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ABSTRACT

We present the results of the observations made within the ALMA Large Program called Early Planet Formation in Embedded disks
of the Class 0 protostar GSS30 IRS3. Our observations included the 1.3 mm continuum with a resolution of 0.′′05 (7.8 au) and several
molecular species, including 12CO, 13CO, C18O, H2CO, and c-C3H2. The dust continuum analysis unveiled a disk-shaped structure
with a major axis of ∼200 au. We observed an asymmetry in the minor axis of the continuum emission suggesting that the emission is
optically thick and the disk is flared. On the other hand, we identified two prominent bumps along the major axis located at distances of
26 and 50 au from the central protostar. The origin of the bumps remains uncertain and might be an embedded substructure within the
disk or the temperature distribution and not the surface density because the continuum emission is optically thick. The 12CO emission
reveals a molecular outflow consisting of three distinct components: a collimated component, an intermediate-velocity component
exhibiting an hourglass shape, and a wider angle low-velocity component. We associate these components with the coexistence of a jet
and a disk wind. The C18O emission traces both a circumstellar disk in Keplerian rotation and the infall of the rotating envelope. We
measured a stellar dynamical mass of 0.35±0.09 M⊙.
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1. Introduction

Circumstellar disks arise as a direct consequence of the angular
momentum conservation of rotating material from an infalling
envelope (Shu & Terebey 1984; Shu et al. 1987). In these
disks, planets are expected to form at some point during the
star formation process. In the past decade, the efforts to under-
stand planet formation have mainly been focused on Class II
disks that have dispersed their envelopes. The advent of the
Atacama Large Millimeter/submillimeter Array (ALMA) pro-
vided the needed sensitivity and spatial resolution to resolve
structures inside disks such as rings, gaps, and dust traps

⋆ Corresponding author; alejandrosantamariamiranda@gmail.com

(van der Marel et al. 2013; ALMA Partnership 2015). These
structures are ubiquitous in the star-forming regions studied in
different ALMA programs (e.g., Andrews et al. 2016; Long et al.
2018; Cieza et al. 2021) and may reflect the presence of planets
(Zhang et al. 2015; Flock et al. 2015; Andrews et al. 2018).

If these substructures are the consequence of the presence
of planets, we need to investigate the origin of planets in ear-
lier evolutionary stages. The lack of sufficient mass to form the
observed population of exoplanets in Class II disks (Manara et al.
2018) and the fact that Class 0/I disks are likely more massive
and abundant in solids (Tychoniec et al. 2020; Tobin et al. 2020;
Sheehan & Eisner 2017) supports the scenario in which planets
are formed at earlier stages.
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Dedicated high angular resolution observations millime-
ter/submillimeter wavelengths have revealed the presence of sub-
structures in the dust disks that surround some young Class 0/I
sources (Sheehan & Eisner 2017, 2018; Segura-Cox et al. 2020;
Sheehan et al. 2020), but the question remains whether these
are ubiquitous and when they arise. To address this question,
the ALMA Large Program called Early Planet Formation in
Embedded disks (Ohashi et al. 2023, eDisk) aims to systemat-
ically study the origin of substructures in Class 0/I disks with
ALMA at 1.3 mm (Band 6) and a spatial resolution of 0.′′04.
The sample comprises 12 Class 0 and 7 Class I protostars in
nearby (d < 200 pc) star-forming regions. The program aims to
detect indication of disk substructures that may indicate the pres-
ence of planets or the presence of giant spirals as a byproduct of
gravitational instabilities.

The source GSS30 IRS3 was observed as part of the eDisk
Large Program. It is part of the L1688 molecular cloud, located
at a distance of ∼138.4 ± 2.6 pc (Ortiz-León et al. 2018) based
on recent Gaia measurements. GSS30 IRS3 is a deeply embed-
ded protostar (Jørgensen et al. 2009) that was not detected at
optical wavelengths, preventing a direct measurement of its dis-
tance from Gaia. Therefore, we assume that the distance to the
source is similar to that of its host cloud. GSS30 IRS3 is classi-
fied as a Class 0 protostar with a bolometric luminosity (mmLbol)
of 1.7 L⊙, and the bolometric temperature is 50 K (Ohashi et al.
2023). GSS30 IRS 3 was first detected by Tamura et al. (1991)
and later observed at 2.7 mm at higher angular resolution in a
focused paper on the three sources at GSS30 (Zhang et al. 1997).
A molecular outflow was reported with single-dish observations
taken at the James Clerk Maxwell Telescope (White et al. 2015)
and later with ALMA (Friesen et al. 2018) in CO (2–1) at a
resolution of ∼1.′′5.

In this paper, we present observations of GSS30 IRS3 at
a very high angular resolution (0.′′056) in the continuum (at
1.3 mm) and (∼0.′′15) in line emission (CO isotopologs, H2CO,
and c-C3H2) as part of the eDisk ALMA Large Program. The
paper is structured as follows: We describe the observations in
Sect. 2. Then, we present the continuum, spectral line maps, and
dust mass estimation in Sect. 3. Section 4 presents the molecular
outflow analysis and the estimation of the dynamical mass of the
protostar. We discuss the origin of the continuum asymmetries,
the twisted feature observed in the C18O velocity map, and the
coexistence of a jet and a wide-angle outflow in Sect. 5. Finally,
we summarize the main results in Sect. 6.

