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Abstract

Constraining the physical and chemical structure of young embedded disks is crucial for understanding the earliest
stages of planet formation. As part of the Early Planet Formation in Embedded Disks Atacama Large Millimeter/
submillimeter Array Large Program, we 8present high spatial resolution (~0”1 or ~15 au) observations of the
1.3 mm continuum and *CO J=2-1, C'®*0 J=2-1, and SO Jny = 65-54 molecular lines toward the disk around
the Class I protostar L.1489 IRS. The continuum emission shows a ring-like structure at 56 au from the central
protostar and tenuous optically thin emission extending beyond ~300 au. The '*CO emission traces the warm disk
surface, Whlle the C'®0 emission originates from near the disk mldplane The coincidence of the radial emission
peak of C'®0 with the dust ring may indicate a gap-ring structure in the gaseous disk as well. The SO emission
shows a highly complex distribution, including a compact, prominent component at <30 au, which is likely to
originate from thermally sublimated SO molecules. The compact SO emission also shows a velocity gradient along
a direction tilted slightly (~15°) with respect to the major axis of the dust disk, which we interpret as an inner
warped disk in addition to the warp around ~200 au suggested by previous work. These warped structures may be
formed by a planet or companion with an inclined orbit, or by a gradual change in the angular momentum axis
during gas infall.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Protostars (1302); Planetary system
formation (1257)

1. Introduction with the Atacama Large Millimeter/submillimeter Array
(ALMA) (e.g., Andrews et al. 2018; Oberg et al. 2021). These
studies have revealed that substructures such as rings and gaps
are present in both dust and gas, suggesting that planet
formation is ongoing in ClassII disks. Furthermore, the
presence of formed planets has recently become more apparent
through the detection of velocity kinks in channel maps of
bright molecular line emission (e.g., Pinte et al. 2018b; Teague

Circumstellar disks are the birthplaces of planets. Constrain-
ing the structure of disks is thus essential for understanding the
processes of planetary system formation. The physical and
chemical structure of Class II disks has been studied in great
detail through dust continuum and molecular line observations
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The presence of substructures and planets in Class II disks
suggests that planet formation could have started in the earlier
evolutionary stages. It is thus essential to study what is
happening in disks around younger Class0/1 protostars in
order to obtain a complete picture of planet formation
processes. Recent ALMA observations have revealed sub-
structures in dust continuum emission in a handful of Class 0/1
disks (e.g., ALMA Partnership et al. 2015; Sheehan &
Eisner 2018; Segura-Cox et al. 2020; Sheehan et al. 2020),
suggesting that the first steps toward planet formation may be
ocurring while these young disks are still embedded in their
natal envelopes. Grain growth has also been suggested in
embedded young disks (e.g., Harsono et al. 2018). In addition,
recent surveys have shown that the mass of ClassII disks is
insufficient for giant planets to be formed, while Class 0/I disks
are massive enough (e.g., Tychoniec et al. 2021).

Motivated by these previous studies, the Early Planet
Formation in Embedded Disks (eDisk) ALMA Large Program
(Ohashi et al. 2023) was initiated with the main goal of
understanding how early substructures form in the disks around
young protostars. The core of eDisk is a high-resolution
systematic survey of the dust continuum substructures down to
~5 au scales in 19 young embedded sources. In addition to the
dust continuum, several molecular lines, mainly CO isotopolog
lines, have been observed to probe the gas distributions and
kinematics in the embedded disks as well as in the envelopes.

One of the sources of the eDisk sample is the ClassI
protostar L1489 IRS (or IRAS 04016+2610), located in the
Taurus molecular cloud. While several recent studies assume
~140 pc as the distance to L1489 IRS (e.g., Mercimek et al.
2022; Sai et al. 2022) based on the average distance over the
Taurus region (141 & 7 pc; Zucker et al. 2019), Roccatagliata
et al. (2020) estimate the distances to six different stellar
population groups in the Taurus region using Gaia measure-
ments. One of the groups (Taurus F in the original paper) with
an estimated distance of 146 pc includes a nearby source to
L1489 1IRS (with a separation of ~12’). Thus, in the present
work, we assume that the distance to L1489 IRS is 146 pc21.
When this distance as well as the updated photometry from
near-infrared to millimeter wavelengths is taken into account,
the bolometric luminosity and bolometric temperature are
34 L, and 213K, respectively (Ohashi et al. 2023), from
which L1489 IRS is classified as a Class I source.

L14891IRS is embedded in a ~2000au scale infalling-
rotating envelope, as revealed by single-dish observations
(Hogerheijde & Sandell 2000; Motte & André 2001). A bipolar
outflow along the northwest-southeast direction is also
identified by infrared and submillimeter line observations
(Tamura et al. 1991; Hogerheijde et al. 1998). Brinch et al.
(2007) first detected a rotation signature at ~200-300 au scale
using ~1” resolution HCO™ line observations with the
Submillimeter Array (SMA), which was interpreted as a
Keplerian disk. ALMA observations of the '*CO and C'®0
(J =2-1) lines confirmed the presence of a Keplerian disk with
a radius of ~600-700 au and a central stellar mass of 1.6 M,
(Yen et al. 2014). Yen et al. (2014) also detected a streamer-
like infalling flow feeding the material to the central
protostellar disk with the C'®0 J=2-1 emission. Higher-
resolution (~0”3) C'®0 line observations with ALMA

2! We note that there is an independent estimate of the distance toward the
neighboring molecular cloud L1498 of 129 pc (Zucker et al. 2020), which is
significantly different from the 146 pc adopted here.
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revealed that the disk is warped at the boundary (r ~ 200 au)
between the inner and outer disks (Sai et al. 2020). Dust
continuum images obtained with ALMA (Yen et al. 2014; Sai
et al. 2020) and the Combined Array for Research in
Millimeter-wave Astronomy (CARMA; Sheehan & Eisner
2017) also show a disk-like structure elongated along the
northeast-southwest direction. Furthermore, Ohashi et al.
(2022a) tentatively detect a ring-like structure at r ~ 90 au in
the 1.3 mm dust continuum emission, which may be a hint of
dust growth, or even planet formation.

In this paper, we present high spatial resolution (~0”1)
observations of dust continuum and molecular lines toward the
embedded disk around L.1489 IRS as part of the eDisk ALMA
Large Program. This paper is structured as follows. We
describe the observational details in Section 2 and the
observational results (image maps and radial profiles) in
Section 3. Section 4 presents the analysis of the dust continuum
and CO isotopolog line data to constrain the physical structures
of the disk. The results are discussed in Section 5 and are
finally summarized in Section 6.

2. Observations and Data Reduction

L1489 IRS was observed as part of the eDisk Large Program
(project code: 2019.1.00261.L, PI: N. Ohashi) and a dedicated
Directors Discretionary Time (DDT) program (project code:
2019.A.00034.S, PI: J. J. Tobin). Details of the observations
and data reduction procedures are provided in Ohashi et al.
(2023). Here we summarize the key aspects specific to
L1489 1IRS. Our observations were made in a total of five
executions, two of which used extended antenna configurations
(C43-8) from the Large Program, and the other three used
compact antenna configurations (C43-5) from the DDT
program. The two executions with extended antenna config-
urations were conducted in 2021 August, while the three
executions with compact antenna configurations in the DDT
program were conducted in 2021 December and 2022 July.

The eDisk program is designed to observe the dust
continuum at 1.3mm (or 225GHz), as well as several
molecular lines. The targeted molecular lines are listed in
Table 2 of Ohashi et al. (2023). In this specific first-look paper
on L1489 1IRS, we focused on three molecular lines: 3co
J=2-1,C"0 J=2-1, and SO Jy = 65-5,. In addition to these
lines, several other lines (]2CO, DCN, H,CO, and ¢-C3H,) are
also detected, while SiO and CH;OH lines are not detected (see
Table 2 in Ohashi et al. 2023, for the complete list of the
targeted transitions).

The initial calibration was performed by the ALMA
observatory using the standard ALMA calibration pipeline
version 2021.2.0.128. We then carried out self-calibration
using Common Astronomy Software Applications (CASA)
version 6.2.1 (McMullin et al. 2007). Prior to self-calibration,
we imaged the continuum data of each execution block
separately. We then found an emission peak on each image and
aligned the peaks to a common phase center using the CASA
task fixvis and fixplanets. For the aligned visibilities,
we applied an amplitude rescaling by inspecting the azimuth-
ally averaged visibilities (amplitude profile against baseline
length) from different executions to correct for possible flux
calibration uncertainties (see Ohashi et al. 2023).

We then performed four iterations of phase-only self-
calibration and then two iterations of phase and amplitude
self-calibration on the compact configuration continuum data.
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Table 1
Properties of the Continuum and Line Images
Frequency EL,P“’b Spectral Resolution Channel Width Robust Beam Size (PA) rms
(GHz) (K) (km s~ (km s~ (mJy beam™")

continuum 225 1.0 07105 x 07078 (12°) 0.014
continuum (tapered) 225 2.0 07221 x 07179 (11°) 0.018
BcoJ=12-1 220.3986842° 15.9 0.17 0.20 1.0 0713 x 0711 (8.9°) 2.4
cos=2-1 219.5603541° 15.8 0.17 0.20 1.0 0713 x 0710 (13°) 1.7
SO Jy = 65-5, 219.9494420° 35 0.17 0.20 1.0 0”13 x 0710 (15°) 2.1
Notes.

