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Abstract

One of the most poorly understood aspects of low-mass star formation is how multiple-star systems are formed.
Here we present the results of Atacama Large Millimeter/submillimeter Array (ALMA) Band 6 observations
toward a forming quadruple protostellar system, G206.93-16.61E2, in the Orion B molecular cloud. ALMA
1.3 mm continuum emission reveals four compact objects, of which two are Class I young stellar objects and the
other two are likely in prestellar phase. The 1.3 mm continuum emission also shows three asymmetric ribbon-like
structures that are connected to the four objects, with lengths ranging from ~500 to ~2200 au. By comparing our
data with magnetohydrodynamic simulations, we suggest that these ribbons trace accretion flows and also function
as gas bridges connecting the member protostars. Additionally, ALMA CO J = 2—1 line emission reveals a
complicated molecular outflow associated with G206.93-16.61E2, with arc-like structures suggestive of an outflow
cavity viewed pole-on.

Unified Astronomy Thesaurus concepts: Star formation (1569); Star forming regions (1565); Multiple stars (1081);
Interstellar medium (847); Protostars (1302)

1. Introduction

Approximately half of the stars in the Galaxy reside in

o ) systems with two or more stars, with the multiplicity fraction
Oofr‘t%lle“"‘clr‘;zgtve:tcggl‘;g:: Xf;ilﬁllz{l zeouﬁiini‘;di;heftgm for low-mass M stars being about one-third (Duchéne &
P . Ay e Kraus 2013; Offner et al. 2022). Near-infrared and submilli-
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nearby molecular clouds have revealed that ~28% to ~64% of
low-mass protostars are found in multiple systems, with typical
separations of 100-8900 au between members (Offner et al.
2022). Most of these young stellar systems, however, are
binary systems, while higher-order systems are rare (Chen
et al. 2013; Kounkel et al. 2016; Tobin et al. 2016, 2022; Luo
et al. 2022). Moreover, it is hard to determine whether higher-
order systems are gravitationally bound based on continuum
observations alone. Pineda et al. (2015) found a forming
quadruple star system in the Barnard 5 dense core using NH3
observations taken by the Very Large Array. The authors
argued that Barnard 5 hosts a gravitationally bound system
containing one protostar and three prestellar condensations
with separations of a few thousand astronomical units. A
dynamic analysis suggested that two wide-separated members
in the systems will likely become unbound after formation.

Forming multiple systems are often observed to contain
extended dynamic structures, such as gas streamers, and gas
bridges connecting the members. The gas distribution and
associated protostellar outflows in such systems are usually
very complicated and thus difficult to interpret. For example,
the condensations in the Barnard 5 region are embedded in
dense gas streamers (Pineda et al. 2015). Similar gas streamers
have been witnessed in recent submillimeter observations
toward other star-forming regions. In general, these gas
streamers are asymmetric, with lengths of several to thousands
of astronomical units (Takakuwa et al. 2017; Keppler et al.
2020; Rosotti et al. 2020). Pineda et al. (2020) found a
10,500 au gas streamer in the Per-emb-2 dense core, which
appears to be delivering material from the outer dense core to
the inner disk. Computationally, a number of magnetohydro-
dynamic (MHD) simulations have reproduced asymmetric
streamers, e.g., gas bridges, which can be attributed to
dynamical interaction between protostar members. For exam-
ple, simulated flybys (Kratter et al. 2010; Clark et al. 2011;
Kuffmeier et al. 2019; Dong et al. 2022) produce bridges,
though these bridge structures are caused by interactions
between the forming stars, not the flyby per se. Finally,
observations of multiple protostellar systems have shown
noncollimated, asymmetric, and complex outflow structures
(Kwon et al. 2015; Oya et al. 2021). Hence, analyzing and
understanding the dynamic mechanism of outflows and gas
streamers is essential to unveiling the mystery of higher-order
star system formation.

G206.93-16.61E2 is a protostellar core (Yi et al. 2018) close
to the reflection nebula NGC 2023 in the Orion B molecular
cloud (at a distance of 407 & 4 pc; Kounkel et al. 2018). The
core is associated with the infrared source 2MASS J05413704-
0217178, also known as HOPS-298 (Megeath et al. 2012;
Furlan et al. 2016). Recent Atacama Large Millimeter/
submillimeter Array (ALMA) Band 7 observations have
resolved HOPS-298 into two Class I protostars (A, B) at a
resolution of 0”1 (Tobin et al. 2020). Besides these two
protostars, the 1.3 mm continuum emission obtained by the
ALMA Survey of Orion Planck Galactic Cold Clumps
(ALMASOP) project further revealed two additional gas
condensations within this core (Dutta et al. 2020; Luo
et al. 2022).

