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Abstract

Protostellar disks are an ubiquitous part of the star formation process and the future sites of planet formation. As
part of the Early Planet Formation in Embedded Disks large program, we present high angular resolution dust
continuum (~40 mas) and molecular line (~150 mas) observations of the Class 0 protostar IRAS 15398-3359. The
dust continuum is small, compact, and centrally peaked, while more extended dust structures are found in the
outflow directions. We perform a 2D Gaussian fitting and find the deconvolved size and 20 radius of the dust disk
to be 4.5 x 2.8 au and 3.8 au, respectively. We estimate the gas+dust disk mass assuming optically thin continuum
emission to be 0.6M;—1.8Mj, indicating a very low mass disk. The CO isotopologues trace components of the
outflows and inner envelope, while SO traces a compact, rotating disk-like component. Using several rotation
curve fittings on the position—velocity diagram of the SO emission, the lower limits of the protostellar mass and gas
disk radius are 0.022 M, and 31.2 au, respectively, from our Modified 2 single power-law fitting. A conservative
upper limit of the protostellar mass is inferred to be 0.1 M. The protostellar mass accretion rate and the specific
angular momentum at the protostellar disk edge are found to be in the range of (1.3-6.1) x 10~ M,J yr ! and
(1.2-3.8) x 10 *kms ' pc, respectlvely, with an age estimated between 0.4 x 10*yr and 7.5 x 10% yr. At this
young age with no clear substructures in the disk, planet formation would likely not yet have started. This study
highlights the importance of high-resolution observations and systematic fitting procedures when deriving
dynamical properties of deeply embedded Class O protostars.

Unified Astronomy Thesaurus concepts: Circumstellar disks (235); Observational astronomy (1145); Protostars
(1302); Radio astronomy (1338); Radio interferometry (1346); Star formation (1569); Stellar accretion disks
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(1579); Young stellar objects (1834)

1. Introduction

Protostellar disks are essential for transferring mass to the
central protostar and forming future planetary systems.
Kinematic observations of these disks provide a way to
determine dynamical protostellar masses, which is a key aspect
in understanding the evolution of young protostars. T Tauri and

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

pre-main-sequence (Class II/III) protostars harbor clear,
rotationally supported disks, allowing for derivations of their
dynamical masses (e.g., Simon et al. 2000; Guilloteau et al.
2014; Sheehan et al. 2019; Boyden & Eisner 2020). For deeply
embedded (Class 0/I) protostars, dynamical mass derivations
are complicated by the kinematics of the larger-scale envelopes
(e.g., Yen et al. 2015a). Nonetheless, interferometric observa-
tions have provided a possibility to detect rotationally
supported Keplerian disks at these early stages (e.g., Tobin
et al. 2012; Murillo et al. 2013; Ohashi et al. 2014; Yen et al.
2014, 2017a, 2017b, 2019; Aso et al. 2015; Maret et al. 2020;
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Sai et al. 2020). Thus, executing high angular resolution
observations can shed light on the formation and early
evolution of protostellar disks.

Rotationally supported disks in the Class 0 stage are
typically studied via position—velocity (PV) diagrams of
optically thin molecular line emission along the inferred disk
axis. The PV structure is then compared to and/or fit with a
Keplerian rotation power-law profile (e.g., Ohashi et al. 2014;
Aso et al. 2017; Yen et al. 2017a; Maret et al. 2020). A
rotational profile proportional to v~ r12 corresponds to a
Keplerian rotating disk, whereas a rotational profile propor-
tional to v~ r ' indicates infalling material with conserved
angular momentum. The methodology for fitting PV diagrams
has been developed over the years and tested against
simulations (Harsono et al. 2015; Aso & Machida 2020).
These results confirm that fitting peak positions/velocities in
the PV diagram can accurately recover crucial properties, in
particular the dynamical protostellar mass.

Additionally, deeply embedded disks likely also represent
the places where planet formation is initiated. Gaps and rings
are clearly revealed by observations of later-stage disks in both
dust continuum (e.g., ALMA Partnership et al. 2015; Andrews
et al. 2018) and molecular line emission (e.g., Oberg et al.
2021). These substructures are thought to be where planet
formation is currently ongoing. Recent observations of
protostars that are still in the embedded stages have also
revealed the same types of substructures (Segura-Cox et al.
2020; Sheehan et al. 2020), indicating that planet formation
may begin earlier than previously thought. These results are
substantiated by studies indicating early grain growth (Harsono
et al. 2018) and that the dust reservoir in these early disks is
enough to produce observed exoplanetary systems (Tychoniec
et al. 2020). However, these ring and gap structures can also
form as a result of gravitational instabilities, tidal processes,
dust processes, and more (see Bae et al. 2022, for a full
review).

In this paper, we present new, high angular resolution
Atacama Large Millimeter/submillimeter Array (ALMA)
observations of the young protostar IRAS 15398-3359 (here-
after IRAS15398) as part of the Early Planet Formation in
Embedded Disk (eDisk) large program. IRAS15398 is located
in the B228 region of the Lupus I molecular cloud. Several
recent studies derive the distance to Lupus I using Gaia DR2
data (Dzib et al. 2018; Galli et al. 2020; Zucker et al. 2020;
Santamarfa-Miranda et al. 2021). We adopt a distance of
155.5pc by taking the average distances of sources and
positions closest to the R.A. and decl. of IRAS15398 from
these previous studies. Based on recent spectral energy
distribution fittings, it is classified as a Class O protostar with
T =50K and Ly, =1.4L. (Ohashi et al. 2023). This is
consistent with classifications in previous studies, which have
also considered other evolutionary indicators, such as the
chemistry and outflow properties (Bjerkeli et al. 2016b;
Vazzano et al. 2021).

Kinematic studies of IRAS15398 analyze the infalling
—rotating envelope around an inferred Keplerian disk (Oya
et al. 2014; Yen et al. 2017a; Okoda et al. 2018). Initial studies
were not able to resolve a Keplerian disk and instead infer an
upper limit on the protostellar mass using simple envelope
models (Oya et al. 2014; Yen et al. 2017a). Oya et al. (2014)
use an infalling—rotating envelope model to constrain the
central protostellar mass to M, < 0.09 M, using observations
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of several H,CO transitions with an angular resolution of
0760 x 0744. Additionally, Yen et al. (2017a) use c'®o
(/=2 —1) emission at an angular resolution of 0”53 x 0”49
to fit a rotational power-law profile to points from their PV
diagram. Although they found a power-law index of
—1.0 £0.06, indicating that the emission traces the infalling
protostellar envelope, the disk was not resolved in their
observations. An upper limit on the protostellar mass was
found to be ~0.01 M., along with an upper-limit disk radius of
20*39 au and an inclination angle of 70°. However, if the infall
is slower than the freefall assumption used in their analysis, the
protostellar mass would be a lower limit. Higher-resolution
(0”2) observations were later performed, and a rotationally
supported disk was inferred by comparing the PV emission
structure of SO (Jy=7¢ — 65) to a Keplerian rotation power-
law profile (Okoda et al. 2018). A profile assuming a dynamical
protostellar mass of 0.0070:093 M., and an inclination angle of
70° matched well by eye with the overall PV diagram emission.
These studies indicate a relatively small, difficult-to-detect
Keplerian disk around an extremely low-mass protostar.
Systematic fitting procedures of the protostellar disk emission
in the PV diagram at a higher resolution have yet to be
implemented for this source to derive its properties.

A number of different studies on IRAS15398 provide clues
to the interesting nature of the disk and protostar. The core-
scale magnetic field strength has been derived to be 78 uG
using polarization observations from the SOFIA telescope
(Redaelli et al. 2019). Using the ratio of the turbulent and
uniform magnetic field components, they conclude that the core
is strongly magnetized. In this case, magnetic braking could be
efficient at removing the angular momentum of infalling
material and thus hindering the growth of a large disk (e.g.,
Mellon & Li 2008; Hennebelle & Ciardi 2009). The current
primary outflow is estimated to have a dynamical timescale of
<1000 yr (Bjerkeli et al. 2016b) and also is episodic in nature
(Vazzano et al. 2021). This is complemented by evidence of a
past episodic accretion event in the past 100-1000 yr
(Jgrgensen et al. 2013; Bjerkeli et al. 2016a). These previous
studies further highlight the importance of our new higher
angular resolution observations to understand the nature of the
IRAS15398 system.