4 Upper state energy of the transition.

b Taken from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller et al. 2001, 2005; Endres et al. 2016).

The data were then combined with the extended configuration
data and were self-calibrated together. For the combined data,
we performed two iterations of phase-only self-calibration and
no phase+amplitude self-calibration. The self-calibration
solutions were then applied to the line data. Finally, the line
data were continuum subtracted using the CASA task
uvcontsub in the visibility domain.

For the continuum data, we CLEANed down to two times
the rms noise level using different Briggs robust parameters, as
shown in Appendix A. The auto-multithresh algorithm
implemented in CASA was used to generate the CLEAN
masks. We adopted the image with robust =1.0 as the
representative image considering the balance between spatial
resolution and sensitivity. The resulting beam size and rms
noise level of the continuum image are 07105 x 07078 (PA
=12°) and 14 pJy beam ', respectively (Table 1). We note that
the beam size of the representative image is a factor of ~2
larger than the typical spatial resolution of other eDisk
continuum images (~0705); because the continuum emission
of the L1489 IRS disk is faint, we need to trade off spatial
resolution for better sensitivity. Additionally, to clearly show
the extended, faint emission, we made another continuum
image with robust =2.0 and uvtaper =1000 kA, which
has a beam size and rms noise level are 07221 x 0”179 (PA
=11°) and 18 uly beam ™!, respectively (Table 1). For the line
data, we CLEANed down to three times the rms noise level
with robust = 1.0 (and uvtaper = 2000 kA as the default
imaging parameter of eDisk line images; see Ohashi et al.
2023) for all lines presented in this paper. As in the case of
continuum imaging, the auto-multithresh algorithm
implemented in CASA was used to generate the CLEAN
masks. The typical beam size and rms noise level of the line
images are 071 and 2 mJy beam ™' at a velocity channel width
of 0.2 kms™', respectively. We assume an absolute flux
calibration uncertainty of 10%. The maximum recoverable
scale is ~2”4.>> The detailed properties of the continuum
image and line image cubes, as well as the corresponding
spectroscopic data, are reported in Table 1.%

We note that there is an additional uncertainty in the intensity
scale of the CLEANed images due to the JvM effect (Jorsater &
van Moorsel 1995; Czekala et al. 2021): the inconsistency of
intensity units between the CLEANed model image and the
residual image makes the intensity in the resulting CLEANed
image incorrect (see Figure 3 in Czekala et al. 2021 for a

22 Based on the Equation (7.7) in https: //almascience.nao.ac.jp/documents-
and-tools/cycle8 /alma-technical-handbook.

23 The self-calibration and imaging scripts for this source are available at
https://github.com/jjtobin /edisk.

comprehensive illustration). Czekala et al. (2021) introduced a
method to correct for this effect (JvM correction). However,
while the JvM correction recovers the correct intensity scales in
the restored images, correcting the data in this way artificially
manipulates the noise level by rescaling the residual image and
may exaggerate the signal-to-noise ratio (S/N) (Casassus &
Cércamo 2022). The modification of the S/N could lead to the
misinterpretation of the structure and extent of emission. Since
we mainly focus on the morphology of the emission, we adopt
the images without JvM correction. We only use the JvM-
corrected image when we estimate the dust mass based on the
flux density of the continuum emission in Section 3.1. Another
exception is Section 4.1, where we compare the flux density
estimated from the visibility analysis with that measured on the
image plane because the visibility analysis is not affected by the
JvM effect.

3. Observational Result
3.1. 1.3 mm Continuum

Figure 1 shows the 1.3 mm dust continuum images of the
L1489 1IRS disk. The left panel of Figure 1 shows the large-
scale view of the continuum emission with robust = 2.0 and
uvtaper = 1000 kA, while the middle and right panels show
the zoom-in view with robust = 1.0. A disk-like structure
elongated along the northeast to the southwest direction is
detected, which is consistent with previous observations (Yen
et al. 2014; Sai et al. 2020; van ’t Hoff et al. 2020; Tychoniec
et al. 2021). In the outermost region, nonaxisymmetric faint
tails are also detected, as indicated by the dashed white arcs in
the left panel of Figure 1. These tails are also seen in the
continuum image in Tychoniec et al. (2021) and are consistent
with the molecular line emission tracing the warped outer disk
as well as the accretion flows (Yen et al. 2014; Sai et al. 2020;
van 't Hoff et al. 2020).

The zoom-in view of the continuum image (middle panel of
Figure 1) shows a central compact source at <0”1 that is
unresolved at the current angular resolution. The peak intensity
is 5.4 mJy beam ', which corresponds to a brightness
temperature of 21 K using the full Planck function. This
component is spatially unresolved even in the higher-resolution
maps imaged with smaller robust parameters (Appendix A),
indicating that this component is quite compact (<0704).

Interestingly, an emission enhancement (i.e., a ring-like
structure) is identified at a radius of ~074 from the central
protostellar position (middle panel of Figure 1). The locations
of the ring and the adjunct gap are marked by the solid and
dashed white arcs, respectively, in the middle panel of Figure 1.
A nonaxisymmetric brightness distribution (i.e., substructure in
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Figure 1. 1.3 mm continuum images of the disk around L1489 IRS. Left: large-scale view of the disk with robust = 2.0 and uvtaper = 1000 k. A
nonaxisymmetric feature appears in the outermost region as guided by the dashed white arcs. Center: zoom-in view of the disk with robust = 1.0. The locations of
the ring and gap are indicated by solid and dashed white lines, respectively. The gap location is identified visually, while the ring location is based on the visibility
analysis described in Section 4.1. For the left and center panels, the color scaling is stretched by an arcsinh function to accentuate features with low surface brightness.
Right: same as the center panel, but with a limited color range stretched by a sinh function to accentuate the nonaxisymmetric feature at the ring. For each panel, the
color scaling is saturated at 0.0, the beam size is represented by the white ellipse at the lower left, and the white scale bars are plotted in the lower right corner.

the azimuthal direction) at the ring is also observed. The right
panel of Figure 1 shows the continuum image with an adjusted
color scaling to clearly show the asymmetry. The western side
of the ring is slightly brighter than its eastern counterpart. We
examine the properties of this ring-like structure in more detail
in Section 4.1 and discuss its origin in Section 5.

To quantify the overall emission properties, we performed a
two-component (i.e., central compact component and extended
tenuous component) 2D Gaussian fit on the untapered
continuum image using the imfit task in CASA. We note
that due to the ring-like structure, the 2D Gaussian fit yields
residuals at a level of about 8¢ at the ring location. The
position of the emission peak of the central compact
component derived by the fit is a(ICRS):O4hO4m43?080,
S(ICRS) = + 26918™56%12. This is used as the position of the
central protostar in the following analysis. The deconvolved
sizes of the compact and extended components are
07037 x 07024 (PA =180° ~5.4 x~3.7au) and 379 x 1”3
(PA =66°, ~570 x~190 au), respectively. The deconvolved
size of the extended component is consistent with previous
observations (Yen et al. 2014; Sai et al. 2020). The inclination
angle of the outer extended disk is estimated from the
deconvolved size to be ~71° (0° for the face-on configuration)
assuming a geometrically thin disk. The derived inclination
angle is similar to the value measured by previous observations
(73°; Sai et al. 2020). The total flux density originating from
both components is 91+9 mly. The flux calibration
uncertainty of 10% is added in quadrature. The measured flux
density is ~53% higher than that measured by Sai et al. (2020)
(~59 mly), which has been found to be due to the JvM effect
(Jorsater & van Moorsel 1995; Czekala et al. 2021; see also
Section 2). Application of the JvM correction (Czekala et al.
2021) resulted in a JvM € (the ratio of the CLEAN beam
volume to the dirty beam volume) of ~0.26 and a similar flux
density (~50 mly) to that derived by Sai et al. (2020).

When we assume that the continuum emission at 225 GHz
stems purely from the thermal dust emission and is optically

thin, the total dust mass can be estimated by

F,d?

_— 1
Ky B, (T)’ W

dust =

where F, is the flux density, d = 146 pc is the distance to the
source, k, is the dust mass opacity, and B,(T) is the Planck
function of the blackbody radiation at the temperature 7. We
adopted the flux density of 50 mJy from the JvM-corrected
image and the dust mass opacity of s, =2.3cm” g~ based on
Beckwith et al. (1990) with an assumption of the dust-to-gas
mass ratio of 0.01. Adopting dust temperatures of 7=20K, a
typical value used in ClassIl surveys (e.g., Andrews &
Williams 2005; Ansdell et al. 2016; Tobin et al. 2020), and
T =58 K based on the prescription in Tobin et al. (2020),

1/4
T= 43(—1Lb°' ) K, ()

Lo

with the bolometric luminosity of Ly, = 3.4 L., (Ohashi et al.
2023), we obtain disk dust masses of 31 M, and 8.9 M.,
respectively. We note that these estimates are lower limits
because the emission at the central compact component may be
optically thick.