In this paper, we present spatially resolved observations of
1.3mm continuum, CO J = 2—1, C'*0 (J = 2-1), SiO
(J = 5—4), and H,CO (J = 3—2) line emission toward
G206.93-16.61E2. Our observations capture the presence of
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apparent streamer-like structures in the dust continuum
emission. In addition, we detect an outflow with a highly
intricate dynamic behavior that has not been previously
reported. The paper is organized as follows: in Section 2, we
describe the observations and data reduction. In Section 3, we
present the observational results. We then discuss the origin
of the quadruple system in Section 4. Finally, we summarize
the conclusions in Section 5.

2. Observations

G206.93-16.61E2 was observed with ALMA at Band 6
from 2018 October to 2019 January as part of the ALMASOP
project (project ID: 2018.1.00302.S; PI: Tie Liu). The
observations were conducted with the 12m array in its
C43-5 (TM1) and C43-2 (TM2) configurations, and with the
Atacama Compact Array (ACA). The receivers were set up to
cover four individual spectral windows (centered at 216.6,
218.9, 231.0, and 233.0 GHz), each with a bandwidth of
1.875 GHz and a velocity resolution of 1.4 km s~ '. Molecular
lines, including CO (J = 2—1), C'®0 (J =2—-1),H,COJ =3
-2, No,D' (J = 3-2), DCO™" (J = 3-2), DCN (J = 3-2),
and SiO (J = 5—4), were simultaneously observed. These
line emission channels were removed from the ensemble of
data used to make a continuum image. In this paper, we
present the results of the 1.3 mm continuum, CO (J = 2—1),
C'®0 (J = 2-1), SiO (J = 5—4), and H,CO (J = 3-2) line
emission data.

We performed the calibration and data imaging using the
Common Astronomy Software Application (CASA) Version
5.4 (McMullin et al. 2007). The calibrated data were imaged
with the TCLEAN task by combining data from all three
configurations (TM1, TM2, and ACA), with a robust Briggs
parameter of 0.5. More details of the data reduction are
described by Dutta et al. (2020) and Sahu et al. (2021, 2023).
The largest angular recoverable scale is ~25" and the field of
view (FOV) of the final images is about 40”. The synthesized
beam is 0738 x 0”33 (152 au x 132 au) and the sensitivity is
~0.15 mJybeam ' in the 1.3 mm dust continuum emission.
The final synthesized beam of '*CO J=2—1 is 0736 x 0731
(144 au x 124 au), based on the same setting, and the
observations have an rms noise of 3 mJy beam ™' per channel.

3. Results
3.1. A Forming Quadruple Stellar System

Figure 1 shows the infrared and the dust continuum emission
maps for the G206.93-16.62E2 dense core obtained with
various instruments. In Figure 1(b), ALMA 1.3 mm observa-
tions spatially resolve four compact sources, which were
previously reported by Dutta et al. (2020). The two point
sources G206.93-16.61E2_A and G206.93-16.61E2_B (here-
after, E2_A and E2_B, respectively) correspond to the two
Class I protostars, HOPS-298-A and HOP-298-B (projected
separation ~950 au), as also classified by Tobin et al. (2020).
The other two fainter and diffuse condensations, G206.93-
16.61E2_C (E2_C) and G206.93-16.61E2_D (E2_D), were not
detected by Tobin et al. (2020). Three of the sources—E2_A,
E2_C, and E2_D—are in close proximity to each other, with a
mean projected separation of about 450 au. The projected
separations between protostar E2_B and the three other sources
(E2_A, E2_C, and E2_D) are 950 au, 1250 au, and 900 au,
respectively.
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Figure 1. Dense core G206.93-16.61E2. (a) JCMT SCUBA-2 850 pm in contours overlaid on RGB image of Herschel 100 ym (red) and Spitzer 4.5 (green) and 8 pm
(blue) data. The contours are given in white from 40 g5 mm t0 2800 .85 mm, With a step of 40085 mm (100.85 mm = 25 mly beam™ ). (b) Left: ALMA 1.3 mm dust
continuum image. Right: the same image with one contour at the 503 mm level in gray (1073 qmm = 0.15 mly beamfl). The blue dotted lines indicate the leaf
structures, identified by Astrodendro, surrounding the sources E2_A, E2_B, E2_C, and E2_D. The yellow symbols indicate the locations of the peak intensity in each
structure. The yellow stars represent the two YSOs (E2_A and E2_B, also known as HOPS-298-A and B) and the yellow circles represent the two gas condensations
(E2_C and E2_D). The continuum “ribbon” structures are indicated by purple lines.

