatani et al. 2020; Sheehan et al.
2022b; Ohashi et al. 2022), but the latter is difficult to confirm
due to a high inclination (i > 85°). Of the 10 disks in our
sample, only IRS 63 has an estimated stellar mass necessary
to calculate disk-to-star mass ratios and determine the stability
of the disk against self-induced GI. Adopting a stellar mass
for IRS 63 of 1 M.,'" (Segura-Cox et al. 2020) and a disk mass
of 50 My, (Sadavoy et al. 2019), the disk-to-star mass ratio is
0.05, indicating it may be unstable to GI.

Planets can also form disk substructures through gravita-
tional perturbations and accretion (Lin & Papaloizou 1979;
Goldreich & Tremaine 1980; Paardekooper et al. 2022). A
planet can (1) clear a dust lane, which acts as a barrier for dust
grains drifting inwards and results in the formation of a ring
outside of the newly opened gap (Pinilla et al. 2012; Zhu et al.
2012; Pinilla et al. 2020); (2) induce planet-driven spiral waves
(Ogilvie & Lubow 2002; Bae & Zhu 2018; Speedie et al.
2022); (3) perturb the disk to create multiple gaps and rings
(Dong et al. 2017, 2018). A few protoplanetary disks have had
planets and kinematic signatures of planets detected within
cavities or gaps in their disk in support of this planet-induced
substructure, e.g., PDS 70 (Keppler et al. 2018; Miiller et al.
2018; Haffert et al. 2019); HD 163296 (Pinte et al. 2018); HD
97048 (Pinte et al. 2019); AB Aurigae (Currie et al. 2022); AS
209 (Bae et al. 2022). To carve out gaps and cavities, planets
need to grow to sufficient mass, and they may not have enough
time to reach those masses in the protostellar phase, <0.5 Myr
(Evans & Dunham 2009; Dunham et al. 2014b, 2015). The
formation of planets from the growth of dust grains on such
short timescales is challenging for models (e.g., Lambrechts
et al. 2019; Raymond & Morbidelli 2022) and suggests that
planets are unlikely to produce substructures in protostellar

"' 1RS 63’s mass is estimated from models of protostars evolving from a
collapsing core and is thus not directly attributed to observational results.
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Table 5
Best-fit Parameters for the Optimal Geometric Model

Michel et al.

Best-fit Parameters®

Source Model A Unit 1.3 mm 0.87 mm
Elias 29 PLCT Fy mly 2113 45*1
Gaussian envelope ¥ 1.989% 1.94+0:38
R, mas 257H123 289°1%0
Fr mly 33712 8113
o mas 3120434 21604319
i ° 3773 41738
P.A. ° 194133 98171
RA. h,m,s 16:27:09.415 16:27:09.413
Decl. o —24:37:19.245 —24:37:19.231
GSS 30 IRS 1 PLCT Fy mly 16+ 50*]
N 181742 159552
R. mas 46213 4926,
i ° 6673 5773
P.A. ° 11973 10313
R.A. h,m,s 16:26:21.356 16:26:21.356
Decl. o —24:23:04.915 —24:23:04.897
GSS 30 IRS 3 PLCT Fo mJy 10+ 52419
Gaussian ring vy 0.09:0:28 054754
R. mas 124742 666131
Fr mly 574 P
or mas 21873 P
locg mas 16478% P
i ° 70+ 77+
P.A. ° 1107} 1097}
RA. h,m,s 162621.718 16:26:21.718
Decl. o —24:23:50.981 —24:22:50.959
IRS 37-A Gaussian disk Fp mly 1143 2547
op mas 5371 5872
i ° 7073 7243
P.A. ° 9t 7
RA. h,m,s 16:27:17.581 16:27:17.580
Decl. oy —24:28:56.833 —24:28:56.802
IRS 44 PLCT Fy mly 14+ 347)
Gaussian envelope y 1.8575:04 1604003
Offset Gaussian R, mas 366155 232138
Fr mly 10! 37+
o mas 13664132 1903*23
Foc mly 1! 271
006 mas 578 2618
AR.A.oq mas 295%¢ 255+18
ADecl.og mas —62+4 —3211
i ° 6174 5918
P.A. ° 14743 16977
RA. h,m,s 16:27:27.987 16:27:27.991
Decl. o1 —24:39:33.954 —24:39:33.934
IRS 63 PLCT Fy mly 23744 575448
Two Gaussian rings v 0.5739! 071138
Inner Gaussian R. mas 302! 31813
Frin mly 10+ 169729
ORin mas 1543 133433
locgin mas 19142 259+
Frou mly 6971 91!
ORout mas 9171 7710
10CRous mas 36774 41213
F; mly 15%]
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Table 5

(Continued)

Michel et al.

Best-fit Parameters®

Source Model A Unit 1.3 mm 0.87 mm
oy mas 391 .
i ° 48+ 4871
P.A. ° 15071 1507}
RA. h,m,s 16:31:35.657 16:31:35.656
Decl. o —24:01:29.941 —24:01:29.898
Oph-emb-1 PLCT Fo mly 1243 3418
Gaussian envelope 7y 0.56:002 0263013
R. mas 7242 7843
Fg mJy 3 3671
oE mas 1162418 2120432}
i ° 72+ 65*1
P.A. ° 1147 115%]
RA. h,m,s 16:28:21.620 16:28:21.616
Decl. o —24:36:24.197 —24:36:24.166
Oph-emb-6 PLCT Fy mly 17+ 8271
Gaussian ring v 0.27+391 0.40008
R. mas 111+ 227439
Fr mly 3611 3843
or mas 104+ 89-10
locg mas 228447 299139
i ° 7671 75+
P.A. ° 16971 1697
RA. h,m,s 16:27:05.250 16:27:05.251
Decl. e —24:36:30.168 —24:36:30.153
Oph-emb-9 PLCT Fo mly 30+ 6313
Gaussian ring v 0.2073%8 0.36:01%
R, mas 10958 114713
Fr mly 15+ 37+
Or mas 3843 42+12
locg mas 15747 154718
i ° 67+ 6571
P.A. ° 28! 27+
RA. h,m,s 16:26:25.473 16:26:25.474
Decl. o1 —24:23:01.852 —24:23:01.820
VLA 1623 West FTG F, mly 63+ 110+
op mas 4497 4597]
¢ 501087 4957083
i ° 80! 81+
P.A. ° 10! 10!
RA. h,m,s 16:26:25.632 16:26:25.632
Decl. o1 —24:24:29.618 —24:24:29.587

Notes.