3.2. Molecular Lines

Figures 2 and 3 show the molecular line maps of the
velocity-integrated intensity (or zeroth moment), velocity
centroid, and peak brightness temperature with large-scale
and zoom-in views. All the maps are generated using
bettermoments (Teague & Foreman-Mackey 2018). For
the velocity-integrated intensity maps, we integrate only the
emission above 2o0. For the velocity centroid maps and peak
brightness temperature maps, we use the quadratic method
implemented in bettermoments rather than traditional first/
eighth moments.
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Figure 2. Velocity-integrated intensity maps (left column), velocity centroid maps (center column), and peak brightness temperature maps (right column) of '*CO
J =2-1 (top row), C'80 J = 2-1 (center row), and SO Jy = 65-5, (bottom row). The velocity centroid and peak brightness temperature maps are generated by the
quadratic method implemented in bettermoments. For the velocity-integrated intensity maps, only emission higher than 20 has been integrated. The color scaling
is stretched by the arcsinh function and saturated at 0.0. For the peak brightness temperature maps, the conversion from intensity to brightness temperature was made
using the full Planck function. The color scaling is stretched by the sinh function and saturated at 10 K for visual clarity. For all panels, the synthesized beam is shown
in the bottom left corner, while the scale bar in the bottom right corner indicates 200 au. The dashed gray lines indicate the direction of the major and minor axis of the
dust disk (PA =67° as derived by the visibility analysis described in Section 4.1).

3.2.1. Pco structure analysis (Section 4.2). The velocity-integrated

intensity map with a large-scale view (top left panel of

The maps of the '*CO J=2-1 emission are shown in Figure 2) shows an elongated morphology along the major axis
Figures 2 and 3 (top rows). The emission is detected above 30 of the dust disk at r < 1”5, and the velocity centroid map (top
in a velocity range from —0.2 to 15.6 km s ', where the middle panel of Figure 2) shows a rotation signature of the
systemic velocity is 7.38 km s, as derived by the velocity disk. In the outer region (r 2 1”5), the 3CO emission shows an
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Figure 3. Same as Figure 2, but with zoom-in views. The contours in the velocity-integrated intensity maps (left column) are [10, 30, 50, 70, 90, 110, 130]o (¢ =
1.2 mJy beam ' km s '), [10, 30, 50, 70, 90, 110]o (¢ = 0.57 mJy beam ™' km s~ '), and [10, 30, 100, 200]o (¢ = 0.61 mJy beam ' km s~ ') for '*CO, C'®0, and

SO, respectively.

extended structure, suggesting that the '>CO emission traces
the envelope component. Sai et al. (2020) also observed the
same transition and found a similar emission morphology (see
Appendix C in their work).

The velocity-integrated intensity map with a zoom-in view
(top left panel of Figure 3) shows bright, double-peaked '*CO
emission at a spatial scale of r < 0”5. Interestingly, the peaks
of the '*CO emission are slightly shifted southward from the
disk major axis. This would be evidence that the '*CO emission

originates from the surface of the inclined disk. The brighter
emission on the southern side indicates that the southern side is
the far side of the disk, from which the emission of the warm
disk surface reaches the observer directly (e.g., Lee et al. 2017;
Ruiz-Rodriguez et al. 2017; Villenave et al. 2020; S. Takakuwa
et al. 2023, in preparation). This configuration of the disk is
consistent with the outflow directions, where the red- and
blueshifted robes are located on the northern and southern
sides, respectively (Yen et al. 2014).
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The top right panels of Figures 2 and 3 show the peak
brightness temperature maps. The peak brightness temperature
reaches >60K at r<0”5, again suggesting that the '*CO
emission traces the disk surface where the temperature is higher
than in the midplane due to the heating by the protostar or the
accretion shock. The map also shows the higher brightness
temperature on the southwestern (or redshifted) side, which
may indicate a nonaxisymmetric temperature structure of the
disk. The brighter molecular line emission on the southwestern
(or redshifted) side of the disk has also previously been
observed in C'70 and H,CO emission (van 't Hoff et al. 2020).

3.2.2. c*%0

The maps of the C'®0 J=2-1 emission are shown in
Figures 2 and 3 (middle rows). The emission is detected above
3¢ in a velocity range from 0.8 to 12.8 kms~'. The velocity-
integrated intensity map (middle left panel of Figure 3) shows a
lack of the C'®0 emission in the innermost region (r <072). In
the intermediate region (072 < r < 175), an elongated disk-like
emission exists. While the C'®0 emission shows the double-
peaked morphology at r~ 0”5 similar to that of '*CO, no
significant shifts of the peaks from the major axis of the disk
are seen, in contrast to the velocity-integrated intensity map of
3CO (top left panel of Figure 3). This indicates that the C'*0
emission mainly traces the gas near the disk midplane.
Moreover, the radii of the C'®0 peaks are slightly larger than
those of the '*CO peaks, which is more clearly presented in the
radial intensity profiles in Section 3.3.

In the outer region (175 <r<4"), a warped structure is
seen, in which the redshifted part is curved toward the
southwest and the blueshifted part toward the northeast
(Figure 2). This feature was first found by Sai et al. (2020),
who interpreted it as a misaligned Keplerian disk based on the
velocity structure analysis. Furthermore, extended redshifted
emission is present in the outermost region (r=4") of the
southwestern (redshifted) side (see the middle left panel of
Figure 2), consistent with the infalling accretion flow observed
in Yen et al. (2014). The blushifted conuterpart of this
component is also seen as a slight extension to the north on the
northeastern side.

The centroid velocity map (central panel of Figure 3) shows
the highest velocity (+3—-5 km s~ ' with respect to the systemic
velocity) along the major axis of the disk, suggesting that the
high-velocity component of the C'®0 emission traces the gas in
the rotating disk. A similar velocity structure was observed by
Sai et al. (2020). In the innermost region (<0”2), the map lacks
the highest-velocity component, which is due to the absence of
the disk emission (possibly caused by the actual gas absence
and/or the continuum oversubtraction; see Section 5.1), as seen
in the velocity-integrated intensity map (middle left panel of
Figure 3).

The peak brightness temperature map (the middle right panel
of Figure 3) also suggests that the C'®0 emission originates
from the disk midplane because the peak emission components
are located close to the disk major axis. Similar to the velocity-
integrated intensity map (the middle left panel of Figure 3), the
peak brightness temperature also shows a central dip at » < 0”4
and a ring-like structure with a radial peak at r~0”4. In
addition, the southwestern (or redshifted) side of the disk is
slightly brighter than the northeastern side, consistent with the
distributions of the '>CO peak brightness temperature structure.

Yamato et al.

3.2.3. SO

The maps of the SO (Jy= 6s-54) emission are shown in
Figures 2 and 3 (bottom rows). The emission is detected above
30 over a wide velocity range from —3.8 to 19.2kms™'.
Overall, the morphology of the SO emission is different from
that of '>*CO and C'®0. The velocity-integrated intensity map
with the zoom-in view (bottom left panel of Figure 3) exhibits a
prominent compact emission in the innermost region (r < 0”2)
and the diffuse extended emission in the outer disk, while the
diffuse SO emission lacks the high-velocity component at
ra0"2-1" seen in >CO and C'®0 (see the middle column of
Figure 3). The central compact emission is marginally spatially
resolved and shows an elongated structure along the east—west
direction. Interestingly, this emission component shows a
velocity gradient along the elongation direction over the
extremely high velocities of £10-12 km s~ ' with respect to
the systemic velocity (bottom middle panel of Figure 3). The
origin of this emission is discussed in detail in Section 5.5. The
outer diffuse emission shows a complex structure in which the
emission is mainly distributed along the major axis of the disk
as well as in the regions relocated from the axis (bottom left
panel of Figure 2). It also shows the velocity gradient along a
direction similar to the major axis of the disk that partially
traces the rotating disk (bottom middle panel of Figure 2). In
addition, an SO emission clump is detected on the southwestern
side of the disk (r =~ 6"), consistent with previous observations
(Yen et al. 2014).

The peak brightness temperature map of the SO emission
(bottom right panels of Figures 2 and 3) is highly intriguing.
The multiple local enhancements of the peak brightness
temperature are identified in the outer region. They may
indicate the local enhancement of the gas temperature due to
the accretion shock. On the other hand, the central compact
emission shows lower peak brightness temperatures. This is
discussed in more detail in Section 5.5.

3.3. Radial Intensity Profiles

Figures 4 and 5 show the radial intensity profiles of the
continuum and molecular lines, respectively. The method we
used to generate these radial profiles is described in detail in
Appendix B. Briefly, we averaged the emission over certain
radial bins within the limited wedge of +45° with respect to the
disk major axis. In addition to the profiles averaged over both
sides of the disk, we calculated the profiles extracted from each
southwestern (redshifted) side and northeastern (blueshifted)
side of the disk to show the azimuthal variations. The radial and
azimuthal substructures for the continuum and each line
emission are described below. A more detailed comparison of
the radial profiles is made in Section 5.

