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Abstract

We present Atacama Large Millimeter/submillimeter Array (ALMA) observations of the binary Class 0
protostellar system BHR 71 IRS1 and IRS2 as part of the Early Planet Formation in Embedded Disks (eDisk)
ALMA Large Program. We describe the 12CO (J= 2–1), 13CO (J= 2–1), C18O (J= 2–1), H2CO (J= 32,1–22,0),
and SiO (J= 5–4) molecular lines along with the 1.3 mm continuum at high spatial resolution (∼0 08 or ∼5 au).
Dust continuum emission is detected toward BHR 71 IRS1 and IRS2, with a central compact component and
extended continuum emission. The compact components are smooth and show no sign of substructures such as
spirals, rings, or gaps. However, there is a brightness asymmetry along the minor axis of the presumed disk in
IRS1, possibly indicative of an inclined geometrically and optically thick disk-like component. Using a position–
velocity diagram analysis of the C18O line, clear Keplerian motions were not detected toward either source. If
Keplerian rotationally supported disks are present, they are likely deeply embedded in their envelope. However, we
can set upper limits of the central protostellar mass of 0.46 Me and 0.26 Me for BHR 71 IRS1 and BHR 71 IRS2,
respectively. Outflows traced by 12CO and SiO are detected in both sources. The outflows can be divided into two
components, a wide-angle outflow and a jet. In IRS1, the jet exhibits a double helical structure, reflecting the
removal of angular momentum from the system. In IRS2, the jet is very collimated and shows a chain of knots,
suggesting episodic accretion events.

Unified Astronomy Thesaurus concepts: Star formation (1569); Circumstellar disks (235); Stellar jets (1607)

1. Introduction

Circumstellar disks are the result of the conservation of
angular momentum during the gravitational collapse of a

molecular cloud core composed of dust and gas (e.g., Terebey
et al. 1984; Shu et al. 1987; Ohashi et al. 1997; Momose et al.
1998). These disks are ultimately the formation site of planets
(Armitage 2011; Testi et al. 2014). It is expected that the dust
and gas distributions in the disk evolve quickly after the
collapse and grain growth can occur at very early stages (e.g.,
Kwon et al. 2009; Harsono et al. 2018). Although other
processes could be at play, theoretical models and observations
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show that planet-forming disks can generate substructures such
as spirals and gaps, where material has been cleared from their
orbit around the protostar (e.g., Johansen & Lacerda 2010;
Kley & Nelson 2012; Dong et al. 2015; Zhang et al. 2018).

Substructures in the dust continuum of Class II disks are
found to be common (e.g., ALMA Partnership et al. 2015;
Andrews et al. 2018; Cieza et al. 2019), and gas substructures
have also been observed in multiple disks (e.g., Yen et al.
2016; Law et al. 2021; Zhang et al. 2021). Many of the line
emission substructures are spatially coincident with the
substructures in the dust millimeter continuum in the inner
regions of the disks where planets are expected to form (Law
et al. 2021).

The stage at which these substructures emerge and the
timescale of planet formation are still open questions. The
Early Planet Formation in Embedded Disks (eDisk) Atacama
Large Millimeter/submillimeter Array (ALMA) Large Pro-
gram aims to provide new insights by investigating at high
spatial resolution (∼7 au) the 1.3 mm dust continuum as well
as a number of selected lines observable with a single setting
toward embedded disks around 12 Class 0 and seven Class I
protostars (Ohashi et al. 2023). In this study, we report the
observations of the protostellar binary BHR 71 as part of the
eDisk Large Program.

BHR 71 is a Bok globule nearby the Southern Coalsack. The
distance to the Southern Coalsack is 176 pc as derived by
Voirin et al. (2018) from measurements of the Chamaleon
clouds. We adopt this value as the distance to the BHR 71
protostellar system. The BHR 71 system hosts two protostars, a
primary (IRS1) and a secondary (IRS2) with a measured
separation of ∼16″ (Tobin et al. 2019), or ∼2800 au at 176 pc.

The bolometric temperatures and bolometric luminosities,
derived from the newly compiled spectral energy distributions
(SEDs) made as part of the eDisk Large Program (see Ohashi
et al. 2023, for the details), are Tbol= 66 K and Lbol= 10 Le for
BHR 71 IRS1, and Tbol= 39 K and Lbol= 1.1 Le for BHR 71
IRS2. The characteristics of both SEDs are consistent with
those of Class 0 sources (Ohashi et al. 2023).

To date, no substructures such as rings and spirals nor
Keplerian motion have been detected in BHR 71. However,
Yang et al. (2020, hereafter Y20) have demonstrated that IRS1
presents obvious signatures of infall motion and their infalling
envelope model underestimates the observed high-velocity
emission of HCN. They argue that a Keplerian disk may
contribute to the velocity excess but that their observations
were not able to put constraints on the presence of a disk.

Each source has prominent and spectacular outflows. They
were first discovered by Bourke et al. (1997) and have been
extensively studied (e.g., Garay et al. 1998; Bourke 2001; Parise
et al. 2006; Yang et al. 2017, 2020; Tobin et al. 2019).
Furthermore, there are strong indications of the existence of
high-velocity components. Using the Infrared Spectrograph
(IRS) of the Spitzer Space Telescope, Neufeld et al. (2009)
carried out spectroscopic mapping observations and measured
energetic properties of the outflows. Observations of CO, H2,
and SiO combining SOFIA, APEX, and the Spitzer telescopes,
Gusdorf et al. (2011) and Gusdorf et al. (2015) analyzed shocks
in the northern lobe of the BHR 71 IRS1 outflow and measured
shock velocities of around 20–25 km s−1. Mottram et al. (2014)
identified shock components via the observation of multiple
water transitions as part of the WISH survey, showing H2O
spectra with velocities> 20 km s−1. Benedettini et al. (2017)

performed observations in the far-infrared domain with Herschel
and revealed the presence of knots of shocked gas at high
velocities.
The main goals of this study are to address the main

questions of the eDisk Large Program by investigating (i) the
presence of disks in the BHR 71 system, as well as their sizes
and mass, and (ii) possible substructures in the dust continuum
in each source. We also perform a simple kinematic analysis of
the outflows in order to better characterize their structure.
The study is organized as follows: Section 2 describes the

details about the observations and data reduction; Section 3
introduces the 1.3 mm dust continuum and molecular line
results; Section 4 provides an analysis of the dust mass, a
kinematic analysis at disk scale to derive stellar masses as well
as a kinematic analysis of the outflows; and Section 5 discusses
the asymmetry visible in the millimeter component of BHR 71
IRS1 and then the stellar-to-disk mass ratio of both sources.
Finally, Section 6 gives a brief summary.

2. Observations

Observations of BHR 71 IRS1 and IRS2 (IRS1 and IRS2 in
the following) were performed as part of the eDisk ALMA
Large Program 2019.1.00261.L (PI: N. Ohashi). An overview
of the program and details of the overall data reduction
procedure are described in Ohashi et al. (2023). Here we
summarize the key points concerning the observations. The two
sources were observed separately in two different configura-
tions in ALMA’s Band 6 at 1.3 mm (correlator setup centered
at ∼225 GHz). The observations were performed in the C-5
configuration of ALMA (sampling baselines between 15 and
2517 m) on 2021 May 4 and 9 with 44 antennas available in the
array on both days. They were likewise observed in the C-8
configuration (baselines of 91–8983 m) on 2021 October 15,
16, 19, and 20 with 41 to 43 antennas available. Additional
observations in the C-8 configuration were performed on 2021
October 14: those were rated “semipass” during the quality
assurance (QA2). This was due to slight phase decorrelation
that was easily fixed with self-calibration and those observa-
tions were therefore included here. The most compact
configuration of our observations has a maximum recoverable
scale, (θMRS), of 2 91. The pointing center for the two sources
were 12h01m36 8, −65°08m49 2 for IRS1 and 12h01m34 1,
−65°08m47 4 for IRS2. While the two sources could easily be
observed as part of the same scheduling block with shared
calibrators, their separation∼ 16″ is too large relative to the
ALMA primary beam at 1.3 mm (25″) for them to be optimally
observed within a single pointing. The data for the two sources
were therefore also reduced and imaged separately.
The ALMA short and long baseline (SB and LB,

respectively) data, with the C-5 and C-8 configurations,
respectively, were reduced using Common Astronomy Soft-
ware Application (CASA) version 6.2.1 (McMullin et al.
2007). The self-calibration and imaging of the SB+ LB data
were performed using standardized eDisk reduction scripts
(Tobin 2023). The continuum was self-calibrated first. For the
SB-only data, seven iterations of phase-only self-calibration
were performed for IRS1 and IRS2, separately. Similarly, for
the SB+ LB data, we performed seven iterations of phase-only
self-calibration on the SB-only visibilities and then seven
iterations of phase-only self-calibration on the combined
SB+ LB visibilities for each source separately. The line self-
calibration used the self-calibration solutions from the
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continuum. Overall, the reduction directly follows the descrip-
tion in Ohashi et al. (2023).