# Errors for all parameters represent the 68% inclusion interval. Errors for R.A. and decl. position are negligible (typically less than 1 mas) and are excluded from the

table.

® The ALMA observations of GSS 30 IRS 3 are centered on its companion source GSS 30 IRS 1, such that IRS 3 is significantly offset from the primary beam center.
GSS 30 IRS 3 is at 40%—43% and 10%—12% of the primary beam center at 1.3 and 0.87 mm, respectively. The residual images for GSS 30 IRS 3 in Figure 1 are

primary beam corrected; the values in this table are not, due to the complexity in addressing the primary beam correction within GALARIO.

€ The ALMA 1.3 mm observations of IRS 63 are more sensitive than the 0.87 mm snapshot observations used in this study. Thus, the 0.87 mm data do not have
sufficient sensitivity to model an inner Gaussian.

disks unless the process is very rapid as explored in Lee et al.
(2022). Detecting larger bodies such as planetesimals (kilo-
meter-sized bodies) or planetary cores in a protostellar disk is a
challenge that could be tackled through high-resolution line

observations. Future line observations will be necessary to look
for planetary wakes and other disturbances that cause
deviations from Keplerian rotation (Perez et al. 2015; Calcino

et al. 2022).
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Figure 4. 1.3 mm integrated flux per disk type evaluated from the best-fit
protostellar disk model. Sources are grouped according to their disk
substructure. The integrated flux and corresponding uncertainties shown as
error bars are in Table 5. The uncertainties calculated represent the 68%
inclusion interval from the MCMC runs (see Section 3) and do not include flux
calibration uncertainties.

4.2. Which Protostellar Disks Have Detectable Substructure?

Figure 4 shows the model integrated flux of each protostellar
disk grouped by type. For sources that require a Gaussian
envelope, we did not include this component in the integrated
flux evaluation, given that it does not pertain to the protostellar
disk.'> We find a trend between the detection of substructures
and disk brightness. The structured disks tend to be bright,
whereas the nonstructured disks tend to be faint. The
ambiguous disks are in the middle. This trend is consistent
across the 1.3 and 0.87 mm data. If we use the integrated flux
as a proxy for mass,'> assuming that the dust emission is
optically thin (Hildebrand 1983), we would infer that the
structured disks are also those with higher masses. A similar
trend is also seen in the Class II disk study by van der Marel &
Mulders (2021), where structured disks are found to be more
massive, and nonstructured (compact) disks have lower dust
masses. The similarity suggests that substructures are already
created in the embedded Class I stage.

Figure 5 compares the disk size for each protostellar source
in the same fashion as Figure 4. We evaluate the disk size as
the radius that contains 90% of the integrated flux from the
protostellar disk’s best-fit model'* (e.g., similar to Cieza et al.
2021). We use Rggg since the PLCT model includes an inner
envelope component expected to have a low flux contribution
relative to the disk. We do not use R, because the transition
from the disk to the inner envelope is unclear when - is large.
The uncertainty associated with Rogg corresponds to the
standard deviation from the resulting distribution of Rggq,
values from bootstrap sampling the disk parameters within their
uncertainty ranges we describe as normal distributions. We find
that the structured disks tend to be larger with a median

12 The PLCT model fits both the disk and the inner envelope, so the integrated
flux does include some envelope emission. However, this contribution is small
as an exponential tail models the envelope compared to a power law for
the disk.
13 Given the limitations surrounding this calculation, we do not make the flux
conversion to mass for the protostellar disks due to the unknown dust opacities,
dust-to-gas ratios, disk temperature structures, and optical depth corrections.
In our calculations for the disk size that contains 90% of the flux, we
exclude the inner 24 and 13 mas at 1.3 and 0.87 mm, respectively. This
corresponds to one-tenth of the beam at each wavelength and mitigates the
effect of the small grid size with respect to the analytic power-law fits, which
disproportionally include significant amounts of flux at radii close to zero.
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Figure 5. Same as Figure 4 for the protostellar disk size evaluated as Rogq,
based on the 1.3 mm best-fit disk models. GSS 30 IRS 3 is found to have large
uncertainties on the disk size owing to the uncertainties on the location of the
ring feature thus propagating into the error calculations for Rggq; we thus
artificially limit the uncertainty to 50%.

Rogg, = 37 au compared to the nonstructured disks, where
Ropg, = 14 au. The ambiguous disks have Royg = 34 au,
comparable to the structured disks. For the protostellar disks,
we find a bias toward larger disks hosting substructures
compared to smaller ones.

While we suggest that the nonstructured disks do not host
significant disk substructure, we cannot exclude the possibility
of small or faint substructures below our detectability thresh-
old. For example, very high-resolution and high-sensitivity
observations of compact, low-mass protoplanetary disks have
found physically small substructures where the disks were
previously considered smooth (Long et al. 2018; Kurtovic et al.
2021). Nevertheless, it is unlikely that these disks will become
large-ringed protoplanetary disks (e.g., Andrews et al. 2018) or
host deep gaps as found in transition disks (e.g., Francis & van
der Marel 2020) due to the correlation between the mass of the
protoplanetary disk and the strength of dust traps halting radial
drift. Pinilla et al. (2020) find that lower-mass stars likely host
lower-mass disks that will form weaker dust traps and thus
cannot produce large-scale rings nor deep extended cavities
within their disks.

4.3. What Are the Substructures Properties?
4.3.1. No Evidence of Gaps or Spirals

We identify substructures in emission based on deviations
from a smooth disk model. We only find enhancements above a
smooth disk profile among the structured disk sample. We do
not find gaps or deficits in emission. The absence of gaps is
important in describing the origin of disk substructures.
Whichever mechanism forms substructures at the protostellar
stage appears only to produce enhancements. This result
disfavors large Jupiter-mass planets, zonal flows, dead zones,
and snow lines as the origin of the rings, as these mechanisms
usually produce a gap followed by a ring(s). The absence of
resolved gaps suggests either that they are below our detection
limits or that we need an alternative mechanism that does not
produce a gap to explain the enhancements seen in this sample
of protostellar disks.