Continuum—Figure 4 shows that the continuum emission
consists of the centrally peaked compact component and the
tenuous extended disk emission. In addition to these compo-
nents, a gap-ring pair is identified at ~0”2 (or 30 au) and ~0”4
(or 60 au) radii from the disk center. The profile extracted from
the southwestern side is brighter at the ring position than that
extracted from the northeastern side by 0.08 mJy beam™' (i.e.,
~ 100 significance), which can be seen more clearly in the inset
panel of the left panel of Figure 4. In the radial profile of the
robust =2.0 tapered image (right panel of Figure 4), two
shoulder-like structures are tentatively identified at ~1”5 (or
220 au) and ~2”3 (or 340 au). The profiles also show slight
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Figure 4. Deprojected azimuthally averaged radial intensity profiles of the 1.3 mm continuum. The left panel presents the radial profile of the image with robust
=1.0, and the right panel shows the radial profile of the robust =2.0 tapered image. The dashed red and dotted blue lines represent the profiles extracted from the
southwestern (redshifted) side and the northeastern (blueshifted) side of the disk, respectively. The solid black line shows the profile averaged over both sides of the
disk. These profiles are computed by averaging over +45° wedges with respect to the disk major axis (PA =67°). The shaded regions indicate 1o scatter at each radial
bin (see Appendix B). In the inset of each panel, the zoom-in views of the innermost ring (left panel) and outer shoulders (right panel) are shown, respectively. The
Gaussian profile in the lower left corner of each panel and the upper right corner of the inset indicates the width of the major axis of the synthesized beam. The right
vertical axis indicates the brightness temperature, converted from the intensity using the full Planck function.

variations between the southwestern side and the northeastern
side at these shoulder-like substructures. The northeastern side
is brighter than the southwestern side.

3CO J=2-1—The radial intensity profile extracted from
both sides peaks at ~0”2 (or 30 au) radii. Additionally, a subtle
shoulder is identified at ~1”3 (or 190 au) radii. This feature is
also seen in the profiles extracted from the southwestern and
northeastern sides of the disk, although the feature in the
northeastern side is subtle. Overall, the southwestern side is
brighter than the northeastern side, while the difference is more
significant in the outer radii (=078).

C’%0 J=2-1—The peak of the C'®O intensity profile is
slightly shifted outward (=~0”4 or 60 au) compared to the peak
of '¥CO. From this peak, the C'®0 profile shows a steep
decline until r~~1”4 (or 200au). At ra2”2, the C'®0
intensity profile from the southwestern side shows a slight
enhancement, which is brighter than the emission on the
northeastern side. While the C'®O profiles show the difference
between the southwestern and northeastern sides of the disk in
the outer region (r 2 1”5 or 220 au), the profiles are consistent
in the inner disk (r < 175).

SO Jy=65-5,—The SO emission is centrally peaked at
r <072, although the innermost bin shows a slight central
depression (the inset of the right panel of Figure 5). The extent
of the central compact component is up to ~072. In addition to
the central compact component, there is a tenuous diffuse
emission, as also seen in the maps (Figure 2). There is no major
variation between the southwestern and northeastern sides,
although the 2D emission distributions are complex (Figure 2).

4. Analysis

We performed two simple modeling approaches to the
observed continuum and line emission: (1) an analytical model
fit to the observed continuum emission in the visibility domain
to characterize the radial substructures and geometry of the
dusty disk (Section 4.1), and (2) a rotation curve fit to the

position—velocity (PV) diagram of the C'®0 emission to
investigate the nature of the disk rotation (Section 4.2).

4.1. Visibility Analysis of the Dust Continuum Emission

To precisely characterize the dust disk geometry and
morphology, we conduct an analytic model fit to the observed
dust continuum data in the visibility domain. A visibility
analysis has two advantages over the image analysis. First, the
uncertainties associated with imaging can be avoided. Second,
the visibility can probe the structures on scales smaller than the
beam size of the image, although the smallest scale that can be
probed is limited by the maximum baseline length. We only
consider the axisymmetric component and the innermost dust
ring because the nonaxisymmetric components and outer
shoulder-like structures are rather faint. We use a Gaussian
ring model with an intensity distribution given by

v—mm)

2
2w,

L (r) = Ir exp (— 3)

where I, is the peak intensity of the ring component, r, is the
radius of the ring center, and w;, is the width of the ring. The
radial coordinate r is the disk coordinate deprojected with the
position angle (PA) and the inclination angle (i). The central
compact component is given by

2
Iu,c(r) == Iu,c exp 7”_2 . (4)
2 c

We add the extended disk component as a Gaussian, and it is
similarly given by

We

r2
Iu,e(r) - 11/,e CXP(—F]- (5)
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Figure 5. Deprojected azimuthally averaged radial intensity profiles of 3C0O J = 2-1 (left), C'80 J = 2-1 (middle), and SO Jy = 655, (right). While the dashed red
and dotted blue lines represent the profiles extracted from the southwestern (redshifted) side and the northeastern (blueshifted) side of the disk, respectively, the solid
black line shows the profile extracted from both sides of the disk. These profiles are computed by averaging over +45° wedges with respect to the disk major axis (PA
=67°). The shaded regions indicate 1o scatter at each radial bin (see Appendix B). The Gaussian profile in the upper right corner of each panel indicates the width of
the major axis of the synthesized beam. The inset of the right panel shows the slight central depression of the SO emission.

The full model is then given by the sum of all the components,
L(r) = 5L,(r) + Lc(r) + L(r). (6)

We directly fit this model to the observed visibilities. We
used the flux density (F, ) instead of the peak intensity (1, )
for the parameters in practice. First, the model image is
generated in the image plane and is then Fourier-transformed
by the GALARIO code (Tazzari et al. 2018) onto the observed
sampling of the (u, v) plane. We also consider the disk center
offset from the phase center of the observations, resulting in
additional parameters of (xog, yo). In total, we consider 11
parameters 0 = {F, ., W, o, Feo Wes Feo Wes PA, i, X0, Yo
and search the parameter space with the Markov chain Monte
Carlo (MCMC) method using the emcee package (Foreman-
Mackey et al. 2013). The parameter space is sampled by 200
walkers with 1000 steps, and the initial 700 steps are discarded
as burn-in.

Table 2 summarizes the resultant parameters of the fit. We
find a PA of 67° and an inclination of 72°, both of which are
consistent with the 2D Gaussian fit on the image plane (see
Section 3). The ring radius is estimated to be 0738 (or 56 au),
which is consistent with the peak of the radial intensity profile
(Figure 4). The ring width is 0724 (or 35 au). The size of the
central compact component is derived to be 070073 (or 1 au),
which is smaller than the deconvolved size derived by the 2D
Gaussian fit on the image plane (see Section 3). This indicates
that the central component is indeed very compact and not
spatially resolved at the current resolution. The size of the
extended component (1”58 in the standard deviation of the
Gaussian, or 3”72 in FWHM) is comparable to that derived by
the 2D Gaussian fit. The total flux density (summed over all the
components) of 52 mJy is similar to the value derived from the
JvM-corrected image (which is expected to recover the correct
flux scale; see Section 3).

The comparison of the best-fit model (i.e., the model that
maximizes the likelihood) with the observed visibilities
(deprojected and azimuthally averaged) is shown in Figure 6.
Overall, the observed visibilities are reproduced well by the

Table 2
Best-fit Parameters of the Visibility Fit

Parameter ~ Unit  Description Value®

Fe mJy  Flux density of the central compact 505400
component

We " Size of the central compact 0.00722+3:50054
component

F,, mlJy  Flux density of the ring component 5.39f8;§%

Wy " Width of the ring 0.238+0916

Tox " Radius of the ring location 0.384 0018

Fie mly  Flux density of the extended 41.4404
component

We " Size of the extended component 1.5879:92

PA ° Position angle of the disk measured 67.0193
from north to east

i ° Inclination angle of the disk (0° for 72.0192
face-on)

Xo " Source offset from the phase center 0.00881-5:99010
along R.A.

Yo " Source offset from the phase center 0.00101+390013
along decl.

Note.

 The uncertainties correspond to the 16th and 84th percentiles of the posterior
distributions.

model. Importantly, a dip at ~200kA\ (the inset of Figure 6)
clearly indicates the presence of a ring-like structure. In the
shortest-baseline bin, a slight discrepancy between the
observations and the model in both real and imaginary parts
exists, although it is within the uncertainty. The discrepancy in
the real part indicates that additional emission component(s) in
the largest spatial scale (which can be traced by the present
observations) may be required to better reproduce the
observations. The discrepancy in the imaginary part in the
shortest-baseline bin suggests that the additional component(s)
would be nonaxisymmetric with respect to the phase center.
The potential presence of a large-scale nonaxisymmetric
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Figure 6. Comparison of the deprojected azimuthally averaged observed
visibilities (black) and the best-fit model (red). The upper and lower panels
show the real and imaginary parts, respectively. The zoom-in view of the long-
baseline regime is shown in the inset in the upper panel.

structure is consistent with the faint tails in the outermost
region seen in the dust continuum image (left panel of
Figure 1), which are not included in the current model.