A range of robust parameters from −2.0 to 2.0 were explored
for the imaging. We adopted the robust value of 0.5, determined
by a balance between sensitivity and resolution, to create
the final images of both the continuum and the spectral lines. For
the continuum, the resulting beam size was 0 073× 0 053,
with a position angle (PA) of 21°.55 and a noise level of
0.045 mJy beam−1 in rms (see summary in Table 1).

As described in Ohashi et al. (2023) the observing setups of
the eDisk data cover several different spectral windows around
220 and 230 GHz including the J= 2–1 transitions of the main
CO isotopologues (

12CO, 13CO, and C18O), and the 217–218
GHz transitions of H2CO, c-C3H2, SiO 5–4, DCN 3–2, and
other species. In this study, we focus on the species listed in
Table 1. All moment images presented in the following
sections were created using the CASA task immoments. The
systemic velocity is taken as Vsys=−4.45 km s−1 as measured
by Bourke et al. (1997) from NH3. Tobin et al. (2019) also
found a similar value from C18O, although slightly more
negative (∼−4.6 km s−1

). We follow the conclusion of Tobin
et al. (2019) that both IRS1 and IRS2 have the same systemic
velocity along the line of sight.

3. Observational Results

3.1. 1.3 mm Continuum

Figure 1 reveals the ALMA observation of the 1.3 mm dust
continuum emission of IRS1 (top) and IRS2 (bottom), both
with robust= 0.5. The left column shows a large-scale view of
the sources and the right column presents zoomed-in views.
The angular resolution allows us to measure a projected
separation of 15 6 (∼2756 au at a distance of 176 pc) from
IRS1 toward IRS2, consistent with previous measurements.
There is extended emission in both sources, extending up to a
radius of ∼3″ in IRS1 and up to a radius of 1″ in IRS2, which is
likely tracing the inner envelope as noted by Y20. However,
this extended emission is very faint as most of it lies below 4σ
in both sources. The zoomed-in view shows compact
continuum emissions with elongated structures, suggesting
that they may trace a disk around IRS1 and IRS2. The view
reveals a marginally resolved image of IRS2ʼs continuum
emission, which appears smooth and fully symmetric along
both axes inside 50σ. The 15σ contour has a “finger” toward
the SE direction, in the direction of the redshifted outflow (see
Section 3.2.2).

We perform a simple 2D Gaussian fitting using the CASA
tool imfit. The best-fit 2D Gaussian model parameters are
provided in Table 2. The emission of IRS1 is composed of a
compact object, with measured major and minor axis FWHMs

of 0 28 (∼50 au) and 0 22 (∼35 au), respectively, from the
2D Gaussian fit to emission above 10σ. We estimate an
inclination angle of 39°.4 from the deconvolved aspect ratio,23

assuming an infinitesimally thin disk. This inclination angle
should be most likely a lower limit because of the flared
structure (see Section 5.1). We derive a PA value of the
semimajor axis of 98°.2± 0°.4. For comparison, Y20 derived a
PA of 113°.7± 2°.0 at the deconvolved size, which differs by
∼15° from the value measured in this study. This difference
may be a result of the emission not being well resolved by the
beam of 0 39× 0 27 from the data of Y20.
From the Gaussian fit, we find that IRS1 has a peak of

50.95± 0.39 mJy beam−1 and a flux density of 413.3± 3.5
mJy measured by integrating the emission above 4σ. The
zoomed-in view in Figure 1(b) reveals a resolved disk-like
morphology without the presence of visible substructures
(rings, gaps, or spirals). The component appears to be
symmetric across the major axis (PA∼ 98°) but shows an
asymmetry across the minor axis.
For IRS2, we measure major and minor axis FWHMs of

0 049 (∼10 au) and 0 042 (∼7 au), respectively, using the
best-fit 2D Gaussian model performed above 15σ. We derive
a deconvolved PA of 67°. 6± 3°. 7 and estimate an inclination
angle of 30°. 9 from the deconvolved aspect ratio. The peak
intensity is 8.34± 0.03 mJy beam−1 and the integrated flux
density is 14.05± 0.07 mJy (above 4σ), about 30 times
smaller than IRS1. Note that because of the marginally
resolved image, the apparent direction of the semimajor axis
of the compact emission is likely to follow the beam
direction, hence the discrepancy between the apparent
semimajor axis and the red line in Figure 1(d), which shows
the deconvolved PA.
In Figure 2 we present a comparison between the observed

1.3 mm continuum emission in the image plane and the best 2D
Gaussian fitting. The residuals (Figure 2, upper right) of IRS1
exhibit four (two inner and two outer) nested lobes that
originate from the fact that the brightest emission, which is
shifted toward the south along the minor axis, does not
correspond to the geometrical center in the observed image.
This deviation is well highlighted by the single-Gaussian
fitting. The residuals also show a “cap” toward the NW above
0 2 corresponding to an excess of emission. Figure 3 provides
a more detailed comparison of the emission along the major
and minor axes. The major axis has minimal deviation,
meaning that the source is roughly symmetric along this axis.
On the other hand, the deviation along the minor axis is more
prominent and there is a slight offset of the peak due to the

Table 1

Overview of the Presented ALMA Maps

Continuum/Line Robust Frequency Beam Size (PA) Spectral Resolution rms
(GHz) (″) (km s−1

) (mJy beam−1
)

1.3 mm continuum 0.5 225.000 0.073 × 0.053 (21°. 55) L 0.045
12CO J = 2–1 0.5 230.53800 0.107 × 0.096 (7°. 59) 0.63 1.32
13CO J = 2–1 0.5 220.39868 0.110 × 0.100 (5°. 19) 0.17 2.90
C18O J = 2–1 0.5 219.56035 0.110 × 0.100 (10°. 73) 0.17 1.96
H2CO J = 32,1–22,0 0.5 218.76007 0.108 × 0.097 (11°. 20) 0.17 2.21
SiO J = 5–4 0.5 217.10498 0.108 × 0.097 (13°. 74) 1.35 0.65

23
i = arccos(qmin/θmaj) where qmin and qmax are the FWHMs of the minor and

major axes, respectively.
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asymmetry along the minor axis. The origin of this asymmetry
is discussed in Section 5.1.

We note that the residuals do not reach zero even at large
distances. This is because the profile of the observed images
has “tails” at larger distances (>0 3). In fact, the observed
structure is more likely best fitted with a power-law profile than
with a single 2D Gaussian (see Long et al. 2018; Sheehan et al.
2022). However, a Gaussian fit provides valuable information
about emission skewness and asymmetry.

Unlike IRS1, IRS2 shows no asymmetry. There are
concentric ring-like structures visible in the residuals in
Figure 2 (bottom-right panel) but it is only due to the Gaussian
not being properly adapted to fit the structure. However, a

strong and relatively extended deviation appears in the SE red
part of the residual image, which is due to the finger structure
seen in Figure 1(d).