In addition to seeing no evidence of gaps, we find no
signatures of spiral substructures; see Appendix A.l. Proto-
stellar disks tend to be more massive than protoplanetary disks
(Kratter & Lodato 2016; Tobin et al. 2020), and as such, we
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Figure 6. The ratio of the Gaussian ring location (locg) to the disk size (Rggs)
is shown in orange, and the ratio Gaussian ring width (og) to the disk size
(R9oe,) is in blue. Both are based on the 1.3 mm best-fit disk models and
parameters in Table 5. The error bars displayed are the quadrature sum of the
errors associated with oz and Rgge, to represent the general uncertainty.

could expect Gl-induced spirals. Nevertheless, we do not
observe spiral substructures in our protostellar disk sample. We
may be insensitive to spiral substructures with the current
observations, which may be hidden due to the optical depths.
For example, spiral waves can exist in the smaller dust or the
gas above the mid-plane (e.g., HD 34282; de Boer et al. 2021;
Benisty et al. 2022) and would not be detected in the ALMA
continuum observations at 1.3 or 0.87 mm. Another reason may
be that the spiral features are below the observed resolution,
and higher-resolution data is needed to rule this out firmly.

4.3.2. The Protostellar Ring Features

We describe the ring substructures using Gaussians (as
described in Section 2.2). Figure 6 compares ring location
(locg) and the ring width (o), normalized by the disk size as
given by Rgoq. The ring locations vary from the outer edges in
the cases of Oph-emb-6, Oph-emb-9, and IRS 63 (outer ring) to
midway across the disk for GSS30IRS3 and IRS 63
(inner ring).

For or/Roo%, we find a median of 0.26, suggesting that the
rings are typically a quarter of the disk’s radius. This broad
median width relative to disk size (see Section 4.6) is
interesting as it may be a feature of the physical origin of the
rings themselves. Alternatively, the resolution could limit our
ability to constrain the Gaussian ring widths precisely. While a
UV-visibility fitting allows us to probe at subbeam scales, we
are intrinsically limited by the observed UV sampling.
Nevertheless, we obtain reliable results as evidenced with
IRS 63, where we find a best-fit model consistent with higher
beam resolution observations from Segura-Cox et al. (2020).

One source, GSS 30 IRS 3, has o > locg (see Figure 6 and
Table 5), which we attribute to challenges in constraining its
model due to possible flaring (see Section 3). Flaring has been
seen at millimeter wavelengths in other protostellar disks
(e.g., HH 212, 11527; Lee et al. 2017; Sheehan et al. 2022b;
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Figure 7. Same as Figure 4 for the protostellar source surface density gradient
per disk type from the 1.3 mm best-fit PLCT models. IRS 37-A and VLA 1623
West are fit with a Gaussian disk and a flat-topped Gaussian model,
respectively, since the best-fit PLCT ~ parameter goes to zero for these two
sources. The 0.87 mm data show consistent results.

Michel et al. 2022; Ohashi et al. 2022) and can complicate the
interpretation of the UV visibilities. Higher-resolution data or
data at longer wavelengths (where flaring is less significant)
will help constrain the structure of this disk.

4.4. Protostellar Inner Envelopes

The PLCT model has two components: the power law and
the exponential tail, which are connected by the surface density
gradient parameter, ~. The protostellar sources we fit with the
PLCT model are embedded objects, meaning there are disk and
envelope components. We detect envelope emission, although
the largest scales are filtered out. The exponent, ~, ranges from
0 to 2, where v— 2 means a smooth, gradual transition
between the envelope and disk, and the envelope contribution
is important at the disk edge. Lower values of gamma indicate a
sharper transition. When « — 0, there is no envelope, and the
emission is modeled well by a Gaussian-type profile.

We included an extra Gaussian envelope component for
some sources because the PLCT model alone does not fully
capture the most extended emission. We note that this
terminology diverges from typical nomenclature where,
classically, the protostellar inner-envelope corresponds to
scales R <3000au (van Dishoeck 2006; Miotello et al.
2014). Our biggest large-scale Gaussian envelope has a og of
430 au at 1.3 mm and would classically still be part of the inner
envelope. Nevertheless, this extra Gaussian envelope comp-
onent corresponds to a more extended structure than what is
captured by the PLCT model, and we make this distinction
between the two envelopes. Hereafter, we focus on the inner
envelope measured by the PLCT model and the  exponent.

Figure 7 shows the 1.3 and 0.87 mm best-fit PLCT model ~y
values as a function of the protostellar disks grouped by type.
The v values evaluated at the different wavelengths are
consistent. All four structured disks have low but nonzero y
values. The ambiguous disks, excluding VLA 1623 West, have
very high v values. VLA 1623 West was previously thought to
have close to no envelope (Murillo et al. 2013; Kirk et al. 2017;
Michel et al. 2022). The edge-on nature of VLA 1623 West
complicates the description of an envelope, but recent results
from Mercimek et al. (2023) estimate it to be 0.04 M., and they
also find accretion streamers adding material onto the protostar
and disk system. In addition, the ambiguous disks IRS 44 and
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Table 6
A Comparison of the Ranges of the Ring Properties between Our Sample, the Orion Protostellar Disks, and DSHARP Protoplanetary Disks

Protostellar Disks Protoplanetary Disks

This Sample Sheehan et al. (2020)* Huang et al. (2018)h
Number of disks 4 7 18
Ring location (in au) 22-52 42-238 6-155
Ring width (in au) 2-30 16-116 2-20
Median ring width® (in au) 13 26 54
Beam resolution® (in au) 35 32 5
Sensitivity (in pJy bm™") 30-90 330 10-20

Notes. These results are based on ALMA 1.3 mm observations, this sample’s protostellar disks, Orion protostellar disks (Tobin et al. 2020), and DSHARP
protoplanetary disks (Andrews et al. 2018). Measured only for disks with sizes <70 au to match the Ophiuchus sample assuming a robust weighting of 0.5 during
imaging.

# The ring locations and widths are from the analytic model fitting of the sources found in Table 3 in Sheehan et al. (2020). To convert the milliarcsecond results to
astral units, we use a distance of 400 pc for Orion (Kounkel et al. 2017).

® The ring locations and widths are obtained by fitting ellipses in the image plane of the sources found in Table 1 of Huang et al. (2018).