4.2. Velocity Structure Traced by the C'*0 Emission

To investigate the velocity structure of the disk and infer the
dynamical stellar mass, we use the C'30 emission because the
emission morphology suggests that it traces the rotating gas
near the midplane (see the middle left panel of Figure 3). Sai
et al. (2020) found a large Keplerian disk that extends to
r ~ 600 au with a warped structure at  ~ 200 au by conducting
the power-law fitting to the data points derived from the PV
diagram of C'®0J =2-1, and estimated a central stellar mass
of 1.64£0.12M. (see also Yen et al. 2014). We here
independently verify the Keplerian rotation of the disk and
estimate the central stellar mass using the Spectral Line
Analysis/Modeling (SLAM) code (Aso et al. 2015; Sai et al.
2020, and references therein; Aso & Sai 2023). We follow the
method described in Ohashi et al. (2023). First, the c'®o pv
diagram along the major axis of the dusty disk (PA =67° as
derived by the visibility analysis; see Section 4.1) is generated.
It is shown in Figure 7. The representative data point pairs (r, v)
are extracted from the diagram, to which a power-law function
(vocr~?) is subsequently fitted. To extract the representative
data points, we identified a peak velocity channel for each pixel
of the positional axis and subsequently fit a Gaussian to the
adjacent two channels (i.e., three channels in total). This is
referred to as the ridge method (e.g., Yen et al. 2013; Lee et al.
2018; Sai et al. 2020; see also Aso & Machida 2020). As a
complementary method, we extracted the points at which the
emission reaches 5o for each pixel of the positional axis, which
is referred to as the edge method (e.g., Seifried et al. 2016;
Alves et al. 2017; see also Aso & Machida 2020). The two
methods result in different estimates of the central stellar mass:
the ridge method can underestimate and the edge method can
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Yamato et al.

Offset [au]
—100

edge |
[3K) ridge
—1.0 —0.5 0.0 0.5 1.0
Offset ["]

Figure 7. PV diagram of the C'®0 J = 2-1 emission along the disk major axis
(PA = 67°). The contours are drawn from 50 to 150 in steps of 20, where
o = 1.7 mJy beam ™" The derived data points from the PV diagram by SLAM
are indicated by red/blue circles (ridge method) and orange/light blue circles
(edge method). The solid and dashed black lines represent the rotation curve,
with the best-fit parameters listed in Table 3 for data points derived from the
ridge and edge methods, respectively. The systemic velocity derived from both
fits (averaged best-fit values; 7.375 km s~ ') is indicated by the horizontal
dashed gray line. The Gaussian profile in the upper left corner indicates the size
of the major axis of the synthesized beam.

overestimate it, depending on the spatial resolution (Maret
et al. 2020). The difference between the central stellar masses
derived from these methods is thus adopted as a systematic
uncertainty. In addition, we only used the r=+073-170
region to avoid spatial resolution effects, as described in the
Appendix of Aso et al. (2015), and substructures (i.e., the
central depression and the warped structure at r > 200 au). The
extracted representative data points are shown as red and blue
points in Figure 7. We verified that these data points follow
Keplerian rotation by conducting a power-law fit to them with
SLAM. The best-fit power-law indices p are 0.48070:00s and
0.495+09%8 for the ridge and edge methods, respectively; the
index p = 0.5 is consistent with Keplerian rotation. To infer the
central stellar mass, we fit the Keplerian rotation model to these

data points:
GM, . .
Vies = & sin(i) + Vsyss
r

where vj,s is the line-of-sight component of the rotation
velocity, G is the gravitational constant, M, is the central stellar
mass, 7 is the radius, i is the disk inclination angle, and vy is
the systemic velocity. The free parameters are M, and vy,. The
disk inclination angle is fixed to 72° as derived from the
visibility analysis described in Section 4.1. To search the
parameter space, the MCMC algorithm implemented in the
emcee package (Foreman-Mackey et al. 2013) was adopted.
We ran 1000 steps with 200 walkers and discarded the initial
500 steps as burn-in. The convergence was tested by an

(N
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Table 3
Results of the Keplerian Fits to the C'®0 PV Diagram
Method M, Vsys
(Mc) (km's™ )
ridge 1.498+9:908 7.372780%
edge 19119888 737745616

Note. The uncertainties correspond to the 16th and 84th percentiles of the
posterior distributions.

autocorrelation analysis. The best-fit values (median of the
posterior distributions) and uncertainties (16th and 84th
percentiles) are reported in Table 3 for the ridge and edge
methods.

While the derived systemic velocities are consistent between
the two methods, the best-fit stellar masses are significantly
different (Table 3). The value from the edge method is higher
than that from the other method, which is natural as the edge
method tends to trace a higher velocity than the ridge method at
each pixel. Thus, the derived stellar mass including the
systemic uncertainty is 1.5-1.9 M. This is consistent with
the previous estimates of 1.64 + 0.12 M, by Sai et al. (2020),
who used the ridge method and the data points from the outer
warped disk as well.

5. Discussion
5.1. Origin of the Dust Ring

As described in Section 3, our observations have detected
several radial substructures in both dust continuum and
molecular line emission. Various mechanisms have been
suggested as the origin of ring/gap structures in protoplanetary
disks: e.g., planet-disk interaction (e.g., Zhang et al. 2018),
modification of the dust grain properties at the snowlines of
volatiles (Zhang et al. 2015; Okuzumi et al. 2016), disk winds
(e.g., Takahashi & Muto 2018), and dust growth (Ohashi et al.
2021).

If the dust ring at ~57 au is carved by a planet, the gas will
also show a ring-gap structure at a similar radius. To explore
the gas and dust structures around the dust ring, we compare
the radial profiles of the dust continuum and line emission in
the innermost region in Figure 8 (left panel). Interestingly, the
dust ring and the radial peak of the C'®0 intensity profile
coincide. Because the C'®*0O emission is likely to trace the
region near the midplane based on the emission morphology on
the velocity-integrated emission map (Figure 3), this coin-
cidence may indicate the presence of a ring-like structure in
both dust and gas. In the adjacent dust gap (at ~30 au), the
3CO emission is bright, which is likely due to its optically
thick emission at the disk surface, as indicated by the
morphology on the Velocity—integgrated intensity map
(Figure 3). While the dust and c®o intensity profiles at
r>30au show a similar behavior, the C'®0 intensity profile
monotonically decreases inward at » < 30 au, where the dust
intensity profile shows a rapid increase. The '*CO intensity
profile also shows a rapid decrease at r <20 au. These are
likely due to the continuum oversubtraction (e.g., Weaver et al.
2018), which makes it difficult to infer the presence/absence of
the gas gap, while the coincidence of the dust ring and the
radial peak of the C'®0 emission is likely real.
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If we assume that the gas disk has a gap with the same depth
as the dust gap and that it is carved by a formed planet, the
mass of the planet M, can be estimated using

172 5/2 172
h
M,=5x10* L (—P) (O‘) M,,
EP/E() 0.1 1073

®)

where 3,/ is the surface density contrast (i.e., gap depth), A,
is the disk aspect ratio (i.e., the ratio of the scale height to the
disk radius), « is the turbulence parameter, and M, is the
central stellar mass (Kanagawa et al. 2015). If we adopt the
contrast of 0.64 as measured on the dust intensity profile
(Figure 4; assuming the emission is optically thin) as /%,
and assume h,=0.05-0.1, a= 107421072, and the central
stellar mass of 1.5-1.9 M, as derived in Section 4.2, the mass
of the planet (if present) would be ~0.033-2.4 M;.

Another possible mechanism to explain the innermost ring/
gap structures in the dust emission is the dust growth front,
which was recently proposed by Ohashi et al. (2021). They
calculated the time evolution of the dust size distribution and
surface density profile considering the grain growth via
coagulation and radial drift of dust grains and found that a
ring-like structure in the surface density profile is formed at the
dust growth front (or pebble production line; Lambrechts &
Johansen 2014). Outside the dust growth front, the dust
particles have not grown and remain in their initial states
(micrometer size), while inside the growth front, they have
grown to millimeter size or larger and drifted radially, resulting
in a local maximum of the surface density profile (i.e., ring-like
structure) at the growth front. The expected radial location of
the ring matched the observed dust ring locations in young
protostellar disks well (Ohashi et al. 2021, 2022a), suggesting
that the dust growth front mechanism might explain the origin
of dust rings, particularly in young disks. Ohashi et al. (2021)
constructed an equation that predicts the radial location of the
ring that is formed by this mechanism based on radiative
transfer modeling. The important parameters that control the
location of the dust ring (R.) are the disk age (f4;sx), the stellar
mass (M,), and the dust-to-gas mass ratio ((y),

Ldisk

1/3 23 2/3
R. =56 M, ( S ) au.
Mg 0.01 0.1 Myr

If we adopt a stellar mass of 1.5-1.9M. as derived in
Section 4.2, (4=0.01, and 744 = (3-8) x10* yr (Sai et al.
2022), the expected location of the dust ring is 28-59 au. The
ring location of 56 au found in our observations is consistent
with this expectation. Ohashi et al. (2022a) also tentatively
detected the ring-like structure at ~90 au in the L1489 IRS
disk; the difference with our result is likely due to their coarser
spatial resolution. If the dust ring is produced by the dust
growth front mechanism, dust grains in the inner <60 au have
already grown to millimeter size or even larger (Ohashi et al.
2021). To confirm that grain growth has indeed taken place,
higher-resolution multiband observations are needed to mea-
sure the spectral indices across the dust ring.

The observed ring/gap structure may also be formed by the
inner misaligned disk. We discuss this possibility in
Section 5.6.

€)
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Figure 8. Comparison of the radial intensity profiles of the continuum, '*CO, C'®0, and SO. While the left panel shows the profiles in the innermost region, the right
panel presents the outer region. The profiles of line emission are normalized by the radial peaks, while the continuum profile is normalized by the intensity at the peak
of the ring. The horizontal dashed line represents the zero-intensity levels. In the left panel, the vertical dotted line indicates the position of the innermost dust ring,
while the vertical gray shaded region in the right panel marks the position of the CO snowline inferred by Sai et al. (2020).