This paper is organized as follows. Section 2 describes the
eDisk observations of IRAS15398 and a summary of the data
reduction process. Section 3 presents the dust continuum and
molecular line maps. We analyze the nature of the dust
continuum and the dynamical properties of the protostellar disk
in Section 4. In Section 5 we discuss the implications of our
results and compare them to the previous studies of
IRAS15398. Finally, we conclude our results in Section 6.

2. Observations and Data Reduction

Observations of IRAS15398 were carried out with ALMA as
part of the eDisk large program (project ID: 2019.1.00261.L;
PI: N. Ohashi) with additional short-baseline (SB) data taken as
part of a complementary Director Discretionary Time (DDT)
program (project ID: 2019.A.00034.S). The general character-
istics of the observations are summarized in Table 1. An
extensive description of the procedure for the eDisk data
reduction, including links to the scripts, is provided in Ohashi
et al. (2023). In this section, we summarize the key aspects of
the data reduction and imaging for IRAS15398.
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Table 1
Summary of eDisk Observations of IRAS 15398-3359

Parameters Short Baseline Long Baseline

Project ID 2019.A.00034.S 2019.1.00261.L

Observation dates 2021 May 6 2021 Aug 9, 2021 Aug 13-14,

2021 Oct 20

Array configuration C43-5 C43-8

Number of antennas 45 39, 42, 43

Min-max base- 15-2517 70-8282, 70-8282, 46-8983
line (m)

Phase center (ICRS) 15243 ™02% 24, —34°0906"8

Calibrators
Bandpass J1337—1257 J1337—1257, J1517—-2422,
J1427-4206
Flux J1337—-1257 J1337—-1257, J1517—-2422,
J1427—-4206
Phase J1610—3958 J1534-3526
Pointing J1337-1257, J1337—1257, J1457—3539,
J1610—3958 J1517-2422, J1427—4206

Note. See Ohashi et al. (2023) for a detailed summary of the eDisk program,
observations, and data reduction procedure.

Long-baseline (LB) observations were taken in three
execution blocks on 2021 August 9 with 39 antennas, 2021
August 13—14 with 42 antennas, and 2021 October 20 with 43
antennas. Additional SB observations were taken on 2021 May
6 with 45 antennas. The data were reduced using the Common
Astronomy Software Applications (CASA) package v6.2.1
(McMullin et al. 2007; CASA Team et al. 2022). Standardized
eDisk reduction scripts were used for self-calibrating and
imaging the SB+LB data and the SB-only data.'® In both
cases, the continuum data are self-calibrated first, followed by
the molecular line data since the line self-calibration uses the
self-calibration solutions from the continuum. In the case of
SB-only data, five iterations of phase-only self-calibration were
performed. For the combined SB+LB data, six iterations of
phase-only self-calibration were performed on the SB-only
visibilities, followed by four iterations of phase-only self-
calibration on the combined SB+LB visibilities.

Continuum images were then produced using the CASA
tclean task with Briggs weighting. Robust values of —2.0,
—1.0, —0.5, 0.0, 0.5, 1.0, and 2.0 were used to find the image
with the best balance between angular resolution and noise.
Additional images with UV tapers of 3000, 2000, and 1000 kA
are also automatically produced by the script for robust values
of 1.0 and 2.0. The molecular line visibilities were also aligned,
scaled by flux between observations, and continuum-subtracted
using the line-free channels. The self-calibration solutions from
the continuum visibilities were then applied to the spectral lines
and cleaned using the CASA fclean task with Briggs weighting
and a robust value of 1.5 to obtain better signal-to-noise ratio
(S/N). A summary of the representative maps that will be
analyzed in this paper is listed in Table 2.

3. Results
3.1. Dust Continuum

The high angular resolution (SB+LB) 1.3 mm dust
continuum maps for two robust values of 0.5 and —0.5 are

19 https://github.com/jjtobin /edisk
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shown in Figure 1. A gallery of the SB+LB continuum maps
for each robust value produced by the imaging script is shown
in Appendix A. The robust = +0.5 map shows extended dust
emission out to a few 100 au and has a peak intensity (I7*%)
and brightness temperature (7P°*) of 7.10 mJy beam ' and
28.6 K, respectively. This extended emission is also seen in
previous studies of this source (Oya et al. 2014; Yen et al.
2017a; Okoda et al. 2018), though it is more resolved out in our
image owing to the higher angular resolution of ~80 mas
(12.4au at 155.5 pc). The extended emission follows the
overall direction of the outflow, which is indicated by the red
and blue arrows in Figure 1 (left panel). The robust = —0.5
map shows a single, compact dust structure with an I°** and

TP of 595mJybeam ' and 93.4K, respectively. The
angular resolution of ~40 mas (6.2 au at 155.5 pc) gives us a
resolved image with respect to the beam. This resolution is ~10
times better resolution than the previous Band 6 observations
reported in Yen et al. (2017a) and ~4 times better than the most
recent Band 6 observations reported by Okoda et al.
(2021, 2023). There are four, low-S/N structures at 30—50
extending out ~2au from the central continuum emission.
These structures are contiguous with the larger-scale dust
emission seen in the robust=+0.5 map. In the gallery of
continuum images (Figure A1), we see that as we decrease the
robust value in our image cleaning, these structures, along with
the large-scale emission, disappear from the image. This
indicates that the structures are related to the larger-scale dust
emission and just being resolved out as we increase the image
spatial resolution.

We measured the geometric parameters and the integrated
flux density of the robust=—0.5 dust continuum map by
performing a 2D Gaussian fit in the image plane using the
CASA imfit task. The results are shown in Figure 2 and
Table 3. The residual image in Figure 2 shows that the central
emission is well represented by a 2D Gaussian, and there are no
clear leftover substructures within the disk. We also checked
this by making intensity cuts and radial profiles, but we failed
to see any sign of substructure in the disk. There are four
leftover extended structures in the residual image corresp-
onding to the extended continuum emission in the observation
map. The coordinates at the peak intensity are «(ICRS)=
15143m025232, S(ICRS) = —34°09/06”96. This position is
adopted as the protostellar position of IRAS15398 for the
figures and analysis in this paper. The deconvolved size
(Omaj X Omin) was found to be 29 x 18 mas (4.5 x 2.8 au at a
distance of 155.5 pc), with the position angle (north to east) of
the major axis being 117°1. By assuming a geometrically thin
disk, the inclination angle can roughly be estimated by

i = cos™! (emin/emaj)a (1)

which gives an angle of ~50°7. The peak intensity and
integrated flux density measured by the fitting are
5.86 mJy beam ' and 7.89 mJy, respectively.

The (gas+dust) disk mass can be estimated under the
assumptions of entirely thermal and optically thin dust
emission via

DS,

Mdlk T
S KBy (Thus)

@)

where D is the distance to the source, S, is the integrated flux
density, k,, is the dust opacity adjusted for the gas-to-dust ratio,
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Figure 1. Representative 1.3 mm dust continuum maps of IRAS15398 with asinh (a = 0.001) scaling. Left: the robust = 0.5 map showing an overall view of the
extended dust emission. The blue and red arrows represent the overall blue- and redshifted outflow directions found by Vazzano et al. (2021), respectively. Right: the
robust = —0.5 map showing a zoomed-in view of the central compact structure. The contours in both maps are shown in steps (3, 5, 7, 9, 12, 15, 20, 50, 100)0 s,
where o, is the rms noise of each map.

Table 2
Summary of SB+LB Dust Continuum and Molecular Line Maps
Continuum/Line Frequency Robust Beam Size Velocity Resolution Peak Intensity rms Noise
(GHz) (kms™h (mly beam™ ") (mly beam™!)
1.3 mm continuum 225 -0.5 07043 x 07036 (—55%8) 5.95 0.04
1.3 mm continuum 225 +0.5 07084 x 07071 (+78°0) 7.10 0.02
cou=2-1 219.56035 +1.5 07154 x 0”141 (—82°6) 0.167 16.2 1.85
SO (Jy =65 —54) 219.94944 +1.5 07155 x 07139 (—84°6) 0.167 19.2 2.19
Bcou=2-1 220.39868 +1.5 07146 x 07132 (=81°1) 0.167 314 2.33
Pcoy=2—-1 230.53800 +1.5 07166 x 07150 (—81°4) 0.635 923 1.01

Note. The values listed here were obtained from the maps using SB+LB observations. Dust continuum maps for all the robust values produced by the eDisk imaging
script are shown in Appendix A. SB-only observation maps of the molecular lines in this table are described and shown in Appendix C. The peak intensities of the
continuum maps were found by using a 2” circular aperture around the center position, while for the line maps the same aperture was used but on the channel with the
highest intensity. The rms noise values of the continuum maps were found by using a 10” circular aperture in an emission-free area, while for the line maps the same

aperture was used but around the center position on a line-free channel.