2. Observation and data reduction

GSS30 IRS3 was observed with the ALMA 12-m array in
Band 6 as part of the eDisk ALMA Large Program (project
code: 2019.1.00261.L: PI: N. Ohashi). A separate DDT program
(2019.A.00034.S: PI: J. Tobin) complements the eDisk data with
shorter baselines for the same molecular lines for some sources.
Observations toward GSS30 IRS3 from the Large Program were
executed four times in October 2021 in configuration C43-8,
while two executions were completed for the DDT program in
June 2022 with configuration C43-5. Detailed information about
the baseline length, the number of antennas, the precipitable
water vapor, and the calibrators is provided in Ohashi et al.
(2023, Table 3).

The correlator was set up in dual-polarization mode using
four basebands. The first baseband was divided into four spectral
windows to detect C18O (2–1), 13CO (2–1), H2CO (32,1–22,0),
and SO (65–54) with a spectral resolution of ∼0.17 km s−1 and a

bandwidth of 58.59 MHz. Basebands 2 and 3 were set up with
a bandwidth of 1875 MHz to detect the continuum. A spectral
resolution of ∼1.3 km s−1 was selected for the detection of sev-
eral molecular lines (CH3OH, SiO, DCN, H2CO, and c-C3H2),
and these lines were identified and masked when measuring the
continuum. The fourth baseband has a bandwidth of 937.5 MHz
(0.64 km s−1 spectral resolution) to detect the continuum and the
12CO (2–1) line. The time on source for data from the Large Pro-
gram was 2.75 h, and for the DDT program, the time on source
was 0.5 h.

The ALMA data were calibrated using the standard ALMA
calibration pipeline. Then, we self-calibrated the data using the
Common Astronomy Software Applications package (McMullin
et al. 2007, CASA) version 6.2.1 and 6.4.1 for 2019.1.00261.L
and 2019.A.00034.S programs, respectively. The pipeline ver-
sion numbers should be supplied in addition to the CASA
number. Before performing the self-calibration, we first imaged
the six executions and aligned the emission peaks using fixvis
and fixplanets. After the alignment, we rescaled the flux in
the UV plane to the execution on the 27 October. Then we
proceeded with the self-calibration, but using the rescaled non-
aligned data, first with four phase-only cycles and two phase and
amplitude cycles of the short-baseline data. Next, we performed
joint self-calibration of the long- and short-baseline data and
proceeded with four iterations of self-calibration in phase-only
mode. Finally, the self-calibration solutions were applied to both
the continuum and the spectral line data, and the task TCLEAN
was used to produce continuum and spectral line images after
continuum subtraction. The final image is a combination of
the short and long configurations. We adopted a Briggs robust
parameter equal to 0 for the continuum image and 0.5 for the
spectral line data as a compromise between sensitivity and reso-
lution. We also adopted a Briggs robust parameter equal to 2 for
the H2CO and c-C3H2 spectral to enhance the sensitivity. The
spectral line data were tapered at 2000 kλ to bring out larger-
scale structures. Primary beam correction was applied before
inferring physical parameters from the images. The angular res-
olution of the continuum maps is 0.′′056 (7.8 au at a distance
of 138 pc), with a maximum recoverable angular scale of 2.′′9,
which is also the nominal value for Configuration 5 and a field
of view of ∼22′′. The absolute flux calibration uncertainty in
Band 6 is estimated to be 10%. A more detailed explanation of
the reduction procedure can be found in Ohashi et al. (2023).

3. Results

3.1. Dust emission

Figure 1 shows the dust emission at 1.3 mm of GSS30 IRS3 at
an angular resolution of 0.′′068×0.′′045 (position angle of 76.61o),
obtained using a robust parameter equal to 0. The continuum
emission traces a disk-like structure around the central proto-
star with a high inclination angle. The deconvolved disk size is
0.′′55×0.′′17 (76×23 au) estimated from a 2D Gaussian fitting (see
Table 1). The best-fit peak intensity is 3.87 ± 0.04 mJy beam−1 at
the Gaussian central position RA = 16h26m21.715s, Dec= −24o

22’51.′′09. The flux density obtained from the Gaussian fitting
is 123.6 ± 1.2 mJy. The continuum emission measured above
a 5σ contour has major and minor axes of 1.′′43×0.′′62 (∼198
× ∼86 au), while the peak intensity and the flux density obtained
by this method are 6.38 mJy beam−1 and 133.7 mJy, respectively.
Since the residuals from the Gaussian fitting show that the fit
is far from perfect (see the model and residual in Fig. 1), and
because a fitting attempt using 2D Gaussian components did not
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Fig. 3. Moment maps of the detected CO isotopologs. The left column shows 12CO (2–1) , the middle column shows 13CO (2–1) , and the right
column shows C18O (2–1). The top row shows the peak intensity map, the center row shows the intensity-weighted velocity map, and the bottom
row shows the integrated intensity map. The synthesized beam is represented as a filled ellipse at the bottom left side of every panel. The green
contours represent the disk continuum emission with 10, 150, and 200 times the rms. The white contours represent 3, 5, 7, 9, 11, 13, and 15 times
the rms (1σ = 9.5 mJy beam−1 km s−1) for the 12CO (2–1) moment 0 map; 5, 7, 9, 11, 13, and 15 times the rms (1σ = 2.7 mJy beam−1) for 12CO
(2–1) moment 8; 3, 5, 7, 9, and 11 times the rms for 13CO (2–1) moment 0 (1σ = 4.0 mJy beam−1 km s−1) and 8 (1σ = 4.2 mJy beam−1); and 3, 5,
7, 9, 11, 13, 15, and 17 times the rms for C18O (2–1) moment 0 (1σ = 3.5 mJy beam−1 km s−1) and 8 (1σ = 1.8 mJy beam−1).