Elias 29 each need the extra Gaussian envelope component. All seven Orion protostellar disks in Sheehan et al. (2020)
The nonstructured disks have a small spread in « values. IRS have inner gaps or cavities devoid of dust, akin to transition
37-A is better fit by a Gaussian disk than a PLCT model, disks. These substructures differ from what we observe in our
implying no envelope is traced by the millimeter emission Ophiuchus disk sample. Sheehan et al. (2020) do not use an
(y— 0), whereas Oph-emb-1 is fit with a medium ~y value and a underlying disk model given the cavities. Instead, they use
Gaussian envelope. modified Gaussian rings, asymmetric and point-source compo-
During protostellar evolution, the envelope mass is expected nents, and a large-scale Gaussian envelope component.

to decrease (y should decrease) with time (Andersen et al. In Table 6, we compare the ring locations and widths
2019; Sheehan et al. 2020). In comparison, Andrews et al. between our sample of protostellar disks and the Orion
(2009) fit the same PLCT model to a sample of protoplanetary protostellar disks (Sheehan et al. 2020). The Orion protostellar
disks in Taurus and found only < 1. Thus, the structured rings tend to be wider than the Ophiuchus protostellar ring
disks may be more evolved protostellar objects with low ~ features, which could indicate a different formation mech-
values. Nevertheless, Oph-emb-1 and VLA 1623W are anism. This result is true whether we consider the full Orion
identified as the sample’s youngest objects, and each have sample or a restricted <70 au sample of Orion disks to better
relatively low ~y values. This contradiction suggests that the link match our Ophiuchus population. Sheehan et al. (2020) suggest
between 7 and evolution may be weak. The y value from the that various mechanisms can induce the observed substructures
PLCT model may not fully capture the presence or absence of found in Orion. They highlight that cavities in such young
an envelope, particularly due to filtering out large scales and it disks are hard to explain. It could be related to either rapid
being probed by dust emission. Both sources may also be planet formation or, more likely, close-separation binary
nonstandard. Oph-emb-1 has been classified as a proto-brown formation. However, they do not find evidence for multiplicity
dwarf and may have a low envelope mass (Hsieh et al. 2019). in their sample.

VLA 1623W is a complicated source that may have been Unlike the Orion disks, we do not find gaps in the Ophiuchus
ejected from a higher-order multiple system, thereby losing its disks. We note, however, that a comparison between
envelope (Harris et al. 2018), or it could be noncoeval (Murillo Ophiuchus and Orion protostars is challenging because of the
et al. 2016). Nevertheless, we find three ambiguous disks with different cloud environments and observational biases. For

very high v values, possibly hinting that these objects, where
there is confusion between envelope and disk material, are
deeply embedded behind a thick structured envelope shell.

example, the Orion disks were identified as being structured
from visual identification in the image plane rather than UV
visibilities as was done here. As such, only large substructures
like broad rings, were found. Therefore, these are larger disks
and substructures and may not be a fair comparison to those

4.5. Comparison to Orion Protostellar Disks found in Ophiuchus. Moreover, the protostars in Orion may be

We compare our sample of structured protostellar disks to a different population than those protostars in Ophiuchus.
the structured disks identified in Orion, as Orion is the only Broadly, Ophiuchus is expected to form primarily low-mass
other cloud with a uniform multitarget sample of protostellar (M, K) stars, whereas Orion is forming stars of higher mass
disks with substructure to date. While structured disks have (Bally 2008). Even the protostars in Orion appear to have
been found in individual sources in nearby clouds, these higher mass based on simple models (Sheehan et al. 2022a).
observations are piecemeal and nonuniform, making compar- Stellar mass affects disk properties and evolution (Appelgren
isons to Ophiuchus more challenging. In Orion, Sheehan et al. et al. 2020; Sellek et al. 2020; Concha-Ramirez et al. 2023). In
(2020) identified seven isolated protostellar disks out of a the protoplanetary disk stage, disk mass and stellar mass are
sample of 328 protostars with confirmed substructure. As a first correlated (Pascucci et al. 2016), and so is the frequency of
look at the different structured protostellar disk populations structure and disk mass (van der Marel & Mulders 2021).
across regions, we compare these Orion disks with our sample Therefore, any differences between the substructures seen in
of four Ophiuchus structured disks. the Ophiuchus and Orion disks should be taken with caution.
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Figure 8. The 1.3 mm ring width to disk size ratio of the structured protostellar
disk sample (in red) compared to the protoplanetary disks (in blue) observed by
DSHARP (Huang et al. 2018).

4.6. Comparison to Protoplanetary Disks

We compare our disks with the DSHARP sample of
structured protoplanetary disks (Huang et al. 2018). The
DSHARP sample was selected to obtain high-resolution data
from low-mass star-forming regions, which are more repre-
sentative of the protostars in Ophiuchus. Their disks are all
within <160 pc, and most are large and massive among the
low-mass star-forming region sample (Andrews et al. 2018).
While our data were taken from an unbiased survey, we
selected the brightest protostellar disks, and thus, our sample
shares a similar bias to the DSHARP sample. Table 6 includes
the ring location and widths from the DSHARP sample. While
the beam resolution of our Ophiuchus protostellar disks is
larger than the DSHARP protoplanetary disks, our invest-
igation is in the UV plane, different from the image plane for
the protoplanetary disks. This allows us to retrieve features at
subbeam scales, at similar physical size scales as the
protoplanetary disks. We qualify this statement based on our
ability to find IRS 63’s substructures at the same physical
scales as Segura-Cox et al. (2020), who used 5 au resolution
observations, which matches DSHARP.

For the 4 disks that have rings in DSHARP with radii <70 au
(matching the Ophiuchus protostellar disks we sampled), the
median ring width was 5.4 au (SR4, Elias 20, HD 14266, RU
Lup, Sz 114—excludes upper limits; Huang et al. 2018). For
the structured protostellar Ophiuchus disks, the median is 13 au
(regardless of the inclusion of GSS 30 IRS 3). So for the subset
of DSHARP with similar disk sizes, the Ophiuchus rings do
appear broader. To compare with the full DSHARP sample, we
scale by disk size. Figure 8 compares ring width normalized by
disk size between protostellar and protoplanetary disk samples,
but this work evaluates disk size differently from Huang et al.
(2018). For protoplanetary disks, the disk size was defined by
fitting ellipses to the data (Huang et al. 2018). A comparison of
the ring width to disk size ratio is used to account for the small
number statistics and thus the different disk radii ranges and
values between the protostellar disks, Rogg, = 37 au median for
a 22-48au range, and protoplanetary disks, Rg = 85 au
median for a 27 to 264 au range. Most of the protoplanetary
disks have narrow rings with a median og/Rgis of 0.08, while,
for the structured Ophiuchus and Orion protostellar disks, the
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Figure 9. The 1.3 mm ring location to disk size ratio of the structured
protostellar disk sample (in red) compared to protoplanetary disks (in blue)
observed by DSHARP (Huang et al. 2018).

rings are much wider with oz/Rgy;sx medians of 0.26 and 0.31,
respectively. We could also be limited by the coarser
resolution, where it is difficult for the 35 and 32 au resolution
observations of the Ophiuchus and Orion protostellar disks,
respectively, to identify the sharp and narrow substructures
from the UV visibilities. However, we find consistent narrow
ring widths in IRS 63 similar to the much higher-resolution
ALMA data from Segura-Cox et al. (2020), which suggests
that, for the Ophiuchus protostellar disks, the data are sensitive
enough to detect small-scale and possibly narrow features
robustly.