and B,, is the Planck function for the dust temperature 7,5 We
use the integrated flux density of 7.89 mly from the Gaussian
fitting and a distance of 155.5 pc. We adopt a gas-to-dust ratio
of 100 for a 1.3 mm dust opacity value of x, = 0.023 cm® g~
(Beckwith et al. 1990). For the dust temperature, we consider
two cases. In the first, we use a Ty, of 20 K, which is a typical
value adopted in studies of low-mass star formation (e.g.,
Jgrgensen et al. 2009; Tobin et al. 2015). In order to give a
more direct comparison of disk masses between sources in our
eDisk sample, which have a wide range of protostellar
luminosities, we also adopt a temperature distribution that
scales with the bolometric luminosity (L) of the source. We

use the following relation:

L 0.25
Ty = 43 K(—) : 3)
Lo

which was derived using a grid of radiative transfer models
(Tobin et al. 2020). For the measured Ly, of 1.4 L. (Ohashi
et al. 2023), the resulting dust temperature is calculated to be
47 K. We calculate a (gas-+dust) disk mass of 1.7 x 107> M,
(1.8M;) for Ty=20K and 6.1 x10°* M. (0.6M;) for
Taust = 47 K. If the dust is optically thick, these values would
be lower limits.
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Figure 2. The 2D Gaussian fitting results of IRAS15398. Left: the robust = —0.5 map as shown in Figure 1. Middle: the 2D Gaussian fitting model results. The solid
and dashed gray lines indicate the deconvolved position angle of the continuum major and minor axes, respectively. Right: the residual map made by subtracting the
model from the observations. The contours are shown in steps (3, 5, 7, 9, 12, 15, 20, 50, 100)0,,s, Where 0., is the rms noise in the robust = —0.5 map.

Table 3
2D Gaussian Fitting and Disk Mass

Parameter Value

Peak Position

R.A. (ICRS) 15"43m025232
decl. (ICRS) —34209!06”96
Deconvolved Size
Ormaj (mas) 285 + 07
Omin (mas) 18.1 £ 0.6
Opa (deg) 117.1 + 2.7
i (deg) 50.7 £ 2.0
Peak Intensity and Integrated Flux Density
It (mJy beam ') 586 + 0.04
S, (mJy) 7.89 + 0.09
(Gas + Dust) Disk Mass
Mg (M)
- for Tyus = 20K 1.69 x 10~
- for Tyuq =47 K 6.14 x 107*
Note. These results were obtained using the robust = —0.5 dust con-
tinuum map.

3.2. Molecular Lines

The high-resolution (SB+LB) '*CO (2—1), C'*0 (2—1), '*CO
(2—1), and SO (65— 5,) integrated intensity and intensity-
weighted velocity maps of IRAS15398 are shown in Figures 3
and 4, respectively. Both the integrated intensity and intensity-
weighted velocity maps are made using the bettermoments
package (Teague & Foreman-Mackey 2018; Teague 2019). The
centroid velocity is chosen to be 5.2kms ' for the intensity-
weighted velocity maps (Yen et al. 2017a). The emission above
30 in the data cubes was masked, along with the emission above
30 in the integrated intensity maps. The angular resolution of
~150 mas (23 au at 155.5 pc) is ~3 times better resolution than
the previous Band 6 observations reported in Yen et al. (2017a)
and at least ~1.3 times better than the more recent Band 6
observations reported by Okoda et al. (2018, 2021) and Okoda
etal. (2023). The estimated rms values of the '*CO, C'*0, '*CO,

and SO integrated intensity maps are 4.5, 1.2, 2.3, and
1.9 mJy beam ' kms ™', respectively. Channel maps of the SB
+LB molecular line data are shown in Appendix B, with their
prominent features described in this section. SB-only maps of
the aforementioned molecules are shown in Appendix C and are
also briefly described in this section in comparison with their
respective SB4+LB maps. Several other molecular lines are also
targeted by the eDisk program, including three transitions of
HoCO (Bos —202, 322 — 221, 321 — 220), four transitions of
c-CsHy (606 — 515 61,6 — 505 S14— %23 S524—%13), and
single transitions of CH;OH (4, —3; E), DCN (3—2), and
SiO (5—4). In this paper, we focus on the highest spectral
resolution CO and SO isotopologue lines.

3.2.1. 2co (2-1)

The large-scale 2CO emission is shown in Figures 3(a) and
4(a). The outflow is clearly traced by '*CO and exhibits a slight
bend downward on the northeastern redshifted side and upward
on the southwestern blueshifted side. This is consistent with the
precessing outflow previously interpreted by Vazzano et al.
(2021). Additionally, it is visually clumpy in the integrated
intensity map. There is enhanced emission in the outer cavities
near the source, especially on the upper side of the redshifted
outflow and on the lower side of the blueshifted outflow
(Figure 3(a)). There is a slightly blueshifted patch of emission to
the southeast at ~1000 au and northwest at ~700 au
(Figure 4(a)). In the '2CO channel map, the southeast patch is
seen in between 3.50 and 4.77km s ' and seems to increase in
velocity as the distance increases from the source (Figure B1).
The northwest patch appears in many of the blueshifted channels
and is aligned parallel to the redshifted outflow. The redshifted
outflow shows a mixture of red- and blueshifted emission, hinting
that the outflow is more likely in the plane of sky. The outflows
are offset from the direction perpendicular to the disk. The
position angles of the red- and blueshifted outflows were
previously found to be 6479 4 092 and 232°0 + 092, respectively
(Vazzano et al. 2021). This leads to offsets of 117°1 —
64°9 = 5292 for the redshifted outflow and 23270 — 117°1 =
11429 for the blueshifted outflow from the inferred position angle
of the disk, where one would generally expect a ~90°
(perpendicular) offset. This offset could further indicate a
possible precessing outflow caused by tidal interactions of a
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Figure 3. Integrated intensity maps of the representative molecular lines for IRAS15398. Each column is labeled with the respective molecular line. On the left, we

show the large-scale structure of

2co (panel (a)). On the right, we show C'®0, 13CO0, and SO, with a large-scale view in the top row (panels (b), (d), and (e)) and a

zoomed-in view in the bottom row (panels (c), (e), and (g)). The yellow star represents the protostellar position. The beam sizes are shown as the gray circles in the
lower left corner of each map, and scale bars are shown in the lower right corner of the '*CO map, as well as the rightmost SO maps for different physical scales. The
solid and dashed gray lines indicate the deconvolved position angle of the continuum major and minor axes, respectively. The blue and red arrows represent the overall
blue- and redshifted outflow directions found by Vazzano et al. (2021), respectively. The black contours show the integrated intensity in steps (3, 5, 7, 9, 12, 15, 20,

50, 100)0,ms, Where o,y is the rms noise of the respective integrated intensity map.
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Figure 4. Same as Figure 3, but for the intensity-weighted velocity maps of the representative molecular lines.

binary companion or asymmetric infall reorienting the angular
momentum axis of the disk (e.g., Lee 2020). Compared to the
SB-only map (Figures Cl(a) and C2(a)), the overall structure is
the same. There are clumpy portions, and the extended structure
to the southeast is also present.

3.2.2. ¢*®0 (2-1)

The large-scale view of C'®0 is shown in Figures 3(b) and
4(b), while a zoomed-in view of the inner region is shown in

Figures 3(c) and 4(c). The C'®0 emission is more centralized,
with an asymmetric ring-like structure surrounding the central
source (Figures 3(b) and (c)). There is a clear velocity gradient
in the velocity map (Figure 4(c)) going from northeast (red) to
southwest (blue), which is similar to the continuum minor
axis and almost perpendicular to the '*CO and SO velocity
gradients. The C'80 velocity gradient then twists toward
the counterclockwise direction and becomes more aligned to
the continuum major axis at larger scales around the disk. The
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Figure 5. PV diagrams of C'30 (left), *CO (middle), and SO (right). All cuts were made with a width of 1 beam. The offset axis goes from west (negative) to east
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where o, is the rms noise of the respective PV map. The blue and orange lines represent the Keplerian curves for the protostellar masses, system velocities, and disk
inclination angles reported by Okoda et al. (2018) and Yen et al. (2017a), respectively.

C'®0 channel map shows that the emission faintly traces the
bipolar outflows, as well as some faint extended emission at
low velocities perpendicular to the outflows (Figure B2). In the
SB-only integrated intensity map (Figures C1(b) and (c)), the
asymmetric structure is not as clear as in the SB4+LB maps. In
the intensity-weighted velocity maps, the faint extended
emission is more clearly seen (Figure C2(b)). Additionally,
the overall velocity gradient around the central source appears
more consistent with the continuum major axis (Figure C2(c)).