5.2. Outer Disk Structures

In addition to the dust ring at 56 au, we identified two
shoulder-like structures in the outer disk in the radial profile
of the dust continuum (Figure 4). The comparison of the
radial intensity profiles of the dust continuum and line
emission in the outer region is shown in the right panel of
Figure 8. The inner shoulder at ~220 au coincides with the
CO snowline location based on the radiative transfer
modeling by Sai et al. (2020). The rapid inward increase in
the C'®O profiles at the shoulder also indicates the
sublimation of CO molecules. Similar behaviors of CO line
intensity profiles have been observed in Class II disks as well
(e.g., Zhang et al. 2021). While the coincidence between the
dust shoulder and the CO snowline may imply a change in
the dust property to form the substructure, it is also possible
that the rapid increase in the radial profiles of the CO
isotopologs might simply be due to the gas density
enhancement. We also note that the shoulder radius of
~200 au coincides with the warped structure, as revealed by
the C'®0 emission (Section 3.2.2; see also Sai et al. 2020)

The outer shoulder at ~340 au is located in the outer warped
disk. At the same location, the c"®o emission, which is located
near the disk midplane, exhibits a subtle emission enhance-
ment. Similar enhancements of the line emission have been
observed in C'®0 J=2-1 by Sai et al. (2020) and in C'’O
J=2-1 by van ’t Hoff et al. (2020). This may imply that CO
depletion is much less significant outside ~340 au, which we
call the secondary CO snowline. As the disk column density
decreases with radius, photodesorption due to penetrating UV
radiation could keep CO in the gas phase outside a certain
radius. A similar re-enhancement of the line emission at an
outer radius is also observed in several disks (Dutrey et al.
2017; Flores et al. 2021; Lin et al. 2023). In Class II disks,
similar secondary CO snowlines have also been suggested by
the double emission rings of DCO™, which is expected to trace
the gas-phase CO (Oberg et al. 2015; Cataldi et al. 2021).
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5.3. Azimuthal Asymmetry

In addition to the radial substructures, the dust continuum
and molecular line emission also show azimuthal asymmetries
(Section 3). As for the dust continuum, the southwestern side of
the disk is brighter than the northeastern side in the dust ring
(see the right panel of Figure 1). Nonaxisymmetric dust
emission has been observed in a handful of disks of both Class
0/I and Class II (e.g., van der Marel et al. 2013; Sheehan et al.
2020), at least part of which is considered to be nonaxisym-
metric dust traps, e.g., vortices. In the L1489 IRS disk, the ring
at ~56au may thus have the dust trap (i.e., gas pressure
maximum) on the southwestern side. Alternatively, the
azimuthal variance in the temperature can also lead to the
asymmetry of the dust emission, which might be caused by an
inner misaligned disk (see Section 5.6).

The L14891IRS disk shows an asymmetry of the dust
continuum emission along the major axis (see the left panel of
Figure 1). This is in contrast to several other eDisk sources that
exhibit asymmetries along the disk minor axis (see Ohashi et al.
2023, for a gallery of the continuum images). The latter is
evidence that the dust grains are flared, but not settled to the
disk midplane; brighter emission from the far side of the disk
and fainter emission from the near side of the disk is observed
as a natural consequence of a flared optically thick disk with a
radial temperature gradient (decreasing temperature as a
function of radius; Ohashi et al. 2022b; S. Takakuwa et al.
2023, in preparation).

The lack of a brightness asymmetry along the disk minor
axis in the L1489 IRS disk could be due to its optically thin
emission. In the case of the optically thin emission, the entire
columns are seen at both near and far sides, resulting in a
symmetric emission distribution along the minor axis. The low
brightness temperature of the dust emission in the outer disk
(<4 K; see Figure 4) indeed suggests that the dust emission is
likely optically thin except for the emission that originates from
the spatially unresolved innermost region (<07 1).
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It is also possible that the dust in the L1489 IRS disk is
settled in the midplane, which causes the lack of asymmetry
along the minor axis of the disk. In contrast to young Class 0/1
disks, observations of Class Il disks indicate that large dust
grains are settled well in the midplane (e.g., Kwon et al. 2011;
Pinte et al. 2016; Villenave et al. 2020, 2022). This suggests
that the dust settling occurs during the evolution from the
Class I phase to the Class II phase. It has also been speculated
that L1489 IRS is in the later evolutionary stage of the Class I
phase based on its relatively low disk mass compared to other
Class I disks (Sai et al. 2020). Therefore, L.1489 IRS may be in
transition between the ClassI and Class Il phases, where the
dust settling has started. A similar lack of asymmetry along the
minor axis is also observed in the disk around V883 Ori, which
is in transition from the Class phase to the ClassII phase
(Cieza et al. 2016; Lee et al. 2019).

In addition to the dust continuum emission, the molecular
line emission also shows azimuthal asymmetries (Figure 2 and
3). The slight shift in the emission peaks from the disk major
axis to the southern side of the disk on the '*CO velocity-
integrated emission map (Figure 3) is clear evidence that '*CO
emission traces a significantly higher layer above the disk
midplane (the so-called emission surface)?*. The direction of
the shift indicates that the southern side is the far side of the
disk, which is consistent with the outflow configuration, in
which the southern lobe is blueshifted (Yen et al. 2014).
Similar molecular line structures elevated from the midplane
have been observed in a number of disks (e.g., Law et al.
2021b, 2022; Lin et al. 2023). Furthermore, the '°CO and C'®0
emissions show higher brightness temperatures on the south-
western side of the inner (r<0”5) disk (Figure 3). These
asymmetries, as well as the nonaxisymmetric brightness
distribution of the dust continuum emission, may be explained
by a warped disk structure (see Section 5.6).

5.4. Gas Disk Size and Dust Disk Size

The disk size is key for undestanding disk evolution
processes. Submillimeter/millimeter observations of Class I
disks have revealed that the extent of the bright 'CO line
emission is generally larger than that of the dust continuum
emission (e.g., Andrews et al. 2012; de Gregorio-Monsalvo
et al. 2013; Ansdell et al. 2018; Long et al. 2022). This
difference has been interpreted as a consequence of grain
growth and radial drift, although the difference might also be
explained by the higher optical depth of the '2CO line emission
than that of the dust continuum emission (e.g., Pani¢ et al.
2009; Facchini et al. 2017; Trapman et al. 2019).

For the L1489 IRS disk, while the dust disk radius derived
from the visibility analysis is ~230 au, the gas disk radius was
estimated to be ~600 au from the rotation curve analysis of the
C'®0 emission (Sai et al. 2020). This difference of a factor of
~2-3 in the size of the gas and dust disks is consistent with the
averaged ratio of gas disk radii to dust disk radii in samples of
Class I disks (Ansdell et al. 2018; Long et al. 2022),
suggesting that the dust growth and radial drift have already
occurred in the L1489 IRS disk. This is also consistent with the
ring-like structure of the dust emission (see Section 5.1) and

24 We note that we tried to estimate the emission surface of '>CO using the
disksurf package (Pinte et al. 2018a; Teague et al. 2021), but no reasonable
estimates were obtained due to contamination from the envelope emission.
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suggests that the L1489 IRS might be in transition between the
Class I phase to the Class II phase (see also Section 5.3).

However, the difference in the radii of the gas and dust disks
might also be due to the difference in the optical depths of the
gas and dust emission (Pani¢ et al. 2009; Facchini et al. 2017).
The brightness temperature of the dust continuum emission in
the outer region of the L1489 IRS disk (about a few K; see
Figure 4) is lower than that of the C'®0 emission (about a few
dozen K; see Figure 2). This may indicate the difference in the
optical depths, although it is also possible that the dust
emission and the C'®*0 emission trace different vertical layers
of the disk that should have different temperatures.

5.5. Origin of the SO Emission: Accretion Shocks and a Warm
Inner Disk?

As described in Section 3.2.3, the nature of the SO emission
is highly complex. Outside the radius of ~30au (r > 072),
diffuse SO emission has been observed (Figure 2). The
nonuniform diffuse SO emission suggests a localized enhance-
ment of the SO column density rather than a smooth
distribution of SO within the disk. In addition, the localized
enhancements of the SO brightness temperature (Figure 2)
indicate the elevated gas temperature. In particular, the SO
brightness temperature enhancement is prominent at » ~ 300 au
on the disk major axis, and this radius roughly coincides with
the landing point of the accretion flow observed in the C'*0
emission. Yen et al. (2014) reproduced the observed accretion
flow with parabolic trajectories assuming a landing point (or
centrifugal radius) of ~300 au. It is thus likely that the origin of
the diffuse SO emission is an accretion shock onto the
protostellar disk caused by the infalling material. At the
interface between the infalling material and the protostellar
disk, slow shocks can occur; SO molecules are released into the
gas phase due to the aerodynamic heating of dust grains in the
postshock gas and/or are formed from other desorbed
molecules (e.g., Aota et al. 2015; van Gelder et al. 2021). In
the Class O protostar L1527 IRS, the ring-like distributions of
the SO emission have been interpreted as an indication of
accretion shocks at the interface between the envelope and disk
(Ohashi et al. 2014; Sakai et al. 2014, 2017, but see also van ’t
Hoff et al. 2023). SO emissions originating from the accretion
shock of the late-stage infalling streamer are also observed in
Class I/II disks, DG Tau and HL Tau (Garufi et al. 2022).
Alternatively, the outer diffuse SO emission may originate
from nonthermally desorbed SO molecules (e.g., photodesorp-
tion). However, the nonuniform distribution of the SO emission
would be better explained by an accretion shock.