Table 1
Properties of Members of G206.93-16.61E2
Source ID R.A. (J2000) Decl. (J2000) Flux Density Radius Mg, M.;, «
(hh:mm:ss) (dd:mm:ss) (mJy) (au) (M) (M)
1 @) 3 ) ®) (6) @) ®)
G206.93-16.61E2_A 05:41:37.19 —02:17:17.34 97 147 0.26 0.31 1.19
G206.93-16.61E2_B 05:41:37.04 —02:17:17.99 39 148 0.10 0.31 3.10
G206.93-16.61E2_C 05:41:37.20 —02:17:15.97 40 142 0.39 0.18 0.46
G206.93-16.61E2_D 05:41:37.15 —02:17:16.52 19 141 0.19 0.19 1.00

Note. Columns (1)—(3): names and coordinates of objects in G206.93-16.61E2, taken from Dutta et al. (2020). Columns (4)—(5): flux density and deconvolved radius
of each object extracted from Astrodendro. Columns (6)-(8): gas masses, virial masses, and virial parameters are derived assuming a dust temperature of 25 K for
protostellar objects and 10 K for starless objects (as discussed in Appendix A, if the dust temperature of the starless objects is 25 K, then M,,, decreases, M.;.

increases, and « increases). Gravitational collapse is expected when o < 2.

We utilize the Astrodendro Python package®' to identify the
boundaries of each source. We adopt the min_value = 30 3 mm
(1013 mm= 0.15 mly beam_l), min_delta = 103 mm, and
min_npix = 18. The four members are defined by the smallest
substructures, “leaf” structures, in the 1.3 mm dust continuum
emission above the 5o threshold found by Astrodendro. The
resulting boundaries of these four sources are shown by the
blue dotted shapes in the right panel of Figure 1(b). The four
members are almost contiguous and embedded within a
common gas envelope. Table 1 lists the coordinates, flux
densities, and deconvolved radii of these sources, as extracted
from Astrodendro.

To determine whether the four individual sources are
gravitationally bound, we use the “leaf” boundaries derived
above for each to derive the 1.3 mm continuum-based gas mass
Mg, virial mass M.y, and virial parameter o (see
Appendix A), which are also listed in Table 1. The gas masses
(Mgys) of the four sources range from 0.1 M to 0.39 M.,
assuming a dust temperature of 25 K for protostellar
condensations (E2_A and E2_B) and 10 K for starless
condensations (E2_C and E2_D). The gas masses of E2_C
(~0.39 M) and E2_D (~0.19 M) are larger than their M,;,
indicating that the two condensations are likely gravitationally
bound if they are as cold as 10K (see Appendix A).
Considering that no infrared or radio point sources have been
detected toward E2_C and E2_D (Tobin et al. 2020), these two

3! https:/ /dendrograms.readthedocs.io /en/stable/

condensations are likely gas condensations in the prestellar
phase Adopting a conservative star formation efficiency of 30%
estimated on core scales (Motte et al. 1998; Offner &
Chaban 2017), we predict that E2_C will have a final stellar
mass slightly above the brown dwarf limit (80 Jupiter mass;
~0.08 M) and that E2 D might form a brown dwarf.
However, both E2_C and E2_D may experience a rapid
collapse within such a small (~200 au) region, resulting in a
much higher in situ star formation efficiency. In addition,
considering that E2_C and E2_D are embedded in continuum
streamer-like structures (see Section 3.2), they might continue
to accumulate gas from their surroundings. Therefore, both
E2_C and E2_D may have potential to form a low-mass star.