3.2. Outflows

BHR 71 exhibits well-known prominent bipolar outflows
powered by both IRS1 and IRS2. Figure 4 shows 12CO
position–velocity (P–V ) diagrams made perpendicular to the
outflows of each source. There is a discontinuity in emission
that clearly separates two components of the outflows. This
pattern is observed in both sources. Based on these
P–V diagrams, we can define two velocity regimes
without ambiguity, a standard high-velocity (SHV) regime

Figure 1. Continuum emission at 1.3 mm with robust parameter r = 0.5 for IRS1 (top row) and IRS2 (bottom row). The right panels are zoomed-in views of the left
panels. The white contours in the right panels represent increasing selected values of σ [7σ, 14σ, 70σ, 140σ, 700σ] and [15σ, 40σ, 80σ] for IRS1 and IRS2,
respectively. The 4σ contour level for IRS2 is also shown in panel (c). The white ellipse represents the beam size. The red lines follow the PA of the semimajor axis as
derived from the best-fit model (in IRS2, the direction of the red line does not follow the apparent semimajor axis because the image is marginally resolved). Note that
the color scales are not identical but depend on the peak intensity in each panel.
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(�25 km s−1
), corresponding to the wide-angle outflows, and

an extremely high-velocity (EHV) regime (�40 km s−1
),

corresponding to the collimated jets.

3.2.1. Wide-angle Outflows

In order to compare the brightness and structure of the two
outflows, we show in Figure 5(a) a global view of the two
wide-angle outflows associated with IRS1 and IRS2.
Figures 5(b) and (c) show a zoomed-in image (2″× 2″) toward
IRS2 and IRS1, respectively. The moments were generated
over a velocity range of ±29 km s−1 with respect to the
systemic velocity, Vsys. The outflow emission from IRS2 is
fainter than that of IRS1.
To examine each outflow individually, Figure 6 shows the

wide-angle outflows of IRS1 and IRS2. Panels (a) and (d)
present their integrated intensity (moment 0) maps integrated
over the same velocity range as in Figure 5, and within an
8″× 8″ region centered on the protostars. Similarly, panels (b)
and (e) present their peak intensity maps. In both sources, the
outflows extend a distance larger than ∼2600 au across the
protostellar position, corresponding to the limit of the ALMA
primary beam (or field of view). Yet, previous observations of
the outflows (e.g., Bourke et al. 1997; Garay et al. 1998)
showed that the jet’s length is extending up to ∼0.14 pc.
While the brightness of each side seems approximately

symmetric in IRS1, there is an evident brightness asymmetry in
IRS2, where the southern outflow of IRS2 is much fainter than
the northern one. Moreover, the outflows in IRS2 are
geometrically asymmetric. The left side of the southern lobe
and right side of the northern lobe bend at approximately equal

Figure 2. Continuum emission at 1.3 mm, Gaussian model, and residuals (the observed emission subtracted by the model) from left to right for IRS1 (upper row) and
for IRS2 (bottom row). The ellipse in the bottom-left corner represents the beam size.

Table 2

Best-fit Parameters of the Continuum and Beam Sizes using a Simple Gaussian
Model

BHR 71 IRS1 BHR 71 IRS2

Parameter (units) Value Value

R.A. (h:m:s) 12:01:36.476 12:01:34.008
Decl. (d:m:s) −65:08:49.372 −65:08:48.080
Beam size (″) 0.09 × 0.08

(PA = 95°. 9 ± 1°. 3)
0.07 × 0.05

(PA = 30°. 88 ± 0°. 56)

Flux density (mJy) 413.3 ± 3.5 14.048 ± 0.066
Peak intensity (mJy

beam−1
)

50.95 ± 0.39 8.342 ± 0.026

semimajor axis
FWHM (mas)

278.94 ± 0.69
(49.30 ± 0.12 au)

48.72 ± 0.59
(8.61 ± 0.10 au)

semiminor axis
FWHM (mas)

215.53 ± 0.59
(38.08 ± 0.10 au)

41.79 ± 0.63
(7.38 ± 0.11 au)

PA (°) 98.15 ± 0.41 67.6 ± 3.7
Estimated inclina-

tiona (°)

39.42 30.93

Note.
a At zero angle the object is seen face on.
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distances from the protostar (∼3″ in projected distance),
marked by the horizontal white lines (Figures 6(d) and (e)).
This feature can be a sign of a change in the launch direction
from the source.

Figures 6(c) and (f) show intensity-weighted mean velocity
(moment 1) maps. The maps reveal redshifted and blueshifted
components. While the estimated inclinations from the disk-
like structures are similar (39°.42 and 30°.93 for IRS1 and IRS2,
respectively), the kinematic orientations of their outflows are

opposite: the northern side of IRS1 is redshifted (far side) while
the one of IRS2 is blueshifted (near side).
On the assumption that the axes of the outflows are

orthogonal to the major axes derived from the 2D Gaussian
fitting of the continuum (Section 3.1), the inferred PA values of
the outflow axes are 188°.2 and 337°.6 for IRS1 and IRS2,
respectively. The black lines in Figures 6(c) and (f) mark these
directions. We see a clear but small misalignment between the
PA values and the outflows themselves.

Figure 3. Brightness temperature cuts averaged over widths of 10 pixels along the major (left) and minor (right) axes of the continuum emission of IRS1 centered on
the peak emission of the observed image. The solid lines represent the cuts in the observed continuum. The dashed lines show the cuts of the best-fit 2D Gaussian
model. The shaded region is the brightness temperature below 4σ. The bottom panel shows the residuals.

Figure 4. 12CO P–V diagrams made perpendicular to the outflows of each source averaged from multiple P–V diagrams performed every 0 01 between distances of
1″ and 13″ from the star in each pole. The upper row shows the P–V diagrams made in the northern outflow (right) and southern outflow (left) of IRS1, the bottom row
shows the same P–V diagrams for IRS2. The black contours mark the 3σ and 6σ values. The vertical dashed and solid lines mark the SHV and EHV, respectively.
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The outflows are also traced in the 13CO emission.
Figures 7(a) and (d) show maps of the 13CO (J= 2−1)
emission detected above 3σ levels within a velocity range of
±7.55 km s−1 with respect to the systemic velocity, Vsys, for
IRS1 (top row) and IRS2 (bottom row), respectively. An
outflow cavity is clearly visible in both IRS1 and IRS2,
forming a distinct X-shape spatially coincident with the
emission observed in 12CO. IRS2ʼs southern outflow appears
much fainter than its northern one, following the pattern
observed in 12CO. The moment 1 maps (Figures 7(c) and (f))
provide the kinematic structure. In the case of IRS1, the map
unambiguously delineates the redshifted northern and blue-
shifted southern parts of the outflows.

It is notable that the moment 1 map of IRS1 (Figure 7(c))
shows two small regions in the outflow direction with
velocities opposite to the kinematics of the outflow, one
redshifted at −1″ and one blueshifted at 1″ (Figure 7(c)).
Similar features traced by HCN were seen by Y20 who
suggested that it either was associated with the wide opening

angle of the outflow or infalling material from the larger-scale
envelope.

3.2.2. High-velocity Jets

Figure 8 shows the collimated jet in the EHV regime in 12CO.
Panels (a) and (d) present integrated intensity (moment 0) of
IRS1 and IRS2, respectively, and show a region of 8″× 8″
centered on the protostars. We see that although IRS1 and
IRS2ʼs jets resemble each other in width and velocity, there is a
clear difference in morphology, which is possibly indicative of
how angular momentum is carried away in each source, or
indicative of different evolutionary stages. IRS1ʼs jet exhibits a
striking and prominent double helical structure on each pole.
The individual channel maps displayed in Appendix A give a
better appreciation of the helical structure.
In contrast, IRS2ʼs jets are narrower and seem to show

compact chains of knots and bow shocks, which are signs of
episodic accretions, a more commonly observed characteristic

Figure 5.Maximum intensity for 12CO. Panel (a) shows a composite view of the system centered on IRS1. Panels (b) and (c) show the outflows at the smaller scales of
IRS2 and IRS1, respectively. The maps are generated using a velocity range of −29 km s−1 < V + Vsys < +29 km s−1. This range includes the envelope and excludes
the high-velocity jet. The white and black ellipses in the lower-left corner of each panel mark the beam shape.
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among Class 0 protostars (e.g., Santiago-García et al. 2009;
Tafalla et al. 2015, 2017; Lee et al. 2022). Also, the southern
jet is fainter than the northern one, following the trend also
visible in the wide-angle outflow.