Figure 9 compares ring location normalized by disk size
between our protostellar disks and the DSHARP protoplanetary
disks, similar to Figure 6. For the protoplanetary disks, there is
a broad range. Some disks, e.g., AS 209, have rings at all radii
while other disks, e.g., GW Lup, only have rings at large radii
(locg/Ryisk > 0.81). Ultimately, we find no clear trend in the
ring locations in the disks between the protostellar and
protoplanetary stages.

We use the same Gaussian functional form for the
substructures as protoplanetary disk studies (e.g., Dullemond
et al. 2018; Guzman et al. 2018; Huang et al. 2018; Isella et al.
2018; Pérez et al. 2018; Macias et al. 2019). However, there
exists a difference in the fundamental disk properties: we fit
Gaussian rings on top of a PLCT disk model. Therefore, the
Gaussian rings we identify are flux enhancements above a
smooth underlying disk. Unlike many structured protoplanetary
disks where the dust emission significantly drops at specific
radii, we do not identify such gaps in the protostellar disk
emission.

To compare the ring features between our protostellar disks
and the DSHARP protoplanetary disks, we use the contrast
parameter that has been previously applied to protoplanetary
disks. Huang et al. (2018) use intensity profiles from the image
plane to identify gap-ring pairs and measure the minimum
(Imin) and maximum (In,x) depths (see their Figure 1). They
define the contrast as C = Iin/Inax. We do not identify gaps or
have sufficient resolution to see the rings in the image plane for
our sample of protostellar disks. To approximate a similar
contrast measure, we use a modification of the gap depth from
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Huang et al. (2018) and define a ring contrast, C, as
Ires

Iobs

i ~
~

C=1-

(6)

Imax

where I.s is the residual intensity after a smooth disk is
subtracted, and I, is the observed disk brightness. We
evaluate the imaged ring residuals by subtracting the best-fit
smooth PLCT model from the observations. We select a beam-
shaped area at the maxima of the ring residuals and use the
mean flux in this area to determine I.s and I,,,. While this is
not an exact comparison to the protoplanetary disk
1 — Inin/Inax ratio, it provides a comparable measure of
relative enhancement of the ring compared to the underlying
emission.

Figure 10 compares the contrast ratio between our structured
protostellar disks and the protoplanetary disks observed by
DSHARP (Huang et al. 2018). Most of our protostellar
substructures have very low contrast, whereas the protoplane-
tary disk substructures show great variety. In the DSHARP
disks, there is a range from very high contrasts nearing one and
low contrasts approaching zero. The protostellar disks tend to
have contrasts <0.2. The exception, GSS 30 IRS 3, is less
constrained, likely due to flaring (see Section 3) such that its
ring is large (see Table 5) and more of a prominent feature than
a minor enhancement like the other cases. The other disks have
much lower contrast values, leading us to conclude that these
substructures are enhancements rather than stand-alone rings
like the protoplanetary disks from Huang et al. (2018). The
observed contrast and width (og/Rgisk) Vvariations could be
evolutionary effects whereby the original substructures are
broad relative to disk size and have low contrast and then
evolve into narrower features with a mix of contrast ratios.

4.7. Substructure Evolution and Implications for Planet
Formation

The observed rings in our Ophiuchus sample appear as broad
relative to disk size and shallow enhancements above smooth
disk profiles. How these shallow density enhancements were
first formed remains unclear. Since we do not observe gaps or
spiral features in the disks, most of the main mechanisms
behind substructure formation in disks do not fully explain
these observations. Nevertheless, most of the mechanisms have
mostly been explored in protoplanetary disks, which are gas-
poor, optically thin, and nonaccreting from an envelope. A
mechanism most suitable for the conditions of a protostellar
disk is structure formation via envelope infall where rings are
produced from RWI (Bae et al. 2015; Kuznetsova et al. 2022).
The biggest divergences between our results and those of
Kuznetsova et al. (2022) are that they find gaps and the width
of these ring features. We only find broad and shallow dust
rings, while the theoretically simulated rings from Kuznetsova
et al. (2022) are narrower, on the order of half of the scale
height of the disk at the ring location.

How the initial rings observed in these structured protostellar
disks evolve after formation has yet to be explained. However,
we find that the brightest disks are more likely to be structured
(Figure 4), in agreement with correlations seen in protoplanetary
disks. The most massive protoplanetary disks are statistically
more likely to host large-scale disk substructures than the lower-
mass disks, which are compact and do not display significant
substructures (van der Marel & Mulders 2021). The van der
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Figure 10. The 1.3 mm contrast of the structured disk features from the
protostellar disk sample (in blue) compared to protoplanetary disks (in red)
observed by DSHARP (Huang et al. 2018). IRS 63 and several protoplanetary
disks have multiple data points, given the presence of two or more ring features
identified in the disks. Given that the two methods to evaluate this parameter
differ, we do not plot the error bars for the contrast. Given a 10% uncertainty
for ALMA, fluxes are generally expected and consequently conservatively
estimate that errors for the contrast should be <20%, as for the protoplanetary
disks, a 10% uncertainty is generally reported by Huang et al. (2018).

Marel & Mulders (2021) protoplanetary disk sample is quasi-
complete for all nearby regions within 300 pc. In contrast, the
protostellar disk sample analyzed in this work is limited to the
Ophiuchus region. It represents 10/25 protostellar sources, of
which the ten selected sources are the most massive single or
wide binaries. Nevertheless, the agreement between the two
samples suggests that structured protoplanetary disks may
evolve from structured protostellar disks. The ambiguous disks
are hard to characterize and may also be the precursors to
structured protoplanetary disks, but further study is needed.

The possible connection between these two disk populations
can be explained through two pathways: (1) the protostellar
rings will form planets at those locations, or (2) these early
protostellar rings are the precursors to the protoplanetary
substructure.