Table 2. Main properties of the detected molecular lines

Frequency Molecule Transition robust Beam size ∆v(a) Integrated intensity(b) Peak intensity

[GHz] [′′] [km s−1] [Jy km s−1] [mJy beam−1]

217.822 c-C3H2 6–5(c) 2 0.359×0.251 4.02 0.05630 ± 0.0061 13.4 ± 2.2
217.940 c-C3H2 51,4−42,3 2 0.358×0.251 4.02 0.0322 ± 0.0040 13.6 ± 2.2
218.160 c-C3H2 52,4−41,3 2 0.358×0.251 2.78 0.0029 ± 0.0010 4.0 ± 1.0
218.220 H2CO 30,3−20,2 2 0.358×0.251 4.02 0.0591 ± 0.0060 19.4 ± 2.4
218.470 H2CO 32,2−22,1 2 0.358×0.251 1.33 0.0270 ± 0.012 5.06 ± 0.39

219.560 C18O 2–1 0.5 0.171×0.132 5.18 1.30 ± 0.13 30.0 ± 3.9

220.398 13CO 2–1 0.5 0.161×0.126 6.85 1.11 ± 0.11 42.0 ± 5.8

230.538 12CO 2–1 0.5 0.158×0.124 45.09 55.9 ± 5.6 317 ± 33

Notes. (a)Velocity width of the detected line measured with a detection higher than 3σ. (b)Integrated intensity over the whole emission area,
obtained from a 3σ contour over the moment 0 map. (c)Two c-C3H2 lines are blended: (60,6−51,5) and (61,6−50,5). Integrated intensity and peak
intensity uncertainties consider a 10% absolute calibration uncertainty and the noise in the images.
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Fig. 4. Moment maps of the detected c-C3H2 lines. Peak intensity (top row), intensity-weighted velocity (center row), and inte-
grated intensity (bottom row) maps. The left column shows the images of the C3H2 transition at 217.822 GHz, the middle column
for 217.94 GHz, and the right column for 218.16 GHz. The linear size is the same for all maps. The beam is represented as a
filled ellipse in the bottom left corner. The green contours represent the disk continuum emission with 10, 150, and 200 times the
rms given in Table 1. The white contours represent the molecular emission at 3, 5, and 7 times the rms which is for the moment
0 maps 1σ = 1.7 mJy beam−1 km s−1 (217.82 GHz), 1σ = 1.7 mJy beam−1 km s−1 (217.94 GHz), and 1σ = 0.9 mJy beam−1 km s−1(218.16 GHz) and
for the moment 8 maps 1σ = 0.6 mJy beam−1 (217.82 GHz), 1σ = 0.5 mJy beam−1 (217.94 GHz), and 1σ = 0.5 mJy beam−1 (218.16 GHz).

of the sky (see the top right panel in Fig. 6). The wider-angle low-
velocity component of the molecular outflow shows blueshifted
emission between −1.6 and 1.6 km s−1m and redshifted emission
between 5.4 and 7.9 km s−1. It is formed by an extended but well-
defined northeast arc that is mostly seen at blueshifted velocities
and by a less extended southwestern lobe where both blueshifted
and redshifted components overlap in the same area of the sky
(see the bottom left panel in Fig. 6).

We also report the detection of 12CO (2–1) in two other
sources (GSS30 IRS1 and IRS2) that are in the ALMA field of
view. The GSS30 IRS1 observations will be presented in a future
paper, and the IRS2 detection is presented in Appendix C.2.

3.4.2. 13CO

The 13CO (2–1) emission line, an optically thinner line due to
its lower abundance than the 12CO (2–1) line, is detected at a
peak signal-to-noise (S/N) of 10. The velocity channel maps of
the 13CO (2–1) emission line are presented in Fig. A.2. The
blueshifted emission is found at velocities between −0.66 and
2.18 km s−1, and it is stronger west of the central protostar.
The redshifted emission is much fainter and found mainly east
of the protostar. It spans velocities between 4.35 km s−1 and
6.19 km s−1.

Two different faint structures are observed in the chan-
nel maps that trace the base of the northeast and southwest
components of the molecular outflow and a gaseous disk-like

structure surrounding the central protostar. The emission asso-
ciated with the molecular outflow is only detectable between
velocities of 0.35 and 2.35 km s−1. The disk-like structure is
detected between −0.66 and 2.18 km s−1 (blueshifted compo-
nent) and between 4.35 and 6.19 km s−1 (redshifted component)
velocities. The blueshifted component is more intense than the
redshifted one. We plot the position-velocity diagram (PV) in
Fig. 7 to distinguish between redshifted emission associated with
the cloud or disk. Although it is a very faint emission, it is
compatible with a rotating disk, and we discuss it further in
Sect. 4.1.