As discussed in Appendix B, C'®*0 J = 2—1 line emission is
detected toward both E2_C and E2_D, but N,D" J = 3—2 line
emission, as well as other lines targeted by the ALMASOP
project (e.g., DCN, DCO™), are not detected. This may indicate
that the two starless gas condensations are warmer than 10 K. If
we assume a higher temperature of 25 K for E2_C and E2_D,
their gas masses decrease by a factor of ~4 and virial masses
increase by a factor of ~1.5 (see Appendix A). In this case, the
two gas condensations will not be gravitationall?/ bound and
may disperse in future. However, the observed C'*0 J = 2—1
line emission does not resemble the continuum emission with
compact structures, and is more likely related to the extended
emission from the natal gas core at large scale. The
nondetection of other lines is potentially due to the poor
sensitivity and spectral resolution. Therefore, the two starless
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objects E2_C and E2_D may not be as warm as their
protostellar counterparts in the system. Future enhanced-
sensitivity line observations from multiple transitions of known
temperature probes (such as NH3, HC;N, and CCS) are needed
to better constrain the gas temperature of these objects.

To summarize, G206.93-16.61E2 thus forms a quadruple
stellar system consisting of two protostars and two candidate
gravitationally bound gas condensations. This system is more
compact, having much smaller separations between compo-
nents, than the quadruple system in the Barnard 5 dense core
(Pineda et al. 2015).

3.2. Continuum “Ribbons” around Young Stellar Objects and
Condensations

Figure 1(b) clearly shows the presence of continuum
streamer-like structures connecting the four compact objects,
and two of the sources (E2_A and E2_D) are associated with
very elongated features within the core. We used the FilFinder
Python package’ to extract these elongated features from the
mask created over 503 mm in the 1.3 mm dust continuum
image. We adopt branch_thresh = 450 au, prune_criteria =
“length.” Three main continuum elongated structures (here-
after, “ribbons”)>>—S1, S2, and S3—are identified, which are
marked as purple lines in Figure 1(b). The three branches of S1
are considered to be substructures by Filfinder. The projected
lengths of these continuum ribbons are 700 au, 600 au, and
2200 au for S1, 500 au for S2, and 1500 au for S3.

The continuum ribbon S1 traverses both E2_A and E2_C,
and bifurcates in the northern part of E2_C. The continuum
ribbon S2 crosses through E2_B and may extend outward
toward the western end of the continuum ribbon S3, while S3
connects E2_D with the tail of its envelope. Since the length of
the continuum ribbon S2 is comparable with the size of E2_B
and almost connects to S3, it may be a branch of S3 instead of a
separate continuum ribbon. The continuum ribbons S1 and S3
converge into a hub region that forms E2_A, E2_C, and E2_D,
suggesting that these compact objects could continuously
accumulate gas along these features.

In previous studies, streamers have often been revealed by
dense gas tracers, e.g., NH3, HC3N, and CCS (Alves et al.
2019; Yen et al. 2019; Pineda et al. 2020; Ren et al. 2020;
Valdivia-Mena et al. 2022), while a few additional similar
structures are traced by continuum emission (Pérez et al. 2016;
Sanhueza et al. 2021). The three continuum ribbons in this
system are clearly detected in the 1.3 mm dust emission.
However, only a few molecular lines show weak emission at
Band 6 in the ALMASOP observations (see Figure 5 in
Appendix B), and none resemble the continuum emission. This
may be due to both line excitation conditions and the sensitivity
limit of the observations. Except for S2, the other two
continuum ribbons, S1 and S3, extend to thousands of
astronomical units in spatial scale and are likely formed by
transporting material from the core to the protostars as funnels.
These ribbons are likely only moderately heated by the
embedded protostars, are expected to be cold, and may contain
chemically fresh material (Pineda et al. 2020). Tatematsu et al.
(2022) found that the HCO™ spectra exhibited inverse P Cyg—

2 https: //github.com/e-koch/FilFinder

33 We refer to the elongated structures seen in the dust continuum as “ribbons”
rather than “streamers” in this work because we do not have complementary
gas kinematic measurements associated with these structures.
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like absorption profiles toward the G206.93-16.61E2 dense
core, suggesting that the core itself is collapsing. This also
indicates that these continuum ribbons likely trace gas
accretion. Future observations of low-excitation lines, such as
CCS and HC;3N, which trace chemically fresh material, may
help to reveal the gas kinematics to see whether the ribbon
structures are formed via large-scale accretion flows funneling
material down to disk scales or not.