3.2.3. 3co (2-1)

The large-scale view of 13CO is shown in Figures 3(d) and
4(d), while the inner region is shown in Figures 3(e) and 4(e).
The '*CO emission traces parts of the outflow cavity and inner
structure around the protostar (Figures 3(d) and (e)). There is a
clear velocity gradient around the source position that is
consistent with the continuum major axis, indicating rotation
around the center. The '*CO channel map shows a similar
structure to C'®0, with the outflows and perpendicular extended
emission both present (Figure B3). In the '*CO channel map
(Figure B3), the southeast structure is clearly seen between 4.19
and 4.85kms ™!, while the northwest structure is present from
4.52 to 4.85kms~". Similar to IZCO, the velocity increases as
the emission moves farther away from the source. This is clearer
in the southeast structure. In the SB-only maps (Figures C1(d)
and (e)), the extended structures perpendicular to the outflow are
clear and blueshifted from the centroid velocity. The southeast
structure extends out ~800 au and reaches the blueshifted patch
of '2CO previously mentioned. The structure to the northwest is
shorter and reaches out to a few hundred au. The extended
structures are clearer in '*CO than in C'20. In the SB+LB maps,
these extended structures are resolved out.

3.2.4. SO (65-5,)

The large-scale view of SO is shown in Figures 3(f) and 4(f),
while the inner region is shown in Figures 3(g) and 4(g). The

SO emission is compact and mostly located around the center
near the protostellar position (Figures 3(f) and (g)). SO
emission can be enhanced in and around the protostellar disk
owing to either accretion shocks from the infalling material
(e.g., Ohashi et al. 2014; Sakai et al. 2014, 2017; van Gelder
et al. 2021) or MHD disk winds (Tabone et al. 2017). There is a
clear velocity gradient that is consistent with both '*CO and the
continuum major axis (Figure 4(g)). A higher excited transition
of SO (Jy =7¢— 65) was previously shown to trace rotation
associated with a protostellar disk (Okoda et al. 2018). A small,
offset patch of redshifted emission is seen in the disk plane,
which could be associated with an accretion shock or the
infalling envelope. There is a blueshifted patch of SO emission
that is coincident with the previously mentioned '*CO patch in
the southeast at ~1000 au. In addition, there is a small patch of
SO at the bottom edge of the blueshifted outflow, which likely
traces a shocked region in the outflow. The SB-only large-scale
maps show the extended feature and the outflow shock more
clearly (Figures C1(f) and C2(f)), while the zoomed-in map
also shows a velocity gradient similar to that in the SB4+LB
map (Figures C1(g) and C2(g)).

4. Analysis
4.1. Position—Velocity Diagrams

Our high angular resolution data allow us to investigate the
Keplerian disk in this source at smaller scales than in previous
studies. We make some initial PV diagrams to get an overview
of the velocity structure and look for lines that show a
Keplerian rotation signature. We investigate C'®0, '>CO, and
SO by making PV cuts with widths of 1 beam across the
continuum disk major axis (PA = 117°1) as measured from the
dust continuum fitting. The resulting PV diagrams are shown in
Figure 5.

The C'80 emission takes a diamond shape, with emission in
all four quadrants of the PV diagram (Figure 5, left panel). This is
indicative of infall-dominated motions (e.g., Ohashi et al. 1997;
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Harsono et al. 2015). The PV diagram of '>CO is much more
complicated (Figure 5, middle panel). The red- and blueshifted
velocity signature seen in the center of the integrated intensity
map (Figure 4(e)) likely corresponds to some of the emission
seen in the upper right and lower left quadrants, which could be
tracing infalling and rotational components of the system.
However, there are several high-velocity structures in all four
quadrants, which are likely due to contamination by the outflow
kinematics. The lack of emission at velocities around the line
center is likely due to filtering out by the high angular resolution.
The PV structure in the SO map seems the most promising to
trace a possible disk rotation signature around the protostar
(Figure 5, right panel). The overall emission mainly shows up in
the upper right and lower left quadrants of the PV diagram. This
is expected for rotational motions, where faster rotation would
shift the emission peaks to smaller offsets (e.g., Harsono et al.
2015). This PV structure is also consistent with a higher transition
of SO (at ~261 GHz) that was previously analyzed by Okoda
et al. (2018).

We briefly compare the PV structures in Figure 5 to
Keplerian rotation curves using previous protostellar mass
estimations (Yen et al. 2017a; Okoda et al. 2018). We assume
the system velocity to be 5.24kms ™' as previously estimated
by Yen et al. (2017a) using C'®0. It is worth noting that Okoda
et al. (2018) employ a higher system velocity of 5.5 km s~ for
their Keplerian analysis of SO. In our case, the overall PV
structure of C'®0 and '*CO is more consistent with the lower
value. The Keplerian curves seem to match well with the
higher-velocity SO emission near the source. As for C'*0 and
13CO, it is not clear whether the emission corresponds to the
rotation curves in the same high-velocity region near the
source. Thus, SO seems to be the most promising for studying
the dynamics of the protostellar disk in IRAS15398.

4.2. PV Analysis with SLAM

We employ the rotation curve fitting tool from the Spectral
Line Analysis/Modeling (SLAM) Python package,” which
uses Markov Chain Monte Carlo (MCMC) sampling to fit a
single or double power-law profile to the emission in the PV
diagram (Aso & Sai 2023). Here we present a brief overview of
the fitting procedure and methodology and refer the reader to
Ohashi et al. (2023) for a complete description (see also Aso
et al. 2015; Aso & Machida 2020; Sai et al. 2020). In the case
of a single power law, the velocity is described by

-P
r
B

where R, is an arbitrarily chosen “break” radius at a fixed
velocity V,, and p is the power-law index. The double power-
law case describes the velocity as

r

~Pin
Vb(_) (r <Ryp)
V= r ~Pout (5)
Vb(R—) (r > Ryp)

b

20 The Spectral Line Analysis/Modeling (SLAM) tool is publicly available
at https://github.com/jinshisai/SLAM. This tool was developed for the eDisk
large program to derive dynamical protostellar masses.
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where p;, and po, are the inner and outer power-law indices,
respectively. Instead of strictly defining po., SLAM instead
implements the variable dp, which is simply the change in
power-law indices (dp = pou — Pin)- We will describe p and dp,
instead of p;, and p.,, for the remainder of the paper to
simplify the descriptions between single and double power-law
indices. A power-law index of p =~ 0.5 represents a Keplerian
rotating disk, while p ~ 1 represents infalling material with
conserved angular momentum. The algorithm finds the edges
and ridges of the emission in the PV diagram by cutting along
the position and/or velocity axes. One can set an intensity
threshold at which to find the edge and ridge points. Changing
the threshold mainly affects the edge calculation, as the
outermost radius with this value is the edge radius. For
the ridge calculation, the mean is found using data above the
threshold. The edge and ridge points are then separately fit with
the power-law function to find the best parameters. The
dynamical mass can then be estimated via the Kepler mass by

M = v%r/G/sin?i, (6)

where G is the gravitational constant and i is the source
inclination angle. The mass can be interpreted as the dynamical
protostellar mass (M,) when p ~ 0.5, and the true protostellar
mass would then be somewhere between the break masses, M,,
estimated from the edge (upper mass limit) and ridge (lower
mass limit) methods. If p is not Keplerian but close to it, M,
tells us a reasonable range of the protostellar mass. Addition-
ally, the break radius only represents the disk radius when
fitting the double power-law function. In the case of a single
power law, the break radius is arbitrarily chosen from within
the derived points, usually where the cuts for both position and
velocity meet.

In the following sections, we describe multiple different PV
diagram fittings of the SO emission using single and double
power-law profiles from SLAM. Our high-resolution data will
provide the first PV diagram fitting of the IRAS15398
protostellar disk, as the previous observations by Yen et al.
(2017a) did not resolve the disk. Fitting the PV diagram,
especially for protostars with small disks, may not be very
straightforward, which is shown by our multiple fitting
attempts. We quantify the “goodness of fit” to assess which
models best quantify the current data. Several parameters are
kept the same among the different fits. We set the distance to
IRAS15398 as 155.5 pc and the inclination angle to 50°7, as
estimated by the 2D Gaussian fitting in Section 3.1. We use a
5o threshold, where the rms of the PV diagram is measured to
be 0 =1.55mlJybeam '. A lower threshold of 30 was also
tested; however, the reduced chi-squared was higher than when
using a 5o threshold. We explore values less than 2 M, for the
central protostellar mass, which is the expected limit given the
evolutionary stage of the source and its luminosity. The SLAM
fitting results are presented in Table 4. Additionally, we show
the results in both PV and radius—velocity (RV) space in
Figures 6 and 7, respectively.