3.4.3. C18O

The C18O (2–1) emission line is often considered to be opti-
cally thin and traces envelopes and disks, although it is only
sometimes optically thick (e.g., van ’t Hoff et al. 2018).
Blueshifted emission is detected at velocities ranging from 0.01
to 2.68 km s−1 (see Fig. A.3). Redshifted emission spans veloc-
ities between 3.02 and 5.18 km s−1. The size of the emission
traced by the C18O (2–1) emission above the 5σ contour is
2.′′3×0.′′93, with a position angle similar to 109o of the dust disk.

In GSS30 IRS3, C18O (2–1) clearly traces a disk-like struc-
ture with an obvious redshifted and blueshifted pattern that is
compatible with a disk in Keplerian rotation (Fig. 3). When we
studied the velocity map, we noted a weak S-shape close to the
systemic velocity (Fig. 8). Its nature is discussed in Sect. 5.3.
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Fig. 5. Moment maps of the detected H2CO lines. Peak intensity (top row), intensity-weighted velocity (center row), and integrated intensity
(bottom row) maps. The left column shows the images of the H2CO transition at 218.22 GHz, and the right column for 218.47 GHz. There is no
intensity-weighted velocity map for 218.47 GHz transition because the emission is only located at 0.7 km s−1. The linear size is the same for all
maps. The beam is represented as a filled ellipse in the bottom left corner. The green contours represent the disk continuum emission with 10, 150,
and 200 times the rms given in Table 1. White contours represent the molecular emission at 3, 5, and 7 times the rms which is for the moment 0
maps 1σ = 1.5 mJy beam−1 km s−1 (218.22 GHz), and 1σ = 1.0 mJy beam−1 km s−1 (218.47 GHz), and 1σ = 1.0 mJy beam−1 both moment 8 maps.

The spectrum of C18O (2–1) shows a double-peak profile that is
typical of an inclined disk in Keplerian rotation.

3.4.4. c-C3H2

In Class 0 sources, c-C3H2 is usually located in the outflow
cavity walls due to exposure to UV radiation from the central
protostar (Tychoniec et al. 2021). On the other hand, in Class I
sources, hydrocarbons such as c-C3H2 are located in the disk
(Tychoniec et al. 2021). We detected the three targeted transi-
tions of c-C3H2 at 217.822 GHz, 217.94 GHz, and 218.160 GHz.
The first transition has two blended lines (60,6−51,5 and 61,6−50,5)
that are very close (<<m s−1) for the kinematic analysis, and
it is more intense than the other two detections (see Fig. 4).

c-C3H2 at 217.822 GHz and 217.94 GHz show emission between
Vlsr of 0.7 and 4.7 km s−1, and c-C3H2 at 218.16 GHz is only
detected between 0.7 and 3.5 km s−1. In GSS30 IRS3, the c-
C3H2 emission is located in the same position as the dust disk
(see Fig. 4). The association of the c-C3H2 detection is consis-
tent with both the disk and the disk wind based on its positional
information. The kinematics velocities are aligned with a rota-
tion pattern. Therefore, we tentatively attribute the association
of c-C3H2 with the disk-like structure.

3.4.5. H2CO

Two out of three transitions are detected, H2CO (30,3–20,2) and
H2CO (32,2–22,1). The transition H2CO (30,3–20,2) at 218.22 GHz
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Table 3. Results from the SLAM fitting to the position velocity diagram
using a single power law.

13CO (2–1) C18O (2–1)

Edge method
pin 0.601 ± 0.010 0.714 ± 0.029
Mb [M⊙] 0.430 ± 0.004 0.316 ± 0.007
Rb [au] 120.5 ± 1.2 111.0 ± 2.5

χ2 – 8.2

Ridge method
pin 0.57 ± 0.010 0.655 ± 0.023
Mb [M⊙] 0.244 ± 0.002 0.211 ± 0.004

Rb [au] 70.45 +0.72
−0.75

73.5 ± 1.5

χ2 25 2.4

Notes. pin is the power-law index, χ2 is the reduced chi-squared of the
fit. Mb is the protostellar mass derived given the rotation velocity. Rb is
the radius where Mb was measured assuming Keplerian rotation.

Table 4. Results from the SLAM fitting to the position velocity diagram
using a double powerlaw.

13CO (2–1) C18O (2–1)

Edge method

Rb [au] 181 ± 48 108 +25
−20

vb [km s−1] 1.30 ± 0.39 1.71 ± 0.24
pin 0.54 ± 0.13 0.460 ± 0.076

dp 2.2 ± 1.8 0.65 +0.19
−0.13

Mb [M⊙] 0.42 ± 0.28 0.44 ± 0.16

χ2 - 5.6

Ridge method

Rb [au] 181 ± 5.5 47 +8
−7

vb [km s−1] 0.934 ± 0.020 2.03 ± 0.18
pin 0.565 ± 0.012 0.5 (fixed)
dp 1.52 ± 0.56 0.22 ± 0.04
Mb [M⊙] 0.220 ± 0.012 0.26 ± 0.06

χ2 23 2.0

Notes. pin is the power-law index, Rb is the radius at which the power-
law index changes, and vb is the velocity at Rb. Mb is the protostellar
mass derived given the rotation velocity at the break radius assuming
Keplerian rotation, and χ2 is the reduced chi-square of the fit.

observed before in some other protostars as well (e.g., Ohashi
et al. 2014; Aso et al. 2015, 2017; Sai et al. 2020). The ridge
method did not converge using pin as a free parameter, and we
therefore fixed it at 0.5 under the assumption that there is a Kep-
lerian disk and we derived a mass of 0.26 ± 0.07 M⊙. Then, the
mass derived from the single power-law fit is 0.27 ± 0.07 M⊙ and
0.35 ± 0.09 M⊙ for the double power-law fit as the average of the
ridge and edge methods because the edge and the ridge methods
over- and underestimate the stellar mass by a factor that depends
on the resolution (Maret et al. 2020).