In the innermost region (r<072), on the other hand,
compact, prominent SO emission exists (Figure 3). This
emission component is distinct from the outer diffuse emission
in terms of the spatial distribution and the brightness,
suggesting a separate origin. The comparison of the radial
intensity profiles (Figure 8) clearly shows that the SO emission
is distributed in the inner regions (<30 au) compared to *CO
and C'®0. Given the usual temperature structure of the disk
(i.e., the higher temperature at a smaller radius), the compact
SO emission traces a higher temperature region than is traced
by the CO isotopolog lines. Sai et al. (2020) calculated the
temperature structure of the L14891IRS disk by radiative
transfer modeling. The midplane dust temperature at the SO-
emitting radii (<30 au) is 240 K (see Appendix C), which is
comparable to or higher than the sublimation temperature of
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SO (~50K; e.g., Sakai et al. 2014; Aota et al. 2015; Miura
et al. 2017), and the disk surface would be even warmer. The
compact SO emission thus likely originates from the thermal
sublimation of SO or its precursor (e.g., H,S) in the warm inner
region. The bright emission also requires abundant SO gas,
which could be naturally explained by thermal sublimation.
Although the relatively low peak brightness temperatures of SO
in the innermost region (see Figure 3) appear to contradict this
interpretation, the brightness temperatures at the innermost
region may be reduced by the beam dilution -effect.
Additionally, the SO emission in the innermost region might
be optically thin, resulting in a lower peak brightness
temperature than the actual gas temperature.

While bright, compact SO emission is detected in the
innermost region, a CH3;OH transition with an upper state
energy of 45 K, which is observed in the same spectral setup, is
not detected. In the ClassIl disks around IRS48 and
HD 100546, SO emission and bright emission from complex
organic molecules including CH3;OH has been detected
cospatially (Booth et al. 2021a, 2021b; Brunken et al. 2022;
Booth et al. 2023), indicating a hot-corino-like chemistry in the
warm (2100 K) region. The detection of SO and the
nondetection of CH;0H in the L1489 IRS disk may indicate
that the temperature is not high enough for CH30H ice to
thermally sublimate: while the sublimation temperature of SO
is ~50K (e.g., Sakai et al. 2014; Aota et al. 2015; Miura et al.
2017), a higher temperature (~100 K) is required for CH;OH
ice to sublimate. Alternatively, the emitting region size of
CH;0H molecules may be smaller than that of SO, and the
CH;OH emission is thus beam diluted and/or absorbed by the
bright continuum emission. Higher angular resolution observa-
tions at lower frequencies, at which the dust continuum
emission is expected to be more optically thin, would be key to
revealing the chemistry in the innermost region of the
L1489 IRS disk.

5.6. Warped Disk Structures

We also found that the compact SO emission shows a
velocity gradient along a slightly different direction from the
disk traced by '*CO and C'®O. The left panel of Figure 9
shows the velocity-integrated intensity map of the high-
velocity component (£ 8—12 km s~ ! with respect to vgys) of
the redshifted and blueshifted SO emission. The PA of the
velocity gradient (~~82°) is slightly (=15°) tilted with respect to
the PA (67°) of the disk traced by '*CO, C'®0, and dust
continuum. The PV diagram of the SO emission along the PA
of 82° (right panel of Figure 9) indicates that the highest-
velocity component of the SO emission is fairlg/ consistent with
the Keplerian velocity derived from the C'°O analysis (see
Section 4.2), suggesting that the compact SO emission
originates from the innermost rotating disk.

The slight tilt in the velocity gradient direction is highly
intriguing. While the nonaxisymmetric emission distributions
in the upper layers of the disk may result in this appearance, the
most straightforward interpretation is that the disk is warped;
the rotation axis of the innermost SO disk is slightly (x15°)
misaligned with respect to that of the outer disk, while the
misalignment may be underestimated due to the projection
effect. Observations of protostellar/protoplanetary disks have
shown that many of them have misaligned or warped
structures: e.g., the L1527 IRS disk (Sakai et al. 2018) and
the GW Ori disk (Bi et al. 2020; Kraus et al. 2020). In the
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L1489 1RS disk, a warped structure at an outer radius of
~200 au is also found by Sai et al. (2020).

With this innermost tilted disk, the observed features in both
dust and molecular line emission may be explained consis-
tently. The dust gap and the potential gas gap suggested by the
C'®0 emission at ~30 au (see Section 5.1) can be the boundary
between the outer disk and the innermost disk (e.g., Nealon
et al. 2018). Furthermore, a tilted disk can cast a shadow on the
outer disk and vary the temperature of the outer disk
azimuthally via irradiation (Figure 10). As a consequence,
azimuthal brightness asymmetries in the dust continuum and
molecular line emission are expected (e.g., Facchini et al. 2018;
Young et al. 2021). Indeed, our observations show a slightly
weaker dust continuum emission on the northeastern side of the
disk (Figure 1), which is consistent with the expectation from
the misalignment direction of the innermost SO disk and the
configuration of the outer disk; i.e., the northeastern side is
shadowed considering that the southern side is the far side of
the disk (see Figure 10). The 3CO and C'®0 emissions also
show lower brightness temperatures on the northeastern side
(Figure 3; see also Section 5.3).

We discuss the possible origins of the disk warp at ~30 au
based on our observations and theoretical studies. Numerical
simulations suggest that warped disks can be formed by the
interaction with an embedded planet (e.g., Nealon et al. 2018;
Zhu 2019). If the orbital plane of the planet is inclined with
respect to the outer disk, the inner disk can warp from the outer
disk. If we assume that the observed gap is opened by a planet
with an inclined orbit, the expected planet mass from the gap
depth (Section 5.1) is slightly modified. Zhu (2019) revised
Equation (8) considering the inclination of the planet orbit (see
also Kanagawa et al. 2015). Based on Equations (12) and (13)
in Zhu (2019), the expected planet mass would be a factor of
~1.4-2 higher than the estimate in Section 5.1, i.e.,
~0.042-4.7 M;, assuming orbital inclinations of 15°-90° and
a typical disk aspect ratio of i/r ~ 0.05-0.1.

Theoretical works have shown that a warped disk structure
can also be formed by an inclined binary (e.g., Nixon et al.
2013; Facchini et al. 2018). Nixon et al. (2013) suggested that
the binary torque can tear the disk and break it into two disks,
an inner and an outer disk, with a misalignment. Numerical
simulations of a circumbinary disk also showed that the
circumbinary disk is broken into a misaligned outer and inner
disk (Facchini et al. 2018). The binarity of L1489 IRS has been
discussed in previous studies, although there is still no direct
evidence that L1489 IRS is a binary. Sai et al. (2020) derived
an upper limit on the separation of the binary (¢ < 30 au) based
on a scattered-light image obtained with the Hubble Space
Telescope (Padgett et al. 1999). Although our higher-resolution
observations of the dust emission in millimeter wavelengths do
not spatially resolve the central compact emission either, we
can provide a tighter constraint on the upper limit of the binary
separation. Considering that the spatial resolution of the
robust =—2 image is ~0”04 or =~7au and that the
emission is spatially unresolved, i.e., a point source (see
Appendix A), the separation would be <7 au.

The question now is whether a close inclined binary like this
can form the gap at ~30au that is observed in the dust (and
potentially, CISO) emission? Nixon et al. (2013) simulated the
binary system with a misaligned orbit with respect to its
circumbinary disk and derived a formula to estimate the disk-
breaking radius. Assuming the bending-wave regime (h/r>> o,
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Figure 9. Left: velocity-integrated intensity map (red and blue contours for red- and blueshifted emission, respectively) of the SO emission for the highest-velocity
component ( + 8-12 km s~ with respect to Vgys), overlaid on the C'80 velocity-integrated intensity malp (gray contours; same as the middle left panel of Figure 3).
The contours of the SO emission start from 5o, followed by 20 steps, where o = 1.9 mJy beam ' km s~'. The contours of the C'®0 emission indicate [20, 30, 40, 50,
60, 70]0, where o = 1.0 mJy beam ™' km s~'. While the dotted gray line marks the dust disk PA of 67° estimated in the visibility analysis (see Section 4.1), the
dashed black line indicates a slightly tilted PA of 82°, which approximately intercepts the peak location of the red- and blueshifted SO emission lobes. The beam is
shown in the lower left corner. The scale bar in the lower right corner indicates the 20 au scale. Right: PV diagrams of the C'®0 emission (color) along a PA of 67° and
the SO emission (orange contour) along a PA of 82°. The contours indicate [3, 5, 7, 9]0, where o = 2.1 mJy beam'. The gray shaded curves indicate the Keplerian
velocity assuming the stellar mass derived from the PV diagram fits (Section 4.2). The shaded region indicates the uncertainty owing to the range of the stellar mass
(1.5-1.9 M)). The Gaussian profile in the lower right corner indicates the beam size along the offset axis.