4.2.1. Single Power Law

Initial: We begin with an initial SLAM fitting using the
single power-law function (Equation (4)). The full PV extent of
the SO emission is utilized by setting the position range
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Table 4
SLAM Fitting Results for SO (Jy = 65 — 54)

Fitting Fitting R, )4 dp Veys M, 5(2
Description Method (au) (km s’l) M)

Initial Edge 41.39*112 1.093% 5424002 0.0299 + 0.0008 3.8
- Viange = 0.0-2.0 km s %, p = free, Vi, = free Ridge 57.84728  0.8170% 547100 0.0066 & 0.0003 6.3
Modified 1 Edge 23.057180 0.8570%8 5377908 0.053 + 0.004 1.6
- Viange = 0.6-2.0 km s ™!, p = free, Vi, = free Ridge 10.38799 0.647921 5.447008 0.024 + 0.002 14
Modified 2 Edge 19401112 0.5 530109 0.045 + 0.003 1.8
- Viange = 0.6-2.0 km s, p = fixed, V., = free Ridge 9.687 58 0.5 5401593 0.022 + 0.002 12
Modified 3 Edge 24124137 1.0 5407004 0.055 + 0.003 1.6
- Viange = 0.6-2.0 km s, p = fixed, V., = free Ridge 111179093 1.0 5577098 0.026 + 0.002 2.3
Modified 4 Edge 21300459 07150 036104 5.40700% 0.06 + 0.1 2.4
- Veange = 0.2-2.0 km s ™!, p = free, dp = free, V.y, = free Ridge 1923840 0.7478%, 026108 546759 0.014 + 0.04 8.3
Modified 5 Edge 18.257482 0.5 0.5 5397003 0.07 £ 0.03 14.4
- Viange = 0.2-2.0 km s ™', p = fixed, dp = fixed, Viy, = free Ridge 21.87+14 0.5 0.5 5457591 0.016 + 0.002 47

Note. R, is the break radius, p is the power-law index (or inner power-law index for the double power-law function), dp is the change in the double power-law index
between the inner and outer functions, Vi, is the systemic velocity, M, is the dynamical mass at the break radius, and x? is the reduced chi-squared of the fit. For the
single power-law fittings, the break radius is arbitrarily chosen from within the derived points. For the double power-law fitting, p = p;, and dp = pou — pin and the
break radius is where the power law transitions from inner to outer. The uncertainties reported are the 16th and 84th percentiles of the posterior distributions in the

MCMC fitting.

parameter from 0 to 100 au and the velocity range parameter
from 0 to 2 km s~ '. Both position and velocity cuts are used to
derive the edge and ridge points for fitting. The power-law
index and systemic velocity are kept as free variables. The
results of our initial fitting are shown in Figures 6(a) and 7(a).
The derived data points from the initial SLAM fit show no
visual break in the slope, where one might expect a power-law
transition from infalling material (p ~ 1) to disk (p ~ 0.5). This
motivates our initial use of a single power-law function for
fitting the data. At radii <10 au, the slope of the points may
start to flatten out around 0”3, but the lack of points at these
smaller radii due to the angular resolution cannot confirm this.
Curiously, there is one very low-velocity point at ~100 au.
Including the systemic velocity as a free parameter gives a
value of ~5.45kms™'. The best-fit power-law indices from the
edge and ridge fits are both closer to p ~ 1, which indicates
infalling material with conserved angular momentum. How-
ever, this result could be influenced by the low-velocity points
farther away from the source, as well as the choice of the
system velocity. The reduced chi-squared (?) values of the fits
are 3.8 and 6.3 for the edge and ridge methods, respectively. It
is important to see how these variables affect the overall fitting
and whether it is possible to recover a Keplerian power-law
profile.

4.2.2. Modified Single Power Law

Modified 1: We first modify our initial SLAM fitting by
increasing the lower limit of the velocity range to 0.6 kms™ ', in
order to only include the high-velocity points in our fit.
Additionally, we only fit along the velocity axis since peak
positions in the PV emission are at similar offsets at these
higher velocities. All of the other parameters remain the same.
The results of this first modified fitting are shown in
Figures 6(b) and 7(b). The errors in the fitting results for the
power-law index and system velocity are larger owing to the
limited number of data points at higher velocities included in

the fit. The best-fit systemic velocity is ~5.4 kms~'. This is
slightly lower but still consistent with the value derived from
the initial fit. Overall, the power-law index between the edge
and ridge methods is lower at around p ~ 0.75. The power-law
index from the initial fit is within the upper error bound for
both the edge and ridge fits. On the other hand, the lower error
bounds are now significantly closer to Keplerian rotation. Thus,
it is difficult to make a concrete conclusion on whether the
emission is related to the infalling envelope or a Keplerian disk.
The %2 of both the edge and ridge is lower than the initial fit at
1.6 and 1.4, respectively, indicating a better overall fit than the
initial.

Modified 2 and 3: Since the power-law indices in our
Modified 1 fit are somewhere between infall and Keplerian
rotation, we fix the power-law indices to both scenarios
(p=1.0 and p =0.5) to see how the Y? is affected in order to
narrow down which scenario is more likely. We first run
SLAM with a fixed p = 0.5 for Keplerian rotation (Modified 2).
The %2 for the ridge method is 1.2, which is slightly lower than
but fairly consistent with the value in the Modified 1 ridge fit.
This is due to the power-law index from the Modified 1 ridge
estimate being closer to 0.5. In the edge method, the 2 is 1.8
and also consistent with but slightly higher than that in the
Modified 1 edge fit. In contrast, when running SLAM with a
fixed p=1.0 for infalling envelope (Modified 3), the ridge
method %> becomes a much higher value of 2.3. This shows
that the ridge is tracing Keplerian rotation rather than infall,
giving a lower limit on the protostellar mass of
0.022 £0.002 M. The %2 for the edge method is actually
the same value of 1.6 as in the Modified 1 fit. Thus, we cannot
distinguish whether the edge follows Keplerian rotation or
infall to constrain the protostellar mass upper limit. This could
be due to insufficient angular resolution smearing the PV
emission at the edge. The single power-law fittings do not
directly give a disk radius, since the break radius from these fits
is arbitrarily chosen to be within the derived points. However,
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Figure 6. The PV plots of the SLAM fitting results for SO. The red and blue circles represent the red- and blueshifted points fit with the edge method, respectively,
while the magenta and cyan triangles represent the red- and blueshifted points fit with the ridge method, respectively. The black solid and dashed lines show the best-
fit edge and ridge models, respectively. The contours in the PV map are shown in steps (3, 5, 7, 9, 12, 15, 20, 50, 100)0 s, Where o, is the rms noise in the PV map.

we can infer a lower limit of the protostellar disk radius using
the outermost point of our ridge fit, which is 31.2 + 2.4 au.

4.2.3. Double Power Law

Modified 4 and 5: The expected transition from infalling
material to a Keplerian rotating disk provides a physical
motivation to fit the observed PV diagrams with a double
power-law function (Equation (5)). Although a break in the
data points is not clear, it is worth investigating whether we can
recover a potential protostellar disk radius and compare the Y2
values to the single power-law fits. The first double power-law
fit (Modified 4) leaves p (or p;,) and dp as free parameters.
Overall the inner and change in power-law indices are p ~ 0.73
and dp ~0.31, respectively (pou~ 1.04), which are very
reasonable values and indicate that the outer power-law index
is more consistent with infall, while the inner power-law index
is slightly higher than Keplerian. However, the Y2 values of 2.4
and 8.3 for the edge and ridge, respectively, are much larger
than the single power-law fits. This is also apparent in the
Modified 5 fit, where p and dp are both fixed to 0.5 (pou = 1.0)
and the % are also much higher at 14.4 and 4.7 for the edge
and ridge, respectively. Comparing the two power-law fits, we

10

do see a somewhat similar trend of the > for the edge and
ridge as seen in the previous single power-law fits. The ridge
method produces a lower ¥? when p and dp are both fixed and
the inner power law is Keplerian, whereas the edge % is much
higher for the fixed values and less when left free and the
power law is steeper than Keplerian. This really demonstrates
the difficulty in fitting PV diagrams of the smallest protostellar
disks, and caution should be taken when interpreting results.