Figure 9 shows the emission from SiO in the same velocity
range (EHV) as in Figure 8. SiO is generally assumed to be a
good tracer of shocked gas (Schilke et al. 1997; Gusdorf et al.
2008; Guillet et al. 2011) associated with protostellar jets (e.g.,
Codella et al. 2007; Cabrit et al. 2012; Tafalla et al. 2017). In
IRS1, although clearly belonging to the jet, the SiO emission is
not prominent and is confined within 2″ from the protostar with
a south–north asymmetry: the northern redshifted lobe is more
extended than the southern lobe. In IRS2, on the other hand, the
SiO emission traces the jet over the same distance to the
protostar as 12CO and both are unambiguously spatially
coincident, although the SiO jet appears slightly narrower than
in 12CO. We note that at velocities< 20 km s−1, SiO shows an
northern blueshifted “tail” extending up to 10″ from the
protostar and shows strictly no extended emission in the
southern redshifted part (see the channel maps in Appendix B).
This seems to contradict the observations made by Garay et al.
(1998), who reported the presence of SiO tracing the outflows
in a very large spatial scale in a velocity range |v|< 10 km s−1.
A possible explanation may be due to their larger beam. With a
beam size of 40″ for SiO, their data did not allow the emission
to be resolved within distances< 20″ to the protostar, which
roughly represents our field of view. There may be a spatial gap
of up to 40″ between the protostar and the rise of the SiO low-
velocity outflow emission. Alternatively, with a larger beam,

they could be picking up larger-scale, low-surface brightness
emission that the ALMA data are not sensitive to. On another
hand, the outflow observed by Garay et al. (1998), both in 12CO
and SiO, seems to lean toward the NW–SE direction, similar to
IRS2ʼs outflow and unlike IRS1ʼs outflow (which is toward the
south–north direction) in our data set. This should suggest that
the SiO (and 12CO) large-scale emission detected by Garay
et al. (1998) is mostly arising from IRS2.
To summarize and provide a complete view on the different

components (outflows and jets) around IRS1 and IRS2, images
are created from an overlay of the 12CO and SiO intensity
maps, integrated at velocities tracing the SHV components and
the EHV collimated jets separately. The images are presented
in Figure 10, where the green and red represent outflows (SHV
regime) and jets (EHV regime), respectively, in 12CO, and the
blue emission is SiO. This overlay reveals the difference of the
nature of IRS1 and IRS2ʼs jets: while the outflow appears
similar in both sources, their respective jet shows different
features.

3.3. Gas Material on Envelope and Disk Scales

In addition to the outflow, 12CO also shows weak,
blueshifted emission on the east and west sides of the protostar
in the moment 1 map of IRS1 (Figure 6(c)). Similarly, there is
weak, blueshifted 12CO emission on the NE and SW sides of
IRS2 in its moment 1 map (Figure 6(f)). These blueshifted
emissions perpendicular to the outflows are likely associated
with infalling envelopes around the protostars.

Figure 6. SHV outflow emission in 12CO in IRS1 (upper row) and IRS2 (bottom row). The left column shows integrated intensity (moment 0) maps, the middle
column shows peak intensity maps, and the right column gives velocity-weighted intensity (moment 1) maps. The ellipse in the bottom-left corner is the beam size. All
maps are generated over a velocity range of −29 km s−1 < V + Vsys < +29 km s−1. The green contours mark the continuum emission with increasing values of σ [4σ,
7σ, 14σ, 70σ, 140σ] and [4σ, 15σ, 50σ, 100σ] for IRS1 and IRS2, respectively. The black lines in the moment 1 maps correspond to the direction orthogonal to the
semimajor axis PA value of the 1.3 mm continuum emission derived from the best-fit model. The horizontal white lines in panels (d) and (e) show the location where
the left side of the southern lobe and right side of the northern lobe are bent.
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The integrated and peak intensity maps of the 13CO emission
(Figures 7(a), (b), (d), and (e)), unlike 12CO, show strong
compact emission around the central protostars, which seems to
trace material on envelope and disk scales rather than the
outflows. There is a central depression in IRS1 inside ∼10 au,
which is probably due to absorption by optically thick dust.
There is no such visible depression in IRS2.

The 13CO moment 1 maps (Figures 7(c) and (f)) show that
the 13CO compact emission exhibits velocity gradients along
the major axes of the continuum emission. In IRS1, down to
the scale of the 1.3 mm continuum emission (0 5), there
appears to be a velocity gradient along the major axis of the
continuum emission, possibly indicating disk rotation. How-
ever, it is noticeable that the center of the millimeter component
does not coincide with a velocity near the systemic velocity
(−4.45 km s−1

). Indeed, most of the millimeter continuum is
overlaid by strong blueshifted emission. This is likely because
the emission at the line center and the continuum are optically
thick, which skews the velocities in the intensity-weighted
velocity maps.

The C18O (J= 2–1) emission shows even more compact
structures than the 13CO, as demonstrated in Figure 11, which
presents maps of the C18O detected above 3σ levels for IRS1
(top row) and IRS2 (bottom row). This compact emission is
considered to trace envelopes and possibly disks as well. Note
that there is very faint C18O emission showing similar extended
structures to the 12CO outflow, suggesting that the C18O also
weakly traces the outflows. We also note that the C18O is
depressed at the central position of IRS1, as also seen in the

13CO. As explained in the case of the 13CO above, this is
probably due to absorption by optically thick dust.
The C18O moment 1 map of IRS1 (Figure 9(c)) shows that

the overall velocity gradient of the compact C18O emission
around IRS1 is from SE (blueshifted) to NW (redshifted).
Unlike in 13CO, the C18O velocity gradient appears more
consistent with the elliptical continuum structure, with the
isovelocity line at systemic velocity crossing the protostellar
position. This velocity gradient can be explained as disk
rotation.
The C18O moment 1 map of IRS2 (Figure 9(f)) shows that

the overall velocity gradient of the compact C18O emission
around IRS2 is from NW (blueshifted) to SE (redshifted),
which is consistent with that seen in the 13CO. Note that the
direction of the velocity gradient is significantly tilted from the
major axis of the continuum emission, which is also consistent
with the 13CO, suggesting that the velocity gradient may not be
explained as pure disk rotation and an infalling and rotating
envelope may be also required to interpret the velocity gradient
(e.g., Momose et al. 1998; Flores et al. 2023). More details of
the kinematics of the compact C18O emission, particular its
possible rotating motions, are discussed in Section 4.2.

4. Analysis

4.1. Dust Mass

Under the assumption that the dust emission is optically thin
and isothermal, we can estimate the dust mass using the

Figure 7. Emission from 13CO in IRS1 (upper row) and IRS2 (bottom row). The left column shows integrated intensity (moment 0) maps, the middle column gives
peak intensity maps, and the right column provides mean velocity (moment 1) maps. All maps are generated over a velocity range of −7.55 km s−1

< V + Vsys < +7.55 km s−1. The green contours mark the continuum emission with increasing values of σ [4σ, 7σ, 14σ, 70σ, 140σ] and [4σ, 15σ, 50σ, 100σ] for
IRS1 and IRS2, respectively. The ellipse in the bottom-left corner is the beam size. The black lines in the moment 1 maps correspond to the direction orthogonal to the
semimajor axis PA value derived from the best-fit models.
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Figure 8. EHV emission from 12CO in IRS1 (upper row) and IRS2 (bottom row). The left column shows integrated intensity (moment 0) maps, the middle column
gives peak intensity maps, and the right column shows velocity-weighted intensity (moment 1) maps. The ellipse in the bottom-left corner is the beam size. The maps
are generated covering velocities |V + Vsys| > 30 km s−1.