3.3. Molecular Outflows

Recent studies have indicated that the outflows of multiple
systems can have a great impact on the evolution of their
member protostars (Jgrgensen et al. 2022; Harada et al. 2023).
In G206.93-16.61E2, the high-velocity '?CO J = 2—1 line
emission reveals an outflow structure spanning 24" (~9600 au)
and consisting of two asymmetric, intricate, arc-like structures
around the protostellar system, as shown in Figure 2. The
systemic velocity of G206.93-16.61E2 is 9.8 kms~' (Kim
et al. 2020). To investigate the '>CO J = 2—1 and C'*0 J =2
—1 line emission, we define the velocity ranges of [—10, 2.6]
kms ! and [18,29.2] km s~ ! for the blue- and redshifted high-
velocity components of the '*CO J = 2—1 line wings (see
Figure 2(b)). Figures 2(c) and (d) present the moment maps for
the high-velocity emission of the '*CO J = 2—1 line: integrated
intensity (Moment 0) and intensity-weighted velocity
(Moment 1).

We calculate outflow parameters such as mass (Mgy),
momentum (P,,), energy (E,,), projected length (Ayup),
dg/namic timescale (74y,), and mass outflow rate (M) from the
“CO J = 2—1 line wings. The resulting values are listed in
Table 2. The formulae used and more details for these
calculations are described in Appendix C. The total outflow
mass and mass-loss rate are 3.1 x 107> M and 2.5 x 107° M,
yr~', respectively. These results are similar to outflow
parameters detected in the Orion A cloud (Harada et al.
2023). Note, however, that we adopt the maximum projected
length of each lobe as the outflow length (A\,,). The actual
lengths are larger than the projected value, thus resulting in a
mass-loss rate that is an upper limit.

As shown in Figure 2(c), the outflow lobes do not exhibit a
collimated bipolar outflow pattern. Instead, they appear to have
divergent trajectories and arc-like structures. The outflow lobes
are highly fragmented with strip and knot-like substructures.
The overall morphology in G206.93-16.61E2 is reminiscent of
the crescent-shaped structure of the pole-on outflow surround-
ing the protostar DK Cha (Harada et al. 2023). Given this, the
complicated arc-like outflow structures in G206.93-16.61E2
may also indicate a nearly pole-on outflow cavity. The pole-on
direction of the outflow is also evidenced by the orientation of
the disk. Both E2_A and E2_B show nearly circular symmetric
shapes in higher-resolution (~40 au) continuum observations at
870 pm (Tobin et al. 2020), indicating that their disks are likely
viewed face-on.

Although this source (G26.93-16.61E2) is located at the
edge of the reflection nebula NGC2023 (see Figure 2(a)), the
red and blue lobes of the outflow do not appear to follow the
shell of the nebula, indicating that the outflow is very unlikely
induced by the expansion of the nebula. As shown in
Figures 2(c) and (d), the two detected young stellar objects
(YSOs; E2_A and E2_B) are located close to the centers of the
outflow lobes, and are thus likely candidate sources for driving
the outflow. In particular, the protostar E2_A is much closer to
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Figure 2. The CO outflow from G206.93-16.61E2. (a) The color image is the same as in Figure 1(a). The white contours show the Spitzer 8 ym emission. The orange
circle shows the FOV of the ALMA image. (b) C'®0 and '>CO J = 2—1 spectra at the positions of G206.93-16.61E2_A and G206.93-16.61E2_B. The blue and red
shaded areas define the blue- and redshifted high-velocity emission of the 2CO line emission. (c) Moment 0 map of all high-velocity emission combined ([—10 to 2.6]
km s~! for blue and [18 to 29.2] km s~ for red), as defined in panel (b), with contours of 100, and 250y (104, = 33 mly beam ™ '). The zoom-in picture shows the
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protostars E2_A and E2_B. The structures of the continuum ribbons identified by Filfinder are shown with purple lines.

Table 2
Outflow Parameters of G206.93-16.61E2
Lobe Vlsr AV Moul Poul Eoul )‘oul tdyn Moul
(kms™h (km s~ (1072 M.) (1072 M., kms™") (10* erg) (107" pc) 10* yr) 10 M, yr
@ (@) 3 ) ® 6 @) ® (©)]
Red 9.8 [18,29.2] 0.18 2.16 0.14 0.36 1.37 0.13
Blue 9.8 [-10, 2.6] 0.13 1.56 0.10 0.32 1.07 0.12

the outflow origin and is likely the main driving source. The
protostar E2_B may be associated with partial weak outflow
emission, although it is hard to confirm, based on the current
data. The complicated structure of the outflow may be
produced by the dynamical evolution of the quadruple system
or turbulent motions during its accretion phase (Offner et al.
2016), which could be tested in future state-of-the-art
numerical simulations.