5. Discussion
5.1. A Very Low Mass Protostar and Disk

The single power-law ridge fittings suggest the presence of a
Keplerian disk. This constrains the lower limit of the dynamical
protostellar mass of IRAS15398 to be 0.022+0.002 M.
Unfortunately, the edge method in the single power-law fits
does not clearly indicate the existence of a Keplerian disk,
since we cannot distinguish whether the power-law index is
closer to 0.5 (Keplerian) or 1.0 (infall). Insufficient angular
resolution could cause smearing near the edges of the PV
diagram emission, making it difficult to recover the power-law
index. Because of the unclear results of the PV edge in the
single power-law fittings, it is not easy for us to estimate an
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upper limit of the stellar mass. Based on the outline of the edge
contour of the PV diagram, we can conservatively estimate an
upper-limit protostellar mass to be ~0.1 M. The double
power-law fits are not used to determine the protostellar mass
and disk radius owing to the lack of clear break in the derived
points used for fitting and the higher overall x> values. The
very low mass indicates that IRAS15398 is likely in its infancy,
which is also consistent with approximate ages (~1000 yr)
derived from the dynamical timescale of the protostellar
outflows (Bjerkeli et al. 2016b; Vazzano et al. 2021) and the
lack of substructures in the dust disk. Earlier studies by Oya
et al. (2014) and Yen et al. (2017a) used infalling envelope
models to constrain the protostellar mass to be less than
0.09 M., and 0.0179% M., respectively. It should be noted that
the upper limit by Yen et al. (2017a) is under the assumption
that the infall is freefall, and if the infall is actually slower than
freefall, this estimated mass would be a lower limit (see also
Ohashi et al. 2014; Aso et al. 2015). These studies did not
clearly detect a Keplerian rotation signature, but their derived
protostellar masses are consistent with this study. Okoda et al.
(2018) infer Keplerian rotation around a protostellar mass of

11

0.007J_r8j(())((3‘3t M, using a by-eye comparison to the molecular
emission from their SO (Jy = 7¢ — 65) data. The beam size of
their SO data is ~1.5 times larger than ours at 0”22 x 0716
with an rms noise ~1.8 times higher at 4 mJy beam ' at a
similar velocity resolution. Since the true protostellar mass
likely lies between the edge and ridge fittings of the PV
diagram, their comparison to the ridge provides only a lower
limit on the protostellar mass. Additionally, Okoda et al. (2018)
employ a disk inclination angle of 70° in their comparison,
which is ~20° higher than our estimate of 5077 from the 2D
Gaussian fitting of the dust continuum. Adjusting the previous
mass value for our new inclination angle increases the mass to
~0.01 M, which is still consistent with our result as a lower
limit. Overall, the method used for deriving the protostellar
mass is inherently different. Okoda et al. (2018) perform a by-
eye comparison using the ridge of the PV emission, which
seemingly does match well to their PV structure. If a higher
velocity of 5.5km s s assumed, then the more extended,
lower-velocity emission on the blueshifted side of the PV
diagram could be interpreted as being in Keplerian rotation and
thus change the resulting protostellar mass estimation when
matching by eye. When visually comparing our PV fitting
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results in Figure 6, it is somewhat difficult to tell the difference
when the power law is Keplerian versus infall. Protostellar
mass estimations using the methodology in this paper were
tested with numerical simulations of protostellar disk formation
at several epochs (Aso & Machida 2020). It was found that the
true protostellar mass is likely between mass estimates from
both the edge and ridge PV estimations. This means that using
only the ridge method could potentially underestimate the true
protostellar mass. However, Aso & Machida (2020) also show
that the estimated mass from fitting their PV diagram was
slightly larger than the actual protostellar mass when
M, < 0.4 M., due to the disk mass contributing to the overall
rotational velocity in the very early stages. Since the
protostellar mass of IRAS15398 is within this limit, it is
possible to be slightly overestimated. Compared to other Class
0 sources, the protostellar mass of IRAS15398 is among the
smallest (e.g., Tobin et al. 2012; Murillo et al. 2013; Ohashi
et al. 2014; Yen et al. 2015b, 2017a; Aso et al. 2017; Maret
et al. 2020). An analogous Class O protostar with a similarly
small protostellar mass is B335 (Yen et al. 2015b). A
protostellar mass of ~0.05 M., was suggested from kinematic
modeling, even though no Keplerian rotation was detected.
These results hinted at the possibility of magnetic braking
playing a crucial role in the evolution of B335. This aspect will
be discussed more in Section 5.2, where we will compare the
magnetic and Keplerian disk properties between IRAS15398
and B335.

The protostellar (gas+dust) disk mass is estimated to be
(0.6-1.7) x 107> M., (or 0.6M,—1.8M;, 191-572 M_;)) using the
integrated flux density from our 2D Gaussian fitting results
under an optically thin assumption. If the emission at 1.3 mm is
optically thick, the derived disk mass could only be a lower
limit. Multiband observations would be useful to constrain the
optical depth at these wavelengths. Our assumed gas-to-dust
ratio means that the dust-only disk mass is 100 times smaller at
roughly 2—-6 M. The recent VANDAM surveys in Perseus and
Orion provide estimates on the dust masses (and also dust disk
radii; see Section 5.2) in a large sample of Class 0 sources
(Segura-Cox et al. 2018; Tobin et al. 2020; Sheehan et al.
2022). From a sample of 14 Class O disk candidates, Segura-
Cox et al. (2018) estimate the range of disk masses to be
0.01-0.46 M., which is a few orders of magnitude higher than
the disk mass in IRAS15398. A more comprehensive study by
Tobin et al. (2020) was performed that compared the dust disk
masses of Class 0/I protostars in Orion to values of Class 0/I
protostars in a few other clouds and also a sample of Class II
sources. For Class O stars in Orion, the mean and median dust
disk mass estimates are 25977/ M, and 25.77%° M.
The Class O protostars in Perseus exhibit overall higher mean
and median dust disk masses of 376.5722% M, and
549.8J_r}(1)§?40 Mg, respectively. The dust mass is found to
systematically decrease over time when compared to the dust
disk mass values in Class II sources. For example, in Lupus,
the mean and median protoplanetary dust disk masses are
5.08"118 M., and 3.570%* M, respectively (Ansdell et al.
2016). Radiative transfer modeling by Sheehan et al. (2022)
has shown that the Class 0 sample of protostars in Orion and
previously modeled by Tobin et al. (2020) may have
overestimated the dust disk mass, with larger discrepancies in
the lower-mass dust disks. Thus, more detailed radiative
transfer modeling of the dust continuum in IRAS15398 would
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be helpful to constrain the dust disk mass available for future
planet formation.

5.1.1. Disk-to-stellar Mass Ratio

The disk-to-star mass ratio is used as an indicator of the
gravitational stability of a protostar—disk system, where systems
with Mgy /M, > 0.3 are more unstable (e.g., Lodato &
Rice 2004, 2005). Previous surveys indicate typical values of
Mis/M,, to be between 0.001 and 0.1 in more evolved sources
(e.g., Manara et al. 2023, and references therein). Using the mean
values of the protostellar disk mass ((0.61-1.69) x 1073 M) and
the lower-limit protostellar mass (0.022 M), the upper limit of
the disk-to-star mass ratio is ~0.06. As mentioned previously,
this value could be underestimated if the 1.3 mm dust emission is
optically thick. However, the value of Mg /M, is well within the
limit of a gravitationally stable disk.

5.1.2. Mass Accretion Rate

The mass accretion rate onto the protostar can be estimated
by
LB.CCR*

Macc = GM. s

(N

where L, is the accretion luminosity, R, is the radius of the
protostar, and G is the gravitational constant. We take
Loce =~ Lyoy= 1.4 L, (assuming L,.. > L,) to obtain an upper
limit on the mass accretion rate, since Lyo = Lace + Ly. The
radius of the protostar is assumed to be R, =3 R, (Stahler et al.
1980). Using the lower-limit-derived protostellar mass of
M, =0.022 M, gives an approximate mass accretion rate of
6.1 x 107°M_ yr~', while our conservative upper limit gives
1.3 x 107° M, yr'. This mass accretion rate is consistent with
the most recent estimate of (0.2-7.0) x 10~¢ M., yr~!, which
was found using a combination of the dynamical timescale of
the outflow and protostellar mass (Oya et al. 2014; Bjerkeli
et al. 2016b; Okoda et al. 2018). Assuming that the mass
accretion rate is constant, we can estimate the age of the
protostar by M, /M,.., which yields an age of approximately
(0.4-7.5) x 10* yr, which would be a lower limit. However,
IRAS15398 was shown to have undergone an accretion burst in
the past 100—1000 yr (Jgrgensen et al. 2013). This means that
the accretion rate is not constant and this method of
approximating age is more uncertain. The dynamical ages of
the outflows are younger at <1000 yr for both the red- and
blueshifted lobes (Bjerkeli et al. 2016b; Vazzano et al. 2021),
which could also be a consequence of the accretion burst.