Considering path (1), the protostellar ring-like substructures
are regions of higher dust densities, and then dust growth will
be more efficient (e.g., Gonzalez et al. 2017; Dullemond et al.
2018; Pinilla et al. 2020; Drazkowska et al. 2022; Jiang &
Ormel 2023). This would allow early first-generation planets to
form at the protostellar ring locations. The planet—disk
dynamical interactions can create secondary features, gaps,
and new rings leading to structured protoplanetary disks (e.g.,
DSHARP). The location of these new rings would be offset
from the original enhancement observed at the protostellar
stage as planets would open up gaps and rings separately from
where they formed. The early planet formation hypothesis,
starting in the protostellar rings, would help alleviate the mass
budget problem (e.g., Tychoniec et al. 2020). As observed,
protoplanetary disk millimeter dust masses can only reproduce
the exoplanet mass budget if the dust-to-planet conversion is
100% efficient or if the disk is continuously replenished with
additional material (Manara et al. 2018; Mulders et al. 2021b).
So, it was suggested that planet formation starts early, during
the protostellar disk phase (Tychoniec et al. 2020).
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Alternatively, path (2) is the product of time whereby the
underlying mechanism at work forming the protostellar rings
continues to impact the disk as it evolves, thus defining the
substructures observed at the protoplanetary stage. From our
results, the protostellar ring width must decrease over time if
these are to become the protoplanetary disk substructure
features as shown by the median ring widths. The ring location
observed in the protostellar disks could remain fixed if a
pressure-bump-induced dust barrier halts the radial drift
(Carrera et al. 2021). This could allow for the further formation
of substructures as the ring presence halts or diminishes radial
drift impacting the global disk evolution (e.g., Pinilla et al.
2020). As shown in Figure 9, there is no marked evolution
between the protostellar and protoplanetary ring locations as a
ratio of disk size. However, if the disk size decreases, as
suggested by Hendler et al. (2020), the ring location may also
shift. The reasoning explaining why such a ring would narrow
between the protostellar and protoplanetary disk stages is not
entirely clear yet. Simulations of disk evolution coupled with
dust growth and planet—disk interactions are necessary to trace
the substructures’ evolution. So far, this has been done for
evolved protoplanetary disk ring features (e.g., Jiang &
Ormel 2021, 2023).

4.8. Limitations

While we find evidence of substructures toward several
protostellar disks, we make several assumptions about the
disks. In particular, we assume the emission is axisymmetric
and well described by a-priori brightness profiles where the
disks are geometrically thin. We do not include disk physics,
such as temperature stratification, dust density or optical depth,
or grain sizes, which can affect the flux emission at both bands.
Additionally, we are fundamentally limited in our description
of substructures by the resolution of the observations.

Our axisymmetric disk assumption should mean the
imaginary terms in the UV visibilities are zero. Most disks
presented here are consistent with zero-value imaginary
visibilities within the sensitivity uncertainties. IRS 63 and
GSS 30 IRS 3 are potential exceptions. In the case of IRS 63,
there are low-level imaginary UV profile deviations from zero
between 30 and 50 around 500 k.

The models also assume the disks are geometrically thin, and
in most cases, this is a reasonable assumption. The geome-
trically thin disk approximation is accurate for some evolved
protoplanetary disks. For example, Oph 163131 has a vertical
thickness of <0.5au out to 100au (Villenave et al. 2022).
However, at the protostellar stage, edge-on disks have been
found to have a larger vertical thickness and possible flaring in
millimeter dust emission (Lee et al. 2017; Villenave et al. 2020;
Sheehan et al. 2022b; Ohashi et al. 2022; Lin et al. 2023). In
our sample, these exceptions are VLA 1623 West (Michel et al.
2022) and GSS 30 IRS 3, where we see residual features that
are indicative of a highly inclined, flared disk. Indeed, recent
high-resolution observations of GSS 30 IRS 3 show evidence
of a flared disk shape (e.g., Ohashi et al. 2023; A. Santamaria—
Miranda et al. 2023, in preparation). The observed emission of
an inclined flared disk will be impacted by the changes in
optical depth and temperature from the disk mid-plane to the
outer flared edges (e.g., Ohashi et al. 2022), and there may be
nonnegligible contributions to the intensity from scattered
emission (e.g., Perrin et al. 2015; Yang et al. 2017). While we
consider GSS 30 IRS 3 to be a candidate structured disk given
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our selection criteria (see Appendix A.1), we acknowledge that
the disk should be modeled with a flared, radiative transfer
model to verify whether such a ringed structure truly exists.

Protostellar disks can also be optically thick (see
Appendix B.2). The high optical depths signify that emission
is absorbed and reemitted internally within the dust disk such
that we do not capture all of the emission equally at both bands.
High optical depths and the unknown disk temperature profiles
prevent us from calculating accurate protostellar disk dust
masses and probing the disk structure at the mid-plane. Longer
wavelength observations are sensitive to larger dust popula-
tions and are necessary to observe optically thin emission from
the disk mid-plane and better characterize internal structures.

The deep sensitivities of the Ophiuchus polarization survey
(Sadavoy et al. 2018) from which we obtained the 1.3 mm
observations allow us to more accurately probe the small
emission variations along the disks’ radial extents at subbeam
scales (e.g., as done for WL 17 by Gulick et al. 2021). The
substructures cannot be seen in the image plane, and the
features become apparent purely in the UV visibility analysis of
these sensitive observations. Between the 1.3 and 0.87 mm
data, the more sensitive 1.3 mm observations do a superior job
of recovering small emission variations. As we search for the
origins of substructures at the protostellar disk stage, high-
resolution and high-sensitivity observations are necessary.
Nevertheless, this work is the first step in providing key
insights into the types of protostellar disks to host substructures
and the properties of those substructures.

5. Summary and Conclusions

We fit ALMA 1.3 and 0.87mm observations of ten
Ophiuchus protostellar disks using simple geometric models
to search for evidence of substructure. We use GALARIO to
model the emission with simple analytic profiles and describe
any protostellar disk substructure. The results and interpreta-
tions are as follows:

1. Out of ten protostellar sources examined, four have
substructure, two appear nonstructured, and four are
ambiguous disks. Taking the entire protostellar popula-
tion of Ophiuchus, at least 16% of all the protostellar
disks are structured in agreement with the fractions seen
in protoplanetary disks. This result suggests that
substructures in protostellar disks may be as common
as at the protoplanetary stage.

2. The structured protostellar disks tend to be brighter and
larger than the nonstructured disks. This trend agrees with
protoplanetary disk observations, where the massive and
largest disks are more likely to host substructures (van der
Marel & Mulders 2021).

3. In all the four cases, we identify the substructures as wide
Gaussian ring enhancements over a smooth disk profile.
We find no evidence of cavities or gaps in any of the
disks.