4. Discussion

Previous studies suggest that dynamical interactions among
member stars can occur within star clusters/associations,
potentially leading to the capture of members into bound
systems (Howe & Clarke 2009). Such events are seen in recent
numerical simulations, and these results widely show the
presence of gas bridge streamers between protostars, which can
be evidence for mutual interacting processes between the stellar
systems (Kuffmeier et al. 2019; Lee et al. 2019).

Lee et al. (2019) simulated several turbulent star-forming
clouds with different magnetic field strengths to study how
multiple systems form and evolve. Their simulations form a
number of higher-order multiple systems, including a

gravitationally bound quadruple that appears to be a good
analog to G206.93-16.61E2. This system forms in the strong
magnetic field cloud (B, ~ 32 G). It has gas streamers and a
hub-filament morphology, as shown in Figures 3(a) and (b).
The lengths of the simulated gas streamer structures, 400-2500
au, are comparable to those in G206.93-16.61E2. In their
simulation, two protobinary systems form via turbulent
fragmentation and then merge to create a quadruple system,
with the resulting streamers being a product of the interaction.
Figure 3(a) shows that gas material is mainly flowing along the
upper left streamers toward the protostars. The lower right
streamers are likely to be sheared, with the close-in parts going
inward and the rest moving outward. The gas flows along the
major streamers are further illustrated with arrows in
Figure 3(b).

Figures 3(c) and (d) display the synthetic 1.3 mm continuum
observation of the quadruple system in the simulation (Lee et al.
2019). To compare with our observations, we simulated the
1.3 mm continuum emission assuming a dust temperature of 10 K
and the optically thin continuum emission (more details are in
Appendix D), using the CASA simalma task. We adopted the
same antenna configurations (C43-2, C43-5, and ACA) and added
thermal noise, as used for the actual observations. Additionally,
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Figure 3. Image of a quadruple star system simulated in three dimensions and gravo-MHDs (Lee et al. 2019). (a) H, column density map with the density-weighted
projected velocity vectors (black arrows). The star symbols represent the locations of the sink particles. Stars with the same colors were previously in a binary system.
(b) The color image is the same as in panel (a). The black streamlines represent the density-weighted projected magnetic field. The black arrows indicate the direction
of gas motion along the two major gas streamers. (c) Synthetic observation of the 1.3 mm dust continuum emission. The contour at 5¢ is in white and the black
contour represents the “leaf” structure identified by Astrodendro (1o = 5 mJy beam™}). (d) The color image is the same as in panel (c). The black solid lines with
arrows represent the gas accretion flows along the streamers. The black dashed line marks a gas bridge connecting two protostars.

we added four point sources (0.1 Jy) representing protostars at the
locations of the sink particles in Lee et al. (2019). Two of the
point sources are unresolved in the synthetic observation. The
masses of the point sources identified in the synthetic observations
are 3.16, 1.37, and 1.47 M_.,, respectively, which we note are more
massive than those in G206.93-16.61E2. The “leaf” structures
identified by Astrodendro in the synthetic observations are shown
in black contours in Figure 3(c). These elongated structures
surrounding point sources, as also seen in G206.93-16.61E2 (see
Figure 1(b)), are likely shaped by the streamers around them. As
seen in Figures 3(c) and (d), the synthetic observation of the

1.3 mm continuum clearly shows synthetic continuum-observed
streamers of over the 5o level around the protostars in the dust
emission. The continuum streamer marked by the black dashed
line in Figure 3(d) is a gas bridge connecting two protostars. The
other continuum streamers marked by the black solid arrows
extend over thousands of astronomical units, tracing gas accretion
flows that in some cases are transporting material from the
surroundings to the protostars.

Gas accretion along the upper left streamer is also evidenced
by the pinched magnetic field, as shown in Figure 3(b). The
magnetic field has been twisted along the accretion direction, as
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marked by the black arrow. Close to the densest part of the
streamer, the magnetic field is compressed and is roughly
perpendicular to its spine. The accretion significantly increases
the perpendicular component of the magnetic field at the
streamer, forming a U-shaped field geometry. Such a pinched
magnetic field caused by gas accretion has been witnessed in
both observations (Liu et al. 2018; Pillai et al. 2020) and other
simulation works (Gémez et al. 2018). On the other hand, the
magnetic field in the very central region is greatly distorted by
gas accretion as well as interaction among member protostars.
The magnetic field of the continuum ribbons in G206.93-
16.61E2 could be investigated by high-sensitivity linear dust
polarization observations with ALMA. With a continuum rms
level of ~10 pJy beam ', we expect to have a good detection
of the linear polarization (signal-to-noise ratio > 3), even in its
outer envelopes (>0.75 mJy beam ™' within the outer contours
in the right panel of Figure 1), which would have high
fractional polarization (5%-11%, such as in Cox et al. 2018
and Maury et al. 2018).