For the 13CO (2–1) line, we only considered the blueshifted
component of the emission for the fit, since the redshifted com-
ponent is very faint. The single-power law fit (top left panel
in Fig. 7) shows a lower value of pin than the C18O (2–1)
single-power fit. The double power-law fitting did not converge.
The single-power fit returned a mass at the break radius (Mb)
of 0.24 ± 0.01 M⊙. The edge method results were discarded

because we did not obtain stable solutions after several iterations.
Additional details about the fitting are described in Appendix D.

The best χ2, ignoring the value of ridge double-power law
because pin was fixed, was obtained from the C18O (2–1) single-
power fit ridge method, but pin is not close to the expected value
of a Keplerian disk, and we therefore discarded this value. Then,
the second-best χ2 value was obtained from the C18O (2–1) edge
double-power law fit. Therefore, we adopted a mass of GSS30
IRS3 of 0.35±0.09 M⊙.

4.2. Characterization of the molecular outflow

In this subsection, we analyze the three different components of
the molecular outflow described in Sect. 3.4.1 in more detail.

The most collimated inner high-velocity outflow compo-
nent is extended to a maximum deprojected length of 2.′′3
(1.5×10−3pc). The maximum deprojected extension of the
intermediate-velocity component with an hourglass shape is
3.′′3, and the maximum deprojected length of the wider-angle
lower-velocity component is 8.′′3 and 2.′′7 for the northeast and
southwest arc-like structures, respectively. The size of the dif-
ferent components was measured using a bisecting line from the
center of the disk continuum emission to the maximum extension
of each component, considering the 5σ contour.

The most collimated inner high-velocity outflow component
exhibits an opening angle of ∼34 degrees. On the other hand,
the intermediate-velocity component with an hourglass shape
shows an opening angle of ∼70 degrees. For the wider-angle low-
velocity outflow component, we estimate values of ∼120 degrees
and ∼100 degrees for the northeastern and southwestern lobes,
respectively. These values were measured by hand using a pro-
tractor over the flux-integrated map (Fig. 6). Table 5 summarizes
all these values.

Given that our observations were not designed or optimized
for studying extended molecular outflows and that we likely
filtered out structures larger than ∼2.′′0, we derived the dynam-
ical parameters of the outflow as a first characterization in
Appendix E. The results in Table 6 must be considered with
caution, however, and they are only valid for the most compact
emission of the outflow.

5. Discussion

5.1. Asymmetric intensity distribution along the minor axis
of the dust disk

The eDisk results showed an asymmetric intensity distribution
along the disk minor axis in several sources (e.g., Ohashi et al.
2023; Takakuwa et al. 2024; Lin et al. 2023; Sai et al. 2023;
Kido et al. 2023a; van’t Hoff et al. 2023; Gavino et al. 2024;
Han et al., in prep.). The asymmetries found in the minor axes in
these eDisk subsample are generally explained as due to a com-
bination of optically thick emission and disk flaring, as proved in
the radiative transfer studies of Lin et al. (2023) and Takakuwa
et al. (2024). As a result, dust is not settled onto the midplane,
but is distributed vertically, which can in some cases create a
dark lane. This dark lane observed in edge-on disks has been
described as a hamburger shape (Lee et al. 2017; Galván-Madrid
et al. 2018).

In the case of the orientation of the GSS30 IRS3 disk, the
northeastern region corresponds to the far side of the disk. This
conclusion is based on the peak intensity position, which exhibits
a slight skew from the geometric center and toward the north-
east, as determined by fitting an ellipse to a 5σ contour level.

A46, page 10 of 23



Santamaría-Miranda, A., et al.: A&A, 690, A46 (2024)

Table 5. Geometric parameters of the three molecular outflow components (northeast and southwest component) deprojected for an inclination of
64.3◦.

Collimated Hourglass shape Wider angle
high-velocity low-velocity

Blue Red Blue Red Blue Red

Size [′′] 2.3 2.4 3.3 2.8 8.3 2.7

Vmax [km s−1] 52.3 48.4 48.1 45.5 10.2 11.9
τdyn [yr] 30 32 45 40 535 147
Opening angle [o] 38 34 70 67 117 97

Table 6. Inclination-corrected dynamical properties of the blue- and redshifted emission of the three molecular outflow components.