where « is the viscosity parameter), the possible maximum as part of the eDisk ALMA Large Program. Our findings are
disk-breaking (or gap) radius would be <2a = 14 au. Here we summarized as follows:

assume an inclination angle of the binary orbit with respect to
the disk of 45°, an equal-mass binary, and a typical disk aspect
ratio of h/r ~ 0.1, which maximizes the disk-breaking radius.
While this expected maximum gap radius of ~14 au does not
appear to explain the observed gap radius of ~30 au, the latter
may be overestimated due to the beam-smearing effect: the dust

1. In the 1.3 mm continuum emission, we detected a disk-
like elongated structure with nonaxisymmetric faint tails
in the outermost region (r 2 2” or ~300 au) and a ring-
like structure at r ~ 0”4 (or ~57 au). The dust continuum
ring also shows an azimuthal asymmetry, where the

ring width is spatially resolved while the central compact southwestern side is brighter than the northeastern side.
component is unresolved (see Table 2), and the actual gap We also detected a centrally peaked compact emission
radius (i.e., the local minima of the radial profile) could thus be that is not spatially resolved. Furthermore, two tentative
smaller. Therefore, it may be possible to form the observed gap shoulder-like substructures at ~1”5 (or ~220au) and
by the inner inclined binary. ~2"3 (or ~340au) are also identified in the radial
Warped structures are also formed by the change in the intensity profile of the tapered continuum image.
angular momentum in the envelope and the disk during the 2. The high-velocity components of the '*CO and C'*0
accretion process. Hydrodynamical simulations show that the emission trace the protostellar disk. While '*CO origi-
temporal variation of the angular momentum axis direction nates from the disk surface, as suggested by the shift in
during the gas infall indeed results in a warped disk system (Sai the emission peak along the disk minor axis, C'®O traces
et al. 2020). The outer warped structure at ~200 au observed in the region near the midplane. The '*CO and C'*O
C'80 is likely to be formed by this mechanism rather than a emission also shows (slightly) higher brightness tem-
binary (Sai et al. 2020). Similarly, a misalignment of the peratures on the southwestern side of the disk. In the
magnetic field and the angular momentum axis of the core outer region (>1”5), 13CO shows an extended structure,
results in a warped disk (Matsumoto et al. 2017; Hirano & suggesting that it traces the envelope. C'®O traces the
Machida 2019; Hirano et al. 2020). The warped structure of the warped disk structure as well as the streamer-like
L1489 IRS disk with tilts at ~30au and ~200au suggests a accretion flow in the outer region, which is consistent
gradugl change in the angular momentum axis of the infalling with previous studies (Yen et al. 2014; Sai et al. 2020).
material. 3. The SO emission distribution shows a highly complex

structure. While compact, prominent emission appears in
the innermost region (<0”2), the emission in the outer

6. Summary region is diffuse and nonuniform. The central compact

We have observed the disk around the Class1 protostar component exhibits a velocity gradient over extremely
L1489 RS in the 1.3 mm continuum and '*CO J=2-1, C'*0 high velocities (£10-12kms~' with respect to the
J=2-1, and SO Jy = 65-5, lines at spatial resolutions of ~0”1 systemic velocity). In the outer region, multiple localized
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Figure 10. Schematic illustration of the L1489 IRS system. The observing configuration of the warped disk is shown in the left figure, while the right figure shows the
edge-on view of the inner and intermediate disks. In the right figure, the observer is in front of the screen, but slightly on the southern side (downside), and thus the
brightness asymmetry (i.e., the western side is brighter than the eastern side) is observed.

enhancements of the peak brightness temperature are
identified.

4. We performed an analytical fit to the dust continuum
emission in the visibility domain, from which we confirm
that the observed visibility can be explained by a simple
model that consists of two Gaussian components (a
central compact and an outer extended component) and
one Gaussian ring at r=0739 (or 56au). We also
precisely characterized the properties of each component
and the dust disk geometry through the fit. While the
central component is quite compact (~1 au), the size of
the outer component is ~540 au. The disk inclination and
PAs are also constrained to be 72° and 67°, respectively.

5. We estimated the central stellar mass through an analysis
of the C'®0 PV diagram. The estimated central stellar
mass of 1.5-1.9 M, is consistent with previous studies
(Yen et al. 2014; Sai et al. 2020).

6. We discuss the possible origin of the observed sub-
structures. The coincidence between the dust ring and the
peak of the C'®0 radial intensity profile suggests that the
gas disk also has a ring/gap structure. If we assume that
the gas gap is carved by a formed planet, the planet mass
would be ~0.6 My,;,. Alternatively, grain growth may be
responsible for the observed dust ring because the ring
radius is consistent with the prediction of the dust
coagulation model.

7. The nonuniform distributions and localized brightness
temperature increases in the SO emission suggest that the
origin of the outer diffuse SO emission is likely to be an
accretion shock caused by the infalling material. On the
other hand, we suggest that the central compact
component originates from the thermal sublimation of
SO and/or its precursor molecules at the warm inner disk.
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Indeed, the disk model of L1489 IRS shows a midplane
dust temperature of =40 K at the SO-emitting radii,
which is comparable to the sublimation temperature of
SO (~50 K).

8. We also find that the velocity structure of the compact SO
emission is consistent with Keplerian rotation and that its
velocity gradient direction is slightly (~15°) misaligned
with respect to that of the disk traced by '*CO and C'®0.
We propose that the inner disk is tilted, i.e., the rotation
axis of the inner disk traced by SO is misaligned with
respect to the outer disk traced by *CO and C'®0O. The
disk misalignment can cause a shadowed region in the
outer disk, which explains the observed azimuthal
asymmetry in the brightness of the dust and molecular
line emission. We discuss the possible origins of the
misalignment, a planet or a binary with an inclined orbit,
or a temporal variation in the angular momentum axis
direction during the gas infall.

9. Combined with previous studies, the L1489 disk has a
warped structure with tilts at ~30 au and ~200 au
(Figure 10). While the tilt at ~30 au can be explained by
a planet or a binary with an inclined orbit, a temporal
variation in the angular momentum axis direction during
the gas infall might explain the whole warped structure.
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Appendix A
Continuum Maps with Different Robust Parameters

Figure A1 shows the continuum emission maps in the central
region imaged with different robust parameters, ranging from
—2.0 (similar to uniform weighting) to 2.0 (similar to natural
weighting). The central compact component is not spatially
resolved even with robust = — 2.0, where the beam size is
07041 x 07023 (or 6.9 x3.4 au).
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Figure Al. Continuum emission in the central region imaged with different robust parameters (—2.0, —1.0, —0.5, 0.0, 0.5, 1.0, and 2.0). In each panel, the beam size

and 5 au scale are indicated in the lower left and right corner, respectively.

Appendix B
Generation and Selection of Radial Intensity Profiles

In this section, we describe the detailed method for generating
and selecting the radial intensity profiles of the continuum and
line emission. We follow the method described in Law et al.
(2021a). We generate the profiles by deprojecting the emission
maps (continuum) or velocity-integrated emission maps (line).
To deproject the disk coordinates, we assume a disk geometry
(i=72° and PA =67°) that is based on the results of the
visibility analysis (Section 4.1) for both continuum and line
profiles. The radial bin size is one-quarter of the major axis of
the synthesized beam. We averaged the emission in each radial
bin. The uncertainty is calculated as the standard error in the
region over which the emission is averaged. We generated the
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continuum intensity profiles averaged over several certain
azimuthal wedges (+15°, £+30°, +45° and +90° ; i.e., full
azimuthal average) with respect to the disk major axis, and
compare them in Figure B1. While the wider wedges result in
low-contrast substructures due to the coarser effective resolu-
tions in the inclined disk, narrower wedges show wavy features
that are not considered actual substructures in the outer radii. We
selected the profile with a +45° wedge as the representative
profiles to compromise between these two effects. For the line
emission, we choose the same wedge (+45°) as for the
continuum emission to generate the radial intensity profiles at
similar effective resolutions. We note that the deprojection here
assumes a geometrically thin disk and does not consider the 3D
structures of the disk.
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Appendix C
Radiative Transfer Model of the L.1489 IRS Disk

Figure C1 shows the dust temperature profiles of the
L14891IRS disk at different disk scale heights (h/r=0.0,
midplane; 0.15, and 0.3) calculated bwith the radiative transfer
modeling by Sai et al. (2020). We refer to the original paper for
details of the modeling. In the emitting region of SO (the inset
of Figure C1), the dust temperature is higher than ~40K,
comparable to the sublimation temperature of SO molecules
(~50K; see Section 5.5).

250_ i L = h/TZOO
80 — h/r=0.15
200 - 60 h/r=10.3
: 40 1 :
2150 4| : -
= : 20 A .
% - T T .I
S 00 41 0 20 40 60 |
50 -
0 - T T T T T
0 100 200 300 400 500
Radius [au]

Figure C1. Dust temperature profiles of the L1489 IRS disk at selected scale
heights (h/r = 0.0, midplane; 0.15, and 0.3), based on the radiative transfer
calculation by Sai et al. (2020). The inset axis shows the inner region for visual
clarity. The vertical dotted lines in the main and inset axes indicate the location
of the dust ring. The gray shaded region in the inset axis is the approximate SO-
emitting region.
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