4. The rings are typically wider (og/Rgisk ~ 0.26) and have
low contrasts (C < 0.2) relative to rings observed in
protoplanetary disks from the DSHARP survey
(0r/Rdisk ~0.08 and C ranges from O to 1). This
difference points to two potential pathways: (1) the
protostellar rings are the sites where planets will form,
and the ring—gap pairs seen in protoplanetary disks are a
secondary feature, or (2) the protostellar rings will evolve
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over the disk lifetime to become narrow and with higher
contrast.

5. The presence of shallow, broad (relative to disk size) ring
enhancements in the protostellar disks without gaps does
not match most of the current substructure formation
theory or simulations in protoplanetary disks. Therefore,
it is necessary to develop additional, new, varied models
and theories applied to substructure formation and
evolution in protostellar disks.

6. The disk substructures in Ophiuchus are also morpholo-
gically distinct from those seen in protostellar disks in
Orion, which could be due to the type of protostar
properties or the mechanism that caused the observed
substructures.

The presence of substructures in multiple disks at the
protostellar disk phase provides new insights into the origins of
disk substructure. The dust rings are ideal for early dust growth
and planet formation. This provides a solution to the early start
for planet formation and guides the first-generation planet
formation description. Supposing planets form in these original
protostellar rings, these will clear a dust lane at that location
and induce new substructures at different radii, which we likely
observe at the protoplanetary disk stage.

The resolution of the observations limits the precise
characterization of the substructure features. However, the
high sensitivity of these data still allows us to find and
generally describe the variety of substructures from the UV
visibilities. Future high-resolution observations and more
detailed radiative transfer modeling are required to improve
the description of protostellar disk substructures and increase
the sample size. Combined, they can provide valuable results
regarding the substructure properties and connect these with
dust growth, planet formation, and disk evolution models.
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Appendix A
Structure Details

A.l. Residuals After a Smooth Disk Subtraction from
Structured Sources

In Figure 11, we show the imaged residuals of the structured
protostellar disks after a smooth disk (PLCT) model has been
subtracted. The symmetric residuals along the major axis are
indicative of the ring feature for these inclined disks. While we
do not model spirals, from the smooth-subtracted imaged
residuals, we do not find any evidence of spiral features.

GSS 30 IRS 3 is possibly also a flared disk (Ohashi et al.
2023), and given the disk’s high inclination, the possible ring
signature may be conflated with emission from the flaring.
Nevertheless, we categorize this disk as structured given that
the statistical assessment from the AAIC and ABIC provide
evidence in favor of the source being structured rather than
smooth or flared. From Table 7, the PLCT ring disk model is
strongly and positively favored in contrast to a smooth PLCT
disk model at 1.3 mm for the AAIC and ABIC, respectively.
We cannot make this comparison at 0.87 mm due to the lower
sensitivities at the source.

As highly inclined protostellar disks are observed at higher
resolution and sensitivities, more flared structures are being
observed (e.g., Lee et al. 2017; Sheehan et al. 2022b; Ohashi
et al. 2022; Lin et al. 2023), and thus, our sample of ambiguous
disks, for which the source of excess emission is uncertain,
could be good candidates for follow-up observations to search
for and quantify millimeter-dust disk flaring and its evolution.

Table 7
Model Statistical Comparison for Structured Protostellar Disks
S GSS 30 IRS 3 IRS 63 Oph-emb-6 Oph-emb-9
ource

A 1.3 mm 0.87 mm 1.3 mm 0.87 mm 1.3 mm 0.87 mm 1.3 mm 0.87 mm

AAIC
FTG —880 —25 —28,394 7674 —912,399 —225 —164 -35
PLCT —43 85997 —4304 —2096 —434 —51 —140 —20
PLCT, GR 55,725* -33 -8 49,342* 2815* 28,980" 2791°
PLCT, 2GR —162 48427
PLCT, 2GR, IG 139,898

ABIC
FTG —853 —24 —28,322 —7635 —912,372 —205 —137 -9
PLCT —16 8645" —4232 —2057 —407 —31 —113 -1
PLCT, GR 55,815* 12 12 49,432* 2880" 29,070* 2861°
PLCT, 2GR —144 4927%
PLCT, 2GR, IG 140,033"
Note.

 Reference model (AIC,, BIC,) to which other models are compared, i.e., AAIC = AIC—AIC;.
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A.2. Offset Gaussian in IRS 44

We present the offset Gaussian component needed for the
models of IRS 44. When fitting a PLCT and Gaussian envelope
model, we find excess residual emission along the eastern edge
of the disk, ~40 au away from the disk center (see Figure 12),
while Rgpq ~35au. The residual is consistent at both
wavelengths, 1.3 and 0.87 mmm, implying this is a real
feature. We find that a Gaussian function can describe this
excess emission well such that the complete model fits the data
well, leaving <60 3mm and <30 g7mm residuals; see Figures 3
and 15. Although the offset Gaussian adds four new free
parameters, both the AIC and BIC strongly favor the inclusion
of this component at 1.3 mm. At 0.87 mm, the AIC favors the
inclusion of the offset Gaussian, but the BIC, which more
heavily penalizes additional parameters, favors the simpler
PLCT and Gaussian envelope model. Artur de la Villarmois
et al. (2022) observed this source in sulfur emission (six lines
of SO,) at 0”1. From these observations, they find shocked
accretion taking place south of the disk, infalling and rotating
motions within the disk region < 30 au, and colder less
energetic gas at ~400 au, but no gas tracers highlight any
anomaly to the east at ~40 au. This is thus an interesting source

for follow-up observations to elucidate the reason for this
excess continuum emission east of the disk.

Appendix B
0.87 mm Results

B.1. 0.87 mm Figures

We present the 0.87 mm results in Figures 13-15. The
0.87mm data are analyzed and presented like the higher-
sensitivity 1.3 mm data in Section 3. We provide the resulting
best-fit parameters for both wavelengths in Table 5. The
notable differences between the favored best-fit disk models
between the 0.87 and 1.3 mm data concern GSS 30 IRS 3 and
IRS 63. The remaining seven targets fit with the same disk
models at both wavelengths. We further note that the 0.87 mm
data are less sensitive than the 1.3 mm data (except for VLA
1623-West), and therefore, the residuals tend to be less
significant at 0.87 mm.