Collimated Hourglass shape Wider angle
high-velocity low-velocity

Properties Blueshifted Redshifted Blueshifted Redshifted Blueshifted Redshifted

Outflow mass [M⊙] 4.2×10−7 2.0×10−7 9.4×10−6 1.1 ×10−5 3.4×10−5 6.1×10−6

Mass-loss rate [M⊙ yr−1] 1.4×10−8 6.3×10−9 2.1×10−7 2.7×10−7 6.4×10−8 4.1×10−8

Momentum [M⊙ km s−1] 2.2×10−5 9.8×10−6 4.5×10−3 4.8×10−4 3.5×10−4 7.2×10−5

Energy [erg] 1.1×1040 4.7×1039 2.2×1041 2.2×1041 3.5×1040 8.4×1039

Luminosity [L⊙] 3.0×10−3 1.1×10−3 3.7×10−2 4.3×10−2 5.2×10−4 4.5×10−4

Mechanical force [M⊙ km s−1 yr−1] 7.4×10−7 3.0×10−7 1.0 ×10−5 1.2×10−5 6.5×10−7 4.8×10−7

Moreover, this is supported by the orientation of the collimated
high-velocity molecular outflow, where the blueshifted emission
points toward the northeast. This alignment provides a rationale
for the observed brightness asymmetry in the minor axis between
the two sides of the disk. Additionally, the boxy dust disk shape
(Fig. 1) might be explained as the truncated edge of a flared
disk.

Consequently, the asymmetry in the minor axis can be
attributed to a combination of disk flaring and optically thick
emission.

5.2. Origin of the bumps along the major axis

A subset of eDisk sources reported a brightness asymmetry or
bumps along the major axis of the protostellar disks (Sai et al.
2023; van’t Hoff et al. 2023; Kido et al. 2023b). In the case
of GSS30 IRS3, two bumps are detected along the disk major
axis. To confirm the authenticity of the bumps and eliminate
the possibility that they are spurious artifacts from the cleaning
process, we fit the radial intensity profile in the uv plane using
Frank (see Appendix F). Frank (Jennings et al. 2020) first depro-
jected the visibilities to correct for the disk inclination and used
the Fourier-Bessel series to reconstruct the radial brightness pro-
file. One bump is located at a radius of ∼0.′′19 (∼26 au) and the
other is located at ∼0.′′36 (∼50 au) from the center of the disk.
The positions of the identified bumps closely coincide with those
obtained from the radial intensity profile in the image plane. This
alignment strongly rules out the possibility that they are artifacts.
However, we emphasize that our interpretation is only limited
to discarding spurious signals in the cleaning process given the
Frank limitations when dealing with a flared disk.

We discuss the main two possible explanations for the origin
of the bumps. First, there could be a real substructure within the
dusty disk that will likely evolve into a more well-defined struc-
ture over time. Alternatively, the bumps might be the result of the

temperature distribution caused by the optically thick continuum
emission. To test the second possibility, we compared the dust
brightness temperatures at the bump locations with the expected
midplane temperature at the same location in a passively heated
and flared disk.

To obtain the midplane temperature (Tmid), we employed
the equation Tmid(r) = (ϕ L∗/8πr

2σSB)0.25 (Chiang & Goldreich
1997; D’Alessio et al. 1998; Dullemond et al. 2001), where r is
the radius (0.′′19 and 0.′′36), σSB denotes the Stefan-Boltzmann
constant, L∗ is the bolometric luminosity of the central proto-
star (1.7 L⊙), and ϕ corresponds to the assumed flaring angle of
0.02 radian (Huang et al. 2018). The predicted midplane tem-
perature is 27.8 K at a radius of 0.′′19 and 20.2 K at a radius
of 0.′′36. However, the observed brightness temperature at 0.′′19
and 0.′′36 is 18.9 and 9.6 K, respectively. The observed bright-
ness distribution along the major axis of the disk is compared
with the estimated midplane temperature distribution in Fig. 9,
which shows that the observed brightness temperature is lower
than the estimated midplane temperature. This suggests that the
1.3 mm continuum emission is not completely optically thick, as
we would expect the observed brightness temperature to be sim-
ilar to the actual physical temperature. It is, however, advisable
to exercise caution in interpreting the observed brightness tem-
perature distribution as an accurate representation of the actual
radial brightness temperature distribution of the disk because the
disk is inclined at a significant angle, which introduces a number
of complications. In an edge-on disk, the brightness tempera-
ture is measured at a point where the optical depth along the
line of sight becomes unity. Consequently, the distance of the
measurement point from the center is not necessarily equivalent
to the corresponding project distance from the center.

Future continuum observations at lower frequencies with
ALMA that trace optically thinner dust emission could help to
validate our findings. A more detailed radiative transfer model-
ing, which is beyond the scope of this paper, might also further
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disk flaring. Additionally, we note the detection of two bumps
located at 26 au and 50 au from the disk center along the major
axis. The origin of these bumps remains unclear, and we pro-
pose two main hypotheses: they might indicate embedded real
substructures within the disk, or we might trace the temperature
distribution.

3. The C18O (2–1) emission traces a Keplerian disk and the
infalling rotating envelope, allowing us to derive a dynamic mass
of 0.35±0.09 M⊙ of the central protostar with a disk gas size
radius between 47 and 107 au.

4. Our 12CO (2–1) high-resolution and sensitive observations
revealed the coexistence of a jet and a wide-angle outflow.
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Appendix A: Channel maps

This section shows the channel maps for 12CO (Sect. 3.4.1), 13CO
(Sect. 3.4.2), and C18O (Sect. 3.4.3)

Appendix B: JWST images

We compare the image of the 12CO molecular outflow with
recent JWST images obtained with NIRCAM (PI K. Pontoppi-
dan) centered over GSS30 IRS3.