Early theoretical modeling predicts that a typical mass
accretion rate of protostars lies somewhere between 10° and
10 ° M, yr ' (Hartmann et al. 1997), while magnetoh;/dro-
dynamic (MHD) simulations predict values between 10~ and
10~* M yr!, with higher mass accretion rates at earlier times
in the simulations (e.g., Machida & Matsumoto 2012). This
further points toward IRAS15398 being a younger protostar
since its mass accretion rate is on the higher end of values
predicted from simulations.

5.1.3. A Proto—Brown Dwarf Candidate?

The upper mass limit of a brown dwarf is ~0.075 M, (Hayashi
& Nakano 1963; Kumar 1963a, 1963b; Burrows et al. 1997).
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Since the protostellar mass of IRAS15398 is currently within this
regime, it is interesting to discuss the possibility of whether
IRAS15398 will become massive enough to sustain the nuclear
fusion of hydrogen in its core. The envelope mass
around IRAS15398 has been previously estimated to be between
0.5 and 1.2 M., (Kristensen et al. 2012; Jgrgensen et al. 2013).
The protostellar core-to-star efficiency is estimated to be ~30%
from both observations of starless cores and numerical simula-
tions (Enoch et al. 2008; Offner & Chaban 2017). This
efficiency would give a final lower-limit stellar mass estimation of
0.15 M., for IRAS15398, well above the mass limit of a brown
dwarf.

5.2. An Extremely Small Protostellar Disk

The lower limit of the protostellar gas disk radius is
31.2+2.4au. A previous upper limit of the disk radius was
found to be 2073 au by Yen et al. (2017a), which is within the
error of our estimate. The gas disk radius in IRAS15398 is
comparable to, but on average smaller than, that of other
kinematically detected disks. The study by Yen et al. (2017a)
looks at the properties of several Class 0/I protostars with
Keplerian disks. The gas disk radii in their comparison range
from 3 to 150 au in the Class O stage. The protostellar disk is
expected to continue to grow as more material and angular
momenta from the natal, protostellar envelope collapse toward
the central region. From a theoretical perspective, small
Keplerian disks could indicate efficient magnetic braking of
the infalling material (Allen et al. 2003; Hennebelle &
Fromang 2008; Mellon & Li 2008). The parsec-scale magnetic
field in IRAS15398 has been previously studied using SOFIA
polarization observations (Redaelli et al. 2019). They conclude
that the core is strongly magnetized with a uniform-to-turbulent
magnetic ratio of 0.27. Additionally, the overall magnetic field
direction appears well aligned to the outflow direction.
Numerical MHD simulations have inversely found that
increasing the misalignment between the magnetic field and
rotation axis can help to overcome magnetic braking and
promote disk formation (e.g., Hennebelle & Ciardi 2009; Joos
et al. 2012; Krumholz et al. 2013; Li et al. 2013; Hirano et al.
2020). Thus, this alignment could indicate more efficient
magnetic braking, which would inhibit the growth of a large,
protostellar disk.

The dust disk radius is taken to be the 20 width of the
deconvolved major axis (FWHM,,;=2.3550) of our 2D
Gaussian continuum fitting, which is 3.82 au. In the aforemen-
tioned VANDAM survey of Perseus, the dust disk radii ranged
between 10.5 and 42.2 au (Segura-Cox et al. 2018). In Orion,
the mean and median dust disk radii were found to be 44.973
and 48.1773°¢ au, respectively (Tobin et al. 2020). These values
are consistently larger than those of the dust disk in
IRAS15398, possibly hinting at other mechanisms, like
environment effects, that are keeping its dust disk small.

5.2.1. Dust versus Gas Disk Radius

Small dust disks could be a signpost of the radial drift of dust
grains as they grow in size and decouple from the gas disks.
Discrepancies between the dust and gas disk radii have been
observed in more evolved protoplanetary disks (e.g., Panié
et al. 2009; Andrews et al. 2012; de Gregorio-Monsalvo et al.
2013; Ansdell et al. 2018; Trapman et al. 2020). Recent work
by Ansdell et al. (2018) has revealed that the radii of gas disks
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were ~1.5-3.0 times those of the dust disks in their sample of
22 protoplanetary disks in Lupus. We report that the gas disk
radius in IRAS15398 is >8 times larger than the dust disk
radius, which is significantly larger than those of later-stage
disks. In the early, deeply embedded protostellar disk stage,
there are currently no studies that have investigated this before
the eDisk program. However, if planet formation begins in
these early stages, as suggested by substructure formation in a
few Class I protostars (ALMA Partnership et al. 2015; Sheehan
& Eisner 2018; Segura-Cox et al. 2020; Yamato et al. 2023),
then this value could be essential for constraining the dust
growth and radial drift in Class 0/I protostars. It should be
noted that observed differences in gas and dust disk radii could
also be observed owing to the optical depth effects (e.g.,
Facchini et al. 2017). Further modeling to constrain the optical
depths is needed to disentangle these scenarios.

5.2.2. Specific Angular Momentum

The specific angular momentum can be calculated via

Jj=~NGM.Ry, ®)
where the lower-limit gas disk radius, R; > 31.2 au, is used. At
the lower limit of the gas disk, the specific angular momentum
is found to be 1.2 x 10" *kms ™' pc. Using our conservative
upper limit of 0.1 M, and the upper error limit gas disk radius
R;~70au from Yen et al. (2017a), the maximum specific
angular momentum is 3.8 x 10~ *km s~ ' pc. Previous values of
the specific angular momentum found at larger scales of 140
and 600 au were found to be ~7 x 10 kms ' pc and
~1x 10"*kms ™' pc, respectively (Yen et al. 2017a).

While the uncertainty from the mass range is so large, the
specific angular momentum seems to increase at smaller radii
near the disk. One would expect the specific angular
momentum to increase near the disk owing to the dependence
on radius. In the inside-out collapse scenario, the angular
momentum profile is shown to flatten out in the inner ~1000 au
(Shu 1977; Yen et al. 2011). Assuming a constant angular
momentum profile in the inner envelope down to the disk, an
estimation of age can be inferred using the method described
by Takahashi et al. (2016). Using Equation (26) in their paper,
with specific angular momenta of (1.2-3.8) x 10 > kms™ ' pc,
the age of IRAS15398 is expected to be (0.6-1.9) x 10* yr.
This is consistent with the age calculated using the mass
accretion rate range in Section 5.1.2. These multiple age
estimations, small protostellar mass, and seemingly small disk
demonstrate that IRAS15398 is likely in its very early stages.

5.3. A Dynamical Overview of the IRAS 15398-3359
Protostellar System

IRAS15398 is a very young, low-mass protostellar system
hosting a small protostellar disk and two distinct bipolar
outflows. We present a dynamical overview of the IRAS15398
system in Figure 8. We show the episodic outflow ejection
lobes (Vazzano et al. 2021), the mean B-field direction
(Redaelli et al. 2019), the linear structure interpreted as either
a “relic” outflow (Okoda et al. 2021) or perturbed gas due to a
nearby possible outflow (Vazzano et al. 2021), and the rotation
direction and PA of the disk from our study (Figure 8, left
panel). In addition, the previously derived outflow inclination
angles (Oya et al. 2014; Yen et al. 2017a) are compared to the
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Figure 8. A dynamical schematic of the IRAS15398 protostellar system.

inclination angle found using the geometry of our 2D Gaussian
dust continuum fitting (Figure 8, right panel).