Figure 9. EHV emission from SiO in IRS1 (upper row) and IRS2 (bottom row). The left column shows integrated intensity (moment 0) maps, the middle column
gives peak intensity maps, and the right column provides velocity-weighted intensity (moment 1) maps. The ellipse in the bottom-left corner is the beam size. The
maps are generated covering velocities |V + Vsys| > 30 km s−1. The green contours mark the continuum emission with increasing values of σ [4σ, 7σ, 14σ, 70σ, 140σ]

and [4σ, 15σ, 50σ, 100σ] for IRS1 and IRS2, respectively.
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following equation,

( )
( )

k
= n

n
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, 1dust
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225 GHz dust

where Fν is the continuum flux density, D is the distance to the
source, Bν is Planck’s law of blackbody radiation, and κ225 GHz

is the opacity of the dust at the observation frequency 225 GHz
(1.3 mm). We use κ225 GHz= 2.30 cm2 g−1

(per unit dust mass)

Figure 10. Overlay of the moment 0 maps of 12CO and SiO. The 12CO emission is integrated over the SHV regime (green) and over the EHV regime (red). The SiO
emission (blue) is integrated over all velocities.

Figure 11. Emission from C18O in IRS1 (upper row) and IRS2 (bottom row). The left column shows integrated intensity (moment 0) maps, the middle column shows
peak intensity maps, and the right column shows mean velocity (moment 1) maps. The maps are generated using a velocity range of
−7.55 km s−1 < V + Vsys < +7.55 km s−1. The green contours mark the continuum emission with increasing values of σ [4σ, 7σ, 14σ, 70σ, 140σ] and [4σ,
15σ, 50σ, 100σ] for IRS1 and IRS2, respectively. The ellipse in the bottom-left corner is the beam size. The black lines in the moment 1 maps correspond to the
direction orthogonal to the semimajor axis PA value derived from the best-fit models.
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Figure 12. C18O P–V diagrams (grayscale maps and black contours) in IRS1 (top) and IRS2 (bottom). Contours mark the emission at 3σ, 5σ, 7σ, and 9σ for both IRS1
and IRS2. The cuts were made with a width of 1 beam (0 09 along PA = 98°. 15 for IRS1 and 0 07 along PA = 67°. 6 for IRS2). In IRS1, the golden contours mark
the emission of H2CO (left column) and CH3OH (right column) at their 3σ, 5σ, 7σ, and 9σ values. In IRS2, the golden contours mark the emission of H2CO at the
same σ values. The velocity resolution is 0.17 km s−1 for both C18O and H2CO, and 0.15 km s−1 for CH3OH. The golden ellipses in the bottom-right corners are the
beam sizes of H2CO and CH3OH and the black ones are that of C18O. The upside-down triangles and circles are the data points derived from the edge and ridge
methods, respectively, and their fitted rotation curves are shown as dashed and solid lines, respectively. The blue and red data points are obtained from a fit along the
position axis (xcut), while the cyan and magenta points are obtained from a fit along the velocity axis (vcut). The green lines show the line-of-sight Keplerian profiles
with the stellar mass indicated in the top right corner.

Table 3

Results of the Best Fitting to the C18O P–V Diagram

Parameter (units) Description IRS1 IRS2

Edge Ridge Edge Edge (pin Fixed) Ridge

Rm (au) characteristic radius 85.81 ± 2.200 98.76 ± 0.240 55.78 ± 2.080 52.32 ± 1.760 47.50 ± 0.710
Vm (km s−1

) velocity at Rm 1.386 ± 0.000 0.219 ± 0.000 1.072 ± 0.000 1.072 ± 0.000 0.574 ± 0.000
pin power of the fitting function 0.466 ± 0.031 1.605 ± 0.008 0.658 ± 0.046 0.5 0.781 ± 0.026
Vsys (km s−1

) systemic velocity −4.533 ± 0.013 −4.836 ± 0.006 −4.403 ± 0.021 −4.384 ± 0.015 −4.244 ± 0.005
M* (M☉) mass of the protostar 0.461 ± 0.011 0.226 ± 0.002a 0.273 ± 0.011 0.257 ± 0.009 0.129 ± 0.005

Note.
a If pin is significantly deviated from 0.5, the derived stellar mass is not reliable.
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from Beckwith et al. (1990) and assume a dust temperature
Tdust= 20 K for both sources, which is the median value of
Taurus disks (Andrews & Williams 2005; Ansdell et al. 2016; a
value of Tdust= 30 K is also commonly used for embedded
disks; e.g., Tobin et al. 2015; which would result in a smaller
derived mass value). The values of Fν are derived from the
best-fit 2D Gaussian models with the parameters given in
Table 2. We find a total mass Mtot= 0.114 Me for IRS1 and
Mtot= 3.86× 10−3 Me for IRS2, assuming a gas-to-dust mass
ratio of 100.

A different way to estimate the dust mass is to scale the dust
temperature with the bolometric luminosity of the source. We
adopt the average dust temperature,

( )⎜ ⎟
⎛
⎝

⎞
⎠

=T T
L

L
, 2dust 0

bol
1 4

calculated using a grid of radiative transfer models (Tobin et al.
2020), where T0= 43 K and Lbol= 10 Le for IRS1 and
Lbol= 1.1 Le for IRS2, computed from the SEDs in Ohashi

Figure 13. Peak intensity maps of the protostellar jet from the 12CO emission line in IRS1. The velocity increases from left to right panels from v ∼ 37 km s−1 to
v ∼ 83 km s−1 where v = |V − Vsys|. Each panel represents a velocity range of about 4.5 km s−1 with the lowest velocity range in the leftmost panel and the largest
range in the rightmost panel. The whole range spans 45 km s−1. The green contours mark the SiO peak intensity maps at 3σ, 4σ, 5σ, and 6σ in the same velocity
ranges as the respective panel. The images are rotated so that the jets are shown vertically. The black cross marks the position of the protostar.

Figure 14. Peak intensity maps of the protostellar jet from the 12CO emission line in IRS2. The velocity increases from left to right panels from v ∼ 37 km s−1 to
v ∼ 83 km s−1 where v = |V − Vsys|. Each panel represents a velocity range of about 4.5 km s−1 with the lowest velocity range in the leftmost panel and the largest
range in the rightmost panel. The green contours mark the SiO peak intensity maps at 8σ, 24σ, and 80σ in the same velocity ranges as the respective panel. The images
are rotated so that the jets are shown vertically. The vertical black line in the first panel indicates the axis along which the P–V diagrams in Figure 15 are made. The
black cross marks the position of the protostar.
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et al. (2023). This gives a Tdust value of 76 K for IRS1 and 44 K
for IRS2. Using the same parameters as above we derive a total
mass Mtot= 2.40× 10−2 Me and Mtot= 1.50× 10−3 Me for
IRS1 and IRS2, respectively.