Appendix C: Other sources detected in the field of

view

C.1. GSS30 IRS 1

We report the continuum detection of GSS30 IRS1, a Class I
young stellar object (Michel et al. 2023), located at a distance
of approximately 14.7 arcseconds from GSS30 IRS3. Figure C.1
shows the 1.3 mm dust emission from GSS30 IRS1 with an angu-
lar resolution of 0.′′052×0.′′042 (position angle of 2.5o), obtained
using a robust parameter equal to 0.5. The continuum emission
traces an inclined disk-like structure around the central protostar,
with a small appendix similar to a spiral-like structure located at
the west-south of the disk. The continuum emission measured
above a 5σ contour for the disk-like structure (excluding the
spiral-like structure) has major and minor axes of 0.′′34×0.′′22
(∼67 × ∼44 au), with a peak intensity and flux density of 2.72
mJy beam −1 and 3.92 mJy, respectively. Coordinate of the peak
intensity is RA=16h26m21.354s, Dec= -24o 23’05.′′03. The rms
is 17.1 µJy beam s−1. The inclination derived from the disk-like
structure is approximately 50o.

Several emission lines, including 12CO (2–1), 13CO (2–1),
C18O (2–1), SO (65–54), and SiO (5-4), were detected surround-
ing GSS30 IRS1. A detailed analysis of the gas source and
the spiral-like structure will be presented in a follow-up paper
(Santamaría-Miranda et al. in prep).

C.2. GSS30 IRS2

We report the detection of gas material surrounding the Weak-
line T-Tauri star (Dolidze & Arakelyan 1959) GSS 30 IRS2 that
is classified as M2 spectral type (Greene & Meyer 1995). The
12CO emission is detected between -2.2 km s−1 and 1.6 km s−1

with respect to the local standard of velocity rest, and it inte-
grated map is shown in Fig. C.2. Redshifted emission is very
contaminated by cloud emission, and it is impossible to distin-
guish between emission from the source and from the cloud. The
emission size is 1.′′3×0.′′8 based on the 5σ contour. There is not
also very clear molecular outflow emission. Furthermore, there
is no clear rotation in the intensity-weighted velocity map (right
panel in Fig. C.2). There is no detection of the continuum at
3σ level (5.2 µJy beam−1) or any other of the emission lines. A
summary of the main properties is shown in Table C.1.

Appendix D: SLAM fitting

This section shows the result of corner plot (Figs. D.1 and D.2)
of the SLAM fitting in Sect. 4.1 for the C18O and 13CO lines.

Appendix E: Dynamical parameters of the

molecular outflow components

Here we analyze the dynamic properties of the three different
components of the molecular outflow, separated in blueshited
and redshifted emission with respect to the systemic velocity
(2.84 km s−1, as inferred in Sect. 4.1). We will consider the
emission inside the 3σ contour level in Fig. 6 to perform the
calculation in this subsection. For inferring the dynamical prop-
erties of the molecular outflow, we will consider the 12CO (2–1)
molecular line since this transition clearly traces the different
components of the outflow with good S/N, and the 13CO (2–
1) line traces only the outflowing material closer to the central
protostar together with a rotating disk. We calculate the dynam-
ical time, the outflow mass, the mass-loss rate, the outflow
momentum, the kinetic energy, the mechanical luminosity, and
the outflow force.

The dynamical time of the various outflow components was
determined by considering the deprojected maximum velocity,
the deprojected length, and an outflow axis perpendicular to the
dust disk, whose inclination is derived in Sect. 3.1.

The maximum inferred dynamical time is approximately
535 years for the wider angle lower velocity blueshifted com-
ponent. When considering both the blueshifted and redshifted
emission, the average dynamical time for this component is
around 340 years. We used the maximum velocity to calculate
the dynamical time of each of the components. Then we aver-
aged the dynamical time between the blue and red component.
The intermediate velocity hourglass shape component exhibits
an average dynamical time of approximately 43 years when
considering both blueshifted and redshifted emission. Similarly,
the most collimated inner high-velocity component shows an
average dynamical time of approximately 31 years.

The 12CO (2–1) emission line is optically thick at systemic
velocities, since the brightness temperature of the line peak 57.9
K is similar to the kinetic temperature that we measured (58.7 K)
from the linewidth. Therefore we determine the excitation tem-
perature for the 12CO (2–1) line using the peak intensity obtained
close to the position of the star as

Tex =
hν12/k

ln[1 +
hν12/k

To12+J12(2.7K)
]
, (E.1)

where T0 is the peak brightness temperature obtained close to the
central continuum peak position. We derived a Tex for the 12CO
(2–1) of 25.7 K, and we assumed this value for all the molecular
outflow components.