While this simulated system is not intended to replicate
G206.93-16.61E2, their gas structures are remarkably similar.
This supports the scenario that the continuum ribbons in G206.93-
16.61E2 may act as accretion flows, and the continuum ribbon S2
and S3 may also function as a bridge connecting member
protostars, resulting from gravitational drag as the members
migrate toward each other. This scenario can be further tested by
future high-sensitivity and high—spectral resolution molecular line
and dust polarization observations, which can reveal the details of
the gas motions and pinched magnetic field of these continuum-
observed ribbons.

5. Conclusions

We have studied the young multiple stellar system G206.93-
16.61E2, aiming to explore the formation mechanism of
higher-order systems, using the ALMA 1.3 mm dust continuum
and line emission data. The main results are summarized as
follows:

1. G206.93-16.61E2 is forming a low-mass quadruple
system. It contains two Class I protostellar sources and
two candidate prestellar condensations. The four sources
have separations smaller than 1000 au.

2. The 1.3 mm dust continuum emission reveals three
distinct, asymmetric continuum ribbons with lengths
ranging from 500 to 2200 au in G206.93-16.61E2. By
comparing with MHD simulations, we suggest that these
ribbons may trace gas accretion flows and also function
as bridges connecting the members in this quadruple
system. Future high-sensitivity and high—spectral resolu-
tion molecular line and dust polarization observations are
needed to reveal the details of the gas motions and
pinched magnetic field of these continuum-observed
ribbons.

3. High-velocity '*CO line emission reveals an asymmetric,
complicated outflow containing substructures such as
strips and knots. Its arc-like structures likely indicate a
pole-on outflow cavity.
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Appendix A
Masses and Stability Analysis

We derive the masses of the four G206.93-16.61E2 members
assuming that the 1.3 mm dust emission is optically thin, using
the following formula:

S, D?
gas — (A1)

B KuBy (nlust) |

where S, is the flux density from the 1.3 mm continuum
emission from the ALMASOP observation and D is the
distance of 400 pc. x, is the dust opacity per unit mass column
density at 1.3 mm, and the parameters are adopted from Dutta
et al. (2020). We assume that the dust temperature of the
protostellar condensations E2_A and E2_B is T4,y = 25 K. For
the condensations E2_C and E2_D, based on their unknown
evolutionary status, we derived the gas mass with T4, ranging
from 10 to 25 K.

To determine the virial mass, we adopt the N,H" line
width of the core obtained from Nobeyama 45 m
observaticgvs to derive the total velocity dispersion of NoH™,

NoHt

O = g ~ 0-24km s!, where AVyy+ is the FWHM
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Table 3
Physical Parameters of the Two Starless Gas Condensations
Source ID Tawe = 10K Tawe = 5 K
OTH ONT 03D M Mo @ OTH ONT 03D M. M gos el
(kms ") M) (kms") (M)
G206.93-16.61E2_C 0.20 0.24 0.54 0.18 0.39 0.46 0.32 0.23 0.68 0.29 0.11 2.63
G206.93-16.61E2_D 0.20 0.24 0.54 0.19 0.19 1.00 0.32 0.23 0.68 0.30 0.05 6.00
from Kim et al. (2020). Given that the N,H" data have a much
larger beam size, of ~19”, than those of ALMA, which cover a 6 E2_C
large portion of the dense core, the derived three-dimensional — E2D
gas line width should be treated as an upper limit in the s 5 8- E2.A
following virial analysis for the gas condensations detected by s —&- E2B
ALMA. Assuming a density profile p o< ¥~ ', we calculate the < 4
virial masses of the gas condensations following Williams et al. %
(1994): s 3 f
) o
SRo ©
M, = D s (A2) = 2 J-
379G > ?
. .. 4 _ 1
where G is the gravitational constant, v = 3 when p oc r ',
and R is the deconvolved radius of each member provided by 0

Astrodendro, following the procedure of Xu et al. (2023). o,
is the three-dimensional velocity dispersion for the H, gas, o,

= /3(0%y + o&r). The thermal velocity dispersion of the H,

: ko Tx
gas 1S oty = P

is the kinetic temperature, my is the hydrogen mass, and p is
the molecular weight of the H,. The nonthermal velocity
dispersion, onr, is derived from the FWHM of the N,H™ line

2 2
\/aszm — OTgNut- The thermal

#), where ki, is the Boltzmann constant, T}
H

width, given by ont =
velocity dispersion of N,H (oru,N,u+) 18 derived by assuming
a gas temperature ~10-25 K. The velocity dispersion, gas
masses, and virial masses for the two starless gas condensations
E2_C and E2_D are summarized in Table 3.