The Beckwith et al. (1990) opacity is commonly used for the
analysis of dust in circumstellar disks and adopted in the other
studies of eDisk sources. Other previous studies, such as Tobin
et al. (2019) and Y20, adopted dust opacities from Ossenkopf
& Henning (1994) to derive the dust mass in BHR 71,
corresponding to grains with thin ice mantles, typically adopted
for modeling the dust in protostellar envelopes. The value at
230 GHz for those is 0.899 cm2 g−1

(Tobin et al. 2019), i.e.,
about a factor 2.5 lower than the value adopted here. This
opacity would result in a dust mass larger by a factor 2.5
(Equation (1)). For IRS1, Tobin et al. (2019) found a total
(dust+ gas) mass of 1.13 Me and Y20 found a total mass of
2.1× 10−2 Me. Both values deviate by a factor 2.5 compared
to our mass estimates. The other differences should be due to
either a different measured flux density and/or a different
adopted dust temperature (and to a lesser extent a different
assumed distance to the source). Using the same distance to the
sources, opacity value, and temperature as in Tobin et al.
(2019), we measure mass values of about factors of ∼3 and
∼8.5 lower than their values for IRS1 and IRS2, respectively.
These factors correspond exactly to those of the respective
measured flux density values between our study and their
study. Their larger flux density values are probably due to the
spatial scales probed by the observations compared to the
different spatial scales probed by the respective observations:
the larger numbers of the estimated dust masses from Tobin
et al. (2019) stem from observations using ALMA including
the compact array with a beam of ∼1″ and sensitive to
extended emission in the larger-scale envelope, which might
have led to include envelope emission in the flux density. Y20
assumed a mass-weighted dust temperature of 148 K, which in
turn results in a smaller inferred mass for the same flux than our
initial estimates. These derived masses are in reasonable
agreement with the estimates we obtain using the dust
temperature scaled according to the source’s luminosities with

the remaining differences due to the different beam sizes and
dust opacities.
We note that Equation (1) comes with uncertainties. In

addition to the uncertainties due to the temperature and dust
opacities described above, assuming optically thin emission
underestimates the value of the mass if the source is optically
thick. In the case of IRS1, the observed asymmetry across the
minor axis and its peak brightness temperature (Figure 3)
strongly suggest that the source is optically thick (Takakuwa
et al. 2024). As previously mentioned, the fact that the dust
emission is brighter on the lower part indicates that the dust is
not settled and the object is geometrically thick. Given its
relatively low measured inclination (39°), the presumed disk is
expected to have a very steep flaring index and/or a mass
significantly larger than the one derived with Equation (1).

4.2. Stellar Mass

In this section, we analyze details of the kinematics of the
compact emission around IRS1 and IRS2 to search for the
signature of Keplerian rotation with the goal of constraining the
dynamical stellar masses of IRS1 and IRS2. Among the three
CO isotopologues, C18O is the best candidate to search for
Keplerian motion. 12CO is too optically thick at small scales (a
few tens of astronomical units) to detect disk material and the
emission is mostly dominated by the outflows. Both the 13CO
and C18O emissions are optically thinner than 12CO and should
be dominated by the disk and/or inner envelope (although both
also trace the outflow walls) but the optical depth of 13CO is
larger due to its higher abundance. This common characteristic
has been reported in most other sources among the eDisk
sample (see, for instance, van’t Hoff et al. 2023).
Figure 12 shows P–V diagrams in C18O (grayscale maps) for

IRS1 and IRS2. The cuts were made along PA= 98°.15 and
PA= 67°.6 for IRS1 and IRS2, respectively, corresponding to the
PA values of the dust continuum major axis derived from the best-
fit models. Although both sources exhibit evidence of differential
rotation, the diagrams also reveal that a significant fraction of the
emission is visible in all non-Keplerian quadrants (top left and
bottom right for IRS1; top right and bottom left for IRS2). This

Figure 15. 12CO P–V cuts across the jet’s axis in IRS2 with a width of one beam. Left: northern blueshifted jet. Right: southern redshifted jet. The protostar position is
at a distance of zero. The contours mark the emission at 3σ and 5σ. The horizontal dashed lines show the mean velocity of the southern (65 km s−1

) and northern jets
(53 km s−1

).
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indicates the presence of rotating infalling motion (e.g., Ohashi
et al. 1997; Momose et al. 1998). Moreover, there is a quadrant
that systematically shows less emission (top left for IRS1; lower
left for IRS2) compared to the opposite quadrant, which should
suggest that the infall is asymmetric. Both sources also show
emission at large distances> 1 5 (>260 au) close to the systemic
velocity, indicative of envelope material. More importantly, the
diagrams confirm the previous observation made by Tobin et al.
(2019), which revealed that the two objects rotate in opposite
directions. The diagrams (in IRS1 in particular) have an inner
depression at small distances (<0 5), suggesting that the dust
emission is optically thick in the center where not much line
emission is received because of the continuum oversubtraction.
Note that the depression of the C18O in IRS1 is also seen in its
moment 0 and 8 maps (Figures 11(a) and (b)).

For further investigations of the kinematics in this region, we
also show the emission of H2CO (218.76 GHz) and CH3OH
(250.291 GHz,24 golden contours) on top of the C18O
emission. Interestingly, both H2CO and CH3OH show up at
the inner rim of C18O, filling in the central region where the
continuum emission is optically thick. These lines are likely to
trace the warm and dense gas closer to the star whereas C18O
traces the colder outer part of the disk and/or the infalling/
rotating envelope.

We fit the C18O P–V diagram with the emission ridge
method (Ohashi et al. 2014; Aso et al. 2015, 2017; Yen et al.
2017; Sai et al. 2020) and the outer emission edge method
(Seifried et al. 2016; Alves et al. 2017; Reynolds et al. 2021)
using the Python package pvanalysis included in the
Spectral Line Analysis/Modeling (SLAM

25
) code (Aso &

Sai 2023). The fitting process is detailed in Ohashi et al.
(2023). First, the code computes the edge and ridge points of
coordinates (r, v) in the diagram, using a threshold >5σ (with
σ= 1.54× 10−3 Jy beam−1 for IRS1 and σ= 1.72×
10−3 Jy beam−1 for IRS2). Then, using the Markov Chain
Monte Carlo method, the code fits the ridge and edge points
separately with a single power-law function,
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where Rm is the characteristic radius, Vm is the velocity at
radius Rm, Vsys is the systemic velocity, and pin is the power-
law index. The fitting was made with emission detected within
0 6 from the central stars to avoid possible contamination of
envelope emission. The results are shown in Figure 12, on top
of the P–V diagrams. The fit provides the pair (Rm, Vm) from
which we can derive the dynamical stellar mass

( )=M R V G isinm m
2 2 , provided that the index pin is close

enough to the Keplerian value of 0.5. The fitting values are
summarized in Table 3.

For IRS1, the edge method gives a power-law index pin of
0.47± 0.03, which is consistent with Keplerian rotation. From the
results obtained with the edge method we can estimate an upper
limit on the stellar mass of 0.46± 0.01 Me, because the edge
method tends to overestimate the mass (Maret et al. 2020). The
ridge method gives a pin value of 1.61, which is not physical. A
possible reason why the ridge method does not provide a

reasonable result might be because the C18O emission is reduced
at the center due to the optically thick continuum emission, and as
a result, the redshifted C18O emission measured by the SLAM

code does not arise from the ridge of the emission, but from the
inner edge. For IRS2, we derive values of pin= 0.66± 0.05 and
0.78± 0.03 with the edge and ridge methods, respectively. These
values are not Keplerian, but remain between 0.5 and 1, meaning
that the observed rotation is between what is expected from the
emission of a rotating envelope and a Keplerian disk. We are
therefore limited in what can be quantitatively done with regard to
confirming Keplerian motion, because the kinematics is likely
contaminated by the emission of the envelope. Nevertheless, the
results may still suggest that the outer edge of the C18O P–V
diagram can be fitted with a Keplerian rotation curve, which could
provide a reliable estimation of an upper limit of stellar mass.
Instead of using pin as a free parameter, we can fix it at 0.5 by
assuming that there is Keplerian rotation and then fit the P–V
diagram. We derive of stellar mass of 0.26± 0.01 Me using this
method. This sets a reasonable upper limit on the stellar mass of
IRS2. The Keplerian profile for this stellar mass is showed in the
C18O P–V diagram of IRS2 (Figure 12).