Then, we followed the prescription in Scoville et al. (1986)
and Palau et al. (2007) to calculate the column density and the
mass of the outflow. We derived the mean optical depth in the
wings of the 12CO (2–1) emission line. We define the line wings
as [-19.9 km s−1, -18,7 km s−1] and [23.2 km s−1, 23.8 km s−1]
for the inner molecular outflow, [-18.0 km s−1, -17.4 km s−1]
and [21.9 km s−1, 22.6 km s−1] for the intermediate hourglass
shape and only two channels (-1.6 km s−1 and 7.9 km s−1) for the
wider angle low velocity molecular outflow. The optical depth is
obtained for each of the three molecular outflow components,
obtaining values between 0.04 and 0.51, in the optically thin
regime. Then we assume that the emission is optically thin in
the line wings. We infer a column density ∼2×1016cm2 for the
wider angle and the inner molecular outflow components and a
value one order of magnitude smaller for the highly collimated
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Table C.1. GSS30 IRS2 main properties in the 12CO (2–1) emission line

Frequency Molecule Transition rms Beam size ∆v Integrated intensity Peak intensity

[GHz] [mJy beam−1] [′′] [km s−1] [Jy beam−1 km s−1] [Jy beam−1]

230.53800 12CO 2–1 1.0 0.158x0.124 3.8 3.51 0.172

high-velocity molecular outflow component. Finally, we calcu-
lated the outflow mass using the inferred column density, the
emission area, and a CO abundance of 10−4.

We derived the rest of the parameters following the formu-
las in Santamaría-Miranda et al. (2020, Table 3) correcting for
inclination. The total outflow mass of the molecular outflow is
6.1×10−5 M⊙, the momentum varies between 9.8×10−6 M⊙ km
s−1 and 4.5×10−3 M⊙ km s−1, the kinetic energy varies between
4.7 ×1039 erg and 4.7 ×1041 erg, and the mechanical force varies
between 4.8×10−7 M⊙ km s−1 yr−1 and 1.0×10−5 M⊙ km s−1

yr−1. All these parameters are summarized in Table 6.
These results are affected by several assumptions that may

affect the estimated mass. Previous studies point out that the
optical depth of molecular outflows is underestimated, and
masses should be at least a factor two higher (Dunham et al.
2014) or five (van der Marel et al. 2013). The first source of
uncertainty is Tex; our value is in the expected range for molec-
ular outflows (Tex = 10-50 K Bally 2016); if we use a Tex=50
K, the mass will increase by a factor of 1.4 with respect to that
with Tex=25.7 K. Another source of uncertainties is related to
the parental cloud material that contaminates the emission of
the molecular outflow close to the systemic velocity, needing
the exclusion of those channels for the dynamical parameters
calculations. Offner et al. (2011), using synthetic observations,
found that the missed outflow mass might increase by a factor 5
to 10 within 2 km s−1 from the rest velocity. However, the most
significant uncertainty factor in our calculations is the interfero-
metric filtering. It is noticeable when comparing our dynamical
properties with the ones obtained in low-mass Class 0 molecular
outflows observed with single-dish telescopes. For example, the
outflow mass in Class 0 and I sources is in the range between
×10−3 M⊙ and ×10−1 M⊙ (Mottram et al. 2017), and our total
outflow mass is below these values. Another example is the
mechanical force expected to be between 1.0×10−5 M⊙ year−1

km s−1 and ×10−2 M⊙ yr−1 km s−1 for Class 0 sources (Mottram
et al. 2017) and the mechanical force of GSS30 IRS3 outflow
is in the lower limit. Therefore, we conclude that all derived
parameters may be treated as lower limits.

Appendix F: Radial brightness profile fitting

To further investigate if the bumps detected in the major axis of
the radial intensity profile of the dust disk surrounding GSS30
IRS3 are real features and not a byproduct of the cleaning
process, we fit a 1D profile to the ALMA visibilities with a non-
parametric model using the Frank library (Jennings et al. 2020),
which provides a super-resolution brightness profile reconstruc-
tion. A major advantage of fitting visibilities is avoiding false
structures created during the CLEAN process. Data were aver-
aged in frequency to get spectral windows of 8 channels to reduce
data volume and speed up calculations, excluding baseband 1
and 4, which are dedicated to detecting molecular emission lines
or has a strong detected line where the contribution to the con-
tinuum was negligible. Frank can estimate the inclination and
position angle of the protoplanetary disk; however, Benisty et al.
(2021) noted that Frank does not fit these two parameters accu-
rately, so we fixed them to an inclination of 64.30 deg and a

position angle of 109 deg, as inferred in Sect. 3.1 considering
the emission above the 5σ contour.

Before fitting a Bessel functions to the brightness profile,
Frank applies a power spectrum estimate as a prior. There are
several hyperparameters that affect this power spectrum, but the
two most relevant ones are α and wsmooth. α works as an S/N
threshold for the maximum baseline where visibilities are fitted
(a higher value implies a stricter S/N threshold), while wsmooth

affects the smoothness of the power spectrum, where a higher
value implies a smoother power spectrum. We explore the fit-
ting quality using different hyperparameters values (α between
1.05 and 1.30 and wsmooth between 10−4 and 10−1), not find-
ing any substantial difference between the different fittings. We
fixed the hyperparameters to α= 1.30 and wsmooth=10−4 because
they present the least noisy results. The best-fit model (Fig. F.1)
showed the presence of two bumps. To obtain the bumps size and
location, we fit an exponential to the brightness profile obtained
from Frank to isolate the bumps. Then, we fitted Gaussians
around the areas where the bumps are located. Their positions
are ∼0.′′19 (∼26 au) and ∼0.′′36 (∼50 au) from the center of the
disk, 0.′′09 (∼13.6 au) and 0.′′14 (∼19 au) wide, respectively.
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