Our results show that the PA of the continuum emission is
not quite perpendicular to the overall outflow direction found
by Vazzano et al. (2021). This could likely be related to the
precessing protostellar outflow (Bjerkeli et al. 2016b; Vazzano
et al. 2021). The precession is also seen in our '“CO data
(Section 3.2.1), where the outflow emission bends in the plane
of sky. We quantify this by calculating the difference in the
continuum PA between the outflow PAs for the outer and inner
episodic ejection lobes found by Vazzano et al. (2021). For the
outer red- and blueshifted outflow lobes with PAs of 69° and
246°, the offset from the continuum major axis is ~48° and
~51°, respectively. For the inner red- and blueshifted outflow
lobes with PAs of 37° and 214°, the offsets are closer to
perpendicular at ~80° and ~83°, indicating that the central
dust emission aligns more perpendicularly with the more recent
outflow ejections. One might expect in a perfectly symmetrical
collapse that the outflows are perpendicular to the disk major
axis. Thus, the offsets indicate that the entire system is
precessing. Since no binary is resolved, asymmetric infall
seems a more likely scenario for causing the precession. We
also note that the mean B-field direction is offset by ~18° from
the continuum minor axis. This could help to promote disk
formation as found in previous MHD simulations where the
angular momentum and B-field directional axes are misaligned
(e.g., Krumholz et al. 2013; Li et al. 2013; Gray et al. 2018;
Tsukamoto et al. 2018; Hirano et al. 2020; Wang et al. 2022).
As for the inclination angles, although they seem to be different
between the outflows and the disk, understanding the
precession of the system in the plane of sky is less robust.

6. Conclusion

We have observed the Class O protostar IRAS15398 at high
angular resolution with ALMA as part of the eDisk large
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program. This paper provides an initial analysis to derive
various dynamical properties of the protostar-disk system. The
main results are as follows:

1. The dust continuum observations show the extended dust
structures as found in previous studies but also reveal the
small, compact dust disk at a high angular resolution
(~0704). The compact dust emission indicates that
IRAS15398 is likely a single source but still could be
an extremely close binary with a separation of <6 au.
From the 2D Gaussian fitting, the 20 radius of the dust
disk is measured to be ~3.8au, with a position and
inclination angle of 117°1 and 50°7, respectively. The
disk mass is found to be extremely low, with a value
between 0.6M; and 1.8M;. Observations at longer
wavelengths may be needed to further constrain the disk
mass if the dust is optically thick at 1.3 mm. No
substructures within the dust disk were found. The
molecular lines trace the gas kinematics of the bipolar
outflows, inner envelope, and a rotating disk-like
structure. The outflow is traced mainly by '*CO and
partially by '*CO in the SB+LB observations, while
extended emission perpendicular to the outflows is
present in the SB-only maps. C'%0 traces components
of the inner envelope, while 13CO and SO show a
rotational velocity gradient around the central protostar.
The PV diagrams indicate that the velocity structure of
SO is likely tracing the rotating disk.

2. We employ SLAM to perform several rotation curve
fittings using both single and double power-law profiles.
We conclude from the ¥? values of the single power-law
fittings that the ridge traces a Keplerian rotating disk.
This results in lower-limit estimates for the protostellar
mass and gas disk radius of 0.022 £0.002M and
31.2 + 2.4 au, respectively. The x? for the single power-
law edge fittings are less clear, but a conservative upper
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limit of the protostellar mass is ~0.1 M. Overall, the
reduced chi-squared values of the single power-law fits
are better than those of the double power-law fits.

3. We estimate the mass accretion rate onto the protostar to
be (1.3-6.1) x 107 ®*M_ yr ' and the specific angular
momentum at the edge of the protostellar disk to be
(1.2-3.8) x 10 *kms ! pc. The low mass accretion rate
implies that there is still a significant amount of mass that
can feed the star—disk system. From these two indepen-
dent measurements, we estimate that the age of the
protostar is at least 3600 yr, all the way up to 75,000 yr.
At this young age with no clear substructures in the disk,
planet formation would likely not yet have started. We
estimate a disk-to-stellar mass ratio of <0.06, meaning
that the protostar—disk system is gravitationally stable.
Additionally, the gas disk measured from our SLAM
fitting of SO is >4.2 times larger than the dust disk
measured from the dust continuum fitting. This could be
either a signpost of dust radial drift or an optical depth
effect. Further modeling of the dust continuum and
molecular line optical depths could help to confirm which
scenario is present in IRAS15398.
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Appendix A
Gallery of Dust Continuum Images

In Figure Al, we present the SB+LB dust continuum maps
produced by the eDisk calibration and imaging script for
IRAS15398. The properties of each map are shown in
Table Al. There is clear extended dust emission in the
lower-resolution maps, while increasing the angular resolution
shows that the extended emission becomes more resolved out
until there is just a compact continuum structure in the highest-
resolution maps. The compact structure does appear to be
disklike but is somewhat asymmetric. IRAS15398 does not
show any signs of binarity up to our highest resolution
of 5.8 au.
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Figure Al. Gallery of SB+LB continuum images from our eDisk observations of IRAS15398 with asinh (a = 0.001) scaling. Each robust value made by the imaging
script is shown from largest angular resolution (robust = +2.0) on the left to smallest angular resolution (robust = —2.0) on the right. A large-scale view is shown in
the top row, while a zoomed-in view is shown in the bottom row. The blue and red arrows represent the overall blue- and redshifted outflow directions found by
Vazzano et al. (2021), respectively. The contours in both maps are shown in steps (3, 5, 7, 9, 12, 15, 20, 50, 100)0 s, Where o, is the rms noise of each map.

Table A1

Summary of SB4+LB Dust Continuum Maps
Robust Beam Size Peak Intensity Peak Brightness Temperature rms Noise S/N

(mJy beam ™) (K) (mJy beam™ ")
+2.0 07137 x 0”125 (—81°8) 7.79 11.0 0.06 140
+1.0 07122 x 0”107 (—82°0) 7.63 14.2 0.03 237
+0.5 07084 x 0”071 (+78°0) 7.10 28.6 0.02 334
+0.0 07054 x 0”049 (—88°0) 6.47 58.9 0.03 248
—0.5 07043 x 0”036 (—55°8) 5.95 93.4 0.04 157
-1.0 07038 x 07031 (—50°5) 5.68 114.2 0.06 98
-2.0 07037 x 07030 (—47°4) 5.61 1239 0.13 44

Note. Brightness temperatures were computed using the full blackbody equation at a frequency of 225 GHz. The peak intensity and brightness temperature of the
continuum maps were found by using a 2” circular aperture around the center position. The rms noise values of the continuum maps were found by using a 10” circular
aperture in an emission-free area.
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Appendix B
Channel Maps of Molecular Lines

In Figures B1-B4, we present the SB+LB molecular line
channel maps for IRAS15398. A zoomed-in version of the SO
channel map is also provided in Figure BS. Please see Section 3
for more details.
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Figure B1. Channel map of the SB+LB '>CO (J = 2 — 1) molecular line data. The channel velocities are shown in the upper right corner of the panels. The yellow
star denotes the central position of IRAS15398 from the 2D Gaussian fitting. The scale bar is shown in the bottom left panel. Contours are shown in steps (3, 5, 7, 9,
12, 15, 20, 50, 100)0,,s, Where oy, is the rms noise of the map. The channel map is centered at 5.41 km s’l, which is the channel closest to the previously derived
system velocity of 5.24 kms~' (Yen et al. 2017a).
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Figure B5. Zoomed-in version of Figure B4 for SO (Jy = 65 — 5,) showing velocities from 3.52 to 6.86 km s~'. The channel map is centered at 5.19 km s,
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Appendix C summary of the map parameters is shown in Table C1. The
SB-only Images of Molecular Lines estimated rms of the 12CO, CISO, 13CO, and SO integrated
intensity maps are 8.79, 1.93, 4.05, and 3.05 mJy beam ™! km s_l,

In Figures C1 and C2, we present the SB-only integrated - . :
respectively. Please see Section 3 for more details.

intensity and intensity-weighted velocity maps for IRAS15398. A
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Figure C1. Same as Figure 3, but for the SB-only maps of the representative molecular lines.
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Figure C2. Same as Figure 4, but for the SB-only maps of the representative molecular lines.
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Table C1
Summary of Representative SB-only Molecular Line Maps
Molecular Line Frequency Robust Beam Size Velocity Resolution Peak Intensity rms Noise
(GHz) (kms™h (mly beam™!) (mly beam™})
cou=2-1 219.56035 +2.0 07337 x 07301 (4+20°9) 0.167 46.2 2.98
SO (Jy =65 — 54) 219.94944 +2.0 07338 x 07301 (+23°8) 0.167 35.82 3.58
Bcou=2-1 220.39868 +2.0 07338 x 07295 (+25°3) 0.167 105.5 4.09
Pcoug=2—-1 230.53800 +2.0 07324 x 07288 (+22°1) 0.635 216.6 1.98

Note. The values listed here were obtained from the maps using SB-only observations. The peak intensities of the line maps were found by using a 2” circular aperture
around the center position on the channel with the highest intensity. The rms noise values of the line maps were found by using a 10” circular aperture in an emission-
free area around the center position on a line-free channel near the beginning of the datacube.
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