4.3. Kinematics of the Jets

We present selected peak intensity maps of the 12CO and
SiO jet of IRS1 in Figure 13, showing successive increasing
velocity intervals relative to the systemic velocity, from left to
right.
The EHV jet presents a clear helical shape, which is evidence

of rotation and is indicative of the mechanisms carrying away the
angular momentum from small scales. Kwon et al. (2015)
reported the presence of a similar helical structure in the outflow
of the Class 0 protostellar system L1157, which is interpreted as
two precessing jets. The morphology of IRS1ʼs EHV jets could
agree with this two-jet scenario. In particular, Figures 13, 18, and
19 seem to show two apparent collimated jets extending up to 5″.
However, similar morphologies can also be explained by other
scenarios. A wide-angle disk wind can drive a rotating outflow (de
Valon et al. 2022; López-Vázquez et al. 2023), and Machida et al.
(2007) showed with numerical simulations that a magnetic field
can naturally be at the origin of a twisted jet.
The mechanism of precession itself is not well understood

and various theoretical models have been proposed to explain
its origin. Most models involve the presence of a companion
protostar (e.g., Terquem et al. 1999; Masciadri & Raga 2002;
Montgomery 2009). Other models explain the precession by
the misalignment between the disk rotation and ejection axes
(e.g., Frank et al. 2014), and IRS1 shows such misalignments.
Figure 14 shows selected peak intensity maps of the 12CO jet

in IRS2 covering the same velocity ranges as in Figure 13. The
SiO emission (green contours) is also presented on top of the
CO emission. Most of the SiO emission is confined within a
narrower region of the jet than the 12CO emission and appears
to depart from the jet axis (black line). The southern jet
deviates toward the west at a projected distance of about 5″
from the star, then comes back to the vertical direction of the
figure at higher distances. (This is particularly evident in the
sixth and seventh panels of Figure 14 as well as in the velocity
maps of SiO shown in Appendix B.) The northern jet, on the
other hand, appears to slightly deviate toward the east. This
behavior is a strong indication that the jet is precessing.
The jet in IRS2 is also composed of internal velocity

gradients, as illustrated in Figure 15, which shows P–V

24 The CH3OH datacube is provided by the ALMA program 2021.1.00262.S
(PI: Y.-L. Yang), which is focused on IRS1 only and with better spectral
resolution.
25 https://github.com/jinshisai/SLAM

15

The Astrophysical Journal, 974:21 (33pp), 2024 October 10 Gavino et al.



diagrams in 12CO, made across the jet’s axis (vertical black line
in the first panel of Figure 14), with a width of one beam. The
velocity structure is a succession of slow and fast emission
features along the jet’s axis, producing a characteristic
“sawtooth” structure. In each of these features, the gas closer
to the source (tail) moves faster than the gas further away from
the source (head). The difference in velocity between the head
and the tail is around 10–20 km s−1 in both the southern and
northern jets. The velocity field of the jet is only affected
locally by these velocity gradients, so the gas does not
accelerate or decelerate along the stream, hence the horizontal
sawtooth structure. This indicates that the gas in the jet should
not be affected by its environment. The same patterns have
been observed in the IRAS04166+2706 jet (Santiago-García
et al. 2009). Theoretical and numerical models have predicted
that this sawtooth pattern can be the result of internal working
surfaces in a pulsed jet, where internal material compression
generates lateral ejections in a knot, making the upstream gas
appears slower than the downstream gas if the jet is not in the
plane of the sky. The model was initially proposed by Raga
et al. (1990) and a clear sawtooth pattern can be observed in
synthetic P–V diagrams from the simulations of Stone &
Norman (1993; see Santiago-García et al. 2009; Tafalla et al.
2017, for more detailed discussions). This is the most plausible
interpretation of the observed structure in IRS2.

A second notable characteristic of the IRS2 jet, unlike IRS1,
is the asymmetry in velocity (visible in Figure 14), where the
northern jet clearly appears slower than the southern one. Using
the P–V diagram, we can define a flux-weighted velocity as
follows,
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where Ftot(vi) is the sum of all flux values in each pixel along
the jet axis for the velocity vi= |Vi+ Vsys|. Using Equation (4)
for values of flux >3σ, we find that the blueshifted jet has a
mean velocity Vb,mean∼ 53 km s−1 while the redshifted jet has
a mean velocity Vr,mean∼ 65 km s−1

(Vb,mean/Vr,mean∼ 0.81).
The mean velocities are measured between a distance of 1″
from the protostar (in order to avoid emission too close to the
envelope materials) and 15″, and are marked by the horizontal
dashed lines in Figure 15. A similar asymmetry was also
reported in the L1157 molecular jet (Podio et al. 2016).

5. Discussion

5.1. Brightness Asymmetry

In Section 3.1, we have shown that the dust continuum
component in IRS1 shows a shift in the peak brightness along
the minor axis. This feature has also been observed toward the
Class 0 sources HOPS 124 (Sheehan et al. 2020) and HH 212
(Lee et al. 2017; Lin et al. 2021) as well as several eDisk
sources (e.g., Lin et al. 2023; Sharma et al. 2023; Takakuwa
et al. 2024). If the 1.3 mm dust continuum emission is
geometrically thick and the disk is flared, then the far side of
the disk can appear brighter than the near side. This effect was
discussed in more details by Ohashi et al. (2022, 2023).
Takakuwa et al. (2024) reproduced the skewed observed
emission along the minor axis of the disk around R CrA IRS
7B-a using a dust disk model, and found that a high flaring
index (q 0.25, where q is defined as h/r∼ r q) is necessary to

reproduce the observed asymmetry. This geometric effect
therefore depends on the disk being inclined relative to the line
of sight. The effect is less prominent toward more evolved
disks where the millimeter emission is less flared and the dust is
more settled (Pinte et al. 2016; Villenave et al. 2020, 2022).
In the case of IRS1, the object is brighter on the southern

part, which must therefore be the far side. This is consistent
with the outflow velocity structure, which is blueshifted on the
southern side (Sections 3.2 and 3.2.2). However, the dust
continuum component is far from being edge on
(inclination∼ 40°), so the disk must have a high flaring index.
Testing whether the asymmetry is due to the inclination rather
than an azimuthally asymmetric dust distribution requires
modeling efforts that will be performed in future works. In
IRS2, no such effect is visible, which is likely because IRS2 is
not well resolved. Moreover, given the small derived mass of
the millimeter component, it is also possible that the millimeter
component is optically thin, explaining the observed symmetric
structure.

5.2. Stellar-to-disk Mass Ratio

Based on the detailed analysis of the C18O P–V diagrams,
shown in Section 4.2, we could estimate upper limits of the
stellar mass to be ∼0.46Me and ∼0.26Me for IRS1 and IRS2,
respectively.
These stellar mass values raise the questions whether the

presumed disks are gravitationally stable. In Section 4.1 we
derived a disk mass (gas+ dust) of ∼0.1 Me in IRS1 and
∼3.9× 10−3 Me in IRS2, assuming the 1.3 mm continuum
emission is at Tdust= 20 K, whereas we derived masses
of ∼2.4× 10−2 Me and ∼1.5× 10−3 Me for IRS1 and
IRS2, respectively, assuming the average dust temperature
(Equation (2)). These set lower limits of the dust masses
(for the given temperatures) because the derivations are made
on the assumption of an optically thin millimeter component.
It is expected that a ratioMdisk/Må

> 10−2 implies that a disk
can be considered as self-gravitating and thus very likely
unstable (Toomre 1964; Goodman et al. 1993; Adams et al.
2006; Eisner et al. 2008; Kratter & Lodato 2016). Assuming
Tdust= 20 K, we obtain a ratio of ∼0.22 for IRS1, which is 1
order of magnitude larger than the limit, and we find
∼1.5× 10−2 for IRS2. In this scenario, the disk is largely
gravitationally unstable in IRS1 while it can be marginally
unstable in IRS2. On the other hand, assuming the average dust
temperatures (76 K and 44 K for IRS1 and IRS2, respectively),
we find ratios of ∼5.2× 10−2 and ∼5.8× 10−3 for IRS1 and
IRS2, respectively. In this scenario, the disk around IRS1
remains unstable whereas the disk around IRS2 can be
considered stable. Note that the derived stellar masses are
upper limits and the derived disk masses are lower limits,
meaning that the derived ratios of Mdisk/Må

are lower limits.
This suggests that the disks should be both gravitationally
unstable. Yet, we do not see spiral arms or a signature of
fragmentation. The most likely explanation is that these
structures are hidden in optically thick emission, if they exist.
On the other hand, because instabilities can be at the origin of
accretion outbursts and variations in the accretion rate (e.g.,
Kuffmeier et al. 2018; Vorobyov et al. 2021), the fact that the
ratio Mdisk/Må

is larger in IRS1 than in IRS2 (assuming that
this difference implies that the disk around IRS1 is more
unstable than the disk around IRS2) could explain the different
morphologies between the jets powered by IRS1 and IRS2.
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6. Summary

We have presented observations conducted with ALMA at
an angular resolution of ∼0 1 toward the binary system
BHR 71 as part of the ALMA Large Program eDisk. For this
study, we have investigated ALMA Band 6 dust continuum
emission as well as the 12CO (J= 2–1), 13CO (J= 2–1), C18O
(J= 2–1), and SiO (J= 5–4) lines. The main results can be
summarized as follows.