At 0.87 mm, GSS 30 IRS 3 is far off the primary beam
center. As a result, the noise is much higher such that the disk
has a peak signal-to-noise ratio of 26 at 0.87 mm compared to
429 at 1.3 mm (see Figure 13). Therefore, the ring component
cannot be identified or fit at 0.87 mm. The 0.87 mm data of IRS
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Figure 13. Same as Figure 1 for 0.87 mm data of the structured disks. We show the UV data in 45 kA bins.

63 are not sensitive enough at the larger UV distances to model
the inner Gaussian feature detected at 1.3 mm. Therefore, the
0.87 mm model excludes this component.

B.2. Spectral Index

To study the dust properties of the protostellar disks, we
measure the spectral index, oy, with the 1.3 and 0.87 mm data
assuming S~ v“. We clean the observations with uniform
weighting across the same UV range for each source and
smooth each map by the beam of the other so that the two
images have a common resolution and beam shape. We center

19

the observations according to the peak image plane emission
from a 2D Gaussian fit. We do not use the GALARIO model
centers as those occasionally vary from the emission center
since we model more than the disk emission in multiple cases,
e.g., including large-scale Gaussian envelopes.

Using the immath task in CASA, we evaluate the pixel-by-
pixel spectral index map from the two wavelength observa-
tions. We mask emission <10c at both wavelengths to focus on
the main disk emission. For GSS 30 IRS 3, the 0.87 mm data
are not sensitive enough to provide a reliable detection above
100¢.87mm> SO no spectral index is evaluated for this source.
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Figure 14. Same as Figure 2 for 0.87 mm data of the nonstructured disks. We show the UV data in 45 kA bins.

Figure 16 shows the spectral index maps for the protostellar
disks. A value of o =2 is expected if the disk is optically thick
(e.g., the dust emission follows a blackbody function instead of a
modified blackbody function) or has very large dust grains. The
steeper index at larger radii would indicate less optically thick
emission.

Following Michel et al. (2022), we measured the spectral
indices using the 1.3 and 0.87 mm data, assuming 10% flux
calibration uncertainties for each wavelength. We find typical
values of oy, ~ 2 toward the center and oy, Steepening at larger
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radial extents, implying that the dust emission may be optically
thick at the center of each disk and transitioning to optically thin at
the disk edge. The errors on qy,,, from the 1.3 and 0.87 mm data
alone are typically 0.5, implying that some disks (e.g., Elias 29
and IRS 37-A) could be consistent with a flat spectral index at all
radii within uncertainties. IRS 44 and Oph-emb-1 show a gradient
in spectral along the disk minor axis. However, this gradient may
be due to a misalignment of the disk centers based on the 2D
Gaussian fits. Both sources have substantial envelope components
that could affect our measurement of a disk’s central position.
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Figure 15. Same as Figure 3 for 0.87 mm data of the ambiguous disks. We show the UV data in 45 kA bins.
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Figure 16. Spectral index maps of the protostellar disk sample. GSS 30 IRS 3 does not have a spectral index map since the 0.87 mm observations are so far off the
primary beam center; these are not adequate to reliably evaluate a spectral index.
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Appendix C
1D Best-fit Model Brightness Profiles

In Figures 17, 18, and 19, we present the disk and envelope
model components and the cumulative best-fit model as
brightness profiles as a function of the radius.
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Figure 17. Structured disks best-fit model intensity profiles and their components. From left to right, GSS 30 IRS 3, IRS 63, Oph-emb-6, and Oph-emb-9. The top row

shows the 1.3 mm best-fit models, and the bottom row shows the 0.87 mm models.
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Figure 18. Same as Figure 17 for the nonstructured disks, from left to right IRS 37-A and Oph-emb-1.
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Figure 19. Same as Figure 17 for the ambiguous disks, from left to right GSS 30 IRS 1, Elias 29, IRS 44, and VLA 1623 West. For IRS 44, we do not show the
individual offset Gaussian component on this brightness vs. radius plot as it is an isolated, localized feature, which does not exist all around the disk at a particular

radius; it is localized.

Appendix D
Statistical Test Results

Tables 7, 8, and 9 show the results from the statistical tests for
the model variations applied to the 1.3 and 0.87 mm data. For the
statistical tests performed on the various models fit to VLA 1623
West, we refer the reader to Table 2 in Michel et al. (2022). AAIC
and ABIC provide a quantitative comparison and statistically

Table 8
Model Statistical Comparison for Nonstructured Protostellar Disks

Source IRS 37-A Oph-emb-1
A 1.3 mm 0.87 mm 1.3 mm 0.87 mm

AIC
PLCT -3 -2 —102 —157
PLCT, GE 5 5 36,036" 2720%
Gaussian 34,421° 2693 -

BIC
PLCT —12 -9 -84 —143
PLCT, GE —21 —15 36,117% 2779*
Gaussian 34,475 2732 e
Note.

# Reference model (AIC,, BIC,) to which other models are compared, i.e.,
AAIC = AICy-AIC;.

25

favored model and are evaluated as AAIC = AIC,—AIC,, where
AIC, is the reference model, and AIC; is the model being
evaluated against the reference. The same method is applied for
ABIC. The reference models used are labeled in the tables.

If AAIC and ABIC are positive within the following
ranges, then

1. 3-20, there is positive evidence in favor of AIC; or BIC;;

2. 20-150, there is strong evidence in favor of AIC; or

3. >150, there is decisive evidence in favor of AIC; or
BIC,.

If AAIC and ABIC are negative within the following
ranges, then

1. —3 to —20, there is positive evidence in favor of AIC, or
BIC,, the reference model,

2. —20 to —150, there is strong evidence in favor of AIC, or
BIC,, the reference model,

3. < — 150, there is decisive evidence in favor of AIC, or
BIC,, the reference model.

In cases where AAIC and ABIC range from —3 to 3, neither
model is statistically favored.
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Table 9
Model Statistical Comparison for Ambiguous Protostellar Disks. For VLA 1623 West, Refer to Table 2 in Michel et al. (2022)
Source GSS 30IRS 1 Elias 29 IRS 44
A 1.3 mm 0.87 mm 1.3 mm 0.87 mm 1.3 mm 0.87 mm
AIC
PLCT -6 45 —896 —44 —347 —60
PLCT, GE 54,205% 5463 39,043 2450* —138 —12
PLCT, OG 38,110° 2888
BIC
PLCT 12 59 —878 -32 —293 -20
PLCT, GE 54,286" 5522° 39,124% 2394% —102 14
PLCT, OG 38,227¢ 2973
Note.

 Reference model (AIC,, BIC,) to which other models are compared, i.e., AAIC = AIC,-AIC,.
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