The virial parameter « of each member is derived using the
equation

a = Mvir/Mgas- (A3)

A source is gravitationally bound if o <2 (Kauffmann et al.
2013). For the condensations E2_C and E2_D, the gas mass
M, and the virial parameter « are calculated for two different
dust temperature conditions. We list the derived values for M,
and « at 10 and 25 K in Table 3.

Figure 4 shows the virial parameters as a function of dust
temperature for the four gas condensations. E_A and E2_B
have been classified as Class I protostars. The virial parameter
of E2_A is below 2, while E2_B is above 2. Since we do not
take into account their stellar masses, the virial parameters of
E2_A and E2_B should be overestimated. For the two starless
condensations E2_C and E2_D, their virial parameters increase

10 12 14 16 18 20 22 24 26
Tdust (K)

Figure 4. The dust temperature vs. virial parameter for the four gas
condensations in G206.93-16.61E2. The blue and green polygons with error
bars denote the virial parameters of E2_A and E2_B at 25 K, respectively. The
orange and red lines with hatched regions show the corresponding virial
parameters and dust temperature T4, values ranging from 10 to 25 K. The
lines correspond to the good model for describing infalling envelopes p o 4.
The hatched regions and error bars correspond to the the density profile models
from p o 4° — 47. The blue regions highlight the virial parameters o < 2 that
indicate a gravitationally bound status.

as the dust temperature increases. Their virial parameters
exceed the boundary of =2 at ~14 K and ~22 K,
respectively. The accurate temperatures and corresponding
virial parameters of E2_C and E2_D should be further
constrained in future observations.

Appendix B
Molecular Line Emission

Figure 5 presents the integrated intensity maps for C'%0
J=2—1, SiO J = 5—4, and H,CO J = 3—2. These emission
maps do not have a direct correspondence to the continuum
“ribbons.” The C'®0 emission exhibits an extended feature and
does not show any compact emission that is associated with the
four gas condensations, indicating that its emission may
originate from the large-scale natal gas core. The emission
from both SiO and H,CO is concentrated to the north of the
continuum emission, potentially denoting a shell-like structure
that may be induced by outflow shocks.
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Figure 5. Integrated intensity maps of C'0, Si0, and H,CO emission, with the dust continuum in black contours at 307 3 mm> 1001 3 mme and 20071 3 mm.

Appendix C
Physical Properties of the Outflow

To estimate the physical properties of the outflow, we
assume that high-velocity CO emission is optically thin and use
the following equations to calculate the outflow parameters:
outflow mass (M), momentum (Pyy), energy (Eqyy), dynamic
timescale (f4yn), projected length (Aour), and mass outflow rate
(M 4y; Qiu et al. 2009; Li et al. 2020):

Moy =136 x 1076 exp(@)

ex

x (T + 09207 [ Mw/;

Pout = ZMout (V)V;

Eout = %ZMout (V) Vz;

t A ;
dyn = >
(Vmax(b) + Vmax(r))/2
. M,
My = out
tdyn

Here, we assume the excitation temperature 7., = 30K, D
represents the distance in kpc ~ 0.40 pc, M, has a unit of M.,
S, is the flux density from the 2CO emission, and vy, is the
maximum velocity of each lobe.

Appendix D
Flux Density of the Simulated Data

The 1.3 mm flux density is determined using the H, column
density (Kauffmann 2007), Ny,, assuming the dust to be
optically thin, i.e.,

F,=2.02 x 1020 Cm—2(61‘439(/\/mm)’1(T/10K)" _ 1)—1

-3 ... 2
) (o) (2
mm 0.01 cm? g~ J\ 10”7

Here, F, has a unit of Jy pixel ', \ is the wavelength of the
continuum in mm, Ty, is the dust temperature, which we
assume is 10 K, x,, is the dust opacity from Equation (A1), and
Opixel i the angular pixel size.
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