1. The 1.3 mm emission reveals the dust continuum in the
two protostellar sources BHR 71 IRS1 and BHR 71 IRS2.
In IRS1, we detect a compact elongated millimeter
component with a semimajor axis of 278.94± 0.69 mas
(∼50 au) at PA= 98°.15± 0°.41. We derive a total
optically thin mass (dust+ gas) of 2.40× 10−2 Me. In
IRS2, we detect a much smaller millimeter component of
radius 48.72± 0.59 mas (∼9 au) with the major axis at
PA= 67°.6± 3°.7. The structure also present an elongated
shape. The total mass is 1.50× 10−3 Me.

2. There is no substructure (rings, gaps, or spirals) detected
in the dust continuum in either source. If substructures are
present, they may be obscured by the optical depth of the
continuum emission and require more in-depth study to
be detected or longer wavelength observations. The dust
continuum, however, reveals an asymmetry along the
minor axis of IRS1, where the southern part (far side) is
brighter than the northern part. This could indicate that
the disk is geometrically thick and the dust has yet to
settle. IRS2, on the other hand, shows no such
asymmetry. However, IRS2 is very compact relative to
IRS1 and is not well resolved enough to detect an
asymmetry.

3. The C18O emission exhibits compact structures around both
IRS1 and IRS2 and it also exhibits velocity gradients
suggestive of disk rotation. The C18O P–V diagrams along
the continuum major axes show clear evidence for
differential rotation, with additional signs of emission
arising from infalling and rotating envelopes. Based on
detailed analysis of the P–V diagrams, we set upper limits of
the dynamical stellar masses of 0.46 and 0.26 Me for IRS1
and IRS2, respectively. These masses provide us with lower
limits of the disk-to-stellar mass ratio of ∼0.22 and
∼1.5× 10−2 for IRS1 and IRS2, respectively. These values
are both larger than the limit value of 10−2, suggesting that
these disks can be considered self-gravitating.

4. The 12CO emission traces a bipolar wide-angle outflow
and a high-velocity collimated jet in both sources. The jet
in IRS1 shows a striking double helical structure whereas
the jet in IRS2 shows a chain of shock regions with signs
of episodic accretion, suggesting different mechanisms
that carry away the angular momentum. In IRS1, the jet
in SiO is much less spatially extended than in 12CO.
IRS2, on the other hand, has a prominent jet in SiO that
kinematically overlaps the jet in 12CO. The jet in IRS2
also presents an asymmetry in velocity: the northern jet
has a mean velocity of ∼53 km s−1 whereas the southern
jet has a mean velocity of ∼65 km s−1.

For future work it will be important to put the different
aspects of the structure of these deeply embedded sources into
context of the larger sample of sources observed within eDisk,
work that is currently ongoing. Also, additional observations
and/or modeling efforts may be needed to shed further light on

the link between the dynamics of the infalling envelope and the
emergence of the deeply embedded disks. In particular, high
angular resolution observations at longer wavelengths may be
needed to fully reveal the distribution of the dust in the
embedded disks, while detailed dust and line radiative transfer
models may help understand the relation between the dynamics
of the envelope and the emergence of these disks.
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Appendix A
Outflows in IRS1: Channel Maps

We present a selected series of channel maps in each of the
two velocity regimes based on the 12CO kinematics (see
Section 3), SHV (<30 km s−1

) and EHV (>30 km s−1
), in the

case of BHR 71 IRS1. Figures 16 and 17 show channel maps of
12CO in the SHV regime for the blueshifted and redshifted
emission, respectively, whereas Figures 18 and 19 show
channel maps of 12CO in the EHV regime for the blueshifted
and redshifted emission, respectively. The SiO emission is
showed in Figures 20 and 21.

Figure 16. Channel maps of the blueshifted emission of 12CO in the SHV regime (|V| < 30 km s−1
) in IRS1, shown by decreasing velocity values relative to the

systemic velocity from −1 to −31 km s−1.
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Figure 17. Channel maps of the redshifted emission of 12CO in the SHV regime (|V| < 30 km s−1
) in IRS1, shown by increasing velocity values relative to the

systemic velocity from 2 to 32 km s−1.
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Figure 18. Channel maps of the blueshifted emission of 12CO in the EHV regime (|V| > 30 km s−1
) in IRS1, shown by decreasing velocity values relative to the

systemic velocity from −33 to −81 km s−1.
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Figure 19. Channel maps of the redshifted emission of 12CO in the EHV regime (|V| > 30 km s−1
) in IRS1, shown by increasing velocity values relative to the

systemic velocity from 34 to 82 km s−1.
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Figure 20. Channel maps of the blueshifted emission of SiO in IRS1, shown by decreasing velocity values relative to the systemic velocity from −2 to −66 km s−1.
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Appendix B
Outflows in IRS2: Channel Maps

Similar to Appendix A, we present a selected series of channel
maps in each of the two velocity regimes, SHV (<30 km s−1

)

and EHV (>30 km s−1
), in the case of BHR 71 IRS2. Figures 22

and 23 show channel maps of 12CO in the SHV regime for the
blueshifted and redshifted emission, respectively, whereas
Figures 24 and 25 show channel maps of 12CO in the EHV
regime for the blueshifted and redshifted emission, respectively.
The SiO emission is showed in Figures 26 and 27 in the SHV
regime, and in Figures 28 and 29 in the EHV regime.

Figure 21. Channel maps of the redshifted emission of SiO in IRS1, shown by increasing velocity values relative to the systemic velocity from 5 to 69 km s−1.
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Figure 22. Channel maps of the blueshifted emission of 12CO in the SHV regime (|V| < 30 km s−1
) in IRS2, shown by decreasing velocity values relative to the

systemic velocity from −1 to −31 km s−1.
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Figure 23. Channel maps of the redshifted emission of 12CO in the SHV regime (|V| < 30 km s−1
) in IRS2, shown by increasing velocity values relative to the

systemic velocity from 2 to 32 km s−1.
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Figure 24. Channel maps of the blueshifted emission of 12CO in the EHV regime (|V| > 30 km s−1
) in IRS2, shown by decreasing velocity values relative to the

systemic velocity from −33 to −81 km s−1.
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Figure 25. Channel maps of the redshifted emission of 12CO in the EHV regime (|V| > 30 km s−1
) in IRS2, shown by increasing velocity values relative to the

systemic velocity from 34 to 82 km s−1.
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Figure 26. Channel maps of the blueshifted emission of SiO in the SHV regime (|V| < 30 km s−1
) in IRS2, shown by decreasing velocity values relative to the

systemic velocity from 0 to −33 km s−1.
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Figure 27. Channel maps of the redshifted emission of SiO in the SHV regime (|V| < 30 km s−1
) in IRS2, shown by increasing velocity values relative to the systemic

velocity from 2 to 34 km s−1.
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Figure 28. Channel maps of the blueshifted emission of SiO in the EHV regime (|V| > 30 km s−1
) in IRS2, shown by decreasing velocity values relative to the

systemic velocity from −35 to −67 km s−1.
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Figure 29. Channel maps of the redshifted emission of SiO in the EHV regime (|V| > 30 km s−1
) in IRS2, shown by increasing velocity values relative to the systemic

velocity from 36 to 83 km s−1.
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